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1 Introduction

1.1 CO:a2: Excess of everything is bad

“Excess of everything is bad”. This old proverb should remind to everyone, scientists
and not, that CO; itself is not a problem. If we look at the CO. atmospheric
concentration in the past hundreds of thousands of years, it is immediately clear as
its concentration oscillated between 280 and 170 ppm, leading to warmer and colder
ages, respectively.* The relation between CO2 concentration and the planet average
temperature, is a direct consequence of the molecule chemical configuration. CO>
belongs to the greenhouse gases family containing all the molecules (e.g. H20, CHg,
N2O, Os) able to absorb and emit energy in the thermal infrared range.r This
particular property occurs thanks to the molecule (non-symmetrical) electrical
charges distribution during its vibration. This means that the concentration of CO;
in the atmosphere, summed with the one of the other greenhouse gases, controls the
amount of IR thermal radiation emitted by our planet after sun irradiation. Therefore,
coming back to the proverb, the presence of CO> in our atmosphere is mandatory for
having a planet with average temperature above 0°C however, having an excess of
COzis not a good thing. In the last centuries, the level of CO> increased to more than
400 ppm, inducing a constant increase of our planet average temperature.® It is then
clear than we are not crucifying carbon dioxide, but rather its excess in our

atmosphere.

For understanding the origin of CO. atmospheric excess, we should quickly analyse
CO2 natural cycle. With a rapid balance it can be found as ground and sea life emit
439 and 332 Gt/ly of CO, respectively compensated with an absorption rate of 450
and 338 Gt/y, making the average CO> cycle positive with an absorption of 17 Gtly.
However, considering in this delicate balance the anthropogenic emissions changes
completely the equation outcome. Since the industrial revolution (XV1I" century)

our COz emissions increased due to energy and food production, industries, cement,
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and wastes, until reaching the current 37.8 Gt/y, causing a 50% increase of CO;

atmospheric concentration (from 280 to 421 ppm).*°

Until nowadays we considered CO» as a waste and atmosphere was used as dump
with unlimited space. Nevertheless, as in the last century we learned to recycle
wastes such as glass, plastic and paper to prevent landfill saturation and primary
sources depletion, it is now time to consider CO> recycling as a serious option to
reduce its atmospheric concentration and avoid draining our non-renewable sources

(e.g. fossil fuels and coals).®8

In the panorama of CO, emissions reduction strategies, Carbon Capture Storage
(CCS) and Utilisation (CCU) technologies are potential short and long-term
solutions.*™ 2 A synergic development of these two strategies implies the
collaboration between researchers and industrial partners from different field i.e.,
from capture and reaction plant design to chemical research or market perspective
economic analysis. This synergy is the heart of the COZMOS project where | was
actively involved during my PhD thesis.* The project started on May 2019 and will
last until 2023. It unifies the efforts from several universities and research centres
e.g., University of Turin, University of Oslo (UiO), CNRS Lyon, KAUST, ICC and
University of Sheffield and companies e.g., SINTEF, TOPSOE, Linde, Tata-steel
and Tupras (see link for more detailed information*) aiming to directly convert CO>

to Cs fuels and chemical building blocks.

As it will be described withing the thesis, | was actively involved in the project for

the catalyst’s structural characterization.

* https://www.aspire2050.eu/cozmos
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1.2 COzasaC1 raw source

Life Cycle Analysis of our industrial activities showed as we were, mostly
involuntary, already absorbing roughly 0.23 Gt/y of CO2 to our own profit for
example for fertilizers production (57%), enhanced oil recovery (34%) and
food/beverages production (9%).* Nevertheless, it is clear as this is not enough to
balance our current emission (37.8 Gt/y).°> Indeed, the International Energy Agency
(IEA) estimated as a minimum of 3 Gt/y of CO2 should be absorbed without any
associated emissions, this being a crucial point for a CO; correct balance.* When
considering any CCU or CCS technology, the amount of CO; that is stored/converted
should imply that less CO> is emitted during the process, leading to a global positive
balance. This concept is then the heart of new generation catalysts development,
aiming to reduce CO; recycle reaction activation energy.®81° Depending on the final
molecule targeted by CCU the required energy will vary, dividing the catalytic
processes in: 1) low energy and Il) high energy processes, depending on the CO-
carbon atom final oxidation state, easily identifiable by the increase of C/O ratio (1:2
in CO.). Production of carbonates (-OCOO-), carbamates (-HN-COO-), and urea
(CO(NHy>)2) are then considered low energy processes whilst conversion of CO; to
methanol (CH3OH), methane (CH4), formaldehyde (CH20), olefins (CnH2n) and
saturated hydrocarbons (CnHzn+2) are high energy processes.'%314

This energetic definition also describes the chapters division of this thesis where the
role of ZrO, and CeO: based catalyst for high energy and a low energy process is
studied.

1.3 High energy reactions

High energy process mostly exploits CO2 reduction with the use of H: to obtain
CH3OH, formaldehyde, methane, hydrocarbons, and olefines.*** The possibility of
obtaining high energy chemicals and fuels is opening to these reactions an impressive
market. Indeed, according to the IEA the use of CO2 to produce fuels could in

principle reduced CO, emissions in the order >5Gt/y.* Nevertheless, this must imply
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the use of green hydrogen* i.e., hydrogen produced without emitting CO2 (from
fossil fuels combining CCS or by water electrolysis using electricity from renewable
sources). To obtain hydrocarbons and olefines the COZMOS project aimed to
develop a tandem catalyst like the one represented in Figure 1 consisting of two
components: an oxidic part aiming to hydrogenate CO, to methanol and an acid

zeolite/zeotype for direct conversion of methanol to olefins and hydrocarbons. %>

18

Figure 1 Pictorial representation of a tandem catalysts studied within this thesis
where the oxidic catalyst (Zn-doped ZrO) and the acidic zeolite (H-ZSM5) are
represented.

By mixing the two catalysts a cascade reaction gives access to the direct conversion
of CO; to hydrocarbons. However, this requires compromising temperature and
pressure for the equilibrium of the two reactions i.e., the former requiring low
temperatures/high pressures whilst high temperatures enhance methanol dehydration
and C-C coupling in the zeolite.!® In this contest the scope of the thesis chapter
dedicated to high energy reaction focuses on the structural understanding of the

* The original IEA document refers to low carbon hydrogen, considering then both blue hydrogen (from fossil
fuels combining CCS) and green hydrogen (water electrolysis using electricity from renewable sources). The
former implies a massive use of CCS and at some point, we should recycle all the stored COz, likely by combining
it with Hz for high energy processes. Since using blue hydrogen either implies a secondary CO2 recycling circle
or CO: (unsustainable) long-term storage, | have preferred to keep in the text the concept of using only green
hydrogen.
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oxidic catalyst component prepared and tested by several partners of the project (i.e.
UiO, SINTEF, ICC, TOPSOE and KAUST). As it can be seen from the yearly
published articles, 10% of the growing scientific interest for CO. hydrogenation is

related to ZrO> based catalysts.

1600 I #CO, #Hydrogenation

1400 I #CO, #Hydrogenation #ZrO,

1200
1000 +
800 +

600

Number of publications

400+

200+

1995 2000 2005 2010 2015 2020

Year

Figure 2 Yearly published articles related to CO> hydrogenation (red bars) and CO-
hydrogenation  ZrO» (blue bars). Citation Report graphic  source:

https://www.webofscience.com

The common denominator of these studies is about finding of the right guest atom
and its concentration leading to the higher catalytic activity. Most of the studies are
applying a systematic try-and-error approach screening several elements in different
proportion without deeply investigating the fundamental drivers impacting the
catalytic performance.?’ The high activity of aliovalent element doped ZrO: is
attributed to the generation of stoichiometric oxygen vacancies to improve CO; and
H, activation through carbonates and hydrides formation, respectively.?® Since the
chemical reactants/catalysts interactions occurs at a local level it means that they
depend on the catalyst local structure. In the case of well-ordered crystals, there is

no distinction between average and local structure, which is not the case when local
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distortions cause deviations between local and average structure.?’ With the
observation of a single-phase powder X-Ray diffractogram, doped-ZrO- is usually
defined as a solid solution, hence implying the guest atom replacing Zr in its unit cell
position. Nevertheless, diffractograms simplicity should not be automatically
reflected to structure simplicity. Its Rietveld refinement in reciprocal space
determines a global view of the catalyst structure however, only local probes can
unveil the catalyst local structure, ultimately defining its catalytic behaviour.

Powder X-Ray Diffraction combined with Hard-X-Ray Absorption Spectroscopy
(XAS) were then applied to determine the local electronic state, coordination and
structure between guest atom and host matrix. Indeed, we investigated the origin of
the catalytic differences between ZrO> doped with Ce, Zn and Ga. Even though the
two catalysts presented the same crystallographic phases, measuring the XAS K-
edges of all the elements (Zr, Ce, Zn and Ga) gave a complete view of the local
structure in the investigated catalysts. The short-range ordering of the three catalysts
presented formation of domains of different size which influenced dramatically the

catalytic properties.

1.3.1 Secondary works on high energy reactions catalysts.

| would like to mention that during the thesis | worked also on other catalysts for
CO- hydrogenation where the active site for CO. and H> activation was a metal sites
grafted (PdZn alloy) over ZrO, and CeZrOx or included (Ni) in a CeO: lattice. The
first catalyst was studied within the COZMOQOS project for direct conversion of CO>
to propane. They were prepared and tested by UiO, CNR Lyon and KAUST whist |
was actively involved in the XAS characterization of the PdZn alloy. The second
catalyst (NiCeOy) was instead part of an external collaboration built during the thesis
with Dr. Spyros Zafeiratos from the ICPEES institute (Strasbourg, France). The
catalyst was prepared and fully studied by Dr. Zafeiratos group for CO2 conversion
to methane and | had the opportunity to contribute to some NEXAFS measurements.

| believe that my contribution to these topics was not intense as the efforts spent for
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characterization of the oxides aforementioned. For this reason, there is not a chapter
dedicated to these samples within the thesis. However, the work on these catalysts
led to three publication which I reported in Appendix C, D and E for sake of clarity.
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1.4 Low energy reactions

As aforementioned, in low energy reactions C/O ratio does not change hence CO>
reactivity does not require a redox process.'® This is the key point making these
reactions market appetible and ready for the short-term implementation.?? Indeed, all
the high energy process discussed in the previous paragraph imply the massive use
of green Hy, slowing down their short-term application. Contrarily, CO conversion
to organic carbonates by reaction with alcohol is an interesting Ho-free chemistry
which could represent an immediate boost to CCU. Dimethyl carbonate (DMC) is
the simplest carbonate with an increasing market as fuel additive, mild methylating
agent and Li-ion batteries electrolyte.>?*-2® Nevertheless, DMC is currently
produced through the three reactions reported below, all implying toxic reagents

and/or environmental unfriendly process.??

1) COCl; + 2CH30H - CH30(CO)OCH3 +2HCI
1) 2CH30H + CO + % 02 - CH30(CO)OCHs + H20
)  (CH30)2S04 + Na2CO3 = CH30(CO)OCH3 + NaxS04

However, CO2 can be used for direct production of DMC through the reaction with

two molecules of methanol reported below.
IV) CO2+ 2CH3OH - CHsO(CO)OCHs + H20

Even though 300ktco2/y would be avoided with CO2-based DMC, currently the
reaction has a low efficiency, limiting its real-scale application.?® Many homogenous
catalysts have been proposed however, the separation simplicity, low cost, and
negligible toxicity of (heterogenous) metal oxide catalysts make then optimal
prototype systems for industrially-relevant applications.?® However, the reaction
yield is rarely higher than 10% (in absence of a sacrificial dehydrating agent), due to
the high amount of water, causing catalysts deactivation. The conversion should
increase at least to 20% to perform environmentally better than the conventional

processes.®® It is then of outmost importance to understand the catalyst reaction
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mechanism for a rational design of new generation catalysts. The first investigated
catalysts were ZrO> and CeO, with almost 100% selectivity but conversion lower
than 5%. Even though the first reaction mechanism was proposed by Bell and
coworkers® for ZrO,, most of the recent research (Figure 3) is devoted to CeO,

particularly to the role of oxygen vacancies towards CO; activation.

45

I zro,

40 [ceo,
30 - I
25

Z,-!!-H-!HHIHHH H
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w
@

Number of publications

o

o

Publication year

Figure 3 Publications/year distribution related to DMC production from CO> and
CHsOH over CeO2 and ZrO catalysts. Citation Report graphic source:

https://www.webofscience.com/ (accessed Apr 28, 2022).

ZrOz2. Through a careful discussion of the surface chemistry of CO2 and methanol
dosed from gas phase, Bell and coworkers proposed a reaction mechanism involving
the reaction of a methoxide species with CO> bent over a Zr-O Lewis Pair to form
monomethylcarbonate (MMC) as reaction intermediate.®?> The last methylation
occurs then through an electron donor-acceptor behaviour between methanol and Zr-
O Lewis sites. Even though this mechanism followed a very precise analysis of the
methoxide and carboxylates IR bands evolution, the complex band evolution might
have hidden spectral components heavily overlapped with carbonates and MMC
main vibrations. Moreover, working in a condensed phase does not completely

reproduce DMC synthesis over oxides since it is usually carried out in liquid phase.?®
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Figure 4 Proposed reaction mechanism of CO, and CH3OH conversion over ZrO>

catalyst.3!

Aiming to characterize the surface species involved in the CO2-to-DMC conversion
reaction under realistic conditions we have studied the reaction over ZrO; in liquid
phase by ATR-IR spectroscopy at temperatures ranging from 10 to 70°C. For a
complete understanding of the band kinetic evolution the collected datasets were
analysed with MCR-ALS.*335 Lastly the same spectra analysis approach was applied
to the gas phase reaction repeating the experiment reported by Bell and coworkers, 3!

unveiling the presence of spectral components previously not deconvolved.

CeOz2. CeO: and its solid solutions with Zr are the oxidic catalysts of major interest
for DMC production (Figure 3). Particular attention has been recently dedicated to
the role of oxygen vacancies (Vo) which have been proposed to contribute to the
CO; activation through formation of a bidentate carbonate.®® Indeed, the presence of
the Vo increases charge delocalization over Ce**/Zr*" improving the interaction with
CO. Particularly, Liu and co-workers showed as in CeZrOy catalyst Ce3* has an
active role for CO; activation.®®
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Figure 5 Reaction mechanism of CO2 and CH3OH conversion over CeZrO> catalyst.
Darker arrows indicate the new mechanism part involving Vo whilst lighter arrows
indicate the mechanism part unchanged respect to the first mechanism proposed by

Bell et al.?!

Their proposed mechanism (Figure 5) implies CO2/Ce** redox interaction for a non-
redox reaction which is however, not clearly discussed within their manuscript.*
Moreover, the mechanism was proposed after an operando-FTIR experiment where
carbonates bands were superficially assigned without considering the most recent
demonstration of all the possible different carbonates vibrating at similar
frequencies.®’ Furthermore, it was not considered as Aresta and co-workers reported
CeO; catalyst deactivation caused by Ce3* formation.® It is then evident as the
proposed mechanism cannot completely describe the CO2-to-DMC conversion over
Ce**-rich catalyst. To remove the variable related to working with a solid solution
i.e., clustering (see Chapter 3 results and discussion) or acidity/basicity differences
induced by the guest atom, we have studied CO, and CH3OH adsorption over 4 pure
CeO2 samples with different degree of defectivity and Ce®* content by FT-IR, UV-
Vis and XPS. Carbonates assignment was done after a careful analysis of

12C0,/"CO- IR band shifts whilst Ce**/CO; interaction was studied by Ce(3d) and
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O(1s) XPS and UV-Vis spectra. It is noteworthy as the sample with lower Ce®*
concentration was not active towards MMC formation (evaluated by FT-IR bands
formation) whilst the one with the highest Ce®* content (=35%) led to formation of
Frustrated Lewis Pair (described below) giving access to a more complex and

complete reaction mechanism.

Frustrated Lewis Pair (FLP). A FLP, reported in Figure 6 for clarity, consists of a
Lewis acid (LA) and a Lewis base (LB) with bulky ligands that prevent these species

from neutralizing each other.*0-4?

frustrated Lewis pair
(FLP)

Q \/Q9

C1BO|[ ctao
% /\ 9

Lewis base Lewis acid

Figure 6 Pictorial representation of a Frustrated Lewis Pair reproduced from Stephan

manuscript.*2

Historically discovered in 1923 and firstly named in 2010,* FLP were firstly limited
to homogeneous catalysis but extended recently to heterogeneous catalysis, #0:4144-46
In particular, CeO2 has been shown to form FLPs between two adjacent Ce3* (LA)
and an O2- (LB) separated by an oxygen vacancy at a distance of ~4A.4" This
particular condition was shown to occur only when surface Ce** concentration
(>30%) ensured clustering of Ce®*"-Vo-Ce®* over CeO;, (101) planes.*® CeO, FLPs
improved reactivity of alkenes and alkynes, syngas and recently CO, 47485052 | the
latter case CO. activation over heterogeneous catalysts proceed via acid-base
interaction with catalyst surface inducing bending of CO2 double bond and making
the C atom more electrophilic.>® Considering CeO FLPs, Zhang et al. predicted CO>
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activation through the formation of a bidentate carbonate ascribing to its formation
the improved CO- conversion towards olefins and cyclic carbonates.>? Nevertheless,
the mechanism on how the FLP site activates CO2 remains unclear. Indeed, FLP
presence and activity is very difficult to be observed since it mainly consists of
missing oxygens on a catalysts surface well known for its oxygen storage and
mobility properties.> For this reason, associating improved CO2 conversion at high
temperature over Ce**-rich CeO; to FLP is not straightforward. The MMC formation
if then a perfect a case study to disclose details on CO2/FLP since it implies CO2
whole incorporation in a new molecule (CH30(COy)-) at a moderate temperature
(=150°C) which prevents CeO2 oxygen mobility i.e., reducing surface-to-bulk FLP
mobility
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2 Materials and methods

2.1 Materials

All the samples described in Chapter 3 were characterized as received from one of
the COZMOS partner. Most of the reported data were measured from one of the
partners as well. When catalytic results were not available, literature data are

reported for sake of comparison.

Zn-doped ZrO2 samples described in Chapter 3 have been characterized as received
from the University of Oslo (Norway). Briefly, catalysts were prepared by
coprecipitation of Zn(NOs), and ZrN,Oy salts as described elsewhere.! Catalysts will
be referred to as ZnZr(X) where “X” indicates Zn wt% evaluated by either ICP or
EDX analysis. Pure ZrO> related to these samples was prepared with the same
synthesis strategy without Zn salts.

Ga-doped ZrO2 was prepared at the ICC Institute following the published receipt.?
Ga content was evaluated by EDX analysis.

ZnCeZrOx catalyst described in Chapter 3.7 was prepared by ICC following the

published receipt.® Zn and Ce contents were determined by ICP analysis.

Zeolites/Zeotypes. Even though the core of the studies withing this thesis were the
employed oxides materials, few details on the reported zeolites and zeotypes
employed for the reported catalytic test should be reported. H-ZSM5 and SAPO-34
were commercial catalysts purchased by Zeolyts and ACS materials, respectively.
Their characterization is fully described in the published manuscript reported in
Appendix A.! H-SSZ-13 was prepared by ICC following a receipt which is currently
under publication. H-RUB-13 was prepared by ICC partner as described in the

respective published manuscript.®

ZrOz2 described in Chapter 4 was prepared by sol-gel synthesis according to the

literature.*
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CeO:2 catalysts reported in Chapter 4 were prepared by microwave (MW)-assisted
sol-gel synthesis adapted from a conventional protocol.> As shown in Figure 7,
microwaves were chosen as a heat source since they allow to rapidly obtain a
homogenous temperature in the reactor cell, implying fast and reproducible synthesis

with the formation of small crystallites due to high nucleation/low growth rates.
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Figure 7 Thermal profile of a glass vial heated in a conventional oil bath and in a

microwave reactor. The figure is reproduced from Zhu et al.

The obtained CeO2 powder was then divided into two batches, MW(100) and
MW!/(650), which were calcined under air for 8 h at 100 °C and 650 °C, respectively.
Reference material was also prepared by conventional sol-gel synthesis and calcined
at 650°C for 8h (conv(650)). °

2.2 Methods

2.2.1 Specific surface area.

Since the work of the thesis is dedicated to the catalysts characterization rather than
the improvement of a synthesis strategy, the specific surface area (SSA) is used as
valuable information to verify if a series of samples presented a comparable surface

area hence excluding it from influencing the catalysts different properties. The SSAs

29|Page



were determined by applying the Brunauer—Emmett—Teller (BET) method to the
adsorption/desorption isotherms of N> at 77K obtained with a Micromeritics ASAP
2020 physisorption analyzer.’

2.2.2 Powder X-Ray Diffraction

Powder X-Ray diffraction (PXRD) patterns were collected to investigate the average
structural properties of the catalysts i.e., phase composition and lattice parameters.
In-situ PXRD measurements were particularly useful to follow the unit cell volume
variation during thermal treatments.

The Laboratory PXRD patterns were collected at room temperature (RT) with a
PW3050/60 X'Pert PRO MPD diffractometer (PANalytical) in the Bragg—Brentano
geometry using either a flat glass sample holder or a spinning zero-noise Si holder.
Patterns from the Cu Kaz,2 X-ray source were recorded from 10 to 90° 20 with a step
size of 0.0167° and an integration time of 40 s. The Rietveld refinement method
implemented in the FullProf software package® was used to extract phase
abundances, lattice parameters and peak shapes following the procedure described
in the manuscript reported in appendix.t

Ex situ Synchrotron PXRD patterns were recorded in transmission mode at BM31
beamline (ESRF) in Debye-Scherrer configuration employing monochromatic
radiation (A~0.270A). Debye-Scherrer cones were collected from a CCD camera and
were further integrated to obtain the reported line graphs. Samples were contained in
a quartz capillary (@=0.5 mm). In-situ PXRD patterns were measured in the same
capillary by flowing a 50 mL/min Hz2:He flow (1:2) whilst heat was provided by a
heat blower.

Unit cell volume variation with temperature was extracted from the in-situ PXRD

pattern by using FullProf implemented sequential mode.
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2.2.3 Fourier Transform Infrared spectroscopy (FTIR)

FTIR is an important technique to study catalyst surfaces adsorption properties.
Indeed, the vibrational spectra of adsorbed molecules such as CO, CO», and CH3OH
gave important information on the catalysts’ defectivity, oxidation state, and
reactivity. In the case of ex situ experiments the sample was pressed to form a self-
standing pellet of =10 cm? placed in a gold envelope. The envelope was then placed
in a home-made cell equipped with KBr windows and suitable for thermal treatments
under high vacuum (5E-04mbar) or gas environment (O2/H). After the activation
process (see below) the cell was mounted on the FT-IR instrument where a dedicated

glass line allowed the dosing of controlled pressures/volume of specific molecules.

Ce®. FTIR spectra of the sample as prepared or as activated (see activation
procedure hereafter) are already very informative. Indeed, as it will be discussed
within Chapter 4, the presence of Ce3* can be already qualitatively determined from
the presence of a band at 2127 cm™ in the sample spectra prior to the adsorption of
any molecule. Indeed, this band is related to the 2Fs=>2F7,2 electronic adsorption
which is present only in Ce3*([Xe]4f'5d%6s%) and absent in Ce** ([Xe]4f°5d%6s°).%1

CO. Carbon monoxide is employed since decades as simple accessible probe
molecule to investigate the chemical nature of surface sites.**?> Once CO interacts
with metal/ions sites on the catalyst surface, depending on the cation ionic potential,
the predominant charge withdrawing direction can be divided into CO-to-cation or
cation-to-CO, defining the interaction as 6-donation or n-backdonation, respectively.
The former depletes charge density from CO slightly antibonding level, increasing
its bond strength and causing a hypsochromic shift from the ideal CO stretching
vibration (2143 cm™), whilst the latter fills CO strongly antibonding levels,
weakening the triple bond and inducing a bathochromic shift. Typically, for cationic
sites o-donation prevails, for metallic sites n-backdonation prevails, thus causing
bathochromic and hypsochromic, respectively, of the stretching vibration of
adsorbed CO. As a consequence, CO adsorption allows to determine whether: a)
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strong and weak Lewis acid sites (Ce** and Zr*"),'>1 are still present over the
catalyst surface after grafting and reduction treatments (bands shifted to lower
wavenumbers) and b) if Ce3* is present on the surface from a typical band shifted

around 2130 cm™.

CO adsorption experiments were carried out with an ad-hoc cell equipped with KBr
windows allowing to cool the pellet temperature down to liquid nitrogen temperature
(nominal 100K).

The adsorption of CO2 and CHsOH is discussed within the text.

Activation. Before IR measurements, catalysts generally underwent an activation
meant to clean the surface and to leave an oxidised/reduced state. In both cases, the
followed protocol consisted on: i) outgassing and heating the catalyst at 5°C/min
from RT to 150°C under vacuum, ii) heating from 150°C to 400°C (5°C/min) under
static 100 mbar O, for CeO2 (to prevent CeO- self-reduction) and under vacuum (5E-
04 mbar) for ZrO, , iii) holding at 400°C for 30’ under O atmosphere, iv) cooling
under Oz until 150°C and then evacuating. In the case of reduced CeO> (MW(100)-
red) the sample was kept at 150°C under Hz for 30° then cooled to RT under vacuum
(5E-04 mbar).

Operando IR experiments. Operando IR experiments were performed using FTIR
in the case of gas-phase experiments and in ATR-IR mode for liquid-phase
experiments. ATR-IR set-up description can be found in the submitted manuscript
reported in the Appendix F. Gas phase experiments were conducted to study
CO2/CH30OH alone and coupled adsorption/desorption kinetics on ZrO» surface.
ZrO, sample was pressed into a self-standing pellet of ~10 mg mass and ~100 mm?
area which was placed into a commercial water-cooled cell heatable stainless steel
cell (Aabspec) suitable for thermal treatments (RT-400°C) under gas flow mounted
in a Bruker Invenio spectrometer. Input gas flow was connected to the set-up

reported in Figure 8 whilst the output stream was connected to a Mass Spectrometer.
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Figure 8 Scheme of the reaction set-up employed for operando IR. The employed 4-
way valve is represented in both configurations allowing to send either dry or wet
gases to the FT-IR cell.

A constant flow of 40 mL/min of all the employed gases was kept constant through
the experiments. Prior CO2/CH3OH adsorption, desorption or reaction the catalyst
underwent an activation procedure consistent into heating from RT to 400°C under
an He:O; flow (50:50) and by holding the temperature at 400°C for 60°. After the
activation the sample was cooled to RT or 150°C under He flow. CO2 (99.999%)
was provided through a Brookhaven mass-flowmeter whilst CH3OH flow was
obtained by flowing He through a gas-liquid bubbler filled with CH3zOH and kept at
constant temperature. CH3OH concentration in the bubbler output was calculated
using the equation below.

B
Fv,out = Fc,in * P P
head" v

The output vapour flow (Fv,out) is calculated in function of the incoming carrier flow
(Fc,in), the liquid vapour pressure (Pyv) which is temperature dependent (Figure 9) and
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the bubbler head pressure (Phead) Which is assumed to be equal to the ambient

pressure.

300

P(mmHg) = 107(7.87863-(1473.11/(230.0+T)))

250 4

200

150

Pressure (mmHg

100 +

50 4

Temperature (°C)

Figure 9 Graph reporting methanol vapour pressure relation with temperature.

Source Langest's Handbook of Chemistry 10th ed.

2.2.4 UV-Vis Spectroscopy

UV-Vis spectra gave information on the catalyst’s average electronic properties.
Diffuse Reflectance UV-Vis spectra of CeO, samples described in CHAPTER 4.4
were collected in a Varian Cary 5000 spectrophotometer, equipped with an
integrating sphere with an inner surface coated by Spectralon®(the same material
used as white reference). The powders were placed in a quartz bulb cell, allowing
thermal treatments. Pre-treatments and CO. interaction were performed in the same
way as for the IR measurements. DR-UV-Vis spectra for Ga/Zn/Ce-ZrO, samples
described in CHAPTER 3 were recorded on pellets with Avantes optic fibers.

2.2.5 X-ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is based on the measurement of the
photoelectrons emitted after the absorption of an incoming photon. A dual anode X-
Ray source (Al K,) causes the emission of photoelectrons in the 0-1000 eV binding
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energy range whilst an analyzer allows photoelectron energy discrimination,
particularly in the Ce(3d) (870-980 eV), O(1s)(520-540 eV) and C(1s)(280-290 eV)
energy regions. Quasi in situ X-Ray Photoelectron Spectroscopy (XPS)
measurements were carried out at ICPEES (Strasbourg) in the laboratory of Dr.
Spyros Zafeiratos. The ultrahigh vacuum (UHV) spectrometer was equipped with a
variable pressure reactor allowing thermal/gas treatments of the catalyst in controlled
atmosphere and consequent transfer to the XPS analysis chamber without exposing
it to air. All the details concerning the measurement and the following data analysis

are described in the manuscript under submission reported in the Appendix G.

Beam damage of as-prepared MW/(100) (see Chapter 3) was evaluated for 1) beam
exposure during time and I1) sample heating under vacuum. Considering dual anode
beam damage (Figure 10a,b) we observed as by collecting spectra with 5min/scan
(Figure 10a) the Ce**** regions begin to vary after 30°. The first scan (5°) presented
Ce®" abundance of 11% whilst averaging the 6 spectra in Figure 10a led to
Ce**=~14%. Since there is not a considerable difference between the two spectra and
fit results, we proceeded by collecting spectra with 30’ time/scan for 330°, observing
as Ce® concentration increased to 15% after 60’ of exposure while the sample
temperature increased to 25°C. Eventually, Ce®* concentration increased up to 25%
after 330° exposure and temperature grew up to 35°C. On the contrary, catalyst
damage induced by temperature under UHV (Figure 10b,c) showed a drastic increase
of Ce®" concentration already at 150°C, reaching values >45% at 400°C. These
results showed as: 1) dual anode exposure increased Ce®*" abundance of 4% in the
first 60’ and II) heating under vacuum had a stronger effect on Ce* oxidation state.
Since at 50°C we observed 27% Ce®" and after 330’ of sample exposure to dual anode
its temperature/Ce®* reached 32°C/23%, we can conclude that heating from the X-
Ray beam caused most of the damage from its exposure. To minimize the beam
exposure effect on Ce(3d) region and following the evidence in Figure 10a, we then

measured this region as the first one limiting the measurement to 30’ time/scan.
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Figure 10 XPS experimental data and best fit curves (orange lines) collected : a)
with 5’ time/scan for 30° exposure to dual anode beam, b) with 30” time/scan for
330’ exposure to dual anode beam (time increases from black to red line) and ¢) with
30’ time/scan during heating under UHV (temperature increases from black to red
line). d) Ce**/Ce**concentration evaluated by best-fit curves during the time and
temperature measurements. Samples stage temperature profile evolution during time

experiment is reported with red line.

2.2.6 X-Ray Absorption Fine Structure (XAFS)

XAFS is a well-known technique referring to the X-Ray absorption properties of an
atom core-level. Particularly at energies lower and higher than the core-level binding
energy the absorption probability is modulated by the absorber chemical and
physical state. This makes XAFS an element selective technique sensitive to little
concentration of the absorber. The XAFS spectrum is usually divided into two

regions: 1) x-ray absorption near edge (XANES) region, containing information on
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the formal oxidation state and local geometry (tetrahedral, octahedral, etc.) and I1)
extended x-ray absorption fine structure (EXAFS) which is employed to determine
structural information on the absorber environment (e.g., distances and coordination
number with surrounding atoms). Multi-edge fit is a well-known approach to
determine local disorder in alloys and oxides.[ref] Nevertheless, this approach is
rarely employed in the catalysis community where catalysts are often claimed to be
homogenous solid solutions by simple PXRD and single edge-fit, employing the
determined structure to predict catalyst behaviour such as reaction mechanisms.
Since the knowledge of the catalyst local structure is extremely important for these
types of studies, this thesis aims to employ the multi-edge fit approach to the limit
of its interpretability. However, as discussed in the thesis, often the catalyst presented
such a high degree of disorder to imply the use of single edge-fit applied to all the
measured sample edges. Zn, Zr and Ce K-edges were all recorded in transmission
mode during several beamtimes at ESRF (BM31 and BM23 beamlines) and SOLEIL
(Rock Beamline) synchrotrons, hence the experimental details are well reported in
the Appendix.t*°

Ga K-edge spectra were recorded in fluorescence mode to discard to the contribution
of Hf L>i-edges which were always present since Hf is a natural dopant of Zr.
Spectra were energy aligned to the respective metal despite for Ce K-edge which
was aligned to a reference CeO2 sample provided by Sigma Aldrich (>99%). Energy
alignment, background subtraction and edge-jump normalization were conducted
with the Athena software from the Demeter package.'® FT-EXAFS fit was conducted
with the Artemis software from the same package. EXAFS fit procedure (fully
described in the published manuscript reported in Appendix B®) was applied to
extract scattering paths coordination numbers and radial distances. Concerning the
fit of data collected during thermal treatments, the thermal Debye-Waller factors

were modelled using the Einstein model as described in Appendix B.*°

37|Page



Hf as an internal reference. Hf is a natural dopant of Zr salts which is not-easily
separate from ZrO, hence its concentration was evaluated by ICP analysis.!’8 Hf
participates neither to the CO> hydrogenation reaction nor in ZrO» tetragonal
polymorph stabilization. Since its presence can be considered stable and constant
during the whole reaction process, it can be used as an internal reference. By taking
3 ZnZr(X) samples (Figure 11a) normalized at the Zn K-edge we can observe as
there is variation of Hf Ls-edge jump. This becomes clearer by normalizing the
spectra at the Hf edge (Figure 11b) where Zn K-edge jump is observed to increase
with Zn concentration. Indeed, by considering the latter normalization, we expressed
Zn edge jump in function of Zn concentration obtaining the calibration line in Figure
11c. Since the same Zr salt precursor was used to prepare all the ZnZr(X) samples
discussed in the thesis, this calibration line was used to evaluate the amount of Zn in
samples with unknown concentrations and which available amount was too little to

perform elemental analysis (e.g., ICP).
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Figure 11 Zn K-edge and Hf Ls-edge energy regions for ZnZr(X) samples

normalized at a) Zn K-edge and b) Hf Lz-edge. ¢) Zn concentration calibration line.

Ga K-edge XANES fit. Following the available literature’®?° Ga K-edge XANES
were fitted with pseudo-Voight (PV) (1) and arctangent function (2)
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A
[1+M(x — x0)?/B?]exp {(1 — M)[(In2)(x — x0)*/B?]}

f(x) =

(1) Employed pseudo-Voight function where A, B, x0 and M are the curve height,
full width half maximum, peak position and Lorentzian contribution ratio,

respectively.

gx) =B {(%) arctan (xr—/;co> + (1/2)}

(2) Employed arctangent function where B, I" and x0’ are the curve height, full width

half maximum and inflection point, respectively.

For fitting Ga K-edge spectra 2 PV and 2 arctan functions were used to describe Ga
tetrahedral (Td) and octahedral (Oh) coordination, respectively. M was fixed to 0.2
after its optimization through fitting Ga.Os XANES as reference (Ga.Os XANES fit

results

Tetrahedral Octahedral
X0 (eV) | B(EeV) | T (eV) % X0 (V) | B (eV) | T (eV) %
Ga203 | 103735 3.8 2.6 49 10376.7 4.1 1.2 51

) trying to maintain B, I', x0, X0’ parameters for each couple included in their range
found in literature (Table 1).1%2° “A” was not constrained whilst B was fixed to 0.5
since spectra edge-jump was normalized to 1. Ga(Td) : Ga(Oh) ratio was
quantitatively evaluated from the peak area ratio. The ratio obtained from Ga>Os (as
close as possible to 1) was used as feedback for evaluating the goodness of fit.
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Figure 12 Ga203 XANES experimental spectra (squares) and best fit (dashed red
line). Ga Tq and On pseudo Voight/arctan components are reported with blue and

orange lines, respectively.

Table 1 Ga,O3 XANES fit results

Tetrahedral Octahedral
X0 (€eV) | B((eV) | T (eV) % X0 @EV) | B (eV) | T (eV) %
Gax0s3 | 10373.5 3.8 2.6 49 10376.7 4.1 1.2 51

Multi-edge approach. To have a complete description of the investigated catalysts
a “multi-edge” approach was necessary. Indeed, XAFS spectra were measured not
only for the guest element but also for the host matrix under the same conditions,
allowing an improved parametrization of EXAFS fitting and a more complete
description of the structure of the catalyst. For some specific elements such as Ce,
we explored both K- and Ms-edges, which are in the hard and soft x-ray regions,
respectively. The sensitivity of the two regions to bulk and surface properties gave

access to important details of Ce**** redox behaviour.
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2.2.7 Multivariate Curve Resolution — Alternating Least Squares (MCR-ALYS)
MCR-ALS is a powerful method to deconvolute a series of overlapping spectra
presenting a significant variance. Briefly, a matrix D(m x n) is deconvoluted into two

matrices C(m x k) and ST(k x n) according to the equation : D = SC' + E.

Spectroscopically speaking, D is a matrix where the rows represent energy points
and columns the spectra, S is the matrix of the pure spectral profiles, C (" : transpose)
contains rows of concentration profiles related to each spectrum in S and E is the
error matrix. The final aim of MCR analysis is then to identify the spectral
components source of the variation observed in the dataset whilst the ALS procedure
perform an alternated optimization of concentration and spectral profile at each
cycle. It is then clear as this is a powerful chemometric approach to identify and
quantify pure spectral components without possessing reference spectra of those

components.

MCR requires an initial estimation of the number of components in the system. This
it is done by Singular Value Decomposition (SVD) which describes the data into
orthogonal vectors (e.g., linearly independent) helping the determination of the data
matrix rank. This is probably the most complex and physically difficult task in the
MCR process and has been carefully described in literature.?* In all the reported
MCR-ALS data the rank determination did not follow such a rigorous procedure as
reported by Martini et al. 2 The elbow in the scree plot between variance and the
component number was used to differentiate meaningful components from the data
noise. This “non-golden rule” often leads to an ambiguous ranking assignment.
Implicit assumption and “good practice” were then considered in support to the
number of components determination. Another important step of MCR analysis is
the rational application of constraints such as non-negativity and closure, which

employment strongly depended on the dataset origin.
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Indeed, MCR-ALS was applied to both XAS and FT-IR data in order to extract the
pure spectral components and their concentration profiles. The main difference
between the two datasets is on the applied constraints i.e., whilst non-negativity is
applied to both XAS and FTIR spectral and concentration, closure is applied only to
XAS data since in FTIR, due to different extinction coefficient of the formed species

(e.g., carbonates, methoxides), closure is no longer valid.
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3  ZrO2doped with aliovalent elements (Ce, Zn, Ga): the need for a structural

understanding of guest atom nature

3.1 Catalytic properties

The scientific community and particularly the COZMOS project are investigating
doped ZrO- catalysts for their CO2 hydrogenation properties.1> M-doped ZrO2 (M :
Zn, Ce, Ga) catalysts showed interesting results concerning selective CO:
hydrogenation to methanol with respect to pure ZrO; (Figure 13a) without implying
the use of rare earth or noble elements e.g., Pt, Pd and Ni.>™ The catalysts’ selectivity
to methanol is exploited for increasing CO> conversion (<10%). Indeed, the oxides
are physically mixed with an acid zeolite/zeotype (e.g. H-ZSM5, SAPO-34/18, H-
SSZ13, etc.) which can directly convert methanol into hydrocarbons improving the
global CO; conversion (Figure 13b).>t As reported in Figure 13, whilst ZnZrOx and
GaZrOy presented similar properties for CO-to-methanol conversion, once mixed
with the acid zeolite GaZrOx outperform ZnZrOx and CeZrOyx for both CO»

conversion and propane selectivity.
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Figure 13 CHsOH/Propane selectivity (bars) and CO2 conversion (squares)
properties of ZrO,, ZnZrOy,” CeZrOy,'* and GazZrOx *? catalysts a) alone and b)

physically mixed with acid zeolites.
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Most of the reported studies focus on finding the best oxide/zeolite combination
however, without providing a complete understanding of the oxidic catalyst
structure.®®1% The results reported in this chapter focuses on the structural
comprehension of ZnZrOx and GaZrOx catalysts through PXRD and FT-EXAFS

analysis. CeZrOx is used as an additional case study to support the obtained results.

3.2 CeZrOx : understanding solid solution long- and short-range ordering

When describing ZrO> solid solutions, a typical example consists in CeO2-ZrO>
mixtures, which are well known catalysts widely employed because of their oxygen
storage capacity and oxygen vacancies content.'® The catalysts properties are very
sensitive to the material local structure, making literature rich of their structural
description using diffraction and FT-EXAFS.* Three major cases can be
distinguished: A) CeO2 and ZrO> are not well mixed forming nanoaggregates of
different dimensions interacting only at their interface (Figure 14 left) (long-ordered
domain type), B) CeO and ZrO; are mixed on the long-range but a partial un-mixing
remains at short range (Figure 14 middle) (shortly ordered domain type) and C) CeO-

and ZrO- are perfectly mixed forming an ideal solid solution (Figure 14 right).

390
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Figure 14 Pictorial representation of different solid solution scenario (from left to
right): mixture of nanoscale oxides, partial local ordering, and perfect solid solution.

Figure reproduced from Nagai et al.**
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3.2.1 Average structural and electronic properties

Techniques such as PXRD and UV-Vis spectroscopy (Figure 15) probe the catalyst
average structural and electronic properties, hence giving a macroscopic description
of the catalyst. For example, in case of a commercial CeZrO4 (Ce:Zr ratio of 58:42,
full description of the catalyst reported in Appendix D)* PXRD pattern reported in
Figure 15 shows a tetragonal (P4>/nmc) average structure distinguished from the
cubic CeO2 Fm-3m from the presence of the (102) reflection. Indeed in the tetragonal
polymorph the oxygen atoms are displaced along the [001] direction generating a
modulation and inducing reflections of (odd odd even) type.!” This polymorph is
usually observed for CeZrOx catalysts and is often associated to the presence of
oxygen vacancies introduced by Ce*" and Zr** having different ionic radii (0.97 vs
0.84 A)*® hence causing expulsion of some oxygens during lattice relaxation. CeZrOx
UV-Vis spectrum (Figure 15b) presents an absorption band different from ZrO; and
CeO0:s.. Indeed, none of the two references band gap is observed in the catalysts and a
broad absorption band is observed centred around 450 nm, usually associated to a
Ce®*-Ce** charge transfer,'® suggesting the absence of clustering of one of the two

oxides.

48 |Page



100 ~r-

~
ol
1

Intensity (counts)
Reflectance (%)

0 T T T T T T T
4 6 8 10 12 14 16 18 20 200 250 300 350 400 450 500 550 600

20 (°) Wavelength (nm)

Figure 15 a) PXRD pattern (A = 0.27A) and b) UV-Vis spectra of ZrO; (gray lines),
CeO (red lines) and CeZrO4 (green lines). (102) tetragonal reflection is indicated
with a diamond in the insets in part a).

3.2.2 Zr/Ce local structure

From a local perspective, Zr K-edge XANES spectra (Figure 16a) presented a 1s>4p
pre-edge related to non-centrosymmetric Zr-O coordination e.g., the ZrOg double
tetrahedra coordination of the tetragonal polymorph.?° On the contrary Ce K-edge
XANES spectra is comparable with CeO2 (cubic symmetry) with edge position
shifted to lower energy (Figure 16b), highlighting the presence of Ce®" already
observed by UV-Vis spectroscopy (Figure 15b). A disordered Zr and Ce local
environment is suggested from a first qualitative inspection of the phase-uncorrected
FT-EXAFS regions which first and second shells intensities are dampened respect
to the reference oxides. The first coordination shells position is comparable to the
Zr-O and Ce-O from reference oxides whilst the second shells were initially assigned
with a direct comparison with the pure oxides Zr-Zr and Ce-Ce intense shells

positions.
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Figure 16 ZrO. (gray lines), CeO> (red lines) and CeZrO4 (green lines) a,c) Zr K-
edge a) XANES and c) phase uncorrected FT-EXAFS spectra (extracted in the 2-12
Al range) and b,d) Ce K-edge b) XANES and d) phase uncorrected FT-EXAFS
(extracted in the 2-15 A range) spectra. Detail of Zr K- and Ce K-edge XANES

first derivative are shown in insets in panel (a) and (b) respectively.

To deep into Ce and Zr local structure we attempted a double edge fit where Ce-Zr
and Zr-Ce radial distances and mean square displacements were constrained to the
same values, accordingly to the potential presence of Zr-O-Ce chemical bond.
Tetragonal ZrO; (P42/nmc) and cubic CeO2 (Fm-3m) were used as input structures.
Zr-Ce and Ce-Zr coordination number were instead constrained to Ce:Zr ratio

evaluated by EDX analysis i.e., Ce = 4.8. The obtained results reported in
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Table 2 consisted of physical values. However, whilst the fit well describes the
experimental spectra at Ce K-edge (Figure 17 red panel), the same does not occur at
Zr K-edge (Figure 17 blue panel), indicating as the employed CeZrO4 solid solution
model might not fully describe Zr local environment. Ce K-edge XANES (Figure 16
b) did not present any pre-edge fingerprints stemming from a CeOs non-
centrosymmetricity hence we considered the local Ce-O cubic symmetry. Ce first
coordination shell was then described with 8 equidistant oxygen atoms (Ce-O) which

evaluated radial distance is well comparable with PXRD results (
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Table 2). The second coordination shell was fit considering Ce-Ce and Ce-Zr
scattering paths, both with same initial radial distance taken from PXRD refinement
(=3.72 A) and correlated CN i.e., Ce-Zr CN : X and Ce-Ce : 12-X where X : number
of Zr atoms as Ce next nearest neighbours (NNN) fixed according to Ce:Zr ratio
evaluated by EDX. The evaluated radial distances unveiled a R(Ce-Zr) comparable
with PXRD results and a R(Ce-Ce) closer to pure CeO2 values (3.79 vs 3.84 A) hence
confirming the assignment hypothesized in Figure 16d. Following the local
coordination evaluated from Zr K-edge XANES pre-edge, its FT-EXAFS first
coordination shell was fit considering a double tetrahedra coordination with four
closer (Zr-Oy) and four farther (Zr-Ou) oxygen atoms. On the contrary the second
shell was described considering a Zr-Zr scattering path with independent radial
distances and MSD, and a Zr-Ce path constrained to the Ce-Zr one. Interestingly, by
considering the obtained Zr-Zr and Ce-Ce radial distances we noticed as their
average (3.725 + 0.043 A) corresponds to the distance evaluated by PXRD (=3.726
A), highlighting the difference between a local and an average probe. However,
whilst the fit well describes the experimental spectra at Ce K-edge (Figure 17 red
panel), the same does not occur at Zr K-edge (Figure 17 blue panel), indicating as
the employed CeZrO4 solid solution model might not fully describe Zr local

environment.
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Figure 17 Ce K-edge (red panels) and Zr K-edge (blue panel) experimental (black
lines) and best fit (red lines) of e,f) EXAFS and FT-EXAFS a,b) magnitude and c,d)
imaginary part. Ce and Zr K-edges FT-EXAFS was extracted in the 3-12.4 and 3-
11.4 A k-range respectively. EXAFS fit was conducted in the 1-4 A R-range at both
edges.
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Table 2 Radial distances (R), coordination number (CN) and Debye Waller factors
(c?) obtained from CeZrOs PXRD Rietveld Refinement and Ce K- and Zr K-edges
FT-EXAFS fitting. Fixed CN are indicated with *. Unphysical values are indicated
with bold characters. SA : Sigma Aldrich.  Determined by PXRD refinement. °
Determined by FT-EXAFS fit.

Sample  Scatt.  R(A)? R(A)° CN 62 (A?)
Path

CeZrOs Ce-0O 2.28271  2.304+0.014 8 0.0111+0.0008
Ce—-Ce 3.7265 3.798+£0.013 3%2 0.0063+0.0009
Ce-Zr 3.744+0.013 9%2 0.016%0.003
Zr—0; 228271 2.12+0.05 4 0.008+0.003
Zr- -0y 2.2620.09 4 0.012+0.010
Zr—Zr  3.7265 3.667£0.041 9%2 0.017£0.005
Zr-Ce 3.7320.03 3+2 0.016%0.003

3.2.3 Deducing Ce-Zr short range ordering

Considering a perfect structural mixing between Ce and Zr the same radial distances
and MSD should be obtained for common scattering path, as observed for example
in CeZr clusters in UiO-66 catalysts.?! From a mathematical viewpoint this result
was achieved however, with an important misfit at the Zr K-edge second shell.
Indeed, the difference between best fit and experimental data suggested as from Zr
viewpoint at least one scattering component was missing in the second shell.
Nevertheless, with the available data we did not try to model the local disorder to
describe the missing scattering path. It is well reported as CeZrOx solid solution local
structure (domain type vs solid solution) strongly depends on the synthesis strategy.'®
In the ideal solid solutions scenario (Figure 14 right), Zr second shell should be
almost equal to Ce one (Ce:Zr=1:1) whilst in scenario A (Figure 14 left), it should

present an intense Zr-Zr component related to ZrO». The obtained lack of fit cannot
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discard the formation of a perfect solid solution however, they clearly confirmed as
the employed CeZrOs model does not describe Zr local environment. We then
hypothesize as this particular sample might be located in the case scenario B (Figure
14 centre) where one of the cation (Ce) presents an higher degree of short range

ordering respect to the other one (Zr).
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3.3 Zn-doped ZrOz: comprehension of Zn local environment

3.3.1 Powder X-Ray Diffraction (PXRD)

ZnZr(X) (X : Zn wt%) PXRD patterns (Figure 18) contain the same Bragg
reflections, despite a series of extra peaks in the ZnZr(30) sample associated with a
hexagonal ZnO extra phase. The tetragonal polymorph, further confirmed also from
the Zr K-edge XAS analysis (vide infra), was used for Rietveld refinement of
ZnZr(X) PXRD patterns (Figure 18) to extract lattice parameters, crystallite size, and
phase composition. h-ZnO (P63mc) phase?? was added to refine the extra reflections
in the ZnZr(30) pattern. The effective Zn doping in the ZrO; structure can be simply
verified by refined lattice parameters and the so-calculated unit cell volume. As the
Zn?* jonic radius (0.60 A) is smaller than the Zr** one (0.84 A), higher Zn loading
consistently translates into a smaller unit cell volume (Figure 18d). It should be
noteworthy as the unit cell volume evolution respect to Zn concentration does not
respect the Vegard’s Law which states a linear dependence between lattice expansion
and guest atom concentration.?® It should be stressed as this is only a qualitative
interpretation of the unit cell volume behaviour. Indeed, to better understand ZnO
solubility in ZrO», their binary phase diagram should be discussed. Unfortunately, as
far as we could search into the literature, we did not find such diagram. Moreover,
we should also expect as the ZnZr(X) tetragonal polymorph might be a metastable

phase, suggesting that am hypothetical phase diagram might not be respected as well.
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Figure 18 a,b,c) Laboratory PXRD (A = 1.54 A) patterns measured for the three
ZnZr(X) samples in transmission mode using glass capillary sample holder
(?=0.5mm). Diffractograms for ZnZr(5)(blue curve), ZnZr(15) (red curve) and
ZnZr(30) (yellow curve) are reported together with the corresponding refined curves
(dark grey) and difference functions (light grey) between observed and calculated
curves. t-ZrO, was used as the input structure for the refinement. t-ZrO, and h-ZnO
Bragg reflections are indicated by red and blue vertical sticks, respectively. d) Unit
cell volume (full symbols) and crystallite size (empty symbols) obtained from
refined lattice parameters and peak shape, respectively, for ZnzZr(5) (blue square),
ZnZr(15) (red diamond) and ZnZr(30) (yellow triangles).

3.3.2 X-Ray Absorption Spectroscopy

Zr K-edge. XAS spectra of the three samples measured at RT in He atmosphere are
reported in Figure 19, together with those of monoclinic and tetragonal ZrO;
polymorphs, as references. Edge position, B/B’ white-line peak split, and pre-edge
shoulder “A” confirm the presence of ZrO> tetragonal polymorph. The latter one,
more visible in the spectra first derivative, stems from a 1s—4d transition,
characteristic of t-ZrO> where Zr coordinates 8 O atom in a non-centrosymmetric

double tetrahedra configuration leaving open space for the presence of an oxygen
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vacancy.?° Moreover, Zr local geometry distortion increases with the Zn loading, as
highlighted by the higher main edge FWHM (Figure 19)
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Figure 19 a) Stacked representation of Zr K-edge XANES measured at RT (He
atmosphere) for the three ZnZr(X) samples. ZnZr(5) (blue), ZnZr(15) (yellow) and
ZnZr(30) (red) are represented together with reference tetragonal (grey) and
monoclinic (brown) ZrO> polymorphs. Top left inset: non-stacked detail of the
white-line peak. Bottom right inset: XANES first derivative enhancing the pre-edge
feature related to the 1s—4d transition. b) Main Edge FWHM for reference ZrO> and
ZnZr(X) samples.

Phase-uncorrected Zr K-edge FT-EXAFS are reported in Figure 20a,b. The three
spectra presented similar features: 1) a first Zr-O shell located at 1.5 A comparable
between all the samples and substantially equivalent to that observed for the t-ZrO-
model compound and 1) a second shell at 3.2 A associated to Zr-Zr scattering
contribution which intensity is lower than reference ZrO» and is progressively abated
as Zn concentration increases. Considering the presence of Zn as Zr Next Nearest
Neighbour (NNN), Zr-Zr and Zr-Zn scattering contributions (Figure 20c) presented
an imaginary component in complete antiphase, relating Zr second shell intensity

loss with the increasing presence of Zn as NNN.
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Figure 20 a) Magnitude and b) imaginary parts of k>-weighted phase-uncorrected
FT-EXAFS extracted in the k-range 2.5-12.0 A for Znzr(5) (blue), ZnZr(15) (red),
ZnZr(30) (yellow) and reference t-ZrO (dashed grey). ¢) Imaginary part of the
individual Zr-Zr (black) and Zr-Zn (green) scattering paths generated by FEFF6
optimized after the fit of ZnZr(30). Left : sketched structural model describing Zr-
Zr/Zn second coordination shell scattering paths.

To verify Zn role to the second shell dampening, EXAFS fits were conducted using
tetragonal ZrO2 model considering the presence of a Zr-Zn scattering path in second
shell as sketched in the model in Figure 20. Even though the detailed fit procedure
can be found in the published manuscript reported in the appendix,?* the key
parametrization of the fitting came from the description of Zn weight percentage.
Since ARTHEMIS cannot handle non-integer occupancies, Zn was considered by
replacing one of the 12 Zr atoms surrounding the absorber Zr by Zn and estimating
Zr-Zr and Zr-Zn coordination number (CN) as 12-Zn and Zn, respectively, where Zn
is a variable related to the number of Zn atoms as Zr NNN. To strengthen the fitting
model, the same “Zn” variable was also considered in the Zr-O CN since every Zn?*
should introduce an Vo. The whole procedure, led to the best-fit curves reported
Figure 21. A good agreement was observed for both magnitude and imaginary part

of the FT-EXAFS spectra when comparing experimental and calculated curves.
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Figure 21 Experimental (coloured lines) and best fit (dashed grey lines) a) magnitude
and b) imaginary parts of the k?-weighted, phase-uncorrected FT-EXAFS spectra for
ZnZr(5) (blue), ZnZr(15) (red) and ZnZr(30) (yellow).

Zn K-edge. The solid solution scenario, observed from Zr FT-EXAFS fitting, should
be reproduced also from Zn K-edge viewpoint, measured quasi-simultaneously with
the Zr K-edge ones. The spectra of the three ZnZr(X) samples are reported in Figure
22, together with Zn K-edge XANES spectra of h-ZnO and Zn metal foil references.
Edge position reflected the presence of Zn?* whilst white-line shape is no-longer
comparable with h-ZnO one. Indeed, whilst the latter presents two clear spectral
features indicated with letters A and B in Figure 22a related to 1s>4pn and 1s>4pc
transitions, the former presented a single broader white-line which could be
interpreted as deriving from a 1s->4po transition with reduced long range ordering.
Noteworthy, A and B fingerprints are more evident in ZnZr(30) sample most
probably due to the presence of segregated h-ZnO observed by PXRD. A fruitful
information was derived from a straight comparison of Zr and Zn FT-EXAFS.
Indeed, in the solid solution scenario, both should present a similar second shell
related to the Zr-Zn and Zn-Zr scattering paths. Nevertheless, it was clearly observed
as whilst the two edges presented comparable first coordination shell, Zn second

shell was located at a (phase uncorrected) radial distance comparable to h-ZnO.
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Figure 22 a) Zn K-edge XANES (main panel) and b) Zr and c) Zn K-edges phase-
uncorrected k?>-weighted FT-EXAFS (inset) transformed in the 2-12 A k-range
measured at RT (He atmosphere), for the three ZnZr(X) samples. Spectra of ZnZr(5)
(blue), ZnZr(15) (yellow) and ZnZr(30) (red) are shown together with those of
reference h-ZnO (black) and Zn metal foil (dashed-grey). FT-EXAFS of ZnZr(5) is
missing due to the low absorber concentration. FT-EXAFS spectra of reference ZrO»
and h-ZnO are reported with black lines in parts b) and c), respectively.

Following this observation, the first Zn K-edge FT-EXAFS fit was conducted on
ZnZr(15) by using hexagonal ZnO as input structure leading to a good data/fit

agreement (
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Figure 23a,b). Two details were observed: 1) Zn-Zn shell intensity was lower than h-
ZnO one, indicating a reduced Zn-Zn CN and Il) a bump located at higher radial

distances was not described. Even though this feature could be simply related to a
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FT artifact, its radial position is qualitatively close to Zr second shell suggesting that

it could be associated to a Zn-Zr scattering path.
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Figure 23 Experimental (solid coloured line) and best fit (dashed grey line) (a, c)
magnitude and (b, d) imaginary parts for k>-weighted FT-EXAFS of ZnZr(15) using
(a, b) h-ZnO and (c, d) h-ZnO/ZrO> (Figure 20) as the input structure.

To discriminate the origin of this feature, XAFS spectra of ZnZr(15) at Zr and Zn K-
edges were analysed under catalysts activation (Figure 24a,c).Whilst ZnZr(15) Zr
and Zn K-edges of ZnZr(15) catalyst did not change upon the activation procedure
described in the materials and methods, phase-uncorrected FT-EXAFS at Zn K-edge
recorded during thermal activation in Figure 24a,c showed a constant decrease of the
first and second shell intensity related to the increase in DW factors. However, the
second shell presents a non-trivial dynamic involving the two components in the
second shell. Indeed, the one at higher radial distances shifts to lower values until it
convolutes with the Zn-Zn one at high temperature. After having discarded once
more the simple h-ZnO model which did not describe the second shell dynamic (see
Salusso et al.?* for further details), we attempted to use the model sketched in Figure
25 for fitting the in situ data.
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Figure 24 Zn K-edge a, c) Experimental and b, d) best fit of a, b) magnitude and c,
d) imaginary parts of k?>-weighted FT-EXAFS of ZnZr(15) measured at increasing
temperatures (black to red lines) in the RT-400 °C range under H, gas flow. A
magnification of the second-shell region is reported in the insets. Fits are performed
in the k-range 2-12 A and R-range 1.0-4.0 A.

Particularly, with this structural description we tried to integrate the results from both
edges. Indeed, the average Zn atoms presents a non-trivial second shell composed
by: 1) a scattering contribution with Zn (Zn-Zn)) located in ZnO bulk, II) scattering
from a Zn atom bonded to Zr (Zn-Zny) and 111) a direct scattering from Zr (Zn-Zr),
previously observed from Zr K-edge. Using this structural description and by
describing the thermal Debye Waller factor with the Einstein model we were able to
well describe both first and second shell dynamics. This model was then used to fit
also the data at RT under He, allowing a complete description of the component in

second shell at higher radial distances.
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Figure 25 Pictorial representation of the scattering paths contributing in the second-
shell region of Zn K-edge EXAFS, describing ZnO nanoclusters chemically bonded
to the ZrO, matrix. Zn, Zr and O atoms are represented by grey, green and red
spheres, respectively. 2" shell is indicated by dashed circle while Zn-Zn,, Zn-Zny
and Zn-Zr scattering paths are represented by blue, red and green arrows,
respectively. As this is only a representative illustration, Zr is represented in both

tetrahedral and double-tetrahedral coordination.

3.3.3 ZnZr(X) : ZnO domain size

We then conclude as ZnZr(X) catalysts can be described with the solid solution
scenario A (Figure 14 left) i.e., long-range ordered domain type, consisting of
nanosized ZnO-like domains embedded and chemically bonded in a ZrO2 matrix.
This view, pictorially represented in Figure 25 and Figure 26, explains I) the presence
of Zr-Zn scattering path observed from Zr K-edge and the observed Zn
underestimation. In fact, from Zr K-edge we evaluate only the surface of the ZnO
cluster, the bigger the cluster the higher the underestimation. I1) Zn K-edge second
shell predominantly resembling ZnO, I11) ZnO cluster surface being affected by the
bond with Zr and V) at the ZnO/ZrO> the most of Vo will be generated, explaining
the increase of Zr local disorder at higher Zn loading observed from Zr XANES main
edge FWHM.
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Interestingly, the dimension of ZnO cluster (under the hypothesis of a spherical
shape) was evaluated using the Greegor and Lytle equation to be among 11 A (Figure
26). Moreover, this type of description supported a qualitative interpretation of Zn
K-edge recorded under reaction conditions. Indeed, after activation the catalyst was
subjected to a high-pressure stream (15 bar) of CO, and H2 at 300°C. However, even
if almost any variations were observed at both edges, Zn K-edge FT-EXAFS
presented some subtle (but not negligible) variations in the second shell, particularly
in the region where scattering paths from ZnO and ZrO; interface have been
observed, suggesting as the interface between the two oxides might be the catalyst

part active for CO2 hydrogenation.
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Figure 26 a) Relation between coordination number and cluster radius evaluated
using the Greegor and Lytle equation within the spherical approximation. Zn-Zn
distance found by EXAFS fit was used as shortest atomic distance. Outer and inner
boxes indicate the area where CN extracted from fit of RT and under activation data
are located, respectively. Dashed line indicates the coordination number bulk limit
(12). b) Experimental magnitude part of k?>-weighted phase uncorrected FT-EXAFS
of ZnZr(15) measured before (dark blue) and after (light blue) in situ reaction under
CO2/H: flux at 300°C, 15 bar. Insets showing detail of the R-space range where Zn-
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Zn; and Zn-Zny/Zr scattering contributions occur. In this R-space range, small
modifications are observed upon exposure to the reaction feed for both the catalysts.
Spectra were Fourier-transformed in the k-range 2-12 A,

3.4  ZnO clusters stability in ZnZr-X catalysts

After having described ZnZr(X) catalysts as consisting of ZnO nanoclusters in a
ZrO2 matrix, we decided to investigate how this structural configuration would affect
the catalyst stability. Two new samples (ZnZr(10) and ZnZr(20)) were prepared and
analysed by in -situ PXRD under H. activation to study the catalyst structural
stability up to 600°C and by ex situ XAS after H» activation at different temperatures.
Importantly, none of the two samples presented segregated h-ZnO reflections,

therefore we could compare their Zn K-edge with the one of ZnZr(5)*.

3.4.1 Exsitu XAS

Considering Zn present as ZnO nanoclusters, Zn K-edge XANES spectra in Figure
27a indicate that ZnO clusters are prevalently formed along the in-plane direction of
the hexagonal lattice. As Zn concentration in the catalysts increases, a decrease of
white-line intensity is observed, unveiling a lower unoccupied states density.
Following Lee et al., ZnO particles of smaller diameters are expected to have larger
surface-to-bulk atoms ratio which enhances near conduction band minimum surface
states. Less unoccupied states are then associated to lower surface/bulk ratio, hence
to larger ZnO clusters in ZnZr(X) catalysts. At energies slightly below the Zn K-
edge, it can be observed the presence of Hf Lz-edge, a natural contaminant of ZrOx.
Even though it was showed that Hf has neither structural nor catalytic role,” it could
actually be exploited as catalyst internal reference for direct quantification of Zn
wt(%). In fact, while Hf abundance is the same in each catalyst since they share the

same Zr precursor salt, Hf : Zn ratio changes with Zn loadings. By normalizing Zn

*ZnZr(5) was measured as pellet during the same beamtime together with ZnZr(10/20). Unfortunately,
ZnZr(15) was not available anymore to repeat the measurement in pellet.
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K-edge spectra to the Hf Lz-edge we observe as Zn edge-jump becomes more
pronounced as the Zn concentration increases. The values extracted after this
normalization were used to build a Zn wt(%)/edge jump correlation line (Figure

27h).
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Figure 27 Zn K-edge (main panel) and Hf Lz-edge (top inset) normalized XANES
spectra for ZnZr(5) (purple line), ZnZr(10) (dark red line), ZnZr(15) (red line) and

ZnO (grey line). Zn wt(%) calibration curve is reported in the bottom inset.

This observation becomes useful when considering spectra with unknown Zn
concentration i.e., ZnZr(20) (Figure 28) and ZnZr(10) after thermal treatments in H»
at 550 and 700°C, namely ZnZr(20) 550, ZnZr(20)_700 and ZnZr(10)_700.* Hf :
Zn ratio decreases as the reduction treatment temperature increases, suggesting a Zn

concentration drop in the catalysts after reduction (Figure 28a). Indeed, by using

* For sake of brevity all the results for ZnZr(10) are not reported but they will be part of a manuscript
in preparation.
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these results we calculated that in ZnZr(20) 550 and _700 Zn wt(%) decreased to 13
and 3.7% whilst in ZnZr(10)_700 it dropped to 0.3%. Together with the decrease of
Zn concentration, after Ho treatment Zn K-edge 1s>4p./x transitions becomes more
structured. In particular in ZnZr(20)_550 (Figure 28a) B component qualitatively
increases whilst in ZnZr(20)_700 both A,B transitions are more defined and less
intense, suggesting that ZnO cluster dimension first decreases with the loss of Zn
concentration, while it subsequently increase at higher treatment temperatures. The
same behaviour is observed for ZnZr(10) and for both catalysts it is more evident
from Zn K-edge FT-EXAFS analysis. Indeed, whilst the first shell, related to Zn-
Ozno (‘ZnO’: scattering paths from ZnO phase) does not change, the second shell
intensity, previously defined as originating from a complex contribution of Zn-
Znzno, ZN-Znint and Zn-Zrint scattering paths (‘int’: ZnO/ZrO> interface), increases
after treatment at 700°C/H, (Figure 28b).2* Since the second shell intensity is directly
dependent on the Zn-Znzno coordination number and it was previously used to
estimate the ZnO cluster dimension, the rise of its intensity is direct evidence of ZnO

cluster radius expansion.

Parallel to Zn, Zr K-edge (Figure 28c) gives a direct information on the matrix local
structure and indirect hints on ZnO clusters. Zr XANES 1s—>4p pre-edge and white-
line B/B’ splitting can be used to identify the tetragonal polymorph. Moreover, Zn-
Zr scattering path was observed in Zr EXAFS second shell since the antiphase
configuration between Zr-Zrzo2 and Zr-Znint paths caused a drop of its intensity.
With the decrease of Zn abundance, Zr second shell is restored confirming a decrease
of ZnO/ZrO; interface.
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Figure 28 XANES (a, d) and k?-weighted FT-EXAFS magnitude (b, e) and
imaginary (c, f) parts for Zn (a, b, ¢) and Zr (d, e, f) K-edges of ZnZr(20) as prepared
(orange line), ZnZr(20)_550 (green line) and ZnZr(20)_ 700 (blue line). FT-EXAFS
have been extracted in the 2.3-10.4 A'! k-space range. h-ZnO and t-ZrO; reference

spectra are reported in grey. Hf Ls-edge are showed in the top inset in (a). XANES

first derivative are reported in bottom insets in panels (a, d).

3.4.2 Exsitu and In situ PXRD
Ex situ PXRD data collected on the same samples (Figure 29a) showed the

appearance of monoclinic reflections after H, treatment, suggesting a slight decrease
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in the fraction of ZrO, tetragonal polymorph in favour of the monoclinic one.
Moreover, Hz reduction caused a shift to lower angles of t-ZrO, reflections unveiling
an increase of the average unit cell volume. Indeed, the volume was showed to be
inversely proportional to Zn concentration,?* hence here confirming the Zn loss

during Hz reduction.
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Figure 29 a) Stacked ex situ PXRD of ZnZn(20) (orange line), ZrZn(20) 550 (green
line) and ZrZn(20)_700 (blue line). Main monoclinic Bragg reflections are indicated
with diamonds. Detail of t-ZrO> (110) reflection is showed in the inset. b) ZnZr(20)
PXRD pattern collected during H>-TPR experiment. Temperature increases from RT
(black line) to 650°C (red line). Detail of ZnO reflections during heating and cooling
(temperature decreases from red to black line), indicated with arrows, are reported
in the top and bottom insets, respectively. (¢) Unit cell volume thermal evolution for
reference t-ZrO. (black line) and m-ZrO. (grey line), ZnZr(10) (red line) and

ZnZr(20) (light blue line). Linearity regions are showed with coloured lines.

To understand the Zn loss dynamic, in situ PXRD pattern for pure ZrO, and
ZnZr(10)/20 catalysts have been then measured from RT to 650°C under Hx/He
stream. RT-PXRD patterns indicate that the presence of Zn stabilized the tetragonal
polymorph in ZnZr(20) catalysts (Figure 29b) decreasing its unit cell volume (Figure

29c). However, a clear difference was observed in the unit cell volume thermal
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behaviour between pure ZrO, and ZnZr(10/20). In fact, as showed Figure 29c, whilst
pure ZrO behaves linearly until 500°C, ZnZr(10) and ZnZr(20) presented two
regions of linear behaviour with distinct slopes. The first region (grey line Figure
29c) can be associated to unit cell thermal expansion while the steeper second one
(yellow line Figure 29c) begins for both catalysts around 250 °C. The Zn loss
highlighted by XAS could indeed be the reason for different unit cell expansion i.e.,
by decreasing Zn content the unit cell volume grows more rapidly since R(Zn?*) <
R(Zr*").X® Moreover, at T > 600°C h-ZnO reflections started to be observed for
ZnZr(20) catalyst (Figure 29D, inset), confirming as showed by XAS, that the Zn loss
is accompanied by an increase in the average dimension of ZnO clusters, in which
the residual Zn is organized. Our data suggest that such aggregation phenomenon
gradually proceeds as temperature increases, until the characteristic h-ZnO
reflections become visible by PXRD. Interestingly, h-ZnO reflections were not
observed in RT ex situ diffractograms (Figure 29a). In the ZrZn-20 case we observe
as during cooling under Hz h-ZnO reflections intensity decreases (Figure 29b)
suggesting that at lower temperatures ZnO dimension decreases to a certain extent,

with a partial recover of ZnO cluster nanosizing.

Considering the results reported above we can conclude that the thermal stability of
ZnZr(X) catalysts is strongly affected by ZnO domain-ordering. Indeed, as sketched
in Figure 30, at high temperature ZnO cluster dimensions increase, facilitating Zn
sublimation, and thus leading to the observed decrease in Zn concentration. Globally,
this affects catalyst activity by i) reducing ZrO: tetragonal polymorph stability,
which is more active than the monoclinic one and ii) lowering ZnO/ZrO: interface,
the catalyst site active towards CO> hydrogenation. With the decreasing of the
temperature, nanosized ZnO clusters are partially recovered however, with a
substantial reduction in the total Zn concentration and larger cluster size with respect

to the as-prepared catalysts.

71|Page



Zn sublimation

.

a °® &
é .... ﬁ..

550°C/H, ® e o ° 700°C/H,

Figure 30 Proposed scheme for Zn loss dynamics in ZnZr(X) catalysts during H:

activation.

3.5 Zn-doped ZrO: : catalyst deactivation after catalytic tests
3.5.1 Exsitu XAS

After having observed as Zn stability in ZnZr(X) catalysts is related to the formation
of ZnO clusters which increases Zn volatility under H> at high temperatures, we
measured ex situ Zn K-edge spectra of ZnZr(10) catalysts before (F-ZnZr(10)) and
after (S-ZnZr(10)) catalytic test with (ZnZr(10)/S18) and without SAPO-18. Zn K-
edge XANES spectra shows that Zn overall maintains the nanostructured ZnO-
profile typically observed in these catalysts. In addition, a slight decrease of white-
line intensity is observed in the spent catalysts (Figure 31a), associated to an increase
of ZnO clusters dimensions. Even though ZnO clusters size increase is associated to
a reduction of the total Zn concentration, as observed from Hf Lsz-edge (Figure
31b,c), the lost Zn does not appear to diffuse in SAPO-18, as indicated by the absence
of any additional spectral feature, possibly associated to Zn ions exchanged into the

zeotype.
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Figure 31 Zn K-edge XANES spectra for a) samples F-ZnZr(10) (blue line), F-
ZnZr(10)/S18 (red line), S- ZnZr(10)/S18 (purple line), S-ZnZr(10) (orange line) and
b) reference ZnO (grey line) and Zn(10%)Al>03 (brown line). Hf Ls-edge XANES
spectra for a) F-ZnZr(10) (blue line) and S-ZnZr(10) (orange line) and b) F-
ZnZr(10)/S18 (red line) and S-ZnZr(10)/S18 (purple line).

3.6 GaZrOx : from oxides clusters to the solid solution scenario

3.6.1 Catalyst average structure and electronic properties: PXRD and UV-Vis
spectroscopy
Considering the solid solution scenario reported in Figure 14, ZnZr(X) catalysts can
described with the scenario A, which explains the parallel presence of ZnO
nanoclusters in contact with a ZrO, matrix. This analysis was then applied to Ga-
doped ZrO, catalyst which presented improved catalytic properties for CO>
hydrogenation respect to ZnZr(X).}? After reviewing literature results on different
Ga concentrations (see Fend et al.?%), GaZr(21) (21 wt% Ga loading) was chosen as
case study sample. Considering PXRD pattern (Figure 32c) the same results reported
for ZnZr(X) catalysts can be observed : I) tetragonal polymorph is stabilized respect
to the monoclinic one, present in pure ZrO- prepared with the same synthesis strategy
(Figure 32a) and Il) the unit cell volume decreases as observed from the Bragg peak
shift to lower angles. The t-ZrO (102) reflection, quite visible in ZnZr(10) (Figure
32b), is not detected in GaZr(21) probably due to peak broadening induced by

73|Page



crystallite size. Indeed, the tetragonal polymorph is confirmed from the Zr K-edge

1s>4p pre-edge peak.

To further investigate electronic properties of these catalysts, UV-Vis spectra in
Figure 32d,e were measured and compared with those of the respective reference
oxidesi.e., ZnO, ZrO, and Ga>0s. ZnZr(X) spectra reflect the mixed oxides scenario.
Indeed, ZnZr(5/10/15) spectra can be qualitatively described as a combination of
reference ZrOz and ZnO. At higher Zn loadings, the series presented a band gap
redshift towards ZnO one, likely be related to the quantum confinement reduction,?
i.e., the smaller the ZnO cluster, the more blueshifted is the band gap, in agreement
with larger ZnO cluster observed by XAS at higher Zn concentration (see Section
3.4.1). On the contrary GaZr(21) spectra reflects electronic properties not-
identifiable by single ZrO2 and Gax0s, as observed for CeZrO4 (Figure 15b)
suggesting an improved Ga dispersion in ZrO lattice.

100

> 100 ) =

|10 /
Y

60 65 70 75 80

Reflectance (%)

Intensity (counts)
=
8

25

)
<
»
3

|s0

60 65 70 75 80

[F 0
4 6 8 10 12 14 16 200 250 300 350 400 200 250 300 350 400
26 (°) Wavelength (nm) Wavelength (nm)

Figure 32 PXRD pattern (A = 0.27A) for a) ZrO, (arrows indicate monoclinic
reflections), b) ZnZr(10) and ¢) GaZr(21). t(102) Bragg peak is showed in the insets
and indicated by an arrow. UV-Vis spectra for d) ZrO2 (grey line), ZnZr(5) (blue
line), ZnZr(10) (green line), ZnZr(15) (purple line) and ZnO (black line) and e) ZrO>
(grey line), GaZr(21) (red line) and Ga20s (black line).
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3.6.2 Insitu XAFS: Ga local coordination

As discussed in the previous sections, ZnZr(10) Zn K-edge XANES spectra can be
described considering a broadening of ZnO 1s->4p, and 1s->4p, transitions. Using
the same type of qualitative description, Ga K-edge XANES from reference beta-
Ga03 (Sigma Aldrich >99%) (Figure 33a) is described with two components,
associated to Ga with tetrahedral (Tq4) and octahedral (On) coordination, respectively,
showed in Figure 33d. GaZr(21) XANES spectra collected at RT (Figure 33a)
consists of a single broad white-line which position suggests an higher abundance of
Tq fraction. Moreover, after H, activation we observed an important decrease in the
white-line intensity parallel to a slight shift of the edge position to lower energies.
Ta/On ratio, evaluated with the fit procedure described in Chapter 2.2.6, showed as
the as prepared sample contained already ~74% of Ga(Tq) which increased to ~78%
after H» activation, relating the white-line intensity loss and the energy shift to a
variation of T4/On ratio (Figure 33a,b). If we consider Ga replacing Zr in ZrO> unit
cell, Ga(Tq) might adapt easily to ZrOg double tetrahedral geometry respect to
Ga(On), by introducing oxygen vacancies around Zr hence stabilizing the tetragonal
polymorph. Indeed, only =26% of Ga has octahedral coordination, which could
convert to the tetrahedral one by losing a pair of oxygen atoms during H. activation.
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Figure 33 a) Ga K-edge XANES spectra at RT (red line) and 400°C (blue line) under
H». Reference Ga>O3 is shown with brown line. Ga Tq (light blue squares) and On
(orange squares) concentration evolution during Hz thermal reduction is reported in
the inset. Experimental (solid red line) and best fit (dashed grey line) Ga K-edge
XANES measured at b) RT and c) 400°C with employed Pseudo Voigt (solid line)
and Arctangent (dashed lines) functions to describe Ga Tq (light blue lines) and On
(orange lines) components. d) Beta-Ga>Os structure is reported on the right side with

Tq and On polyhedral showed in blue and orange, respectively.

GaZr(21) Ga/Zr K-edges FT-EXAFS reported in Figure 34a,b gives an important
information on Ga local geometry. Similarly, to ZnZr(10) sample, reported in Figure
34a,c for clarity, Zr K-edge second shell is abated due to Zr-Ga scattering paths
having an imaginary component in antiphase respect to Zr-Zr. Differently from
ZnZr(10), Zn FT-EXAFS first and second shell was likely ascribed to ZnO-like
coordination, Ga K-edge presented a different scenario. Indeed, Ga K-edge first and
second shell are not comparable to those of Ga>O3 suggesting the potential absence

of Ga,03 clustering.

The so observed Ga geometry improved the catalyst stability. Indeed, ex situ Ga K-
edge XANES spectra collected on a spent catalyst after 14h of catalytic tests (Figure

34d) showed as ratio between Ga K- and Hf L»-edges XANES spectra were almost
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not modified after exposure to reaction conditions for long-time, highlighting as loss
of Ga does not occur as instead observed for ZnZr(X) catalysts, reinforcing the
hypothesis that Ga might be chemically inserted in ZrO: lattice.
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Figure 34 ab,c) Magnitude of k-weighted phase-uncorrected FT-EXAFS for
ZnZr(10) (green line) and GaZr(21) (red line) catalysts and ZrO: (grey line), Ga2.03
(black line) and ZnO (black line) extracted at a) Zr K-edge, b) Ga K-edge and ¢) Zn
K-edge. d) Ga K-edge (main panel) and detail of Hf L> (inset) XANES spectra for
F-GaZr(21) (black line) and S-GaZr(21) (orange line).

To further investigate Ga/Zr local environment, a double edge fit of the two edges
FT-EXAFSs was conducted considering tetragonal ZrO; as input structure. Ga and
Zr first coordination shell showed the presence of two cation-oxygen scattering paths
from both edges viewpoint. Zr-Oy scattering paths are associated to the double
tetrahedra coordination, and their CN was related to the Ga content through a
stoichiometric relation implying the formation of an Vo every 2 Ga atoms. The Ga
content was constrained to 6 according to the total Ga evaluated by ICP analysis. As
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sketched in Figure 35, Ga-O SS paths was described with 4 closer oxygens in
tetrahedral (Tq4) coordination (Ga-Otqg) and 6 farther oxygens in octahedral (On)
coordination (Ga-Oon). The two scattering paths coordination number was weighted
to the tetrahedral/octahedral above evaluated from XANES fit (=74%) (Figure 33).

Figure 35 Proposed structural model for Ga local coordination. Scattering paths are

indicated with arrows.

Unit cell parameters evaluated by PXRD Rietveld Refinement led to estimate the
average the Zr/Ga-Oin distances reported in Table 3. Whilst PXRD gave an
information on average distances, first shell FT-EXAFS fit provided a local
information. By comparing Ga-O-Zr average radial distance with PXRD results (see
equations below) we noticed as Ga-OT4/Zr-O; and Ga-Oon/Zr-Oy can be averaged to
describe Gara-O-Zr(On) (Rrr-exars : 1.98 A vs Rexro @ 2.05A) and Gaon-O-Zr(On)
(Rrr-exars : 2.35 A vs Rexrp : 2.36A) chemical bonds, respectively.

186(Ga - OTd) + 209(ZT - 01)
2

= 1.98 + 0.04A ~ 2.05A(PXRD)

2.45(Ga — Opy) + 2.25(Zr — 0y))

2 = 2.35+ 0.11A ~ 2.36A(PXRD)

Zr second shell was described considering Zr-Ga and Zr-Zr SS paths with CN
constrained to the Ga content, independent radial distances and Debye Waller
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factors. Parallelly, Ga second shell presented a complex scenario: first of all, we
considered a Ga-Zr scattering path with radial distance and Debye Waller factor
constrained to the Zr-Ga one. Second, the structural model considered so far implied
the presence of two Ga-Ga SS paths to describe both Ga in Td and Oh coordination,
as done for the first coordination shell fit. The paths CN was weighted to the Ga
content and to the Td/Oh ratio evaluated from Ga XANES fit (Table 3), independent
radial distances were considered whilst since the same path is considered, the Debye
Waller factor was fit to the same variable. The obtained results reported in Table 3
showed as the Zr-Ga/Ga-Zr SS paths presented comparable radial distance in line
with PXRD result. At the same time Zr-Zr and Ga-Ga path resulted in longer and
shorter distances respectively, in line with their ionic radii. Considering the latter
path, it is noteworthy to notice that shorter and longer radial distances were evaluated
for Ga-Gaon and Ga-Garq paths, in line with their difference in GaxOs (Ga-Gaon
~3.10A vs Ga-Garq = 3.6A). However, the evaluated Debye Waller factor presented
a suspiciously large value (0.03A?) suggesting an high degree of structural disorder
for these two paths. Moreover, the same comparison between radial distances
evaluated by PXRD and FT-EXAFS done for first coordination shell can be applied
to the second coordination shell. It is noteworthy to observe as the average distance
evaluated by FT-EXAFS (see equation below) is closely comparable with PXRD

results.

(3.49(Ga — Garg) + 3.62(Ga — Gayy) + 3.60(Ga — Zr) + 3.63(Zr — Zr)) /4
= 3.59 + 0.12A ~ 3.59A(PXRD)
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Figure 36 Zr K-edge (red panels) and Ga K-edge (blue panel) experimental (black
lines) and best fit (red lines) of e,f) EXAFS and FT-EXAFS a,b) magnitude and
c¢,d)imaginary components. Zr and Ga K-edges FT-EXAFS was extracted in the 2.3-
11.4 At k-range. EXAFS fit was conducted in the 1-3.7 A R-range at both edges.

Table 3 GaZr(21) PXRD Rietveld refinement and FT-EXAFS fit results. R-factor =

0.011, employed 18 variables over 29 independent parameters. Ga K-edge: Eo = -8+

5, Td=0.74, Ga=6. Zr K-edge : Eg =-1.4+0.7 ,. 2 Determined from PXRD refinement.
b Determined from FT-EXAFS fit.

Sample
GaZr(21) Ga-OTq
Ga-Oon

R(A)2

R(A)P

1.86+0.04
2.44+0.11

CN

o2 (A?)
4xTy 0.004+0.003
6x(1- 0.004+0.003
Td)
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Ga- 3.5+0.3 GaxTd  0.03+0.06

Garg
Ga- 3.28+0.16 Gax(1- 0.03+0.06
Gaon Td)

Ga-Zr 3.5984 3.62+0.04 12-Ga 0.003+0.008
Zr-0Oy 2.0557 2.097+0.008 4-Ga/4  0.0074+0.0008
Zr-Oy 2.3656 2.254+0.011 4-Ga/4  0.0031+0.0013
Zr-Zr 3.5984 3.630+0.019 12-Ga 0.015+0.002
Zr-Ga 3.60+0.04 Ga 0.023+0.008

3.6.3 Short range disorder: the price for solid solution formation

GaZr(21) was the last studied catalyst showing local ordering scenario completely
different from ZnZrOx catalyst. The PXRD pattern presented tetragonal reflection
however with abated intensities and broader FWHM respect to the other catalysts,
indicating a smaller crystallite size hence a reduced long-range ordering. Moreover,
the PXRD background presented an interesting modulation which will be object of
future Total Scattering measurements for Pair Distribution Function extraction. Ga
K-edge XANES indicates a high concentration of Ga T4 coordinated (=74%). Ga
content evaluated by ICP and its Td:Oh ratio were used as input parameters to
conduct a double-edge fit of Zr and Ga FT-EXAFS spectra. The employed model
considering Ga replacing Zr in its tetragonal unit cell, with Ga with either Td or Oh
coordination well fit the experimental spectra. A high degree of disorder in the Ga-
Ga coordination shell was observed, suggesting as this structural model could be

only a preliminary description of this complex catalyst structure.

3.7 ZnZrOx stabilisation through Ce-doping: ZnCeZrOx
To stabilize ZnZr(X) catalysts, ICC partner tried to include Zn in a Ce-doped ZrO>

lattice.?” The presence of Cerium should induce a volume expansion improving Zn
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accommodation in ZrO» lattice. The obtained catalysts presented a single phase
diffractogram ascribable to tetragonal ZrO> polymorph. The catalyst presented a
stoichiometry of ZnosCeo.2Zr1804 evaluated by ICP-AES analysis and a surface area
of 79.4 m?/g. The catalyst catalytic properties were tested in combination with
several zeolites (H-RUB-13, H-SAPO-34, H-ZSM-11 and H-ZSM-5) showing the
highest CO2 conversion (10.7%) and C2™-C4~ selectivity (83.4%) with H-RUB-13 at
350°C and 1MPa, which is an improvement respect to ZnZr(X) but lower then
GaZrOx.

To analyse the domain short range ordering stability of the catalyst, in-situ PXRD

and XAS experiments were performed under activation and reaction conditions.

3.7.1 Insitu experiment description

Quasi-simultaneous in-situ PXRD/XAS data were collected during the protocol
described in Figure 37 at the BM31 beamline of the ESRF Synchrotron. The
beamline set-up allows to switch between PXRD (A=0.270A) and the XAS
monochromators with a total PXRD/XAS collection time of =5 minutes. Data were
collected from a powder pressed in a capillary with diameter optimized depending
on the measured K-edge (i.e. Zn, Zr and Ce). Due to capillary thickness, PXRD data
were collected in parallel to XAS measurements at Zn K-edge, presenting the thinner
capillary (@=0.5 mm) whilst Zr and Ce K-edge were collected by repeating the same

experimental conditions without measuring the PXRD data on @=0.7 mm capillaries.
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Figure 37 Activation/Reaction protocol employed for measuring quasi simultaneous

in-situ PXRD/XAS data.

3.7.2 In-situ PXRD/XAS: catalyst activation

As for ZnZr(X) catalyst, the most relevant details on ZnCeZrOx (named ZCZ)
structure were obtained during its activation under He:H> stream. The initial PXRD
pattern collected at RT (Figure 38 a black line) presented t-ZrO; Bragg reflections,
likely stabilized by Zn and Ce presence, with additional h-ZnO reflections (Figure
38 a arrows), highlighting the potential presence of long range ordered/segregated
ZnO domains already in the as prepared catalyst. During thermal activation the
catalyst structure is maintained i.e., no extra reflections were formed. However,
important variations were observed in the t-ZrO» average unit cell volume and
Zr02/Zn0 relative concentration, reported in Figure 38b and c. Until 300°C the unit
cell volume increases in line with reference ZrO, thermal expansion. However, at
T>300°C the volume began to rise very rapidly until 400°C where it presented a
decrease during the 30’ holding, which will be rationalised hereafter. Parallelly, we
noticed as the ZnO relative abundance increased respect to t-ZrO>, in line with an
increase of ZnO domains ordering observed for ZnZr(X) catalysts and explaining the
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slope variation of unit cell expansion. It is noteworthy as the increase of ZnO content
explains the peculiar evolution of the observed Bragg reflection some of which
presented an intensity rise during heating (Figure 38a inset), in contradiction with
the higher thermal Debye Waller contribution.
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Figure 38 a) In-situ PXRD pattern (A = 0.27A) collected during catalyst activation
under He:H> from RT (black line) to 400°C (red line). h-ZnO reflections are
indicated with arrows. b) Unit cell volume and c) ZrO2/ZnO relative abundances
evaluated with Sequential Rietveld Refinement of the experimental diffractograms.
Reference t-ZrO. unit cell volume expansion is reported with grey symbols for

clarity.

Quasi-simultaneously to PXRD patterns we collected Zn K-edge spectra due to the
employment of the thinner capillary (8=0.5 mm) whilst Zr and Ce k-edges were
collected by following the same protocol reported in Figure 37, however, with

thicker capillaries not allowing to collect also PXRD patterns.

The as prepared catalyst presented Zn, Zr and Ce K-edge XANES spectra (Figure 39
black lines) well ascribable to those previously observed for ZnZr(X) and CeZrO4
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catalysts (see Chapter 3.2). Zn K-edge (Figure 39 a) indicates a ZnO-like
environment whilst Zr K-edge (Figure 39 b) highlighted the presence of the
tetragonal polymorph from the 1s—>4p pre-edge fingerprint of the ZrOg double
tetrahedra coordination, both in line with the previous findings on ZnZr(5/10/15)
catalysts. Differently from CeZrO. where some Ce3* was already observed in the as-
prepared catalyst, ZCZ Ce K-edge (Figure 39 c) presented a white-line shape and
energy position indicating the presence of Ce** in a cubic CeO,-like environment

with Ce®* concentration lower than the detection limit (<5%).
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Figure 39 In-situ XANES spectra collected at a) Zn, b) Zr and c) Ce K-edges.
Temperature increases from black to red line. Respective XANES first derivative is
reported in the insets in every panel. Zn foil, Ce(NOs3)s and CeO; reference spectra

are reported with grey and orange line, respectively.

As for ZnZr(X) catalysts, during activation no net variations were observed at Zr K-
edge XANES spectra (Figure 39 b). Contrarily, at Zn K-edge we observed an
important decrease of the white line intensity and a slight energy shift to lower
energies of the rising edge, clearly visible in the spectra first derivative (Figure 39 a
inset). The former spectral change, too large to be associated only to DW factor

effect, could be related to an increase of ZnO domain size, as observed for ZnZr(X)
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catalysts, in line with the rise of h-ZnO relative concentration extracted by PXRD
Rietveld Refinement discussed in the previous paragraph (Figure 39 c). Furthermore,
the spectra first derivative presented slight shift to lower energies with an additional
weak contribution at energy position comparable with metallic Zn, indicating a
potential Zn?*->Zn® ( 2<§<0) partial reduction. Parallelly, under the same conditions
Ce K-edge (Figure 39 c) showed an important white-line and absorption edge shift
to lower energies. Indeed, by comparing the collected spectra with CeO> and
Ce(NO:s)s references (Figure 39 c) we noticed as ZCZ spectra collected at 400°C
presented a shoulder in the rising edge at energies lower than Ce3*. This is more
visible in the XANES first derivative (Figure 39 c inset), suggesting the presence of
Ce with oxidation state lower than Ce®".

To further investigate the electronic evolution of Ce states during the activation
protocol, MCR-ALS routine was employed to extract the spectral component related
to the final Cerium oxidation state. An unbiased MCR-ALS routine (not reported for
brevity) led to two spectral components consisting in the two spectra collected at RT
and 400°C respectively. Since we know that Ce has to go through the Ce** oxidation
state before reaching the unknown final oxidation state, Ce(NOz3)s spectra was
employed as reference component to extract the Ce®* component i.e., 20 replicas of
the spectra were reported after the experimental dataset. With this approach, the PCA
allowed to extract the three components reported in Figure 40a. Considering the
white-line/absorption edge energy position and post edge oscillation shape the
spectra in red and green can be associated to those of Ce* and Ce** from CeO; and
Ce(NOz3)s references, respectively. Contrarily the last spectrum (blue line) is not
ascribable to any of the references and presented an energy position lower (>5eV)
than Ce3*. Ce metal foil XANES spectra could not be measured due to Ce(0)
instability and reference Ce K-edge spectra for this oxidation state are rarely
available in literature. Hence, we could not identify the oxidation state of the

extracted component and from now on we will refer to it as Ce®". Nevertheless, the

86|Page



obtained concentration profiles, reported in Figure 40b, unveiled an almost complete
reduction of Ce** starting at 320°C with the formation of Ce®* and Ce®", the latter

becoming the most abundant component (=60%) in the activated catalyst.
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Figure 40 Ce K-edge XANES a) Spectra components and their respective b)
concentration profile evolutions extracted from MCR-ALS routine. Ce** first

derivative is reported with dashed grey line.

It is noteworthy as Ce and Zn reductions occurs parallelly, indicating a potential
concerted reduction likely related to the formation of a CexZny alloy further
discussed with the FT-EXAFS analysis. Unfortunately, due to the low content of
metallic Zn, an attempted MCR-ALS routine to Zn K-edge spectra (not reported for
sake of brevity) did not allow to extract two meaningful components i.e., Zn?* and
zZn°.

3.7.3 Ce surface reduction: in-situ near ambient pressure NEXAFS
Even though Ce K-edge spectra clearly showed the formation of strongly reduced
Ce®" species on ZCZ catalyst, hard X-Ray measured in transmission mode are

probing both bulk and surface of the catalysts, leaving uncertain Ce surface (i.e.,
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reactive) oxidation state. For this reason, we decided to measure Ce Ms-edge
NEXAFS spectra in Total Electron Yield (TEY) detection mode which reduced the
X-Ray penetration depth to few nm enhancing the technique surface sensitivity. The
measurement set-up available at APE-HE beamline allowed an almost complete
reproduction of the hard X-Ray measurements however, limiting the maximum
temperature to 375°C. Spectra collected during sample activation (RT-375°C/H.:He
50 mL/min) are reported in Figure 41a. The results indicates a clear evolution from
an initial spectrum at RT with shape and energy position, ascribable to Ce** (see
CeO: reference in Figure 41b inset), to a final spectra at lower energy characterized
by a double-edge fingerprint, comparable to Ce3* reference spectra (see CeFs

reference in Figure 41b inset).
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Figure 41 a) Experimental Ce Ms-edge collected under Hz:He (1:1 50 mL/min)
stream from RT to 375°C. Temperature increases from red to green line. b)
Concentration profile and c) spectra component extracted from MCR-ALS routine.
Ce** first derivative is reported with dashed grey line. Reference CeO; (orange line)

and CeFs (grey line) experimental spectra are reported in the inset in panel b).

Since Ce local environment affects the Ms-edge bands shape, particularly the feature
at 898 eV, a linear combination fit using CeO/CeF3 as references spectra was not

possible. Contrarily, by applying an unbiased MCR-ALS routine i.e., without the use
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of any reference spectra, we successfully extracted two spectra component reported
in Figure 41b well comparable with Ce**/3* references oxidation states (see Figure
41b inset). The components concentration profiles indicate a complete Ce**-to-Ce®*
reduction starting at 200°C and with a maximum variation at 300°C, both
temperatures lower than what observed at Ce K-edge. It is noteworthy as Ce®* and
Ce? have similar Ms-edge NEXAFS spectra, hence making their distinction almost
impossible.?® We should then consider as in the evaluated Ce®* content, part of Ce

might have oxidation state 6 where 3<6<0.

3.7.4 CexZny alloy evolution under reaction-like conditions

To understand the behaviour of the ZCZ catalysts and particularly of the CexZny
alloy, Ce K-edge XANES and Ce Ms-edge NEXAFS spectra were collected under
reaction-like conditions (350°C, CO2:H2:He 50 mL/min, 1 bar) varying the CO2:H>
ratio. From the spectra evolution reported in Figure 42 we immediately noticed a
variation of their position and shape at both edges towards the reference Ce**. The
collected spectra were analysed by MCR-ALS routine together with those measured
during catalyst activation to completely describe the Ce species kinetic evolution
with the extracted components discussed in the previous sections. The obtained Ce
K-edge concentration profiles (Figure 42c) indicated as the presence of CO2 causes
a complete oxidation of Ce®* to Ce** whilst Ce®" presented a higher stability, with a
final Ce**/Ce® concentration of ~60/40%, respectively. Interestingly, the same
behaviour was observed also at Ce Ms-edge (Figure 42d). We observed a Ce3*
oxidation to Ce** with the increase of CO2 concentration, finishing with a final ratio

under pure CO2 comparable with the results obtained with hard X-ray.
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Figure 42 a) Ce K-edge XANES and b) Ms-edge NEXAFS spectra collected under
1 bar of different CO2:H> ratio at 350°C. ¢,d) Ce*" (squares), Ce*(triangles) and
Ce’*(circles) concentration profile extracted from MCR-ALS protocol applied to c)
XANES (filled symbols) and d) NEXAFS (empty symbols) experimental spectra.

Since from hard X-Ray Ce®*" was observed to disappear completely with CO>
presence in the feed, we can assume as the Ce** component observed by soft X-ray
might be actually related to Ce(0), presenting a surface stability comparable with

Ce®" observed in the catalyst bulk.

3.7.5 ZnCeZrOx : simple rationalization of a complex system

The obtained results indicated as ZCZ catalyst presented a high degree of local
structural complexity. The as prepared catalyst structure, sketched in Figure 43,
consisted in a CeZrOx type 2 matrix with embedded ZnO domains larger than those
previously observed for ZnZr(X) catalyst. Under reducing conditions (H2, 400°C):
I) ZnO domain size increases, influencing CeZrOx expansion linearity and 1I) Ce
atoms are easily reduced first on the surface then in the bulk. The presence of a type
2 solid solution likely facilitates Ce migration at the highest temperatures (=400°C)
towards ZnO domains to form a CexZny alloy on the domain surface, causing a drop

of the unit cell volume and the Zr-Zr/Ce local radial distance. The formed CexZny
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presented a stability higher than Ce®" under reaction like conditions i.e., in presence
of CO2, suggesting as this component might be the catalyst actual active part for CO>

hydrogenation.

Ce‘“ZrO (Type 2) Ced+/3+ ZrO (Type 2) Ce"‘ZrO (Type 2)

Figure 43 ZnCeZrOy structural evolution under activation and reaction conditions.

3.8 Conclusions

ZnZrOx, CeZrOx and GaZrOy average structure was determined through Rietveld
Refinement whilst guest atom/host matrix local structures were investigated by
analysis of XANES and FT-EXAFS spectra collected at Zn K-, Ga K-, Zr K-, Ce K-
and Hf Ls>-edges. Even though the PXRD pattern (average structural probe)
presented a single phase in all the three samples, it was observed particularly in the
ZnZr(X) case where more data were available, as the unit cell volume did not change
linearly with the guest atom concentration, hence not respecting the Vegard’s law.?3
This is indeed a first indicator of the potential local order complexity respect to
average structure reflected from PXRD patterns. Another indicator came from the
UV-Vis (average electronic probe) spectra of the catalysts. Even if this technique is
rarely employed for heterogenous catalysts characterization whilst more spread in
photocatalysis, we here showed as it can be a powerful tool to verify if the sample
presents new electronic properties (i.e., intimate guest atom/host matrix mixing) or
it can be described with two different oxides (i.e., local domain ordering). Finally,
analysis of XANES and FT-EXAFS spectra (i.e., local probes) unveiled as ZnZrOsx,
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CeZrOx and GaZrOx can be referred to the three solid solution scenarios reported in
Figure 14. The conducted study showed as measuring both matrix and guest atom K-
edges was fundamental to determine the local structure of the catalyst. It was
observed as the average structure determined by PXRD was related to the long-range
ordering of the matrix whilst the guest atom atom always presented a certain degree
of local disorder. The guest atom dispersion respect to its clustering (domain
ordering) is showed to drastically influence the catalyst properties. In term of
activity, the guest atom dispersion increases the oxygen vacancies concentration
hence improving the CO2 conversion. On the contrary, it was observed as the guest
atom clustering reduces the catalyst stability. Indeed, GaZrOx showed as Ga
concentration did not change after reaction whilst ZnZrOx reported as the ZnO
cluster dimension increased with a parallel decrease of the total Zn content. The
detailed analysis on Zn/CeZrOx was used to understanding the peculiar behaviour of
Zn-doped CeZrOx. ZnO clustering was observed to occur also in this chase.
However, during H> activation the presence of ZnO cluster to Ce atoms increased
the reducibility of the latter at both bulk and surface scales. The Ce reducibility
enhancement is ascribed to the formation of an intermetallic CexZny compound
presenting a high stability under reaction-like conditions. More detailed properties
of this intermetallic and its role for CO. hydrogenation reaction will be object of

future studies.
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4  COg-to-Dimethilcarbonate reaction over ZrO:: liquid vs gas phase
mechanism

4.1 Liquid phase reaction

In situ liquid phase IR experiments were conducted in multiple reflections ATR
mode. All the experimental details are reported in materials and methods and in the
Appendix F. Briefly, ZrO, catalyst was deposited over the crystal element (ZnSe)
and pre-treated under cyclohexane at 70°C/60°. Background was collected after
activation prior each measurement. As summarized in Figure 44, a methanol in
cyclohexane solution (0.2 M) was mixed in a 1:1 ratio with CO»-saturated
cyclohexane and sent to the ZrO, catalyst at different temperatures (10,30,50 and
70°C).
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Figure 44 Schematic of the temperature/concentration profiles adopted in the in-situ

ATR-IR experiments.

4.1.1 Adsorption of pure reagents/products

The in situ ATR-IR spectra related to the adsorption/desorption of methanol over
ZrO; at 30 °C are presented in Figure 45a,b.

Three components were identified by Principal Component Analysis (PCA), leading

to the spectral and concentration profiles in Figure 45c,d after MCR-ALS routine.
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After a careful analysis of the spectra fingerprints and their time evolution we could
identify component 1 as the spectrum of methanol solution, component 2 as weak
physisorption of methanol with some surface sites of ZrO, and component 3 as linear

and bridged methoxy groups coordinated to exposed Zr#*. 13
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Figure 45 In situ ATR-IR spectra collected during a) adsorption of methanol on ZrO-
(from a 0.2 M solution of methanol in cyclohexane, time evolution from black to
red) at 30 °C and b) its desorption (by exposure to cyclohexane, time evolution from
red to blue). ¢) Pure component spectra obtained by MCR-ALS (the ATR-IR
spectrum of the bare 0.2 M solution of methanol in cyclohexane is shown as a dotted

line). d) Corresponding concentration profiles as a function of time (the vertical grey
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line represents the switch from the methanol solution to cyclohexane). e) Molecular
structures of species associated to components 2 (weakly physisorbed methanol) and
3 (surface methoxide species); component 1 (liquid phase methanol) structure is

omitted.

Considering adsorption of CO.-saturated cyclohexane (Figure 46) we observed the
formation of several signals in the carbonates vibration region. At maximum
coverage (e.g. stable signal increase) four bands were distinguished at 1610, 1420,
1315 and 1040 cm™ with an uncertainty on the second one being close to solvent
phase poorly compensated signal. The same behavior is confirmed during desorption
(Figure 46b), where the band at 1420 cm-1 showed a complete reversibility: this
signal, typical of the bicarbonates-like v(CO)sym mode. Conversely, the bands at
1610, 1315 and 1040 cm™, together with an additional component at 1530 cm -1
becoming evident at the lower CO> coverage, decreased during desorption and
stabilized towards at the end of the experiment, finally yielding the pink spectrum
labelled as 4 in Figure 46. These signals can be assigned to various families of
carbonate-like species, most probably adsorbed mono- and bi-dentate carbonates. 4
" A precise assignment of each band to a precise specific family of carbonates is not
trivial due to the liquid phase environment, indeed as a much very heterogenous
population of surfaces sites is expected as compared to gas-phase activated samples.
Interestingly, bicarbonates fingerprint at 1225 cm* stemming from isolated §(OH)
was not observed, probably due to the liquid working conditions. However, we
cannot exclude that the bicarbonates vibration might actually be related to another
carbonate species different from gas phase adsorption.

MCR-ALS was attempted trying to isolate two spectral components. However,
contrarily respect to gas-phase experiments, the procedure did not converge to
meaningful spectra. In the following reactivity analysis we then considered the

spectrum labelled 4 in Figure 46 as single component for surface carbonate.
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Figure 46 In situ ATR-IR spectra collected during a) adsorption of CO2 on ZrO;
(from COg2-saturated cyclohexane, time evolution from black to violet) and b)
desorption (cyclohexane, time evolution from violet to magenta) at 30 °C. c)
Molecular structures of species associated to component 3 (from left to right: surface

monodentate carbonate-like, bidentate carbonate-like and bicarbonate-like species).

Finally, the interaction of the reaction product (DMC) with ZrO, was studied, to
evaluate the stability of the final product on the catalyst surface (Figure 47) We
observed a reversible adsorption/desorption of DMC without presenting any
decomposition to MMC. This could be related to either solvent-stabilization of DMC

or to the non-completely active ZrO, surface due to the limited activation
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temperature. Nevertheless, considering the reactivity experiments (see next session)

showing some DMC production, we can discard the latter option.
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Figure 47 In situ ATR-IR spectrum of DMC adsorbed on ZrO> (from a 0.1 M solution
of DMC in cyclohexane, after 30 min of contact, solid curve) at 30 °C. The spectrum
of the bare 0.1 M solution of DMC in cyclohexane is reported for the sake of

comparison (dotted line).

4.1.2 Reactivity of mixed methanol-CO:2
Figure 48 shows the in situ ATR-IR spectra collected during the simultaneous

interaction of methanol and CO; on ZrO; at different temperatures.
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Figure 48 In situ ATR-IR spectra collected during the co-feeding of methanol and
CO2 (from a CO; saturated 0.1 M solution of methanol in cyclohexane) on ZrO; at
different temperatures. Spectra were recorded for 1 h (time evolution from black to

green).

A first qualitative analysis of the spectra shows as they are characterized by similar
spectroscopic component but with lower intensity at higher temperature, in line with
higher species desorption. Methanol and carbonates were well evident at each
temperature whilst methoxides become more evident at higher temperatures, in line
with lower methanol stability. The presence of triplet of bands at 1350, 1465 and
1600 cm* highlighted the formation of MMC as observed in the gas phase reaction.
The dataset in Figure 48 were then analysed by MCR-ALS using methanol and
carbonates as reference pure components. Since the same spectroscopic features
were observed regardless of the reaction temperature, all data were merged in a
single dataset and analyzed simultaneously, leading to the (re)optimized spectra of
the pure components and their concentration profiles at each temperature are shown
in Figure 49. An attempt to introduce the reaction product (DMC) as a sixth
component was performed also in this case including 50 replicas of the spectrum of
adsorbed DMC as shown in Figure 47. Nonetheless, inconsistent results were

obtained on a chemical basis (not reported for sake of brevity).
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Figure 49 a) Spectra of pure components and b) their concentration profiles obtained
from MCR-ALS for reactivity experiments conducted at different temperatures. c)
Molecular structures of species associated to all components, including component
5 (i.e. surface MMC intermediate); component 1 (liquid phase methanol) structure is

omitted.
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Four of the five obtained spectra can be associated to those observed from the
previous pure experiments: 1, liquid phase methanol; 2, molecular methanol adducts
at ZrOy surface; 3, surface methoxy groups and 4, surface carbonates. Conversely,
component 5 presents three main bands 1600, 1470 and 1350 cm™, ascribable to
monomethyl carbonate (MMC) main vibrations.” Interestingly MMC is the CO,-to-
DMC reaction intermediate and its spectral component was completely extracted by
the MCR-ALS routine.

The obtained results, summarized with the reaction mechanism in Figure 50,
unveiled as ZrO, surface (1) is contacted with methanol and CO- solubilized in the
working solvent, both surface carbonates and methoxide species are formed (1), and
their respective ratio is strongly temperature dependent. At temperature < 50°C,
carbonates and methoxide species react together to form MMC (111), whilst at 70°C
the reaction takes place between chemisorbed methoxide and gas-phase CO; (III°).
The formation of MMC affects the equilibria determining the population of surface
species (IV): in detail, the higher the temperature, the higher the concentration of
MMLC, at expenses of surface carbonates, that turns from the dominating surface
specie at 10 °C to a closely nil concentration at 70 °C. Eventually, though not
detected under the experimental conditions adopted in this study, the reaction of
MMC with a second methanol molecule leads to the synthesis of DMC, that is

desorbed from the surface as the final reaction product.
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Figure 50 DMC formation reaction mechanism proposed for CO> and CH30OH
adsorbed over ZrO; at different temperatures. Abundance/Temperature diagrams

(steps 11 and 1V) are referred to the concentrations reported in Figure 49.

4.1.3 Liquid phase reaction: mechanism dependence with reaction
temperature
The obtained results indicated as CO2/CH3OH activation strongly depend on
temperature. Low temperatures (<30 °C), favoured the formation of stable
carbonates by limiting methanol activation to its molecular physisorption, hence
reducing monomethyl carbonate and preventing dimethyl carbonate (DMC)
formation. On the contrary high temperatures (>50 °C), improved methanol
dissociation thus forming reactive methoxide species at the expenses of the stability
of carbonates, leading to an increase of MMC formation. Moreover, whilst the
coexistence of carbonates and methoxide species at 10-50°C induces us to
hypothesize the already known reaction mechanism involving an interaction between
the two species, the abundance of methoxides at higher temperature together with

the low levels of carbonates and the pronounced MMC formation suggested that the
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interaction between methoxide and CO. could occur prior to carbonates formation.
This observation may imply that DMC is produced through an alternative new
reaction pathway involving a direct interaction between CO> and methoxide species
preventing formation of stable carbonates and thus catalyst deactivation. It is
noteworthy that for closing the catalytic cycle, DMC decomposition over ZrO2 must
be prevented prior to its desorption. This seems to be promoted by the liquid phase.
Indeed, because, the liquid phase ATR-IR experiments demonstrated an increased
stability of the DMC product at 50 and 70°C, allowing its further desorption at
already 70°C. Conversely, gas phase experiments showed the rapid decomposition
of DMC over ZrO2.

4.2 Gas phase reaction

4.2.1 ZrOz2 in-situ activation

All the measurements reported in the following sections were forerun by the
activation procedure reported in Figure 51a aimed to prepare a clean catalyst surface.
The activation consisted in the following four-step protocol : I) heating RT-150°C
(5°C/min) under He (50 mL/min) (green line), I1) heating 150-400°C under an He/O-
mixture (50 mL/min 3:2 He:O5) (red line), I11) holding at 400°C for 60’ under the
same mixture (blue line) and 1V) cooling to RT under He/O and changing to pure
He at 150°C. As reported in the spectra in Figure 51b, the employed protocol allowed
to completely remove adsorbed water and organic pollutants however, without
removing all the carbonates which would have required higher activation
temperatures causing a potential (counterproductive) loss of surface area. More
relevant is to observe as isolated hydroxyl groups are formed above 3500 cm™ with
the removal adsorbed water, indicated by the broad absorption band at 3300 cm™.
After activation (blue line) two sharp hydroxyl bands are observed at 3677 and 3770
cm, associated to tri-bridged and terminal Zr-OH groups. The bi-bridged hydroxyl
groups are not observed, in line with the more abundant ZrO, monoclinic

polymorph.® In the following results, the activated spectra has been subtracted from
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the measured spectra in order to magnify the variations observed on the catalyst

surface.
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Figure 51 Activation procedure a) thermal/chemical ramp and b) spectra obtained
during the activation. Colours in panel b) refers to the respective activation steps in

panel a).

4.2.2 Methanol adsorption over ZrO: at 30°C
In-situ FT-IR spectra in Figure 52a shows a rapid adsorption of methanol over ZrOa,
forming physisorbed methanol, distinguishable from the P,Q and R branches in the
1100-1000 cm™ range, followed by chemisorbed terminal methoxide at 1160 cm™,
The spectra collected during desorption (Figure 52b) highlights as physisorbed
methanol hides a methoxide component in the 1050-1100 cm™ range (e.qg. bi- or tri-
bridged) which is stable during desorption. MCR-ALS analysis of the dataset showed
the presence of the two spectral components reported in Figure 52c. The first
component (Figure 52c black line) is comparable to methanol gas phase tabulated IR
spectra (Metl). The second component (Figure 52c) presents two separated bands at
1161 and 1058 cm™ identified as terminal and tri-bridged methoxide species,
respectively (Met2). Even though the presence of these two components is well
described in literature, the MCR-ALS analysis disclosed a clear view on their
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adsorption kinetic behaviour. Indeed, the extracted concentration profiles reported in
Figure 52d shows as the methanol physisorbed state rapidly covers ZrO; surface
limiting the formation of reactive methoxide species. Contrarily, during desorption
the methoxide species concentration increases parallel to a decrease of physisorbed
component, suggesting as methanol concentration might play an important role in

the methoxide accessibility.
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Figure 52 In situ FT-IR spectra collected during a) adsorption of methanol on ZrO;
(15 mL/min He with 4% mol CH3OH, time evolution from green to blue) at 30 °C
and b) its desorption (by exposure to 15 mL/min of pure He, time evolution from
blue to green). ¢) Pure component spectra obtained by MCR-ALS (FT-IR spectrum
of pure CH3OH taken from NIST webbook is shown with gray line). d)
Corresponding concentration profiles as a function of time (the vertical gray line

represents the switch from He/CH3OH to He).
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4.2.3 Carbon dioxide adsorption over ZrO: at 30°C and 150°C

FT-IR spectra in Figure 53a shows as CO: adsorption over ZrO: induces the
formation of several bands between 1800 and 800 cm™ which can all be associated
to carbonates (COs3) and bicarbonates (h-COz) species following the available
literature. Nevertheless, since these species present convoluted broad bands, the CO»
adsorption kinetic studies were often conducted following the evolution of a single
isolated band. The MCR-ALS allowed to separate the two spectral components of
carbonates and hydrogen-carbonates (h-COz) reported with pink and blue lines in
Figure 53c. The assignment of h-COs was relatively simple due to the presence of
the characteristic (OH), v(C=0)sym and v(C=0)asym at 1221, 1425 and 1627 cm™,
respectively, together with the consumption of Zr-OH groups parallel to the
formation of h-CO3 v(OH) at 3617 cm™® (Figure 53a inset). Contrarily the carbonates
identification is less trivial. By considering the presence of two isolated bands at
1608 and 1330 cm™, we can assign them to a carbonate v(OCO)asym and v(OCO)sym
vibrations. Moreover, their separation (Av = 280 cm™) indicate the presence of either
a bridged or tridentate carbonate. Since the specific identification of this carbonate
will not be important for the further reaction analysis, we name this species t-CO3
without referring to a specific carbonate but indicating a family of carbonates with
coordination degree >2. Following the components concentration profiles in Figure
53d we observed as h-COs species are rapidly adsorbed over ZrO whilst t-COs are
not observed util the former species reached a plateau. When h-COs reach its
maximum concentration, their abundance started to decrease parallel to the increase
of t-COs. This concentration kinetics shows as h-CO3 formation is kinetically faster
than t-CO3z which on the contrary are thermodynamically more stable, in agreement
with previous literature results. Indeed, during desorption, the t-CO3z concentration

continued to increase to the detriment of h-COj3 decrease.
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Figure 53 In situ FT-IR spectra collected during a) adsorption of CO, on ZrO> (50
mL/min He:CO: 4:1, time evolution from green to blue) and b) desorption (50
mL/min He, time evolution from blue to green ) at 30 °C. c) pure component spectra
obtained by MCR-ALS. d) Corresponding concentration profiles as a function of

time (the vertical gray line represents the switch from He/CO- to He).

This result suggests as CO- adsorption, hence its activation, might be promoted by
hydroxyl groups through formation of h-COgz species which are then decomposed to

more stable t-COs.

To improve the comprehension of CO> adsorption kinetic, the spectra in Figure 54a,b
were collected at 150°C i.e., reaction-like temperature. The spectra measured during
CO: adsorption in Figure 54a reported a higher degree of evolution and convolution
complexity respect to those collected at 30°C (Figure 53a). h-COs3 presence were
identified from the fingerprint 3(OH) and v(C=0)sym Vibrations at 1225 cm™ and
1425 cm?, respectively. However, v(C=0)asym and v(OH) were not identified, the
former being too convoluted with other carbonates and the latter completely

broadened from the high temperatures and covered by CO- overtones. 20 replicas of
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the spectral components obtained at 30°C (Figure 53c) were then inserted at the end
of the dataset for driving the SVD towards the probable components and parallelly
optimizing the already found spectra. This approach led to find the three independent
components reported in Figure 54c. Whilst the first component (Figure 54c blue line)
is related to h-COs species already found at 30°C, the other two components are
associated to different carbonates. Among the two spectra we can recognize the
already found t-COs (pink line) whilst the second spectra (purple line) presented two
components at 1536 and 1331 cm™. Considering the two bands as associated to
V(OCO)asymisym vibrations, their separation (Av = 205 cm™) can be ascribed to a
bidentate carbonate (b-COs3). The high-temperature concentration profile unveiled as
under reaction conditions h-COgz follows the same kinetic observed at 30°C whilst
on the contrary b-COs are formed more rapidly and are more stable than the former
species. Moreover, t-COs previously observed at 30°C are not observed during the
whole adsorption/desorption cycle suggesting the higher stability of b-COs at higher

temperatures.
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Figure 54 In situ FT-IR spectra collected during a) adsorption of CO, on ZrO; (50
mL/min He:CO; 4:1, time evolution from green to blue) and b) desorption (50
mL/min He, time evolution from blue to green ) at 150°C. ¢) pure component spectra
obtained by MCR-ALS. d) Corresponding concentration profiles as a function of

time (the vertical gray line represents the switch from He/CO: to He).

It seems unlikely that t-CO3 component is formed only at high temperature whilst it
is more probable that this species might be already formed at 30°C but being less
intense and convoluted with b-COs. For this reason, the dataset collected at 30°C
was re-analysed considering the three components optimized at 150°C as starting
references, leading to the spectral components and concentration profiles in Figure
55b,c. No net variations were observed in the CO3/h-COsz kinetics and spectral
profile. Indeed, the concentration profiles (Figure 55¢) show as t-COsz and b-CO3
have similar kinetic highlighting, explaining why their spectra have never been
deconvoluted. Through this deconvolution, the three t-COs, b-CO3z and h-CO3

components will be used in the further analysis.
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Figure 55 a) t-COz spectra component extracted at 30°C (gray line) and weighted t-
CO3z (violet) and b-COs (pink) extracted at 150°C. b) Pure component spectra
obtained by MCR-ALS applied to the dataset in Figure 53a,b. d) Corresponding
concentration profiles as a function of time (the vertical gray line represents the
switch from He/CO; to He).

4.2.4 Dimethilcarbonate adsorption/desorption at room temperature

Due to its low vapor pressure, dimethilcarbonate (DMC) adsorption was investigated
in static conditions following the same procedure described for RT-CO adsorption
measurements i.e., a partial pressure of DMC was sent over a previously activated
ZrO- pellet and spectra were collected during desorption of DMC partial pressure.
Withing the formed wealth of bands in the spectra reported in Figure 56a we can
distinguish DMC characteristic v(C=0), 6(CH3)asym and v(OCO)asym Vibrations at
1760, 1456 and 1291 cm™, respectively® and monomethylcarbonate v(OCO)asym,
8(CH3s)asym and v(OCO)sym, Vibrations at 1602, 1472 and 1361 cm™, respectively.® As
already reported by Bell et al.> we observed a rapid DMC-to-MMC decomposition
as soon as the former was adsorbed over ZrO, surface. Moreover, the formed MMC
was stable over ZrO, since the main bands between 1300 and 1600 cm™ were
observed even after complete desorption of residual gas-phase components from the
sample environment. Even if the obtained dataset contained a limited number of

spectra (=20), it presented a sufficient variance to apply MCR-ALS routine. Two
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spectra components were extracted and to DMC and MMC, with a surprisingly clear
deconvolution of their §(CHs)asym Vibration located at 1456 and 1472 cm™,
respectively, which is usually not deconvoluted. On the contrary, MMC spectra
presented extra features in the 1000-1200 cm™ region, ascribable to methoxide
vibrations. Indeed, DMC to MMC decomposition implies the formation of a methyl
group which likely forms methoxide species. The use of methoxide spectra as
references did not improve the deconvolution of those components (not reported for
brevity). Nevertheless, as it will be discussed in the next session, the obtained MMC
component was used as an initial guess further on optimized during the analysis of
data collected under reaction conditions. The concentration profile reported in Figure
56¢ shows an increase of MMC concentration during DMC desorption, indicating a
DMC-to-MMC decomposition. Nevertheless, the DMC desorption Kinetic gave us
access to clean reference spectra of DMC and MMC adsorbed on ZrO,. More
importantly, whilst DMC can be obtained as a stable specieMMC is unavailable as

stable molecule according to its intermediate nature.
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Figure 56 Ex situ FT-IR spectra collected during a) desorption of DMC on ZrO, (22
mbar, pressure evolution from green to blue) at RT. b) pure component spectra
obtained by MCR-ALS. c) Corresponding concentration profiles as a function of

pressure evolution.
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4.25 Reactivity of CO2/CH3OH over ZrO:

The spectra collected during adsorption of CO> carrying different CH3sOH over ZrO»
are reported in Figure 57. Spectra were collected also during reactants desorption,
but bare data are not reported for sake of brevity. This part of the datasets is however

included in data analysis and discussed therein.
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Figure 57 In situ FT-IR spectra collected during adsorption of CO2/CH3z0H on ZrO;
at a) 30°C and b,c,d) 150°C.

Since we observed as two different carbonates are observed at 30°C and 150°C, we
first investigated their role in the reaction by investigating MMC and DMC
formation at 30 and 150°C (Figure 57a,b). Afterwards, since liquid-phase
experiments showed an important role of methoxide groups for CO> activation at
higher temperatures, we have exploited the reaction with higher/lower methanol
concentration in the reaction feed (Figure 57c,d). A first inspection of the recorded
spectra unveiled the major presence of methanol and MMC fingerprints in the 1000-
1100 cm™? and 1300-1650 cm™ ranges, reporting important differences when
temperature and methanol concentrations are modified. For instance, by increasing
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the temperature from 30°C to 150°C alters both MMC and methoxide groups
behaviors. By fixing methanol concentration (1%), at higher temperatures methoxide
formation is improved whilst MMC triplet presented a variation in relative intensity.
Moreover, we noticed that varying methanol concentration led to: 1) sharper MMC
bands with higher methanol content (Figure 57¢) or Il) presence of extra bands
parallel to almost absent gas phase methanol vibrations with lower methanol content
(Figure 57d). Since the spectra presented similar components, the
adsorption/desorption data were analyzed simultaneously by merging them one after
another in a single dataset. From the recorded spectra, components from methanol,
methoxide, bicarbonates, bi-/tri-bridged carbonates, methyl carbonate and
dimethylcarbonate should be considered. For this reason, seven pure components
were selected from the SVD analysis. However, since this high value of pure
components might not lead to MCR-ALS converge, the seven spectral profiles
reported in Figure 55b were repeated 50 times after the dataset. This approach allows
to drive the SVD towards the reference components whilst parallelly also optimizes

the pure component.
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Figure 58 a) Spectra of pure components and b,c,d,e) their concentration profiles
obtained from MCR-ALS for reactivity experiments conducted at a,b) different

temperatures and c,d,e) methanol concentration.

Most of the (re)optimized spectral components reported in Figure 58a can be
associated to those already observed during the pure experiments. Nevertheless, we
observed the presence of a spectral component which resemble that derived from
pure reagents adsorption (b-COz), however showing different bands position. Indeed,
the spectra presented two sharp bands at 1375 and 1575 cm™ which according to
literature can be associate to formate (HCOO) v(OCO)sym and v(OCO)asym.1° Indeed,
the presence of formate species was further confirmed from analysis of v(CH)
spectral region discussed in the next session. Contrarily the pink spectra, previously
associated to carbonates, presented several bands which likely originated from the
convolution of the t-COsz component with the pristine b-COs one. Indeed, we can
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identify two sharp bands at 1329 and 1534 cm™ which for bands position and
separation can be ascribed to v(CO)symasym Of @ bidentate carbonate. Two weaker
central bands were also observed at 1401 and 1445 cm™ and associated to the same
vibration of a monodentate carbonate. Moreover, a broader band was observed at
1650 cm™* which is likely related another bidentate carbonate v(CO) vibration.® For
sake of simplicity then identified this species as generic carbonates. The
concentration profiles obtained in Figure 58 showed an important dependence of the
formed species to the reaction temperature and even more to methanol concentration.
Considering temperature as a variable, the first instants of reaction at 30°(Figure 58b
inset) showed as h-COs and COs formation occurs before methoxide and remains
constant through the whole adsorption. The concentration profile of the two
components is very similar suggesting an important correlation of the two species
during the reaction. Contrarily, at 150°C we clearly observed as whilst initially only
COg are formed and, after few minutes, they are decomposed to h-COs. At lower
temperature methanol (black line) presence prevents methoxides (red line)
formation, which are on the contrary quickly formed at higher temperatures.
However, even at 150°C after few minutes methanol prevents methoxides
production. Parallel to methoxide/methanol equilibrium, there is a clear competition
between carbonates and methoxides as observed under liquid phase conditions
(Figure 50), the former more stable at 30°C whilst the latter becoming more abundant
at 150°C. Interestingly we observed a higher concentration of the reaction
intermediate monomethyl carbonate (MMC, green line) at 30°C, where it presented
an initial rapid growth followed by a slower growth after the first minutes of reaction,
suggesting two different kinetic leading to MMC. Noteworthy, parallel to MMC
initial rapid formation, a minor concentration increase was observed in DMC signal
(orange line). At higher temperature the initial formation of MMC and (little) DMC,
is followed by their concentration loss. Particularly, MMC decrease is accompanied

with the rapid rise of formate component (not observed at 30°C) with parallel h-COs
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formation and CH3O concentration decrease. These results highlights as whilst at
higher temperatures methanol desorption is favored improving methoxide formation,
methoxide-loss and formats-rise have the same slope, suggesting a potential
decomposition of the former to the latter, as already reported in literature to occur at
170°C.** Moreover, by comparing MMC and h-COjs slopes in the last reaction part,
we observed as the presence of formates favors COs-to- h-COgz conversion causing a
drop in MMC concentration. This is further confirmed by reactants desorption. At
30°C the lower methanol concentration allows the formation of extra methoxide
species causing a slight increase of DMC concentration. On the contrary at 150°C
formates showed high stability under desorption conditions, preventing an additional
formation of all the other species.

By changing methanol concentration there is a particular relation between methanol
and methoxide concentrations. With a CO2:CH3sOH 5:1 ratio in the reaction feed we
observed as the high accumulation of methanol does not completely prevent
methoxides formation. A low concentration of formate species is observed, whilst
MMC formation after a quick increase maintained a constant slight increase.
Contrarily, as already discussed, by lowering the ratio to 25:1 (Figure 58d), CH3O-
species are formed before CH3sOH accumulation but are then decomposed to formate,
which concentration rised preventing MMC formation. At minor methanol contents
(83:1)(Figure 58e) its concentration grows less than the other components. The little
surface accumulation of liquid methanol allows a rapid growth of methoxide.
However, contrarily to the 25:1 experiment (Figure 58c¢), an methoxide concentration
higher than methanol induces and equilibrium with the formed formate, preventing
methoxide decomposition and maintaining MMC concentration. It is well observable
as COs3 formed at the beginning of adsorption are constantly consumed parallelly to
formate growth, confirming the latter higher stability respect to the former.
Interestingly during desorption, we can notice as at low methanol content methoxide

are decomposed to formate, which concentration increases. By increasing methanol
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concentrate during desorption the formate are stabilized (25:1 case) and eventually
in minor concentration (5:1 case), allowing further methoxide formation and MMC

increase.

To confirm formate presence, we qualitative analysed the v(CH) spectral region of
the collected spectra reported in Figure 59. Even though the spectra showed the
presence of several convoluted bands, we could distinguish five bands ascribable to
V(CH)sym and v(CH)asym 0of methoxide (2818 and 2923 cm™), methanol (2843 and
2949 cmt) and formate (2865 cm™), where the former component is more intense at
150°C/1% CH3OH conditions and its intensity grows parallelly to methoxide
vibration decrease. Both the observation are in line with the previous findings

indicating formate production caused by methoxide decomposition.
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Figure 59 Detail of in situ FT-IR v(CH) region spectra collected during adsorption
of CO2/CH30H on ZrO; at a) 30°C and b,c,d) 150°C. Reaction feed was set to 30
mL/min He with 25% CO2 and X% CH3OH, where X was a,b)1%, ¢)5% and d)0.3%.

Time evolution goes from green to blue line.
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4.2.6 Gas phase reaction: the role of methanol concentration

The study conducted in gas phase allowed us to work under temperature conditions
closure to the reaction one (150°C). The results measured at 30°C and 150°C with
the same methanol concentration (1%) indicated the same reaction mechanism
already reported in literature and describe for the liquid phase reaction at T<50°C
where carbonates and methoxide species react together to form MMC (step 111 Figure
60). Nevertheless, at high temperature in gas phase we observed a drop in MMC
formation after =20 minutes caused by methoxide decomposition to formate. A
complex interplay is observed between methoxide formation/decomposition and
methanol concentration. Lower methanol concentrations improved an initial
methoxide formation however, causing their decomposition to formate after few
minutes. The decomposition process will be object of a future study however, we
can hypothesize as it is caused by the abundant methoxide and water species, both

products of methanol dissociation over Zr-OH, reacting together as reported below.
CH30-Zr + H.0 > HCOO-Zr + H;

Formate production reaches is maximum with 1% of methanol parallel to a complete
detriment of MMC formation, confirming as the former species is not reactive
towards the latter. By increasing methanol concentration to 5% we noticed an
important improvement towards methoxide stabilization inducing a direct increase
of MMC formation. It is noteworthy as under liquid phase reaction formate were not
observed indicating as the liquid state (i.e., maximum methanol concentration)
completely prevents methanol decomposition. At highest methanol contents, MMC
formation was observed even though carbonates were not present, highlighting as
MMC might be formed through a direct interaction between methoxide and gas
phase CO: (step III’ Figure 60), as hypothesized to occur for liquid phase reaction at
70°C.
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Figure 60 Proposed reaction mechanism for DMC formation at different methanol
concentrations. Abundance/CH3:0OH diagrams (steps Il and 1V) are referred to the
concentrations (150°C) reported in Figure 58. Liquid (lig.) concentration are referred

to the data collected at 70°C reported in Figure 49.

4.3 Conclusions

Within this study we successfully showed as MCR-ALS can be applied to
deconvolute several spectra component formed under reaction conditions. Even
though this approach cannot be considered as quantitative since absorption
coefficients are not considered, the concentration profiles gave a valuable
information of the involved species behaviour. Performing adsorption/desorption
experiment of pure species prior the full reaction was employed to extract reference
spectra, allowing to extract spectra component of reaction intermediate (i.e., MMC),
otherwise inaccessible. Two mechanisms were identified indicating either a reaction
between carbonates and methoxide species or a direct interaction between methoxide
and gas phase CO». Higher temperatures shift the reaction towards the latter
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mechanism. However, the total methanol concentration in the feed is observed a

fundamental parameter to prevent methoxide decomposition to non-reactive formate.
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4.4 CeO:2 Frustrated Lewis Pair improving CO2 and CH3OH conversion to

Monomethylcarbonate

4.4.1 CeOq preparation and basic characterization

Frustrated Lewis Pair (FLP) formation over CeO- depends on the Ce®* and oxygen
vacancies surface concentration. Microwave assisted sol-gel synthesis was employed
to prepare a crystalline CeO2 sample with rough surface. The as prepared sample was
further calcined at 100°C and named MW(100). To verify the role of microwave-
induced defectivity, the same sample was calcined at 650°C (MW(650)) and at the
same time a last sample was prepared by conventional sol-gel synthesis and calcined
at 650°C (conv(650)). Powder X-Ray Diffraction (PXRD) pattern of the three
samples presented Bragg peaks associated with the FCC CeO, phase. MW(650)
presented an higher crystallite size and SSA respect to MW(100), indicating as the
higher calcination temperature caused crystallites sintering whilst parallelly
improving N2 surface adsorption properties. Contrarily conv(650) presented bigger
crystallites with lower surface area. Since FLP formation implies the Ce3*/Vo
clustering, surface-to-bulk oxygen mobility, a well-known phenomenon occurring in
CeO; at mid-high temperatures, should be avoided. For this reason, for all the
spectroscopic characterization MW(100) was further reduced at 150°C under Hy, to

induce Ce®* and Vo without inducing oxygen mobility.

Samples bulk defectivity was characterized with Raman spectroscopy exploiting the
availability of two exiting lasers sources (514 and 325 nm). In particular, 514 nm
source allows a more precise Fog mode identification (position and FWHM) while
the latter, being in resonance conditions, enhances defects signals. Conv(650)
presented a single sharp band at 464 cm™ associated to the Ce-O Fzy mode,
confirming a pure/not-defective CeO- catalyst (Figure 61a). The band Full Width
Half Maximum (FMHM) increased and its position redshifted in order MW(650) <
MW(100) < MW(100)-red, in line with smaller and more defective particles with

higher Ce**/Vo concentration. Moreover, Iseo/lr2q ratio, often reported as a defect-
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meter and more clearly observed with UV-Raman spectra (Figure 61b), qualitatively
showed as MW(100) the highest surface defectivity i.e., defectivity is reduced from
calcination whilst conventional synthesis did not form any defects on the catalyst
surface. Moreover, resonant-Raman (Figure 61b) clearly distinguished a band at 489
cm?, previously associated to Ce* in the second coordination sphere of an oxygen
vacancy.'? A quantitative evaluation of lseo/Ir2g and lags/Ir2g is ot possible due to the
convoluted presence of quartz signals from the Raman cell, confirmed from the band
at 808 cm™.

Q
R

Normalized Intensity

252
520 500 480 460 440 420 400 '
Raman shift (cm™)

Normalized Intensity

s — T
900 800 700 600 500 400 300 200 1400 1200 1000 800 600 400
. -1 . -

Raman shift (cm ™) Raman shift (cm l)

Figure 61 Stacked Raman spectra of conv(650) (dark cyan line), MW(650) (blue
line), MW(100) (black line) and MW/(100)-red (red line) measured with a) 514 nm
and b) 325 nm laser. Detail of CeO». F2q bands for the four catalysts and their Raman

Shift position are reported in the inset in panel a. Quartz signal is showed with *.

To selectively quantify Ce3* formed at the catalyst surface, XPS spectra were
collected after CeO> oxidation and reduction at the same temperatures exploited in

the previous measurements. After a careful evaluation of Ce®* induced by beam
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damage (see Materials and methods), we observed as 14% of Ce®* was already
present on MW(100) (Figure 62a) whilst Ce3* increased to 35% after H, treatment
(Figure 62c). Even if Ce**/Ce** ratio has been often evaluated also from O 1s spectra,
other surface species observed by IR spectroscopy might contribute to this spectral
region. We then described O 1s region considering two contributions: a first one at
529.7 eV related to lattice CeO2> oxygen (Or) and a second one at higher energy
(=531 eV), namely OP, potentially originated by a complex convolution of all the
other species i.e., OH(Ce**), OH(Ce?*"), COs™ and O close to Vo (Ovo).13° Since ex
situ IR spectra collected under the same activation conditions did not show an
important variation in carbonates and hydroxyl species, we can associate the increase
of OF in MW(100)-red O1s spectra (Figure 62b) to a variation of oxygen electronic

configuration i.e., an increase of surroundings Vo.
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Figure 62 Ex situ a,c) Ce (3d) and b,d) O (1S) XPS experimental spectra (red circles)
and best fit (black line) of c¢,d) MW(100) and a,b)MW(100)-red. Ce**/O. and

Ce**/OP components are reported with yellow and grey bands.
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Surface CO chemisorption at nominal 100 K was to qualitatively evaluate surface
Ce®" abundance. Briefly, bands at v > 2147 cm™ are related to Ce** sites following
the rule of thumb “the higher the wavenumber the more uncoordinated the site is”.
This simple principle, well verified in literature, confirmed as the surface defectivity
decreases in order MW(100)<MW/(650)<conv(650). Moreover, in the first catalysts
bands at v < 2147 cm™ becomes visible. Whilst the one around 2101 cm™ observed
in all the sample and associated to *3CO, the band at 2131cm™ is associated to CO-
Ce*" interaction.'® Notably, in MW(100)-red, the Ce*" bands is shifted to lower
energies whilst the Ce3* bands intensity increases, highlighting as the most defective

Ce** sites are reduced to Ce®*.
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Figure 63 Difference FTIR spectra of CO increasing partial pressure (from gray to
coloured line) at LNT over a) conv(650), b) MW(650), c) MW(100) and d)

MW(100)-red.

129|Page



4.4.2 CHsOH and CO: activation over Ce*/Vo and FLP

Methanol and carbon dioxide absorption were employed to probe surface oxygen
vacancies and to identify formed carbonates. After methanol adsorption (Figure 66a)
over the CeO, samples, besides the formation of usual methoxide species (terminal,
bi-bridged and tri-bridged), we observed a band at 1073 cm™ over MW(100)-red
sample (Figure 66a red line), associated to a methoxide group bridging two Ce®*
atom without interacting with the Vo (b’-OCHs).Y” Indeed, CeO, reduction process
is well known to cause a blueshift of b-OCHz v(CO) due to different charge
delocalization over the methoxide oxygen atom i.e., Ce** polarizes and delocalizes
less than Ce**, causing an increase of C-O bond order and shifting v(CO) to higher
energies.’® Moreover, MW(100)-red presented m-OCHas/b-OCHs intensity ratio
lower than the ideal one (2:1), contrarily respected from the other catalysts, unveiling
a preferential reduction of (100) and (110) faces where b-OCHz are more stable,
giving then access to FLP formation.!’ 11) Ce®* electronic transition at 2127 cm™* was
not modified by methanol adsorption suggesting (Figure 64a), as confirmed by XPS
(vide infra), that b’-OCHj3 did not modify cerium oxidation state.

130|Page



b)
U(?OZ) Cey(ZFS/ZﬁZFWZ)
005 ! |
8 8
5 5
£ £
? 3
o) fe)
< <
T+CH3OH T+C02 ; i
T T T T T T T T T T T T T T T T
2400 2300 2200 2100 2400 2300 2200 2100

Wavenumber (cm™) Wavenumber (cm™)

Figure 64 FT-IR spectra prior (lower) and after (higher) adsorption of a) CH30H (3
mbar) and b) CO> (100 mbar) at RT over conv(650) (dark cyan line), MW(650) (blue
line), MW(100) (black line) and MW(100)-red (red line) catalysts.

To finely assign mono/bidentate/bridged carbonates/bicarbonates vibrations, we
performed 3CO, adsorption (Figure 65) and compared the relative frequency shift
(AC) with recent literature.!® Following Vaysillov and coworkers.*® carbonates
nomenclature, based on the number of cerium ions bounding each carbonates oxygen
atom,3CO; results (Figure 65) indicated as the formed carbonates can be restricted

to four bidentate species sketched in Figure 66 for clarity.
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Figure 65 FTIR spectra of MW(100) after absorption of CO2 (black line) and *CO;
(orange line). Main identified vibrations are indicated. Spectra are reported as
difference by substracting the activated spectra. AC shifts of carbonates vibrations
are reported in the table together with the relative shift of simulated carbonates from

Vaysillov and coworkers.*®

Noteworthy, we observed as on MW(100)-red catalysts CO2 caused a I) consumption
of Ce® electronic transition at 2127 cm™ suggesting a Ce3*/CO; electronic
interaction (Figure 64b) and Il) a higher carbonates-to-bicarbonates ratio respect to
the other catalysts (Figure 66b) indicating, as rationalised hereafter, an increase of

1.21” carbonate associated to the higher Ce**/Vo content.

132|Page



Absorbance

! Ce 121 Ce
‘ 1% ce—0—ce?
xs , Co Ce

1.7

v X » g NN |

— e ——— v —

1200 1100 1000 900 1800 1600 1400 1200 1000 800
-1 -

Wavenumber (cm ) Wavenumber (cm')

Figure 66 Difference FTIR spectra of a) 3 mbar methanol and b) 100 mbar CO2 RT
adsorption over conv(650) (dark cyan line), MW(650) (blue line), MW(100) (black
line) and MW(100)-red (red line) catalysts. Sketched methoxide and carbonates
species formed over CeO are showed in blue and purple panels, respectively.
CH3OH and CO;, atoms are showed in grey, Ce®*" in red and oxygen vacancy with
black square. Carbonates nomenclature based on the number of cerium ions
bounding each carbonates oxygen atom was taken from Vayssilov et al.’® while
apostrophe is here used to indicate carbonates considering Ce*® presence. The

spectrum of the material prior interaction with CH3sOH/CO> has been subtracted.

The hypothesized bidentate carbonate formed over a FLP should imply a sort of
Ce**-to-CO2 charge transfer. UV-Vis (Figure 67a) and XPS spectra of MW(100)-red
(Figure 69) were measured before and after interaction with CO,. We observed a
decrease of: 1) Ce**/Ce** CT (Figure 67a) and 11) Ce3*(3d) peaks (Figure 69b,e) after
COg adsorption at RT and 30°C/150°C, respectively. In addition, O1s XPS peaks (

Figure 67 b,c) showed as O and OP signals did not undergo a considerable variation
after CO. adsorption, suggesting as the latter did not modify O electronic
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reconfiguration occurred after reduction (vide supra), signifying as the formed

carbonate did not fill the Vo, as instead previously hypothesized.
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Figure 67 a) Ex situ UV-Vis spectra of MW(100)-red prior (red line) and after
interaction with CO atmosphere. The effect of increasing CO> partial pressure from
25 to 100 mbar is illustrated by the spectra from red to brown line. MW(100) is
showed with dashed black line. b, ¢) XPS O 1S experimental spectra (red line), best
fit curve (dashed black line), O (yellow curve), OP (grey curve) and linear
background (grey line) of MW(100)-red b) before and c) after interaction with 100
mbar of CO..

To verify the effective CO, and CH3OH activation over FLP we exploited their
reactivity to form monomethylcarbonate (MMC), the fundamental intermediate of
dimethilcarbonate (DMC), by studying CO2/CHsOH chemical interaction with CeO-
surface previously saturated with methoxide (CH3O-CeO.) or carbonates (CO3-CeQ>)
species, respectively. The presence of Ce®' alone should indeed reduce MMC
formation 2122 whilst clustered Ce**/Vo forming a FLP should improve CO; reactivity.
FTIR spectra in Figure 68a showed as CH3OH adsorption over CO3-CeO- caused a
consumption of b-COz and hCOz species in all the samples forming methoxide and
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MMC species however without a considerable difference between the formed MMC
bands intensity indicated with dashed lines in Figure 68a. Moreover, b’-OCH3 have
not been observed in MW(100)-red, suggesting that Ce®* was already involved in the

1.21° carbonate formation.

Absorbance
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Wavenumber (cm™) Wavenumber (cm™)

Figure 68 Difference FTIR spectra of conv(650) (light blue line), MW(650) (blue
line), MW(100) (dark line) and MW(100)-red (red line) after a) CH3OH (3 mbar)
adsorption at RT over CeO. samples, previously reacted with CO2 (100 mbar) at RT.
Spectra of each CO3-CeO2 component have been substracted. b) CO» adsorption (100
mbar) at RT over catalysts previously reacted with 3 mbar of CH3OH (CH30-CeO3)
at RT. Spectra of each CH30O-CeO, component have been substracted. CH3O-
MW(650) (grey line) and COs-MW(650) (brown line) component are showed for

clarity.
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XPS spectra of CHzOH adsorption over CO3-MW(100)-red exploited at 30°C and
150°C (reaction temperature) in Figure 69°, showed a first decrease of Ce* bands
after CO. adsorption followed by an increase upon interaction with CH3sOH. Whilst
the former was described above and associated to Ce®* partial reoxidation due to
1.21° carbonates formation, the latter can be associated either to methanol-induced

Ce** reduction or MW(100) beam damage.? %
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Figure 69 Ex situ Ce 3d XPS experimental spectra measured at 30°C and 150°C of
MW(100)-red catalyst (red line) after : a,c) a first interaction with CO. (dark red line)
followed by CH3OH (purple line) or c,d) a first interaction with CH3zOH (orange line)

followed by CO; (yellow line). Ce** most intense peaks are indicated with arrows.

Whilst the formed carbonates did not show particular differences in the reactivity
with methanol, the reverse interaction i.e., CO interacting with a surface with

methoxide species, showed a different behaviour. Upon CO- adsorption over CH30-
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CeO> samples (Figure 68b) we observed as methoxide species were consumed to
form b-CO3z and MMC. MMC was well formed over Ce**-free catalysts i.e.,
conv(650) and MW(650) whilst it was barely observed on MW/(100) confirming as
low Ce** content (=14%) poisoned the reaction.”?® Following these results
MW(100)-red with Ce**>30% should present an even lower MMC formation.
Conversely we observed a qualitative higher concentration of MMC formed respect
to MW(100) (Figure 68b) together with consumption of Ce*® 2Fs,->2F72 electronic
transition (not shown for brevity) and b’-OCHz species, both indirectly suggesting
Ce** oxidation upon CO; adsorption at CHzO-MW(100)-red. At the same time,
Ce(3d) XPS spectra (Figure 69b,d) collected after CH3OH and then CO> adsorption
at 30°C and 150°C showed: 1) a partial increase of Ce®*" bands after CH3zOH
adsorption, again difficult to distinguish from beam damage effect and 11) a Ce®*
partial consumption after subsequent CO; adsorption, confirming as Ce3*/CO;
interaction occurred even on a methoxide-reach CeO; surface at 30 and 150°C i.e.,

reaction-like temperature, since formation of b’-OCHjs did not oxidise Ce®* species

4.4.3 Conclusions
Microwave-induced defectivity in CeO2 was characterized by FTIR, UV-VIS, Raman
and XP spectroscopies. MW/(100) reducibility was observed at 150°C under H> and
confirmed by CHzOH adsorption to be selectively limited to the (101) and (100) planes
. Together with CO adsorption and Ce®* quantification exploited by XPS, these results
confirmed formation of Frustrated Lewis Pairs sketched in Figure 70. Ce** 2Fs2>2F7
electronic transition, together with Ce3*/Ce** CT and Ce3*(3d) XPS spectra were
employed as fingerprints to observe as: 1) Ce®* was not oxidised upon CHsOH
adsorption through formation of a bridged-methoxide group (b’-OCHs) which
preserved Ce3*/Vo (Figure 70) i.e., keeping the FLP site intact and 11) CO, reoxidised
Ce*" without either filling the Vo or producing CO. Ce**/CO; electronic interaction
must then occur through formation of a negatively charged carbonate allowing Ce®*-

to-CO. charge redistribution preventing Vo occupation (Figure 70). Even if by IR
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measurements it was not possible to isolate a single carbonate between the four
reported in Figure 67, coupling IR with UV-Vis and XPS results we observed as b-
CO3%/h-COs" ratio increased parallel to Ce3* content in the order MW(100)-red >
MW(100) > MW(650) > conv (650). Considering then that 1) only one of the four
carbonates identified in Figure 67 implied COs™ formed over Ce®**/Vo, 1) bidentate
carbonates abundance increased with Ce®* content, I11) Ce3* fingerprints i.e., IR 2127
cm band, Ce®*/Ce** UV-Vis CT and Ce®*(3d) peaks have been consumed after CO;
adsorption and 1V) Vo/CO: interaction was not observed by O 1S spectra, we can
hypothesize as the carbonate 1.21” concentration increased with Ce®* content reaching
the highest concentration over MW(100)-red. Indeed, this bidentate carbonate would
allow Ce**-to-CO; charge redistribution without filling the oxygen vacancy and
corresponds to the one predicted in case of CO2 adsorbed over FLP sites (Figure 70).
We here then showed as the high Ce®*" concentration (>30%), usually considered as
detrimental for CO2 conversion to DMC, allows CO, and CH3OH activation over
Frustrated Lewis Pair to 1.21° b-CO3 and b’-OCH3 species, respectively, making CO-
C atom more electrophilic, hence more prone to react with methoxide O atom to form
MMC (Figure 70).
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Figure 70 Sketched CO> (brown) and CH3OH (green) reaction over CeO> surface
with Ce** (black), Ce®*" (red), Vo (red squares) and FLP (blue circle) to form MMC.
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€O, have been known sinee the mid-19th century, however,
only from the 19705, €O, found its fing industrial application
in the synthesis of methanal from OOy-enriched syngas (CO

View At Oabre
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and, simalunecusly, the twoe active phases must not
poison each other, rg water pmdu:don in the second lu'p
ohhenncnnnmuylnﬂue i g of the catalyst dedi

4

amd H,)." To date, CO, capture and utilization rep A to is."" 8 , at high temperature, the
promising roote Lo control n cmuslon while Umiting fossil — possibiity I|N the two  materlaks undorgo mutual
fuel mvwlun. Currently, blologkal, ) h I oand  Intersctd leg lmwphaw lon-exchange | |

ytic g nm all ploited  for 00. valorizatson, alwrlnz their  physi properts must  be
i i 7e the and 2 qm

age (CCS) technolog can be coupled with unllnunn
of €O, as & feedstock it §) low energy processes’ such as
production of urea, carbonates, carbamates and 1) high-
energy processes where highvalue chemicals (CH,, HCOOH,
andd CHOH) are obtained. ™!

High-energy processes mostly exploit the capability of

Starting from the first step involved in OO, hvdmg:mdm
" hanol, it is  imp w the
th dy of the fan,' f,e. metanol formation ax
low wempernture und high prnaurt. me " ;lohnl point of
view, low favoss T on the

first catulyst wluie high I h hanol

certain materialy to redoce carban dioxide 1o hyd bors  dehyd
andior oleline. However, 45 €O, Is the most addized form of

rhon, It s | JInn....s. dy s well, which makes
i“ ' 'S '] 1, »all ‘) -'Q m M hiﬁl
temperature and p are required, g the total
cast of the process,

€0, reduction can be achieved by osing Hs both
scadernic and Industrial research efforts are today focused
on using tenewable sources of H; to reduce the
environmental impact of these processes ™’ Hydmguumon i

lndmuhlly exploited  for the prod of meth
ployed a5 4 soh It Ive fuel andd
feed 'tnrllu-* 1 Industry. To date, industrial-scal

and C-C coupling in the ceolite. With this
mpm. high («npemurv moves the equilibeium of the first
by the endathermic RWGS jon [ego (1))

In recent years, different research studies™ ™' have
been focused on using the same types of catalysts involved in
the RWGS reaction but trying to promote: || stabilization of
Intermediotes. for  hydmogenation  to - methanol or  other
lwdmcarbnna instead of RWGS ones; 1] Hy dissociation by

htic splitei amhll)‘ Hibiti dth:mrpdmning
effect, which hampers the ivi

mhmbezni:mw-sagwmnmmda!hmw

Maomdummubrm«nmdnwwlmm

methanol production is still carried out fram syngas over Cu/
ZnOALO, catalyts  developed by  Imperial  Chemsical

hanol. =" IR and TPD stadies over pristi
ki ot al™ shewed that GO and €O, ane
mainky adsocbed as HOO', €0, and HCO, . mib-C0,",

" 1 Bk
F

Industries (JCIL" Partial substitution of the feed with CO,
causes a drastic catalyst seloctvity decreases” due to the
reverse wutrr s shift [RWGS) reaction (eqn (1)

h is to hanol w hvdrocarbans
Indwmmmnh-mh ¥or this purpose, bifunctional

respectively. The CO, adsorption capacity incteases with the
steength of Ze'' Lewis ackd sttes, O Loewis basic sies und
higher concenmation and basicity of hydrosyl groups,

former stadies showed thar the main COLZrO; interaction
occums through the oxide basic wites;™'" in particular with the

catalywts play 1 key role In curbon dlonide hydrogenation and
camversian 1o organic compounds, but the main challenge
sses af I % the Iyst perf y sach as
lectivity and with the energy cost of the

total n.-amon. Le low pressure and temperature (1 bar, <400

“C). The main jons involved in this p ares
€0, + Hy = €O + H,0 (RWGS] )
CO, « 34, = CHLOH + H,0 12)
€O+ 2H, ~ CH,0H A
RCHLOH — CH,, + nH0 ()
= o aavedd DT izated  bifuncional

formation  of  bicarbonate  b-HOO-20™  which  folkming
lydrogenation is promaoted from the weak hydophilic chaneter
of the suppor.™ Recent NARXFS and IRAS studies by Ui e at™
showed that the presence of hydrnyl groups on the Zn0,
arface is ial for the bicurb s formnation,
Duping of 2r0y with an alivalent cation (eg. Ln"] inchsces the
formation  of oggen  wvocancles (Vo) and, e @ dinco
i defects featured by vovedinatively
unsaturated Zr wites (eusZe™) which can act as strony basic
and ncid ses respectively.

Carbon mono- and di-oxide activation was reported to be
facilitated by the presence of neighbouring cws-2e' lon sites
and Vo, Thug, Vi, enhance the Rronsted acsdity of Zr-
OH ygroups adjacent to s Zr' cations.™ Between the
poc:mlul dopants, Zn’’' has been Imﬁgnmd in the

cuayou obnlncd by comblnlng a metad or metal oxide phase
plyed In €O,y fon o methanol vmh a selectve

zeolitezeotype  for the thanal-to-hyd

(MTH). However, the coexistence of two catalyats undl.-r the

same reaction conditions is challenging. As a matter of fact,

exch cotalyst shoold be the most appropriate for each

1250 | Cate) 5¢ Techood, 2001 N, 2&B1268

ion of ZnZrOy solid soluti o, ption snd
methanol selectivity are enbanced by the (ncrease of basic
abtes™ 5 while My wctivation s influenced by the synergy of
n-Zx sites,"! Therefore, the simul of
mm, v.. und surface hydroxyt grwpa mmu to be a key

to imp CO, adsorp and
hydrogenation to methanol,

The joorna i & Thia Roydi Sooaty of Chermstry 2021
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Hence, both 20 and Zr0; seem 1o promote  several
reluted 1o envi | concerns. To date, 3 major
fmmuoir«mtwmhhsedmln-zrmmdnhm

Rl

syngas conversion' " whereas is

View Ardule Qb
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Similasly, Zbou ef al. studied & Zo0-210; solid solution In
umd:m with nm-s zeolite and reported high selectivity

A "

1o Zn-2r systems (nvolwed in O, Iydrogenation aiming foe
diffesent products, such as methanod, In the case of Zn-
doped 7Zr0), studied by Wang ef a2, €O, comversion
increases up to 20% at high temperatures (-320 “C) while

Choosing what kind of zeolite/zeotype material should be
used in this iy not sraightf 1. Park et mh™
compared two systems: CuZnO-Zr0, HZ5M-5 and CuZn0-
20,/ HSAPO-34.  They found thar  the  hydmcarbon
distribution is strictly related to the nature of the zeolite.

methanol selectivity drops 1o less than 30%. These finding:

hightight  that  operation  at high  temperature
lh:mmt,mmmny favors sldc reactions, such as RWGS,'"

n recent jon, Li et ol ™ used a metal-

g h to prep me fysts by means of a

H , the interplay b the two catalytie functians is
still not rull_v understood.
n (Ms wmi we lnwuw tho ematmc properties of

y ly mising three
different anoped 0y, {ZeZnCy) wlﬂl MTH-active xeolite)

schiﬂ’ bne, yiehling a Zn-doped 200, solid solution (with n
121 ratio), This catalyst showed o methanol selectivity of 70%
with 5.7% CO; comwersion at 320 “C, VCONVH VN, = 24/

4% und GHSY = 18000 mL g ' h''. XRD and TEM/EDS

Bysts, M-ZSM-3 and H-SAPO-34. Ax such, our
wmﬂbulkm represents 2 side-by-side comparison of these
two matetials combined with ZnZe0,.

Flmly. we thoroughly characterized the owidic phase by

1 firmed the doping of Zn in the Zr0), P pr (IR), p xnymﬂmtm(mm.
ith any segregated ph DRIFT - sps Py was d leworption and density f I theary (DFT)
ployed to | igote the produced species after CO, modelllng. ultimately aiming at undmundlng Its role In
hydrogenation, highlighting the formation of CHO specses €O, hydrogenation,  Specifically,  our  integrated
on the Zn0-ZrO, phase, confirming that moethanol s one of ¢ rization approach wargeted: 1) the role of Zn In
the main products obtained by this class of cutaly lefecty; i) the detailed bes of Zn and Zr sites

As for the zeolit P 1l for a selective MTH
pmm-. ln mnl yeun many ocidic catshsts have been
W an auch us pore and |

umledbymo(ndmrbedcouu)dnruponunhh'
fyst to high treatment under model oxidative

v

higt
and ducing ccmdltlnm. Fapedmental  findings  were

Lithal

dimens Intes Il some  cormb d by theacetical modelling, which were also used
unmpleﬁ H-EM 5 has been proven to favor C, allenes ™ 1o explore different pat} for €O, hydrogenati
going b efforts princip ", aim at: i) mnprwing  over ZrZnO,.

h fi (39 by g and optimizing Al Sa:ondly. we studied both the avidic phase alone and the
dirpenlon ln the seolitic M K" ) reducing cole by caalytle test runs under different
and les i i by d ding the diti swce dmn and after regeneration. For all the
influence of pare nnrl channel dimensions in the search for i d cases, we & ined the OO, as well

P d xeolite/zeotypes; iii) pushing P and as mhmol and hydrocarbon  product  distributions,
P 1o thermodynamically-f: I range, highlighting the role of Zn in infueencing the catuhtic

The Zn-Zr binary oxldv has been combined with H-SAPO-
JHZSM-SH-SSZ13 0 explolt ydrecarbon aymhtsk fwm

propertics of the Investigated systems.
Finally, we emgployed operande  Xeray  absarption

syngas.""™ Coupling o metal axide for methanal
with a porous catalvst dedicated to MTH/MTO .lwa

P pv [XAS) at Zr and Zn K-edges to directly probe the
local und eb ic properties of the 20Zo0),/25M-5

canstral of the elementary steps imvalved in the reaction (CO/
€O, chemisarption, C-C coupling and C-C cleavagel™ The
weak hydrogenating nature of ZnZe0,  allows  selectve
hydrogenation of COICO, but not the eventual production of
olefins/hydrocarbons.

More recent works started to | fgal d |
{Z00-2rOylacalite and eeotype| for €Oy Imlrogemum Ll
et al™ studsed a Zn0 700, mixed metal oxide system, similar
to those studied in this ip pled with H-SARO-34.
A 0O, corversian of 12.6% wus found at 381 °C and 3600 mL
'R, with 80 selectivity to C, -, Acvording to their
XRD and HAADF-STEM findings, the sample s o solid
solution with no trace of segregated phases. By means of
DRIFT sp py, they died the reaction products
adsorbed on the surface of the catalyst, concluding that CH -
O spectes are generated on the oxidic ZnZrO phase and then
transferred onto SAPG zeotite for lower olefins production.

Thes journal 1S © Tha Royal Socety af Chomistry 202

system before and after activation in Hy, s well as to ossess
its seability under weaction conditlons, Le. high temperatore
{300 °C) and pressure (10 bar) under a COLH; feed,

In this wark, we aim to give o significant contribution to
the understanding of the m;tn vamnq fonnnlicm nnd its
fole in the €O, hydrog idating the
synergy between cations in zlmo. sutid mklumu. w: also
eritically evaluated the relotlonship between experimental
canditions (Le. contact time) and catalyst activity towards
vilue-added hydrocarbons at lower temperature than those
usually reported in the Literature, "

2. Experimental
2.1, Materials

Three 2n g 40, les were pared by co-
preciplation sunlng from aolutluns of urconlum and 2ine

Catal S0 Téonnod, 2031 T 2431268 | 1251
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Inorganic sales following the rectpe from Waog o af."" The
samples were named ZtZne-X, where X is the Zn kading
determined by ICP-AES analysis (wde infra] and reported in
Tuble 1. The typical procedure for making sample ZrZa-30,
taken as an exunple, was by mising 0.6 g Zn(NO, |, 6H,0 and
2,45 g ZeNO5xH0 In 100 mi of type 2 HO in g rounsd
battom flask, The mbaures prepared for the three samples
were then heated to 70 “C in an oil bath under reflax amid!

Vi Ardule Qabie
Catalysis Science & Technology
were applied. Then 0.7 g of borlc scid was added, and the

bombs were further heased for 5 min ar 250 W and again
cuohdb;nvcmﬂ.nonatepufbmn At the end of the full

the comblétely, didsolved. Tha
digested salutions were dlluted w 20 ml. with high purity
water, Each ple wis lysed i dupl aned each

mmmmlan value was averaged on the basss of three

stirring, .06 g (NH,LCO, was dissalved in 100 ml of type 2
HO and then added 1o the warm  precursor sofuth

Hlanks were simultancously
run. it bs welkknown that Hi, chemically similar to Zr, is o

dropmise:  white precipitates  Immediately  formed.  The
mistures were further stimed &t 70 *C for 2 b, cooled &t
ambient temperature, centrifuged and the precipitates were
wished twice with type 2 H,0. The wet powders were oven-

dried ut 110 “C and then caleined 2t 500 °C for 3 b
Combined systems were obtained by mechanical mixing
of the ZrZnX catalysts with a il HZSMS nealite
wuhnmmnuinn!ll For companison  purposes,
ial H-SAPO-31 were also

) using
prepared by the same  mechanical  mixing  protocol,
Commercial HZSM-5 and HSAPO-M characteristics  ane

reported In the ESLE

1 contaminant in every Zr compound, For this
reasofl, USIng Ay = 277.336 nin the presence of HE was
determined to be less than 2 wiss for each sample, but there
s Do evid aboat ks mfh on our results

Specific surface areas {SSAs) and pore size distributions
(PSDs) of the ZeZn-X sumples were determined by applying
the Brunauer-Emmeti-Teller (BET) mmwd md lht DFT

thod, respestively, to the adsorpti 7
of N, at Nguid nitrog btained with @
Micromeritics ASAP 2010 phynmpmn analyzer. PSDs were
obtained applying the DFT method vn cylindrical pores,
using the Tarazann NLDFT approach, The adsorption
desorption Isotherms were determined over a wide range of
relative  pressures |w' < pipa < 1) All the samples
underwent an acti step to physisorbed specs
from the surface while iding irreversible changes of the
surface or the salid structure, Each sample was studied after

2.2. Methods

2.2.1. Chemsical, | and | characterization of
the ZrZn-X ecatalysts. Zirconlum and 2ine in the
ZZnX speci were d d using a Perkin Elmer

Opeima 7000 IV (Mkin Elmer, Korwall. Connecticut, USA)
inductively d pl spectroneter
{ICI-AES) cwlpp«t witl\ # PEEK Mira Mist nebulizer, a

cyclomie spray chamber and an Echelle manochromator. The
wuvelengths used for 2r and Zn determination were 4, =
339.197 nm and 4y, = 211857 nm. For the analyses, a pre-
treatment of the ples way required. Acid digestion of the
oxldes was carrled out using o Milestone MLS-1200 MEGA
miceomuve  labartory  unit  (Milestone,  Sorisole,  ltaly),

atomic

ing under at 120 ¢ (budng ramp of 5 °C
min ') for 5 b (residual pressure of 10" mbar),

Powder X-ray diffraction  (PXRD) patterns of the as-
prepared ZeZn-X catahsts were collected al room temperature
(RT) using a ghass capillary (@ = 0.3 mun) In o PWIOSHN60
XTert PRO MPD diffractometer from PANalytical working
with the Bragg-Brentano geomesry. Patterns from the Cu
Kuty,; Xemay source were recurded from 10 to 900 26 with a
step slxe of 0,0156° and an integration tme of 150 % The
Rietveld refinement method implemented in the FullProd

frware packuge!” was used w extract battice parameters and

Mlqmunfwlmgdmhumpkmmmﬁmedln

hoxyl (T¥M] bombs and digested with 2 mL of
hydroﬂunric-ddnrul !Iml.ofqunrqfabdmvlhcaml;ms.
Four heating steps of 5 min each {230, 400, 600, and 250 W
power, respectively), followed by a ventilation step af 25 min,

Table 1 Chemical textural and structural festures of ZrZn-X catalysts. In
orger: In loadng speofic surface ares (SSA), pore volume. littoe
paramensr & < &4, and average crystalite size kO

averuge crystallite size from all the three samples. The PXRD
patterns of ZrZn-30 alone and that physically mixed with the
2SM-5 zeolite recovered after catalytic tests [referred o as
‘tested’ in the  following) were measured and  refined
following the same procedure mnomd ohmm We refer o

the Esit far the phete §

222 Sp pic  ch T thn of the ZrinX
taky Absueption) wsion IR sp were run on
Perkin-Elmer FTIR 2000 N d with a

Hg-Cd-Te con-dtuetor.' w:kmg n ﬂ:c "raw.v of
hers 7200-580 cm ' at n resolution of 2 em ™. For 1R

NG 2R L
Zn loading (with] 3 15 n
Sa(miy ') £ a0 ¥
DPT camularve pore na L] CXT]
volumse fem” g ')
Space groap 4w Pa,inme P inme
wi=0l N 34049+ 10ES00 . 150420 ¢
QLRI Q00018 00000
i BAAH0 « 30020 ¢ 3,082 «
[[ELU ) 00005 o002
Crystallite size {[mm) 5321 W= 1221

1252 | Catal S¢i Techool, 2021 N, LMB.CES

analysis, the 2rZeX p were e d in self-
supporting discs (<20 mg cm™*] and plced in R colls
sultable for different kinds of measurements, In particular, o
commercial suinless steed cell (Aabspec), ulludn; lh«m.l
treatments in sity under ora

anel the simul i ion of at temp
umeIﬂqmmplmdmmdyH,wmmndww
an the pre-oxkdized cataly In hydrogen

Ths joormad i £ Thia Royai Sooaty of Chemetry 2021
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were performed to study the effect of the activation step used
for the catalytic tests (vide infira).

In order w characterize the Lewis acid sites, Le. 20" and
2, ot the surface of both pre-oxidized and pre-reduced

View Ardule Qb
Paper

typically almed to have 12000 ml b * g ' per channel, One of
the 16 channels was ulways used without a catalyst us the
blank. Prior to feeding the » i all the A

samples, the catalysts were placed In o quartx (R eell,
allowing thermal treatments and ex sitw messurements of OO
adsorpeion at Hguid nitrogen lcmpcnxure (INT),

Before the IR iples were outgassed
under vacuum at 400 °C for su min and then oxidized or
reduced. The axidativn pre-treatment was performed in dry

were d in serw with a pure H, atmosphere for 4 hours
at 400 *C. The tubes were then pressutized to 30 bar using a
membrane-based pressure controller, Regenoration (ests were
carrled out i sty st atmospheric pressure and 600 °C with a
5% 0, in N, stream for & hours, In some cases, the reacted
zas was diluted with N, (20 mL min™" per reactur] in the
mm outlet wid astomatically supplied for online gas

oxyen (40 mbas| for 30 min at 400 *C. Finally, the p)
were conled o room wemperature (RT) in Oy,

The reduction prestreatment was performed in the same
wity using M, In this case, the hydrogen was d at

graphic (GC) analysi
The GC Is an Agilent 78908 with two sample loops. After
flushing the loops for 24 min, the content is injected, One

W00 *C oaned then the sumples were cooled ot BT under
vacuLIm,

2.2.3. Molecular nsodelling of the ZiZnX catalysts.
Peniodic  cells were optimized with spin-polarzed  DET
calcolations using the Vienna ab iitie: simulation package
(VASP  85.44)""  Projector  sugmented  wave  (PAW)™
potentials were used 1o deseribe the core electrons with the
generalized gradient approximation [GGA) mlng the pRe™
fum:timml lnduﬂlng lh! Hecke-Joh d D3

ple loop goes to the TCD channel with 2 Hayesep pre-
columny and MSSA, where e, 1, CH, and CO are
separated, Gases lh\u hive lomger retention times than €Oy

un the Hayeser (col 4 Hayesep Q 0.5 m G3591-
80023) are h:!rﬂush:d. Further u;nrmnn of permanent
gases is dome on h 5

Q 6 Ft GAY1-80011) 10 -qmuu 00, bdm Buing to mm
Another sample loop goes to an Innowax precolumn (5 m,
020 mm OB, 04 um Alm); in the first 0.5 min of the

ethod, the guses coming from the precolumn are sent to

| d in VASP. The Kohn-
Sham one-electron wave runmnns were expanded by using a
plane wave basis sot with o Kinetle enengy cutofl of 450 ¢V,
The Brillouin zone of the structures was sampled using the 1
paint, An energy convergence criwrion of 10" ¢V and a force
comvergence critetion of 0.05 eV A~ were used.

The unit attice vectors and atoms of etragonal ZrO, were
fully optimized In the beginning, We began the geometry
optimezation with the experimental lartice parameter values,
which were optimized to @ = b = 3.646 A, and ¢ = 5.275 A. The
most stable surfoce of the tetragonal ZeO, phase was
simulated by a 2+ 2 %1 1l model, To elimi the
artificial  dipole  moments within the slab  model, we
constructed & symmetric slab of at least 5 layens of 2r atoms.
ﬂnshbmu[nmedﬁnmluperlodwlwbv 15 A to
avoid spuricas  inter be the periodic skab
models, The adsorption enengy of the reactants and reaction
inrermediates was caleulated as:

AF{adsorpt

cor Y aa i

| = Fladsorbute +
- Hclean surface)

- Hadsorbate]

124, Catalytic tests on the ZrZo-X catalysts and the
combined ZrZn-X'zeolite  systems,  Catalyvie  tests  were
d in u 16 ch | ¥l from 30 mg

of the stand-alone MeOH catalyst (ZrZn-X samples) or 100 mg
of the combined catalst with a ZeZn-Nxeolite mass matio of
1:1 m i mixed bed conﬂgumlon was typically used. The
was i | on the sy wllh H-ZSM-5 seolite;

I for I ined with
H-SAPO-34 were alw t:md lnd the results are reparted in
the ESLY The gas feed camposition was: 23 val'Ss of OOy, 04
vol% of Hy and # vol'% of He as the Intermal standard. We

Thes journal 1S © Tha Royal Socety af Chomistry 202

the Gaspro column (Gaspro 30 M, 0,12 mm OD) followed by
FID. After 0.5 min, the vabve is switched and gsses are sent to
the Innewax column (45 m, 0.2 mm OD, 0.4 um| followed by
FID, The Gaspro column upﬂm Cy, paraffing and

olefins, while the 7 33 and
arvmatics,
¥ O sel MeOH sedeetivity, hydrocarbon

distribution selectivity (OO free) and €, productivity are reported
un the C, basis and are defined & follows:

COnpHews - COu fHI!u

ot (%] = ——H b »100
Scol'%)
Conry
Soizcn( M) = ==

(TR

.
ﬁo' Caw

€. Hydrocarbon Sl (%) = é“;‘;' X100

Yield (Cy + € 1/ 1004GHSV ),
224

Produst, (mal Ky ' ') =

where Qi and Ciy are the concentrations determined by GC
analysis m the blank wnd in the neactor outlet, nespectively,
Carbon balance closure was better than 2,5% in all cases,

Catal Sci Téchvol 2021 T, Z45.068 | 1253
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125 XAS measurcments on the combined mmu
systems. Zn and Zr Kedge ap do XAS in
mmmmmwﬁmndrwkwmt
b ! i Optics for Chemical Kinetics) of the French
s)mhmnm SOLEIL. A quasksimultancous scanning of 2r
(17.7-19 KeV) and Zn (9.3-10,7 keV) K-exljges was possible thanks

View Ardile Gabre
Catalysis Science & Technology
The Athena sefiware from the Demeter package™ was

used 1o align in energy and lize the XAS sf 0
unity edge jump, a5 well as ta extract the (&} EXAFS function

and calculate its Fourer i
2267 ission ol i py characteriztion,
ngb—mglc annular  dark-field  imaging  (HAADF) o

mlhequkkdppmphuwdﬂwmx‘ line,”
k Jmml two ption edges dictated to
find a the e thick and the

L

absarption length of both ediges. ilanl Xeray XAS allows
Itoring with ¢ keetiv ofuwhulkmnpmiuonlw
mmhined swstems and the zrznx.'mﬁr under

with energy-dispersive Xoray spectrascopy [EDXS)
wik curried out with a Cs-corrected Titan G° 80-300 ST Mono
(Therm-Fisher Scientifich The mi pe was equipped

with o GIF Quantum [Gatan Ioe) and a Super-X EDXS
detector mmmom!wr Scienific). STEM-EDXS analysls was

aprmmfocundinwsmdm purpeese, nmndsuu;af ZZiyX:
HZSM-5 = 111 WS ITIrtar-gr i, sheved
dmmcnmawwwmaqmnpm:mmm(c-l
mmlmmummmmmmmn«mdlom

! d with an accelerating voltage of 300 kv, a beam
cumm af 0.10 pA and a dwell time of ~ 1 second per picture
with a total acquisition time of 10 minutes per elemental
map. Acguisition and p ing of the obtalned data were
p«ﬁmmd with the wlou mmn»-mhcr Scientific} software

ey ion was used for ull of the

appropoute gas-fow setap foc the OO, hwd

¥ o v ¥ L |
)

supparting operatian a high gas | The a
mrmtpmmnwnmmllcdbylhwmﬂm
gos total Mhax was taintained constant (10 ml min ") during all
the nwents, The P | for the three
hined iszod of two main parts: 1, actiy

3:2.?. Xoray  photoedectron  spectroscopy  (XPS)
characterization, XPS studies were cartied out using o Kratos
Axls Ultrs DLD spe (Kragos Analytical Lid)] equipped

Iznung(lﬂ'm-lm"(. 5°C min ') at 1 bar in pare H, fiow; 2.
reaction: feed of CO,: My He = 1.25:7.5:1 (mL min ™| at 300 °C
(temperature  showing  the  highest  pecformance  from  the
catalytie ws) and 15 e pressure.

Incident Xeray enengy at both Zr and Zn Kedges w
seanned by two quick-XAS h %, cach

with a ] fo AlKa x-my source (hv = 14066 ¢V)
operating at 150 W, scquisi of sp wus performed
under ultra-high vacuum  conditions (10 —lo mbar),
Messurements were carried out in bybrid mode using
clectrostatie  and wmk kenaes. The  high-resolution

were collected at a fixed hyzer pass energy of 20
ev Charge mumlrnmn with low energy electrons was

on a cam-driven tlt table that osvillates periodicall da

v

fived Bragg angle. A S§111) monochromator was used to
measure the Zn K-odge (9639 V) while Si{220) was emploved
!mthcz:l\'-cdp(lﬂm nn.T!. dved data through

pplied for all the samples. The spectrum line of Cls (2848
oV for sdventitivus carbon] was used for binding enengy
correction, The Zn LMM  Auger peak was used for 2ine
chermical llatr \dentification (K&, ~ 988 V). Typlaally,

the applied p | were Srained as the ge of

sonm(wnnupmur:nm:ufll.‘ s und a total time/scan
of 25 secands. The reposted XAS spectrn representative of the
as-prepared and nomwd catnlyses, as well as of the catalysts

under ) are  obtained upon further
ging of the time-resoived spe htained in the last 10
min of ac) for cach p | step, after checking foc

the complete stabilization of the sp
{5) and rranseitied {1,) beams were measured by two sets of
lonization chambers, An energy step of 2 eV was used for the
two edges. The energy sampling was intensified using a step
of 0.2 eV in the main edge region for 20 (mnge: 9530-9780
V) and of 0.4 eV for Zr (range: 17 970-18120 €V), A third set
of jontzation chambers (L) was employed to

imul by the 1 irted ity after Zr and Zn

d were | bilized on Cu conductive tape
(m wppllcs, Structure Probe, Inc.), placed on the sample
holder and evacuated overnight untl ltra-high vacuum wes
resched,

3. Results and discussion

3.1. Chemical, textural and structural charctenzation of the
2efn-X catalysts
As for gircondum and zine contenis in the 2ZiZn X umpleo
deumumd by ICPAES bysis, the apy
ions were calculated as waght ge of Zn and
tepnmd in Table 1 along with specific sutface areas (ssa)
and pore vol As already soned in the Experimental
tion, the ples were d ZrZn-X, where X is the Zn

Lol

metal foils, for energy calibrati Pure besagonal
200 and agonal  2r0, ol used as refe

ds, were ¢ m the syme beamline, in the
roml of selfsupporting peliets with optimized mass for
transmission .'m ™ 7n lnd 2r Kedge, resp Iy, For the

‘mz—SSAs of ZrZn'3 and ZrZi-15 are approximasively the
same, whereas that of 2eZn-10 is about 20% lower. The
sdsorprion/desorption  Bsotherms™ ™ and  the  pore  skee

sake of P a linic Zr<), was also
measured in the form of an optimized self-supporting peliet

distributions (PSDs| of the us-prepared Zezn-X Iysts are
displayed in the ESLY Fig. 1 and 82} respectively.

at the BM23 beamline of the P Synch
Radiation Facility [ESRF), ™

1254 | Catad Sci Technor, 2021, N T42-1268

Al the samples exdubn the by is loop ch istl
of mesop Is with i il PSDs with a maximum
at aboat 3 nm, However, all these ples show a broad PSD
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covering o wide runge of pore widths from 3 to 12 nm,
. the pece wal ure parable for ZrZn5 and
2xren-15, whereas it is twice as high for Zrzn-10,

The PXRD p of the as-prepared ZrZn-X ples nre
reported In Fig, 1, Intensities were not rescaled but only
offset-shifed, AN the three samples sbow o diffraction
pastern typleal of crystalline zircania, but the diffractograms
of cubic and tetmganal 20, are not distinguishable between
cach other. However, XAS 1i d in the

View Ardule Qb
Paper

Extra reflections are present only in sample ZrZn-30
(diamond symbols in Fig. 1) They are indexed considering
an addibonal ZnO (ref 59) wurtzite phase. The Zr0),:Zn0)
phase ratio was extracted by Iietvekl refinement. Using
hexagonal ZoO (P6yme) and tetragonal Ze0y (Mymmd™') as
Input parameters, we found that ZrZn-3 s composed of /3
wi% of ZrO; and 15 wi% of ZnO (Table $11), Consequently,
part of Zn is not incorporated in the host lattice but is

I’nlhnwing zs« mliun 3.5) evid: I features ch tistic of
te refh of monaclinie 20,
are nbml. als at 24 < 20° as shewn in Fig, S3.t

The inset in Fig. 1 underlines a shift to higher 20 values of
the (101} reflection with respect to o pure ZrO, reference.
This shift was previously observed by Wang ef ol "' and
cxplained congidering a shrinking of the 200, unit oell when
the largest Zr*' (.52 A)™ & substituted by Zn®' (0,74 AL

The peak shift trend Is coosistent with the Zn
concentration foarxd from ICP analysis (Ze., the higher the Zn
loading, the more pronounced the shift rosults). Moreover,
comparison  of the  diffractograms  highlights o peak
broadening effect, slightly enbarced as the Zn loading
increases, The three samples were measured with the same
instrumental parameters and the background p was

gregated as a i phase, justifying also why the (101)
reflection for ZeZo-3 is very close to the one for ZrZn-s,
Nopetheless, &% evidenced by EXAFS results presented (n
section 15, & slightly higher ol Zn |s espected to
enter the Ze(), lattice i ZrZn-30 with respect to ZrZn-15,
With our co-precipitation technique, we could therefore
schiove o maximum 2n doping of Zr0, of about 15 wi%,
Finally, the decreased area and the increased pore volume
observed for Zrzn 30 could be also coerelated to the presence
of segregated Zno).

3.2. Spectroscopic chamcterization of the ZrZn-X catalysts

1.2.0. H; iteraction with the oxidized samples at 400 °C,
The activity of these catalysts in €O, hydrogenation can be

the same for the three diffractograms (Fig. S Hence, we
can safely verily that the amarphous I‘m:llm In llw same,
The crystallice ulu bralned from  Ri
as the | gof Zn i

However, the S5A vnlu: does not reflect this trend
(Table 1). The SEM images of the catalysts [Fig. S$171) show
that they consist of particdes  with small  aggregated
crystallites. Therefoce, the urea exposed s lited 1o the
dimensions of these aggregates rather than to the crystallite
size.

Intemsity {a.u)

latedd to the ki rr\nilnumfomlolyg:n
vacancivs undet I Jits M v the
presence af Zn In the ZrO, hmtcf can Induce the formation
of oxygen vacancies for thc zﬂnx catalysts. TR spectroscopy
is suitable for ling fe ch istic of the p
of oxygen vacancies,

Fig. S41 compares the spectrn recorded in oxygen and in
Iydrogen ot 400 °C for the three cagalysts. For all the samples
under both conditions, absarption bands in the regions
$000-3000 em ', 2300-2000 cm”' and 1700~ 1000 cm" are
present. These bunds are related to surface hyd , L0y
encapsulated in cosed pores und mbnmmﬁmz sp:du
respectively, Encapsulated €Oy and carbonatesnitrates ssem
direstly from the precursors usexd for the synthesls. More
detailed discussion about these species s reported in the
S

Focusing on the effect of the interaction with M, in Fig,
S4T an Inu'un of the ﬂmpkv absarbance In o large

region p g from ocgen o hydrogen s
Md:m. ln particular for mms and ZxZn-30, This Is due to
the increase of a very broad absorption hand, whose shape s
discernable by subtracting the spectrum recorded in oxygen
from the spectrum recorded in hydrogen, The result of this
subtrction for the different samples is reported in Fig. 2,
The very broad bunds evidenced by the grey dotted lines are
related 1o the photo-jonization of mono-ionized oxygen
these  clectronic  absoeption  bands,
negative vibrational peaks that complicate the shape of the

® 0 e %0 8 n 80 vacanciee ™™  Op
w0
m 1 PXRD pat OH"G-., P Lrin-X wies, Trangies ane
prak of cubic)

no. and M-wul th Inset; Magnitication af the 2rQ; (101}

H with the pask for w pure 2r0; lref. 600 (cashed black
inel compared to that cbserved for the ZrZn-X samples |dashed
cotocred Wnesi.

Thes journal 1S © Tha Royal Socety of Chamistry 202
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Before discussing the ongin of the negative peaks, we
focus on the broad eknmnx absorprion. 1t is well known
that Zn() is 3 semic ial doe to the p of
lattive  defects, Lo, om vacancies (Vo). ST The W
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1000

v v - -
Wavenumber (cm ')
"I 2 nmmmmuz«mxmuaoo-cnm

s that in oxygen at 400 *CI The ZrZn-
5§ spectrum is cut at 3155 cm ' because. beyond that frequency, dats
ace stiected by the Wow Sgnal-to-noise rabo; the cut part has boen
substituted with 8 dotted blue ne. which alns to regeoduce the trend

clectronic levels at 0,05 and 0,18 ¢V below the duction

View At Oabre
Catalysis Science & Technology

of pure Zn0: the effect of the 200, lattke and the low
amoant of Zn induce the formution of V,," with electronic
levels deeper in the band gap.

‘The identification of the p of the
absorption refated to V" for 24Z0-15 is complicated by the
superimposed, above mentioned “negative vibrational peaks™,
These peaks are well mblc for all the samples, bat only for
2rZ0-15 their p per the identification of the
actual shape of the V,," absveption. The negattve peaks are
related to the vibrational modes of encapsulated CO, wnd
carbonate/nitrate species and they arose from the subtraction
operation, since these vibrational hands show lower intensity
in hydrogen than in oxygen. It is imp to underline that
their intensities return to the original ones when the samples
were exposes] to oxygen after interuction with hydrogen, So,
carhonates'nltrates and, even more reasonably, encapsulated
€O, are not panially removed from the samples by the
interaction with H,, but their intensity loss has another
origin. In particufar, it s possible to consider a coupling
process occurring between the electronic absarption of Ve,
and the surface spectes vibrations, Geneel and Martin,*!

band (C.B) are associated with the V¥, of Zn0. Neutral

iex show two trapped that py the above-
mentioned Jevels, The first jonization energy is so low that
the major part of Vi, sre mone-lonized (Vi) being the
excired edectrons 10 the CR. The sevond lonfzation of V, can
be p d by I rmdiaton [photoionization of mono-
ionized oxygen vacancies) in the spectrum of pure 200, a
broad absorption band  appears - centered al the evergy
carresponding 1o 01K eV, Lo ot about 1430 em ', afer
reduction treatments, Interaction with hydrogen can create
v, following two routes: i) the filling with an ek of the

using a model made up of a phonon term and a
ftve electron term, pmvlded m explanation for o similar
when ptions occurred in small

pumden of amdumng and semiconducting materials, When
the concentration of the free carrlers Is high enough 1o cause
"lf' freq YW the ph frequency, a
h I occurs leading to the
d:cmse:dlnppnmmv nf my band of a purely vibrational
nmature, In our case, the coupling process occuss between
vibrational modes of surface species and IR absarption of
' pped In mon izedl oxyyen s

pre-easting bi-onized Vi, (Vo,'') by consuming ndsorbed
oxygen species, such s 0., O, and 0% 1) the creation of
new Vi extracting lattice oxygen fons from the sarface. This
last pathway omm onh at high temperature, with the

h Id ding on the specific matenal.
rh.e iR technique is not nhle ta distinguish the two roates to
Vo formation.

Concerning our case, the ¥, absorption bands reported
In Flg. 2 for 220-30 and 'u?n -5 ahow 0 maximum centered
at ubout 1100 and 2200 cm , respectively, which ean be
associated with mono-s at 0.4 and

lready  ob d and ref in the literature for
sermiconducting  oxides, such s SnO,, Znd), WO,, and
M), 4

As for the intensity of the eloctronic band, ZeZo-10 and
272015 show o significont absorpion  related 0 V',
whereas ZrZn-3 does not, due to the different amount of
Vo B d. As d 1 by quantitative analysis,
the Zn loading decresses in the order: 2Zn-30 > ZrZn-13
> Zr2n-5, so that the infrared absorpton shown in Fig. 2
Is in line with the chemical composition and with the Zn
conent in the ZrO; lattice shown by PXRD and EXAFS
results. These results are  corroborated by  modelling

027 ¢V under the CBM This result evid the
Influerce of the different 2n Iondlnp on the associated

Joulat {see section 3.3). M o the Togh
of Vo obu:m-d far ZeZn-50 can be correlsted to the best

energy level of the mano- les with

respect to the C.B. In particular, zrz:no shows a V'
ionizating energy (0.14 ¢V) very clase to that of pure ZnG
{010 ¢V), being the ple with the highest Zn in

of this catalyst among all the
snm'pks (aee section 3.4). Finally, these IR results highlighe

[ of prereducing the samples before the
mm)ytu: mun i order to create a high conventration of

the ZO, latice, as evidenced by the EXAFS results p d
I seetion 3.5,

asygen
xu.oondwim At INT. CO dosage was performed ae

We cannot exclude that the p of a segregated Znd)
extru-phase, as shown by PXRD {Fig. 1), could also slightly
influence the position of the oxygen vacancy band, As for
203, the V" londezation energy (0.27 V) is higher than that

1256 | Catad Scd Techvw) 2021 M 12491363

ligy (LNT) because of its weak
.dswpuon “on %% ‘and Zn’ cations. Fig. 1 reports the

dlected at 1z OO coverage [t o) on ooddized
and reduced ZZn-¥ cunly«s
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“sobvent™ effect caused by adsorbed molecules perturbing
each other,”' The first and the d effect ure dynami
whereas the third and the fourth ones are static. Typicslly,
among dynamic effects, the second one is negligible when
dsoeption |s ¢l d by amall adsorption enthalpy, or
In general when C=0) s very close to that of free OO {2143
"). Amang the statle effects, the foarth ane is often small
figible™ and &t 1y at higher pressures or

Y PP

Inf dcmdy packed CO, where it assumes a solvent-like

behavior, henee not in this case, since we observed this effect
#t low pressures,

Among the remaining effects, n our case we can exclude
the dipale-dipole coupling since it is the dominant factor for
CO adsorbed on sites on extended regular facets (dipolar
coupling occurs  between  “pqual”  oscillsors, (e CO
mobecules, and defects interrupt dipode-dipole coupling) and
it causes in all cases o blueshift on increasing coverage.
Hmmeohurvedmd-shiﬁbdumth:'dmkalw
as a result of the red aof 0O a=l, on on i
converage. As o matter of fact, for metal cathons with dnmhuru

adanation, the higher the flo the higher the electron
density on the handing sites. As 9 consequence, on inereasing

ibution of all adsorbed €O
mnlﬂ:ules bxomu smaller and swmoller and thereby o
decrease of {C=0) is vbserved.”’

The second peak at 2146 em ' bs asshgned to OO adsorbed
on Zr'" with a lower coordinative unsaturation,*””* This band
doss not show any shift on increasing CO coverage: this s

biy due to the com between the dipole-

B = ne o b
Wi ) e |
Fig. 3 FT-1 spectra of CO 3t LNT on 2rZn-30 la)
ZrZn-AS (cL and 2rZn-5 (et and recuced ZrZn-30 @l ZrZn-15 (. and
ZrZeeS W) at inCreasing doses up to 20 mbar

Sunrting from the oxidized samples [Fig, 3a, € and ¢), two
main peaks are hlgjlﬂghtcd between 2200 and 2100 em .
‘The first peak at 2166 cm ' can be related 10 dinatived)

dipole coupling effect (blue shift] and the chemical one (red-
shift). As & consequence, the peak remains statlonary and
this observation confirms s assignmens to CO on Zr*' sites
of regular facets.

Differently from Zr'’ sites, 20" sites are not visible. Zince
is In o kower ard, bly, Its carbonyl band can
be totally hidden b) 20" 0 bands. Indeed, acconding 1o
some authors,” ™ Z0®'-CO Is characterieed by peaks b«wm
2190 and 2160 cm ', where the ab

fing to the chemi Imvhonmml.lbrd\rnkzd

unsaturated 2% carbonyls'’ (cwsZe'-CO), Lo Zr atoms
locared on edges o steps, 2% carbongls on vegular facets
should show absorption bands between 2148 and 2142
om " However, when CO is adsorbed on metal cations with
a dominant o-donation, the higher the unsaturation of the
adsorpeion site, the higher the WC=0). In particular, Zr'" is

a 4d"” catian, this It lacks =-backdonation and o-bonding s

clarity, it is possible that all peaks at 2192 (Fig. 3c and e) and
2179 em (Flg, 3a) observed as first peaks during €O
dsorption ean be iated with Zn*"-C0, but there s
neither evidence nor referenves o prove it in systems ke the
2en-X samples studied in this work.
O the reduced samples (Fig. 3b, d and ), all peaks can

he sssigned as reported for the oxidized ones,

the only centribution 1o the boad with €O
The peuk related to mws-Ze' -CO also features o red-shift
fram 2179-2142 em”’ (according to the sample) to 2166 cm '

Different explanati can be p I for the freg
shift vs. thy, Dot the most observed are uaually four: n
1hmug!| tpo(r' alpolr-cﬂpole ok lel

les™ i} “thraugh solid” wa the ibeational

Neverthok panng the sp of all the it
normalized for the specific surface area and peliet thickness,
many features are evident {Fig. 4). First of all, for the codized
samples, the markedly lower intensity of the band a1 2166
an’’, relaed o coordinatively unsatursted Zr'', is well
evident for Z¥Zn-30 with respect w the other samples. The
lowwer of defect sites for ZrZn-30 cun be related 1o the

cmxpiinx mhlnlsm across  hinding clmum. ii) the

BET resultss the lower surface area of this sample with

h } h solid” p due
10 adsorbed mol«ulzs M g ¥) the “electrostatic™ oe

Thes ournal 1s © Tha Royal Socety af Chomistry 202

pect to 2rZn-G and ZrZn-15 is reasonably refiected in o
minor amount of cus-2e*" sites. Moreover, by comparing the
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fig. 4 Caompanson between FT-IH specira colected ot the hignest CO
cowernge foar owidzed (eft) and recuced {rightl 2rZn-X catalysts

total integrated intensiey of the bands in the region 2200~
2100 em’, it decreases in the order ZeZond > Zf2n-1s >
2e2n-30, 'Thia Is In agreement with the chemical analysis and

Virw ArSue Oabrw
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highly unlikely on 200, on ZnZx0, solld salutions using eqn
(6):

Hvac] = Elpristine] ~ Elsystem with O vocancy| + Eye = £y, {6)

where fpristine], fsystem with © vacaney) £y ond Fy are
the DFT calculated energies of the pristine slab, the slab with

i and i watee  and  hydrogen
mnl:wlcs. respectively.

Using egn [6), we first calculated the energy required o
form an O vacancy on a pmllnc Zr0; [101) surface, 3,25 ¢V,
In dine with earlier r:partx. this uuhmm lhul no 0O

y can he d ot th by ilit on
the pristine {101) facets of Zr0;, under thc reactivity
canditions used in thiy wark. To include the effect of 2
doping, we repiaced one Zr0, unit on the surface with one
Zn0 unit and a hi i 0 which is o

the EXAFS results ler infra) on the Zn content in the 2:0,
lattice: on i @ the Zn loading, the of

introduced to bal the charge d:fftnmce created
by teplnnnx one 2r* with one Zn™" in the lattice. To quantify

2" sites decrenses.

After reduction, there is not a significant vanation in
spectia except for O=0] at 2166 em® on ZZo-30,
Comparing CO adsorption uakmrd and reduced ZrZn-30,
lhc tmemlty of the band at 2166 em ™' appears significantly

i after reduction. This phe can be ibed
to oxygen v formation: after reduction at 400 “C in H,
the presence of axygen vacancies is responsible for an
Increqsed sarface disorder, which causes a growth of cus2e'’
cancentration (2166 cm '} and therehy a correlated reduction
in the amount of 2r'’ on facets (2136 cm '),

3.3. Malecular modelling of the ZrZn-X catalysts

We performed DFT cakoulations w eharaerertze the coralyst

and the ed ¥ h for €O,
hydrogenation on 4 ZnZr0y sedid solution. For the sale of
simplicity, we model the system as a five layered Zr0, slab
presenting varfable ZnO-2r0, composition on the surface.
Beginning with a tetragonal unit cell of Zr0,, we coastructed
low index facets (100), (101), and [111), The surface enengics

of the skabs  were puted  as r:M‘:f.oq. with
At{surtace] defined in egn (5)
Ab[sutface] « B{slab] « Ny * Fbulk] 1%)

where £slab) is the DFT calculated enorgy of the whole slab,
E{umit] is the enengy per formula unit of balk ZrO,, N, Is
the number of ZrO, formula units in the slab, and A i the
aren of the skl surface.

According w ealeulations, the (101) surface has the lowest
surface energy, 0.1 | m™, followeel by the (100) and (113}
surfaces, 1.7 and 2.8 | m" (see Fig. $5+). We thus focused on
the (101} surface to investigate the formation energy of O
vacancies In the presence of 1y, as thermal O vacancles ane

1258 | Catat Sci Tachwl 2021 ML 1245268

the K energy of stoichiometrie O vocancies, we
computed the substitation energy of Ze0, units by Zn0 units,
F{sub], using eqn (7):

B3] = Fyp K200/ Z10] = Fy, [ 2004~ x84y [200] + ;50, 1)

where x 15 the number of Zn atoms doped on the surface,
and EyJyinOzr0,], Euf7r0,) E,u[Zn0)] and £, are the
DFT calculated energies of a 210, (101) siab doped with x
Zn0 units, a pristine Zr0O; (101) slab, a bulk Zo0 unit, end
an isolated axygen molecule, mpmlvlly Once & Zn0 doped
surface with a ich her of O les s
generated, the formation energy of additional O vacancies,

-2r0, +2r0 Stokhiometric

WO, vatancy 40
' .

SRIOELT  grioral vacancuy
vamoes B

Additional
wacancy

15

VaCaney formaneon enegy n oY

fig. 5 The O vecanty formation energy frend with rmcreasng numbes
of Zr atoms on the surface of 2rO; (L01L The schematic Mustrates the
way wo am The red,
ie and dark biue colomn represent caygen. IFCONKM and Tec aloms,
respectvely The crange atom and dashed cirtie show the & atom 1o
De removed ond the O vacancy formed, respectivety.
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with the assistance of Hy, can be caleulated using an
approach similar to lhdl of egn (6},

Fig. 5 the for encrgies  of
stoichiometric and additional O wacancies for r ranging
fram 1 to X Considering that the ZrO, supercell we used
Ias & Zr atoms, the doping we considered comesponds to
12.5 a. 25.0 and 37,5% Zn atoms on the surface, Caleulations
i that sub of o single ZrO, unit by Zn0,
with creation of a vacancy, is thermodynamically favored by

0,46 eV, a value that reduces slightly o 0.29 eV per ZnO
unit and ~0.87 ¢V when 3 ZeO; units are replaced with 3
Zn0, This Indicates that Zr0; can tolerare high amaounts of
Zn substitution st the surface. A% for the formation of O
vacuncies, in addition to the stoichiometric ones, our
calculations indicate that the system with Just ope 2n
doped on the surface 5 not prone o further O vacancy
formation, with an Hvac] = 153 ¢V, alhough this wvalue &
remarkably lower than thot calculated on a pristine 250,
surface, 328 eV. Howeyer, the chances of formation of
additional © vacancies Increase with increasing number of
Zn aoms on the surface, with an Fvac] < 0.0 eV only,
when 3 out of the 8 260, units an the surface are replaced
with ZnO). Overall, this is in gualitative agreement with the
experimental  evidence  that  increasing amounts of O
vacancies are experimentally obsenved at increasing Zn
cantent,

To investigate the catalytic behavior, we wsed the model
composed of one Zn0 unit replucing o surfuce ZrO, unit,
with generation of a stoichinmetric O vacancy. We first
caleulated €O, adsorption on the O vacancy pear the Zn
atom, which resolied in an adsorption encrgy of ~0,30 eV,
Dissoctation of the adsarbed (X), mobecule with refease of u
€O molecule is thermod, 1y fi d by 0.71 ¢V,
indicating that these sulfm O vacancies cannot be CO, traps
generating CO [Fig. S67),

We were nog able 1o locate any other energetically favored
CO, adsorption geometty, Mserption of molecular hydrogen
oceurs at the 2n atom, with an adsorption energy of -0.20 £V,
However, dissociation of molecular hydrogen into 2H* &
favored, with on energy gain of 0.3% eV. The dissociated
hydrogen & present as B and H* species on the O and 2n
sites, respectively. Simultaneous adsorption of CO, and 2H*
In favored by -0.73 eV, which Is slightly less than the sum of
the adsorption enengies of isolated CO, and 2H*, -1.09 ¢V,
The completely optimized geometrivs of the Zn-doped 20,
(101) with €O, Hy, 2H* and CO; ¢ 2H® are shown In Fig.
St

Possible thermoedynamic profilkes for the conversion of
adsorhed €O, and dissociated H, on the Zn0/Zn0, surface
are reported in Fig. 6, Considering that the foomate and OO
pathwiys have been propased o be Involved In methanol
formation,'” we evaluared the free energles of the most
important intermediotes involhved in the two pathways. The
sturting point is (0O, adsorbad on the O vacancy near the Zn
site, and dissociated H, adsorbed on the Zn site and on a
nearhy O stom,

Thes ournal s © Tha Royal Socety af Choamistry 2020
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Fig. 6 Free enargy diagram for Panng the l

m CO; hydrogenaton 1o methanol wa the formste and CO pathway
Thw three insets repr the i al
mactants and intermecistes with HCOO* lnd COOM*, respectively
The red. grey, pin, blue. green and dark blue colors represent oxygen,
catbon hydrogen, tirconium, O atom of the adsorhsin and o
atam, respectively.

The first possibility we esaemined is the transfer of the H*
on Zn to the C atom of *COy along the formate pathway,
leading to formation of HOOO* through a highly exergonic
step, by <123 eV, Subsequent hydrogenation of HCOO* leads
firt to an adsocbed formaldehyde molecule with Tiberation
of & water moleculy, H,C0* + H,Ofgas), and fNnally to
wisorbed methoxide, CH,0%, All Intermediates along the
formate pathway are at free energics below the starting
COY + 2H* species, and the overall energy span between the

(a)

1.47 oV
005 e
ko 187eV
'1-“ GV 1 [ 3 aV
-2.17 eV
HEO HE+
(b)
-2.35 eV 2.66 eV
-1.43 eV -1.67 eV
-1.52 eV -2.32eV
{e) -1.98 eV
284 eV 2.90 eV
-3.02 eV
2.93 eV
<233 eV

fig. 7 A top vew of the space iling atom model with adsorbed
O340, of &l 2 goped ZrO; (0L (bl 2rO; 11041 and (o) ZnO (111
surface comparing the adsorption eneegies of ' snd M species The
mod. grey. prk, blue. green and dark bise colony represent oxygen
catbon, hydrogen, zirconlum, © atom of the adsorhate and T
atoms, respectively.
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highest and the lowest energy Intermediates |s smaller than
122 eV, indicating u viable reaction pathway under the
reaction conditions used i this work. The second possibility
we examined is reactivity along the carbon monoxide
pathway, which strs with copversion of COf 0 CO%,
followed by Its hydrog 1o form methanol.”' As shewn
In Fig. 7, the fisst intermediate along this pathway, COOH®Y,
at -0.75 eV, iv bess stable than the first intermediote along
the formate pathway, HCOO®, resting at ~1,23 ¢V,

Evolution of this intermediote to CO* + HO* first,
fallowed by €O d laton W COfgas) + H0%, & an
endergonic sequence, with CO{gas) + H,0" ahove the starting
CO;j + 2H+ species. Similarly, H,0 dissociation leaving CO*,
fram which hydrogenation to CHO can occur, is sven moce

Voew Artide Oabrm
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expensive, with CO* + H,O(gas| at 0.69 ¢V abave the
COY + 2H* species.

Furthermaore, all intermediates Involved In dissociation of

ro, w0 nre ltss stable than the Intermediates formed by

i of 1 peci ﬂ\lu i

mnsutzm with thc i | CHOH sel y |vide

fig. 8 Cmnmddbhxmdmu«dula
the CO;

to MeOH. €O, (H; 1°3, 12000 ml.h ' g ®

with small traces of CH, (adecm-ny «<1%) being as well
detected, Slmihﬂy. g increases the

imfra) and §t suggests that the formate reaction pathway s
operative.

Having clarified the pathy Icndlng W CH,0% we
investigate h 'wrlu tvity, which has

hanol sefectivity to almost 100% -am the CO; comversion
helng drastically reduced. On the other hand, increasing the
temperature to 150 °C significandy Incresses the conversion
widillxue(mulxﬁri:ybdnxmduudmm 50%. 0O
addition s!ighdy i Me()H s v, agaln in line

been shown to G d on a jon b the fi

of a H" to the 0 atoen of (.H.O' liberating methanol, and
the tansfer of o H* species 10 the € atom of CH,0%,
dissociating the €0 hond and Hberating methane.™™ To
shed light on this point, we explored the relative stabilities of
H" and B species an Zn doped O, and pristine 2r0, and
200 (Fig. 7). According to calculoth in the p e of
CHO" on Zn doped ZrOy, H' species have stroager binding

with observati ingh pite the
mulllp!c conditians wsted, no dmllvallam waa nheerved for
any of the samples after more than 150 hours under reaction
mndmom, Pntn the repnm-d teuulu. ZeZn-30 appears as the

laying the highest activity
and kiectlvhy mg;mlkss of the mmuon condlllom We
attribute this supertor pesformance of the ZeZn-10 sample 1o

the already di d higher af exygen yacuncles in
dlenmple.' ~
Afterwurds, we fied the bi of ZrinX

mnhms with the twa most common seolites for the CO,
fon:**** ZSM-5 and H-SAPO-M, Similur 1o the

enetgies d to H‘ spocies, whlch can explain the
Jecty h duction.™ On the
ml’rrhnnd,nnpmtinew,(lnllwln()(ul).n’spcuu
June than H* species, which
;huuld lmply that Zn doped 250, has better selectivity
I formatl than  both  Its  peistine

counterparts.

3.4, Catalytic tests an the ZrZn-X catalysts and the combined
Zxin-Xireolise systems

Wo fin: sudied the stand-alone ZrZn-X catalysts with
dilferent Zn-loadings (ZZn-5, ZeZn-1% and ZeZn-30) in the
COy conversion to methanod (MeOH), the inltial sep in the
CO; ‘cascade” conversion over the bitunctional catalysis, In
particular, we screened the effece of reaction pressare (20, 30
and 40 bar), tempesature (250 “C, 300 “C and 350 °C) and CO
addition {10% in the feed), os this gas ix likely 1o be recycled
with the unteacted €O, and My In a perspective pmcns"‘"
The resules are summartaed In Fig. 8.

We can observe that increasing the pressure resulty i
higher conversion and methanol selectivity for the three

catalysts, In good agreement  with  the  process
thermaodynamics.”™™ The maln byproduct In all cases is CO

1260 | Catal 5ci Techvwl, 2021 11, R453.063

above tests, we evaluated the effect of reaction peessute,
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Fig. 9 Catatytic performance of the combined 2rn-X/Z5M-5 systems
for CO; camversion to hydrocarbons. €O, My 15 12000 mLh ' gt
Peass note that the secondary ¥ axh refers 10 the C; selactvty
among hydrocwhons (O free).
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tempernture and CO additian, The results are
in Fig. 9 for Z5M< und in Fig. S8t for H-SAPO-34, We can
observe that the €O, comversion for these bifunctional
catalysts goes in line with the une obsesved for the stand-
slone ZrZn-X samples, Increasing with both pressure and
temperature, Similar conversion values and ©O selectivity

Considering next CO, mmwmn werdus contact tme, It
did not change sig ly with the addition of H-Z5M3, as
already observed in Vig. 8 :nd 9. H , the CO
decreased with the addition of H-ZSM-5, and dccrun:d
further with an incrcase in the acid site density of H-ZSM-5
(Fig. S121), Thin result may nuggm that €O, ke the

are also ohtained liess of the { di or hydmcarhnns. 15 a (comp dary d fram
zeolite component [see Fig. $94 for a detailed parison) I, or that CO, [ke mm!mnol 0] convznnd to
H , when looking at the hydrocarbon distribution, we  hydrocarbons wver H-ZSM-5. The recent literature suggests

can observe that the zeolite component plays a eritical role,
In particular, the HSAPO-MH based catalyst displayed a
higher €, selectivity among hydi b {up 10 60%) but
it is mpidly deactivated, exspecially at 350 °C where it bost
almost all activity in less than 20 hours and unreacted
methanol became the main tesction peoduct (see Fig, S0
andl SOt Moreover, It seems that an operation temperatun:
of 2350 °C is w0 kw for MeOH conversion to obcuar i He
SAPO-34."" This lytlc behavior Is with the
fast deactivation and Iugher selectnity obsened for H-
SAPO-84 In the MTH reaction.®™™ On the other hand, the
Z5M-5 based catalyst displayed o more stable performanse,
with a €; selectivity of ca. 40, However, we need to point
out that a slight deactivation is also observed at 350 °C for
the ZSM-5 based catalysts, l'inully. OO addition seems to
Jightl h the C, sel y, i Hine with the recent
results by Tan et al*™ who ohaurv«l anIncrease In e
hydrocarbon  selectivity by €O cofeeding. Altogether, we
can consider the ZrZnAWZSM-5 combined system, tested at
350 °C and 30 bar, as the most promising candidate
reaction conditions, displaying the highest comversion and
stability with a €, selectvity close (0 35% among

hydrocarbons,
Further b dies  were J | under these
imal reaction ditions {350 °C, so bar), using two other

AM 5 samples with SUAL = 25 andd 360 [ES1) section 5.0),
When testing the 22030 catalyst alone, methanol and CO
were the only carboncontaining products (Fig. S101), Product

lectivity favared hanol at the sh times,
suggesting that the mte of CO, conversion to methanol (egn
{2)) is faster than the reverse water gas shift reaction (eqn
(1)), in agreement with the results of the computational study
{section 3.3), The methanol yield bed equilibrium after
04 5 5" ml' contact time. The €O, comversion and hence,
CO selectivity increased with a further increase in contact
time, Due to water formed in the reverse water gas shift
reacthon, the methanol equilibdum yield decreased with
Increasing contact time,

When mixing ZrZn-30 with the two H-ZSM-5 catalysts in a
L1 mtio, o mnge of hydrocarbon products, as well as
dimethy! ether (DME) were observed, in addition to CO and
methanol  (Fig. S111). The methanol  yield  was  low,
wb\umlulb below  equitibrium,  and  decreased  with

i ncld lnc ity in H-ZSM'5, This result suggests
umcu, wdrog to methanol is the rate-limiting step
of hydrocarbon formation in the bifunctional ZrZn-30: -
ZSM-6 =« 111 mived catalyses.

Thes ournal 1S © Tha Royal Socety af Choamistry 203

that both hypatheses are plausible, "

Surpeiaingly, when considering pex |hc bydmcorbon
distribution over mised Iy the ty Is
typically below 10%% and only at &00 ml B g' i a
significant fraction observed for the main ZSM-3 cutalyst
tested here (Pig. 10),

We asuribute these results o the high space time
emploved in this wark that supy the
q:lc. in line with the results by Cud et al. who pbserved an

of lectivity from ca. 20% ta 75% by
reducing the space time by one order of magnitude.™ These
results are supported by testing other ZSM-3 catalysts mixed
with ZxZn-30 [sectson $3,3) A h\gher u-ul site densiry In H-
ISM-5 lr.-d W mare { and less
d P ‘lolluwrrnudxiudcmty
(Fig. 813 and S14%). These results suggest an intricate, joint
hehavior of the twa eatalyss functions that warrants further
Investigations In futuse contributions.

Additonally, i we look in detall at the CO free
hydrocarbon distribution (Table 54t and Fig. 11), we can
abserve that, apant from the above-mentioned aromatics
Influence, the space time also affects the olefiniparallin ratko,
At high space times, paraffins are the predominant fraction,
while at lower space times the olefins stant to increase. These
trends can be i ive and the opp trend shoald
be expected sinee plefin are the primary products of the HC
pool reaction and the thermaodynamic equitibrivm of alkane

:

e E:EQESISI&;

co,

- B
GHSV (ming)

Fig. 30 Mydrocarbon datdbution of the Zrln-3002SM-5 combred

system for CO; comerson to fydrocarbons at differers space times.

€3 H; 113, 350 °C. 30 bar
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Fig. 11 Catalytic performance of the ZrZn-30/25M-5 combred
system belore and after regereraton for CO; comversion to
at dfterent spoce tmes. CO;: My 1:3. 350 °C 30 bar

|

dehydrogenation reactions lies far to the alkane side for C,
and C,. However, if we Jook n detail at the reaction kinetics
over Z58-5," we can observe that at very high space times
(like the ones in our study) the slope of olefin Increase &5
higher than the ones for pmfﬁns ;ﬂm C,, hydrocarbons,
therefore in line with vur exp i Last but

View Aride Oabrm
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Insdest snangy (W)

Fig. 12 K-osge YANES iman panel) snd phase-uncomected FT-EXAFS
Bottcen inset} specisa of the three sarrples and of Zn metal and 700
modet compounds, collected st (A) BT under He fux and 1) atter the
umm(@tﬂh%umwnm
DOtOM Frats Nive Beon ob g the g
AN EXAFS function in the 25830 A ¥ range

beamline'” of the SOLEIL synchrotron [see section 2.2.3 for
detalls),

Congidering the Zn Kedpr XAS ap«un in Fig. 12a, we
observe how the as-prepa husively
#n'' species.  Indeed, the ed;! energy pmmon is

ot leust, the productivities displaved here are % the

Falk ival for the three ZrZn-X/2SM-5

bi vmoms and cwﬂlnppﬂl with that of the ZnO

model pound. N \ AN AINZSMS shows an overall
line-shape nnd specific  postedge  features

highest reported for state-of-the-art catulysts™ despite the low

canversion, probably owing 1o lhe m;h space times emploved

in our study and the B of XANES
Fimally, since deactivation can play a role especially in - ¢h

ristic of Zn0 (eg peaks at 9714 and %738 V),

view of industrial implementation of the  investigated
bifunctional cotalysts, we studied the effect of i sitn
regeneration at &0 “C with a4 5% O, in N; stream for the
2030/ ISM-3 combined system at different space times.
The results are summarized i Fig. 11. We can ob that

which are instead not detected in the other sunpies. This
is explained considering the presence of the ZnO extra
phase unveiled by PXRD in the 252030 catalyst. The inset
of Fig. xudnmsxhenwrsmemuofd:em

bined the higher 2ndoadings,

the (m witw regenerution worked for all the v and the
IniEal activity was regained after the rmegeneration cyele &t
600 °C. Maoreover, Incmslng the space tmo drastically

L for lhf lowest- Iomhl-g LrZn-52SM-5 svstem, the
low SN ratio in the EXAFS region unfortunately prevented
& rellable data Intorpretation, Both the samples show & very

i 'ht G, prod y despite the €0,
d 1g @ nad of 1.5 mol kg™' b ar 22000

mih*g"

3,3, XAS measurements on the combined ZrZn-X/75M-5
systems

Focusing on ZeZo-XZSM-5 combined systems, we fnally
applied i sltw and eperande XAS 10 manitor the sverage
clectranic properties and local structure of Zr and Zn metal
cemms. in thz ptesmceo((hc zealite functionality and under

imilar first 1 shell peak stemming from O
nearest  neighbours (NNs). The fineshell pesks ore
comparable with that of the reference Zn0 in terms of the
chm position, nhm- they display slightly loser intensity,

with In the local coordination
enwi of substi | Zn lons in the ZrO, lattice.
The two samples show more pronoanced ditferences in the
second-shell region of the EXAES spectra. In particular, far
ZZn-1VZSM-S we recognize & well-defined peak masching
the position of the secondshell feature In Zn0, arising
from Zn pext nearest neighbour (NNN] atoms. The lower
with respect 1o what s observed for the

and p liti This b peak | ity
especially relevant, in m of recent ﬁndmgs hlghlightlng
Inter-phasse lon exchange p n

obtained by physically mising ucid zeolites and .cn«:mnlnlng
hydrogenation  catalysts.'  To  obtain  fully parabl

mudel compound can be conpected with the simultaneous

presence of substitutional Zn jons in the ZrO, lottice, a8

uu - with possible defectiveness of the segregated Zn0
« ly, only a broad and much weaker peak

information at Zr and Zn K-edges, we measured the two
bsorption  edges  quasi-simul ly during the same
experiment, explolting the unique capability of the ROCK

1262 | Catat Sc( Techiol, 2021 ML 1248268

il observed for ZrZn-152Z8M-3 in the second-sbell regon,
pulnhng to mhu high structural disorder in the NNN
distr for 1 Zn lons in Zr0y.
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700, reporied In Vlg. 13, are ohservable in the XANES or m

are .._. g oW

three © d ZrZa-XIEsMeS bined

facs:ilmcmpmdmonmn!mdoumchum(no
edge-shift is abserved nor any evid for the fi of
20" phases) and ) 20*° does oot diffese in the zeolite
{eypleal spectral feutures of Zn«cfungud reolites™ are net
observed), Considering the g FT-EXAFS sp

to the presence of a tetragonal ZrO, phase, tnpnmulum
1s — 4d pre-edye feature, which is very evident in the XANES
first dervative (Fig: S151), Is a Ningerprint of ¢2r0; where 2
Is elght-fold cooedinated, Tn the perfect ZrOy pyrochlore-like

, this s-d {on would not be detectable, as it is

""I'. 1Zb, inset), thl.- first-shell p:nk nndﬂgnel a nllﬁu
ity decrease, k with the i 4

dipale forbidden.
M L it s well documented”’™ that in t-2r0, four

contribution to Debye-Waller factors at 400 °C. The secand
shiell peaks, connected with NNN contributions, appear mooe
strongly affected. The two samples maintain the  same
intensity trend as in their urpqmml sate, with Zrzn-30/
ZSM-5 b g the highest i , in both cases
an Important hmpmlng-bmulmmg effect bs observed, Also
In this case, Increased Debye-Waller factors at 400 °C
cantribute to EXAFS signal dampening. However, it is clear
that activation also triggened an increase in the local disorder
arund Zn'" sites - both those hasted in the 20, lattice and
those segregated os ZnO extra-pl In oy with IR
results  demonstrating  oxygen  vaciney  formation  during
thermal m-unncm In H, up 1o 400 G,

oxygens are closer while four are farther from the Zr cation,
This leady to visualization of the Zr atom as coordinated with
two different tetahedm of oggen wtoms. ™™ Sinee the
W icity is broken, the dipale forbidden 1s — 4d
p.ms'm‘ y being observable in the Zr X pre-
edge.™ "™ Moreaver, two festures In the FI- “EXAFS,
highlighted by dashed lines In Fig. S15% can be aseribed o -
750y 1) the ZrZr d shell posi and 1) the rek ¥
intense high-§ peak in the -7 A range in the phase-
uncorrected spectra, As shown by Li et el™ "™ with careful
EXAFS fit of various Zr0, polymaorphs, In 200, the average
7e-7r disance |s almase 0,1 A shorter than that in €20,
Therefore, the Zr-Zr second feature of o200, shoukl be

Under  quasi-si it diti zr
K-edge XAS (Fig. 13a) allowed us to obuun structural insights
on the 200y matrix complementary to the ones accessed by
PXRD analysis [soe secthon 3.1), In particular, we were able to

| d at u bower ¥ value than that of the reference 20,
Besides, the intense feature around 6,7 A (Fig. $15¢ inact) is
related to eollincar multiple scattering between Zr atoms
which la present I t-Zr0; but absent in e- 20, oo

discriminate  rtetragonal  from  cublc  and cAini

Pre wnrks plained the stabily af igonal

structures, as the XANES features for the two configy
are strongly influenced by the 200, polyhedron distortion. Li
ot al™ reported three | fi in the sp

Ly

o, idering the substitution of the Zr atoen with either
2n [ref, 31) or HE™ Por clarity, we outline that o trave of HF
Ly-edge (9561 eV) was observed during the Zn K-edge XAS

wseribable to tetragonal ZrOy: 1) the pre-edge peak clated
with the ts — 4d mansition, i) whiteline peak splitting,
absent in the monoclinic Zr(), and i) broad postedge
resonance  arund 35 eV after the edge. Al these
spectroscople fingery further cor | by the 2r
Kedge XAS spectra of reference monoclinie and tetragonal

ATITS WON) R WA WePL
Incident snergy (aV)

Fig. 13 K-edge XANES Imam panell and phase-Gncortected F1-EXAFS
fbotrom inset] spectra of the three samples and of 2r metal and 2rC;
model compounds, collected at (al BT under Ha fox and 3) atter the
activation process (400 °C, Mgl The EXAFS spectra reparted i the

in loe with chemical analysis resuis: lllt
senall af HI p ] lhe Igated
plausibly also ibutes to ing the tetragonal Zr0),
structure, Ph d Pr-r:xn‘s, P d in the inset
of Fig tia, show a firstsbell peak stemming from O NN,
conskstent for all the three samples with the one observed for
the Zr0, model compound.

G ly, with the i of Zn (ZrZn-30 =~
2rin15 > Zrin-5) the intensity of the second-shell peak is
progressively attenuated, while its position is sabstantially
unalered, always dosely resembling the one abserved for the
tetragonal Zr0, model compound. In agreement with PXRD
results, this lnl:mdly m:nd stems from 7n entering the Zr0,
lattice, v g scattering
paths lnvo)ﬂng Zr and Zn NNNa. We note a prancunced
Intensity decrease while moving from ZriZn-5 o ZriZn-15,
while a further increase of Zivloading In ZrZne30 only results
in a slight additiona} of the d-shell peak.
This cbsenation further supparts that in Zrzn-15 we ane
close to the upper threshold for the incorporation of 20 in
the Zex, lattive.

However, In Ze2o-30, a slightly higher amount of Zn sl
enters the Zr0, matrix, as p by the additional
weakening of thl seound-sh:ll peak. Afterwards, excess Zn

bothom Insets have been obtained transforming the 9
A EXAFS funcion m the 2.5-13.0 A ' range

Thes ournal 1s © Tha Royal Socety af Choamistry 203

as gonal Zn0, silent in Zr K-edge XAS but
de(e«ahle In Zn K-edge XAS and PXRD, Activation (Fig. 13b)

Cotal S50 Teohnod, 2001 1, US3.068 | 1263
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does not cavse substantial modifications  In the

2oy
structure, nor detectable redaction phenomena involving 2r

ator

Tetragonal features of ZrO; are still evsdent, whale the
structurul disorder in the NNN distribution around Zr centres

Turcher

Incteases, translor into an abatement of the

second-shell peaks, as obse ¢ under the same conditions

In Zn K-edge FT-EXAFS.
Under reaction con

a collected

fitions (Fig. S16t), XAS d
at both absorption edges showed that the cat

t structural

stability is preserved, In particulur: i) the ZrO,  matrix
mamnains the tetragonal structure; L) Zn does not exchange

In the acolite; ill) both Zr'" and Zn® do not underge

The absence of structural
y observed from the PXRD

detectuble reduction phenomena.

changes after the reaction was al

mensurement  of the  tested  cutalyses,
I«

surface metal sites u

repoeted  In the

fowing section. Structeral modifications possibly Imolving
h the COH, e

ed XAS signal Includes mainly

N INLEracTon w ¢ are

nat detectable, as the me

butk information

5.6, Structuenl chamctenization of the freshtested ZeZn-3y
ZSM-5 combined systemy

In order to investigate possible structurml  modification

induced by the physical mixing and the r won conditions,
o the PXRD pattern of the ZeZn-30Z5M-5 physical

Each

we e

mixture before and after 120 hours of catalytic tess

reflectian was ascribed to the corresponding crystaliine phase
\| Lrdn-30

vial ZSM

by measuring the PXRD for the single components

catalyst alone after a reasction oycle and i) comme

) IrZo30 te

eiod

Intnnmity (o)

arm

the PXRD measured for §
fresh oy
Cotalyst after 120 Pours of

Fig. 14 Siackes
commercol Z5M-5 zeolite slone in bDloe §
Lelr- QU ESM -5, in dark-green. (N IrZn-3
n red. vl physicel misture of ZrZn-30025M-% after 120

representation o

| Poecturne

catatytic test
hours of catalytic test, i orange. For the sabe of clartty in the latter
pattemn, the reflections 0, and
InD are

corresponding to  tetragonal
naicated by light orey
respectively Structure results obtamed from Rietveld retinement of the
tested ZrZn-30 catatyst slone are reporisd in the tabies. A detnl of the
reoine Bragg peaks is reported (n the inset

hexagoral ot dark NTOWS

1264 - T ¥ n

View ArSdde Oabim
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5. The diffraction pattern of the Zr2n-307Z5M-5 combined
system in F

14, measured before and after the catahvic

test, does not present any differences related to potential

structural changes, fe crystallice de sch as dimensions,

stress o strain reloted to peak broadenir

% We can clearly

distinguish the reflections fromy each erystal phase, (e

arthorhombie zeolite, teragonal xirconsa and hexagonal zine

oxide. Rietveld refinement was conducted only on the

diffraction pattern of the 2rZn-30 catalyst measured afier the

resction (Fig, 14 inset) The samw refinement strategy asex]

for the fresh catalyst was applied, Taking o account the

error of the wehnigue, the resultss in Fig, 14 and Tuble 52t

evidlence structural features ve milar to those abserved far

the fresh sample, while the seolite comtallinity s preserved
as the peaks show similur PWHM [Fig. 14 inset), The incre:
N ZrEn-30

mixture with the zeolite is rel

w

of the intensity b

o and s physical
ed 10 the decrease of the total
», half af the

absorption coefficient as in the second ca

cupillary contains the xeofite
We further investigated the possible surface composition

changes before and after the reaction by performing XPs

analysis va both fr and tested samples (Fig. 512 and
5191 . We can observe that there are o appreciable shifts in
of bath Zn and Zr after 48 hours ¢

y of Zr at the

the bhinding energies

catalytic test Purthermore, the binding ence

Ipsg level s 18237 oV, kwer than the 1) eV assigned to

the pure Ze0,, "™ This shift has already been reported in the

sence of axygen vacancies due to the substitution of Zn'

hy 2n
to remark that, similar to the PXRD in Fig

' in Hne with our F1-1R observations. We also peed

14, the imensity

difference between ZeZn-do olone and its physical mixioy

with the zeolize s related o the decrease of load
We ne
in vur system wa h

sz imvestigated the possible mophological changes

annular durk-field transmission
opy [HAADF} In conjuns

mic fon with ene

y-dispers
X-ray specteascopy [EDXS), We can obsetve that in the fresh

HAADE
cataiyst atter 4 hours of catalytc test

Fig. 1% STEM-EDXS images of the tested Zrin-S0/T5M-5
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22030 sample both Zn and Zr elements are  closely
incorporated and that un exeess of Zn segregutes as Znd), in
line again with the above XANES and PXRD characterization.
{Fig. S20¢), Similardy, imaging of the tested sample (Fig. 15}
shows no structural changes after the reaction with an

View Ardule Qb
Paper

contribution o the eatalyst activity comes from the ZeZno,
solid ol riabined were obtained by
mechanical mixing of the Zrzn x catalysts with a commercial
zeolite (H-28M-5 and H-SAPO-34) with a mass ratio of 1:1,
Compam:g 2e20-300ZSM-5 and ZeZo-30/H-SAPO-34 combined

Inthmate mixtare of both ZrZn-30 and ZSM-5 panents in
the final bifuncoonal system. However, we need 1o peint out
that o small migration of Zn was observed in some of the
sealite particles (~0.2 wi', Fig. S211).

Conclusions
In this wark we have n_vnetmud mlplc tests nmirr different
el iti multi and

computational modelling w advance the understanding of

bifunctonal  Zndoped-ZtOyzeolite  catabsis  for €O,
hydrogenation to hanol and ion 1o valueadded
hydrocarbons.

Three Zn- ining Zr0, ples were prepared by oo

precipitation (ZrZn-X, X = Zn we, Le. §, 15, 30} The
formation of the expected  Zr2n0; solid  solution  was
canfirmed by both XAS chaniceeristic features and powder
dxﬂmnngntm. ln particular, the crysalline structure of

was gnized with diffraction peak

W P 1 oat that the Z5M-5-contalning syscom |s
more mom!ﬂng than the one with HSAPO-34, Indeed, the
highest conversion and stability with circa 30% €, welectivity
among Ipydrocarbons were found testing ZrZn-MVZSM-5 ot
350 °C and 30 bar. At T' < 350 °C, alkydbenzene dealkylation
is unlikely 0 oocur,* e Hmvcr. In this work we highlight
an ity [and stabllity) at lower
g nnd h tme, more favored with H-
Z5M-5 than H-SAPO-34 as the zeotype has lower activity
stability at low temperature.
Finally, the structure of the catalysts is noc alfected by the
reaction conditiens u shown by the operando XAS und the
I | T of the tested samples;
indeed o final catalytic test carried out on the regenerated
catolyst shows that the initlal performances are completely
restoved,
In conclusion, In lhe light of var findings, we can affirm
that, for a bifuncti Myat, bath chemieal (axidic phase
pasition, and  pore

™ Y

ucid wte  density,

sluftx consistent with the Zn Joading in the structure, A ZnG
ostrn phase s present fm the Zrzn-30 sample, evidencing
that the preciy hnigue  employed  allows
hi of a Zn doping of Zr0, of about 15
wi%, even though EXAFS results show that a sfightly higher
amount of Zn enters the ZrQy, Iattice in ZrZn-30 with respect
W Zrzn-15. CO adsorpelon (st LNT) followed by FTHR
spectmsmpy shows thar the amount of Zr* sites at the
herently with the i of Zn Joading
found from chemical cunpomnn md X rly results,
Interuction with  hydrogen at § p
causes the for of monodonized axygen vacancies, as
ovidenced by FTAR spectroscopy, In agreement with FTIR
resules, Dl'l' calculations show that chances of oxygen
jon with the assi of hydrogen increase
with' ir g Zn In particular, DFT modelling
points oot that once a stolchlometric nwn VOCAIRY ks
lndu«d by the presence ul‘ o, the lnmmion of exrm oawm
during ks ther v ically f:
Moseover, DFI' modelling points out that i) thz oxygen
vacuncies play an active robe in €O, hydrogenation, i) the
presence of neighboring Zn and Zr sites enhances methanal
selectiviey thanks to the pradmity of CH,0* and B, strongly
banded than H*, and iii) methanol is most likely formed win
the formate pathway.
Coherently, the catahtic performances of the stand-alone
2Zoe X samples showed the same trend shown by the oxygen
Le. €Oy und CHOH selectivity
mmnm with the Zn loading, While we cannot exclude that
scgregated Zn0) in the most active catalyst (ZrZn-30) also
plays a mole, the reparted characterization, modelling and
testing  results  consistently  sugmest  that  the  main

Thes journal 1S © Tha Royal Socety af Chomistry 202

dimensions| and kinetic facturs [tempersture, pressure and
space thime velockty) must he considerad In order to deive the
TeACtiOn ds the d d peod and, thered, o
achieve a good reaction yield,
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ABSTRACT: Zinc-dupal sirconia catalytic

L worcs & More

s, peamaing toward CO, and CO

soltion,

ﬁu&emm ¥t ofmnded Xoray

nh-an-h-m(WH)MM&-L-M?&qupuan-rmnf
al/ cubic Zad) d snd chs

mmemofbdowmwmdmbthXRDdeSmdmh
sty EXAFS study of the catalyst during sclivation further d the of 3
d:mnulmnounZnO/Z:O,mrﬁumpMymamwm|mrdco,
mwmmrmmmmw»b-&-u—qumm

Greegor bl Lytle spherical medel Taken together, the results J Bow the cond of X-cay sechniqoes geobag both
Joag-range and local structeral peoperties could unlock an wnprecedented level of und: ding in maved metal oxide catalysts.
1 NTHMON clusters enh the hydrogs 'debyd proper-
>, fe, d i the ic (ue-), tiew of the catalyst, lldnllﬂmZZRwdan
I&l@md((].mdmh:(()pdymuphl.uthennhmed fmmmmdukhwwh:nudnl&-m&:
md-mnﬂyhphmgmdsnrbquﬁ- formisny | for the direct

o redecing 68 af s surface.' Foc this resson It mwnlnn ul CO vz L‘O, with H‘ to olefins and
widaly smed s 3 catabyst™ or catalyst suppoet,” ZrO, mirface ly, & balasced Za/Zs ratio dlows

m tnqu mmu (.0, awnd CO Sorming carbanates which are
eated to methasol by H, d over
ln—D."l“"

However, if mach 1 known about 22K catalyte properties,
MMMM”MM&MWI“IM

can be goserally described a foemed by comdinatively
wssatarated (CUS) citonic stes (Lewls acid sites, such s
22 and 757 ), CUS Zv ~Q ;um. m vacancies (Vg ), snd

| and sslti i * This wide varaty of
ackd/baxic snes makes ZrO, a2 vnmlv catatyst able to promaote

md&mﬂmmbwhhhmhmmdcol lacking, Accomting to DFT salcul uf ZrO,
catalytic react of major Interest um- with ZnO indsced Vo furmetion wiich hvnml the
um!wCO-ulCﬂ, Carbon mosexady and doside s ©0); ads ol H, &

activated o the O, wuface throsghost carbonates
ﬁxmmon Dopmg. vn\i alovalent cations @ tw 'ho.

ir, i

ln;&nthcmd,nhmmum«hnhmn-u:ho
like covedioution. In case of Znimpregaated 210,
m\mm- was unchanged,™'" but 12O, hu bca moody

wirface &
v‘,m’ ™, MY“) seighbering a CUS 21", Vaich
acty as stromg bostc and ackd sy, repectively.

Mon.nltk hlmbcmmm)ymnpedlm
several reactions. " Its soaic cadim, comparable to the 22
oo (060 v 084 A),'" permits Zn soms 1o easily diwolve in the
20y lattice. m-unmn(u"lhlrrmmum
y and tunmg the wrface
mmua npaun In the pust decade, Zndoped
720, (2ZR) has beon studied for s prapertios in CO/CO;
Tyd PR ethansl/ propene Alrhydm'n
ation." T As My can be d through an
dusnctation oo ZaQ), the grevence of Zo—-O paire or 700

d in 2ZR obi d by
that the 7 of Vo by the b 1ok b
The effective M of 7a0-2c0, wiid sohutions was
vhorrved by weversl Liborstary techniques, baed on the
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fall Unes of evid (1) The sub of Zr by Zn
can,ahnkdthmgmalhmw observable by PXRD
from the (101) Bragg reflection systematic shaft. "' {3) UV~
vis spectra of ZrO, is modified by the dopant, indicatiog the

Dbl of solated Zo™."" (@) FTIR bands around
500 and #00—700 cm™" were associated with the Zn—O—Zn
and Ze=O~2r vibeations.'* ly EXAES fating, Has et al'”’
showed that in Z ZIO,,ZnOWum

u.x-rvykbsorpuon Spectmeopy.’z:mlzn K-edges

modde at
tht Quick- XAS ROCK (llochng Optics for Chemical
Kinetics) Beamline’ of the French Synchrotron SOLEIL
uung two quick-XAS monochromators, Le., Si(111) for Zo K-
'*- {9659 oV) and s'(zzo) for Zt K-edige (17998 <V), The
d on a cam-driven tit table
amlhning y-rin-iuly weonnd a fixed Bragg asgle, Fonization

I’nmdNMchnwbmthmmdaw P

the ch 1 ann!h:ZlO,lntxe
bnndm.l)mmhmdh«ul’«nomhho,lmm?m
has been dered as boaded 1o It, f g a sobid sol

were employed to measare mcltknk (L) and
transemitted (1,) beam. Za and Ze metal fils were measired
wmultaneoosty with ol the acquired spectra by a2 third

tion chamber (1,) m onder to achieve 2 precse energy

with the host matriv.”" However, it is still not chear whether it
Is present as single tsofated Za sites or as small ZaO,

n&mu‘l‘h:mplzthldmnmmmdmu&rm

imvisible to PXRD.

We thy § CO, hyd over the oxidsc
nul'yﬂlertO,olq'dmth. IS.IuUO-l % of Zn showing
A 7.5. and 8% of CO, convession, respectively, at 300 "C/15
bar™ Bvanflbmpuﬁmnmanbnwthmibmoﬂhc
conventional Cu-based cataly M ZZR showed

when combined with 2 zeolite/zeotype (SAPO-34
m-lHZSMS)ﬁx!hdlmmnmmd(.O,lo
olefins.”’ We 5 les for
nhnp-mmuukwhmmdmupoﬁdthc
stabality of ZZR/reclite physical miture under reaction
condetives.”"'

The XAS data, d during 2 d in stu
experiment, are hereafter critically wmpuml with the
complementary results from PXRD and Ihmudilr

7 length ar hoth cdgu Ar the
mumnanwspm«f:
under in sty conditions (high pcn-mﬂllgh llmpunun)lbc
three catalysts were ground m a mortar with H-ZSM-5 zeolite
MWMAMWW(Q-lm) The fall
dure was already described in the
same work>® Weheubynponahquumauuld.m
analysis concerning the XAS spectra mrasured: (1) at room
lmpemme&(ﬂuduuunplsml{oam\uphm(n)
ander activation, Le, heating (room o 400 °C. 5
C min"') at | bar in pure M, flow, and 3 gualitative
interpretation of spectra collected (lu) under reaction
conditions, Le., feed of CO,/Hy/Me = 1257.5:1 (ml
min™"} at 300 °C and 15 bar | As pe
memdﬁeuoledldnmdm&mmnoﬂk
lellun so therein it will be wlely considered o a

umdthhnullnloul I

lly bonded and “""'mdl:?‘O,mnxixm
um-b-gwmly identified, leadimg to a comsistent structural
poctare further oo validated by Zr and Zu K edge EXAFS fiss
carried out on the data callected at both room remmperahare and
duning the activation peotocal, |2, heating up to 400 "C under
H, flow, The ZaO custer dinvensson is evaluated using the
Greegoe and Lytle spherical model,”’ and hypotheses on V,,
losation and ceaction active site are mace,

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1, amphhwnnﬂon The three ZiZn-X samples were
from Zr and Zn morganic
walts solutions. The -X utfx Teprseots ib Zn ludmg
gauntified by 1CP analyss. The comp
her with detailed ek 1 analy
elsewhere.
2.2, Powder X-ray Diffraction. All the powder X-ray
diffraction pasteens (PXRD) here reposted were measured with
a PW3050/60 XTert PRO MPD Diffractometer (mm

rewalts can be found

The room-temp data
set was obtained s the umgc of 190 scans for an
ttmo(ﬂ&lmdlmium/md%l.whikdntne
resalved data ser th and tiom was
o\mmzduawdﬁmfwmmmcflut
and a total time/scan of 25 & Energy samplieg of 2 ¢V was
wsed for the two edges, and #t was mtensiSied in the main edge
region to 02 eV for Zn (9530-9750 &V) and 04 &V for Z¢
(l797| IBHO tV) l’nn-hcngaml ZnOandmgond Ze0,

d: d at the same
Mmlhn.ln'hfnrmd-l(—mpputmgwﬂdummm
wese aligned in eoergy, back 3 d, and lized
mmdpmpmlhklmwﬁwmlmmﬂn

Demeter Package. ™ and g
mmdwnmpﬂarm&ﬂmlhwdmwmd
using the Vesta software.

23,1, EXAFS Analysls Detalls. The g(k) EXAFS functson
and its Fourier transform (FT) were extracted and calculated,
nespectively, uving the Athens software from the D
package.”” EXAFS fitting was camied oot using the Aremis
code within the same acconding to the strategy

PANalytical wocking s Bragg~ 1 ¥r CqEIpE
wnhnCuKn.,‘Knywnm Th-rimnmpksm
d ins the &v-p d form in mode iing

a glass capillary (O = = 0.5 mm) in the 1090 24 range. The as-
prepared ZrZoS sample was further meassured ot rocen
temperature in reflectance mode with 3 fat sansple bolder in
the 10-140°7 20 rasge udn; 1/4 in. slits and & 0008 & time/
step n order to mi peaks overdaps. Lattice p

phases comsposition (26O, 260), and peak pmﬁlv were
refined using the Rietvedd method implemented in the FullProf

ly detailed m the ing for each investigated
zhovpdon edge. EXAFS fitiag procedure of room temper-
ature-spectra was applied to the average of two sequentially
measured data sets (each consssting of the average of 190
scans), merged after checking among the two
acquisitions. Foe darity, the origimal Espace spectea for the
three samplos are ceported in Figare 51,
2.3.1.1. Zr K-Edge at Room Temperature under Me. Fas
wire carried out in R space in the AR = 1E5-4.00 A range, an
lhcnoflhel"wtmlx(k)m'pednuud'onmdln
duu-u.ok nny?EﬁG"“m&hnplrmmdmﬂ-
fware was used to calcul

software”” Thempaoe-Cox-Hastings approximation”  was
u:dtodaqibedup«kslupefoﬂamﬂle d
reported in 4 previous work.™’

lndphmhlnpdfwxﬂ(hmulwhbwm
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Pagure 1. (a) PXID patterns measured for the thee ZeZo-N samples in transmession ndomgyuqdhqumhhnldw((‘!xujl-l
together

Difeactograms lor ZeZaS (bhse curve), 2eZa-15 {rml corve), and ZeZa-30 (yellow curve) are reported

with the comapeading reinal

ourves (dark gray) and difference fuectioos (light gray) between obaerved and calculated corves. 120, wan wsed & inpit stracters for the
refirmrment, +-Z10); 3nd 2700 Beagy reflections sev insbicatnd by ral sl bloe vestical sticks, respectively, (b) Unit cell vokane {f] symbols ) and
crystallite sine (eompty symbols) obuined from sefined bntice parameters wnd peak shape, respectively, foe ZeZo§ (blue squiee), ZeZo 15 (eed

diamond}, and 2eZa-10 {yellow triangles).

fvad PP file

At the Zn K-cdge, the most informative sample was ZeZn

(CIF) wnkhbla i |h- l&nm“ ZnZe-X lattice
were taken from PXRD Rictveld refinement (Tablg 1),

Zr K-edge EXAFS spectra for the ZeZn-X seies were fit
considering all the snghe (SS) pﬂn ibuting to
the analyzed Rospace range. A I
(M5) path between Ze-0{1) -2}, where 0(1) and O(2)
are the two axygens m the Zr first coondination shell {Figure
S4h) was absa inchuded, We artributed ind dent radial shifts
(AR) and Debye—Waller factors {a’) to 0(1), 02), and Zs,
while the same energy shift parameter (AE) was used to
wm:aﬂ&tmmpdn Tortdw!lbtn—nberd

and gful Ze—
Ze coondivation number (LN), ‘we  considerd chemical
transferability to impoct the amplitade reduction factor as 8
{097 £ 0.13) from the optimized EXAFS it of & refy

15 I p 4 the best bul b Zn Joading (best
sgnal-to-noise ratio) and phase purity (absence of segregated
balk Za0), as described In secrion 3.1). FT-EXAFS extraction
and fsting were therofore conducted only for this sample, S
(€86 = 0.10) optimized for reference h-Za0 (see Supporting
Information section 3, Figure 58, and Table S3) was exported
lntl!ﬁl.whﬂedﬁumtmmmndwumw

for thearetical paths caleulatives: (i) 4-2¢0; (P4
nmec) with the Ze* sabstituted by Zo™ (tZaZrQ,) (Table
54), (i) Za0 in the hexagonal (P6a) wurtsite polymorph
(h-Zn0)," {iil} ZoO i the cubic {F43m) minc blende
polymocph (b-Zn0)," and (iv) in the most advanced ﬁlmq
model (h-Zn0/Z:Qy), ZnO lusters ically bond
to the Zc0, m Stn and fit g dures ace
i the 5 g Enformation section 5.

L4
deccribad

tetragonal ZeO, (see Figure <$ asd Table S2). As underlined
by the Kroper=Vink notation'' in oq 1 below, in ZeZn-X the
Zz neighborhood is medifiesd by an axygen vacancy (Vi) by
the dopant Za,,.

(1 = )2, (x)2n, (2 ~ x)U".(x)V:, ()

Za doping was then considered by including an estra Zr—7n
SS path at the same distance of the Zr—2s one (3.587 A) and
by dewcribing the Sated dinaty with an
extra varable "Za”. Mvnblzwuaho-edmdmhb
weatest neighboe (NN) V,, {ie, expressi
dtheﬁm«n«hmnxhdlul-luﬂﬁmo l)lnd4-Zn/l
for O(2)) and next nearest neighbor (NNN) Zn (ie., changing
Zr coordination to 12-Zn)
2.3.1.2. Zn K-Edge at Room Temperature under He. Fus
were carried oot in the R-space in the AR = £.0-3.3/1.0-35A
range, on the FT of the ¥ 2(k) EXAFS spectra
:mulomud in the 25130 A™' cange. FEEF6 code
d in the Artemis softy from the D

2303 Ouster Slle Evoluation. Considering the un
our XAS ts (ie,

Debye—Waller (DW) thermal cumnbnuou. edge jump
optimized for both Zr and Zn edges), Zo0 manocluster
dupvh.b«nupmnmdbup)m Greegor and Lythe

formula, eq %°° was used to average P
dimensivn from the Zn-2a di b lting by
EXAFS fit.
CN(R) =
%(n-R,)’-M+Z(.mf+m’n_+a‘)m
()
where CN Is the d b daated as & functs
dthn&m&dlhcpmidv(m-dwhqﬂ-md)by
in the Inoer
nyoml =R, with a e aver inatod

ph ul’ndlmll.lnﬂwouurngm[k -R)

dngtw- mdwc&ulurmpllndumdphut As Input
for FEFFS i
mmmmhum““admdhuhbpd
tetragonal ZeO, CIF file described in Table 54,

<R <R

For 2 more detaied description of ¢ 1 and of the refated
parameters in this wark, the reader is referred to
Supporting Information section & (eq 51),

L L
A P Crem © 200, 125 22060020061
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23.04. Fit of M Situ EXAFS Dola during Cotalyst
Activation under H, During catalnt activation, 100 spectra
{each comsisting of an average of 30 scans) were colected at
the Zr -ml 7o K-edgts, EXAFS analysis wan casried out on 10
spectra d at Ty spaced temp from 310 to
673 K For clacity, the ociginal k-space spectes are reparted in
Figwe S2, To find the structure describing the whole
temperature evolution, the 10 spectra for the same absory

(Paguee 53) and & smaller unat cell volume (Figure 1b). The
amemnt of Zn effectively doping Ze0, littice, alyo reparted in
Table 51, was obtiined combining the Za wt % from ICP

(dopant snil segregated) with the ZaO wt % (wgregated)
refined with Rietveld metbod.

edge wure collectively fit. To reduce the mumber of fitting
vuhhquWﬁamwmdumkﬂnthmwm-kl
Moduodllybnﬂlmnsl ndahudynpplldlnhmv
for descnby daring th " Briefy,
lhonuddallw:mwulumbcam‘kmdngpnhunh
three p (1) a fixed temp ﬁuu.drﬁududu
exper I temp (11) the reduced mass of the
absorbe pair, calculated by IFEFFIT (hq)hmad
i the Artemis software), and () the Einstein
lhuhmmtlhmndqmdmnndonumdnw

In this work we K d em the lab y PXRD agths/
Bmits when | g cubic/ i ZrO, polymorpl
in comb: with the Zn infl mlnn:epmmcmxm
lpm-md the most intense/less broadimed peaks, the ZeZn-
5 diffractogram was d in reflection mode to avoid
wlf-al h and to enh the & ‘Illly of

weak - reflections (Figure 1), Both cubsc (Fmim)"' and

.|m ?‘;_<I‘.-- W
|

L — x i

between data sets buat only among paths, allowing a
drastic reduction i the namber of fisting i High values
of Einsteln temperature are associated with 2 Jower DW valize,
For the sake of danty, considering the oomﬂmyoflhc
Einstein model, and the p of
erroms, we d oulddnxnpeo{dm
waork the evaluation of the ooy affecting the %o fosnd DW
factoes.” Slnalb:!mnmmddmnudacdbeapmuﬂe
| phase evol during the analyzed | series,
uhmaﬁudm*edmnsmdmlmo(phm
transitions during the i iy experiment, a4 supported by the
overall limsted variatioos observed in both XANES and EXAFPS
regioms at both Zr and Zn Koedges

3. RESULTS AND DISCUSSION

3.1, Powder X-ray Diffraction (PXRD). As already
discussed in 3 previous work,” PXRD dffractograms for the
ZeZo-X semes, shown in Figure |, comtain the same Bragg
reflections, desplte a series of extra peaks in the ZeZo-30

mated with a hexagonal ZnO extra phase. The
common Bragg reflections were snitially ascribed to both cubsc
(Fm3m ) and tetraganal (P4, /sme) ZeO; polymorphs. The two
stroctares are simply not dscenible from their diffractograms,
expocially in the case of nanosized crystallives, as evidenced by
Rsetveld reﬁm:mem [Fm 1b, Table Sl) Indeed, in this case,
pesk b b | overdap of reflections
(eg, the (110). and (002). Bragg peaks which occur at 35.18
and 35287, respectively, are convoluted In 2 singhe peak not
&ning;iihbln from the (002), potentially occurring at
3512°),

As shown ebwwhers,™ in view of the presence of XANES
features at the Zr K-edge (Figare 3) related to the tetragonal
220, polymarph {-200,), this stracture was used to evaluate
lattice p phase position and crystaliite size for
dledununlym by Rietveld refi of PXRD p

Intensity fa.u]
=

nii.bbikn ®© e 10 ue 130 W
(9

Figare 2, PXRD pattemn of 20Z0-5 nwavered i reflection mode seing

s ghio fat bodder collected in the 10+ 160" 200 cange. Experimental

M(thm)mldalmdmwh(a)mgmd(ndmm)

(b) (wln- wn)mmmpu-lmﬂncm

d and calcobned curves i d below

each “umg"m (thin gray curve). Tetragonal (102) refection &

showed i the lnset, 1210, and o 2O, Mg celections e indicated
by green vertical stacks.

setragoeal (P4 nmc)"’ 200; were used as inpat geomsetries
10 refine the pattern by Rietveld method. valves for the
Lattice paramseters were simply calcalated from the (002),, and
(200), Bragg reflections at 34 and 50°, respectively. Refined
axmlnFlgmtlntnmapoddeﬁlwnm&m:h

both the imput ge Neverthelew, the diff
displays a weak pnk at 43" (Figure 2 imset), -hdl is not
expected in the cubie while It ix Ind as (102)

wsing the tetragonal polymorph. Nm&dul,d\ca‘um
tioned fingespeint is Intrinsically weak and cose to the nokse
level. A more carvful analyss of the XAS data proviowsdy
reported was necessary to complementary solve the catalyst
Mructure.

3.2. X-ray Absorption Spectroscopy (XAS). 32.1. Zr K-
EdthAS..u.ll m&mmmdm-lm

P dl at room temp in He

ported In Figure 3, nogedmwuhd\mn‘mmdlmcnd

meastired I tranemisson mode (Figare 1a), The h-Zn0
(P6,mc) phase'" was added to refine the extra reflections In the
ZeZax-30 pattemn, The obtained results, published in a previous
work, ™ are reported in Table 31 for darty. The efiective Zn
doping in the Zr0); structure can be simply verified from the
terplanar spacg o, /5 (where t- and ¢ stasd for
tetragonal and cubic, respectively) and the sefined lattice
parametesy. As the Zn** sonic rading (060 A) is smaller than
the Zr* coe (084 A)" hugher Zn loading consistently
transdates into 3 Jarger shift of the reflection to Bigher 20 value

totragooal ZeO, polymarphy, as Edige position,
giving lmp ‘o the sbeosber atom oxidaty
nu-.hobwnudumrgytwmld?.v for all the samples.
The white line pesk is spit into B and B’ features, while the
multiple-scattering feature C occun in the postedyge region.
ﬂmmhm&gawmnﬂowmtosﬂydhmh
d and
ﬂmeuMuMmrwuhudmmslnmhm
reports, "' it 1s posable ta nal/cubsc
lymorphs fram the p {absence ol o pre-edge shoulder

Liaadd

R O e 1 1B A i e
A P Creey © 200, 125 2234020261
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Incident energy (V)

T 10N

Faguee 3. Stuked representaton of Zr Kedge XANES d =

VI ) e

prary gacts of Ewenghied

&uud‘ (a) Magnrudy and (b)
d FI.EXAFS 'lnlhkmgeo(u-lm

room tempesiture (He atmosphere) for the three ZZa-X samples,
ZrZo-$ (hdsw), ZeZn-15 {red), 3nd Z.rh-!ﬂ(y-lwr] are mepresemed

hes with sef agood (gray dusic (brown)
710, polymeepis. Tap left inset nommlwd detad of the white-line
pesk. Bottim eight isset: XANES it derivative eshuncing the pre.
edge fosture related to the Is — & transnon,

(labelod 2 A Fguwre 3), more visible considermg the
XANES first duivm [FI‘III( 3, bottom Innﬂ) Thes feature
wias initially attributed from

for ZrZn-S (bhae), ZiZe-15 (red), ZeZn-50 {yellow), aod
seferemce 1-Ze0h; (dahed gray), (c) Emaginary part of the individual
Ze—2r (Back) and Ze—2Zn (green) scattering paths generated by
FEFF6 optimiced siter the f& uf ZeZo-30.

Comversely, the second-shell peak displays 2 lower intensity
Mhlwhmeuhmtboywnh‘m
i disorder m the Zr local coordination

t. Most imp tly, the peak Intensity Is

a2
(44 mdnbwqmd,muﬁmedbom lbleKedgc)b\NB

progr ly abated # Zn dopemg mcreases (Figare 4a), A
wparison of the y parts of the Zr—Zr and Zr—Zn

studies by Li et al™ to sem froem o 1v = 4d
characteristsic of +-Z¢O,. In the latter polymorph, Zr
coordination changes from ZeQ); centrosymmetric wait, typical
of pyrochlore-like structures (Le, ¢Zr0,), to a distorted ZrO,
ooe.'l'abmcponmlh:nmmmmh—omm
vivalent tetrahodra, where four oxygens are
(N"})mm&mmdhuueﬁma(ou)) {Pegure
Sa). Anlw'nnlkvimlhﬁ;wc\,lhl,mcdypnku
observed for all the ZrZn-X catal
:hcuduo(unpludwmpndnynﬂhboxmm
Notably, these indicatons from Ze K-edge XANES |

M {Faguee 4¢) exteacted after EXAFS
fitting in  the representative case of ZeZn-30 (vide infra) shows
that they cancel each other out perdectly, linkiag the chemical
Zn doping in the ZeO, strocture with the observed intensity
decrease of the second shell peak in Ze Koedge EXAFS.
EXAFS fits started from 2 tetragonal ZeO; model, weed as
initial geametry input for the refinement. The whole
proceduce, described in detail ill section 2301 aed in
Sapporting Information section 2, fed to the best-fit curves
npmthnuun&Apdwwobmnth
and i

,md&:ﬂ’ml-'s;pmwhm

@ L i~ iy
curves. Phy

those from PXRD, with respect to the weak (102) refl
chn;ml in the higher-quality pattern of ZeZn-5 (Figure 2,
lmset

mmhmgcmdﬁhlnthk&dgt(ﬁgn \1u|um-l)
spectra could be also indirect], with the 7
buhNNN,nMﬂmmlhmonbylhtZrmdAK-*
EXAFS fit {sections 3.2.1.2 and 3.2.2.2), The main edge width,
also described as the fwhm of the fest derivative main peak
(Frgw-l,bmmb-n).hm“ of the absorbs

wl vaboes for shifts, radial shifts, and DW

ﬁmn a’)mfomdmaﬂm;Naﬂy,ahlﬁsﬂ'n&
for NN Of2) was obweeved in all the samples, a5 well & in the
reference t-ZeO, (Table S2). This result; slneady documented
i previos literature for 260, s ancribable 1o the farther
spatial position of this from the Zr absorber. In fact,
even lf D(l) .\nd 0{2) positions are orystallographically
inguivhable from PXRD, then the Zr—

In p lar, & higher & y Is
:pvdodlomﬁmmnmmll«ﬁm nkrlwtnm-npnk
fwhm. In Figures 3 mset and 56 (Supporting Information
sestion 2), we obeerved 2 fwhin increase at higher Za loading,
showing that the presence of Zn distorts Zr NNN environ-
ment.
3.2.1.2. EXAFS. Phase-uncorrected Zr K-edge FT-EXAFS
are reported in Figure dab, Similar features for the spectra of
the three ZeZn-X catalysts are observed. The two main peaks
located at 1.5 and 32 A can be safely connected to the NN
Ze=O amd NNN Zr=Zr 55 contributions. Az already
reported,” st room temperature the Zr—O peak subshell
strocture characreristic of 1-Ze0), & not evident from qulluuw

0[2) m & lugher (237 versus 206 A of Ze—0{1))"'
Rowring the boad strungth and thas Jeading to a dight incresse
im the c viu.“Zt—Ztndb—ZnSSpﬂu
stasting with the same distance were considersd for the
second-shell fitting, It 15 worth noting the higher valwe for the
2a & factoc in ZeZn-S, in line with the low Zn concentration
m this sample, which complicates the optamization of the Zs—

Zn scattening  contribution I the ing EXAFS
spectrum. The contribution of each was modalated by
finkag the Zr d ber (CN) with NNN Zr/Zn

wsing the “Zu” variable as described sbove. Even il EXAFS

CNs have a Banited accoracy (=20%), then the obtained

B(AFS mulu yhldnl amounts of Zn chemically -:«Jlng
with those cbtam

Mnamemsmmmwpd ity is
i A ek ey v

(-

qmdvmb!hntohmdhnhlm,mblmm

! annymmdmpkmuylm
lml’XRD(Td-lvl) However, a general underestimation of
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Figure & Eaxpersmestal (colared Tnes) and best &t (dashed gray lines) (2) magnitude sad (b) imagnary pasts of the Foweightnl, phase-
uncomected FT-EXAFS spectra for 2e20-5 {Nue), ZeZo/15 (eed), and ZeZn-30 (yelow).

Table 1. Results from EXAFS Fit of the ZeZa~X Samples Using Tetragonal (8-2Z0-X) and Cabic (¢-ZeZn-5) Stractures as

Input Geometries”

surgle '“." tlctals virtnw cdring
it R facser omr e omss 0
N (N W16} 1001¢) Wi6) w16}
Al (V) “A\s Ly ~19 212 ~MM e B S K
MPAL e R e

Q004 &+ 0002 ey = neor? QoI+ 0mis

Colh) o011+ 05 0005 + 0003 006 + 0003 A & 00,
Ry atA) 142 » 082 Asl g 0u2 A0 » 003 L824 00y
(A PO0K £ 0.00F 007 = 0004 QOIS & 0004 0004 & 0001
Rean (A 136 2 000 558 ¢ 0 EE T 15K 4 004
o (A QO0IT & 000V 0008 & 000N 0005 4 0004 ~20NT & 0004
s el 16200 EL P 15207
Zaloading {wt %) EXAES 29 12g% (TR
2 losding (wt W) KI/PXRD ] 15 ¥ (x2)

“Fit veas camrsed out in R-space, = the range of 1.15—4.00 A, on FT-EXAFS specima
seduction lctar (5,% = 097 + 0,13} impoeted from refecence 1200, was fised = all cases The
& factor, mamber of parameters, Zn—0/Zc/Zo radal dstance are reported

independent parsscters JARAL2 » 16
single ane for - ZeZns an = the cubec poly

tramdormed in the 25—12 A" E rangs, resulting in 3 sumber of
Mrﬁd&mmdf&mmmmhthbx‘oda

ph Zc e
Q(1), and foar farther, ({2} The
related Zn weigh

ded by gt oq
mpumb«o(lnmucumubNN\lmepomdthwlk'ln panametes, whie the
t percentage fur cach Zela-X catalyst e caleulated frem ths value.

oxygens while in the tetragonal cee foar axypes are doser,

Zarloading s observed, which will be rationalixed in section
323, n the view of EXAFS analyss at Zn K-edge.

mZt-O(IJIO(I]MndIm‘tbna 210 A and 2.24~
228 A, ively, with each subshell inchadi 4(7.»12)0
atomnic nesghbors. Conid that the ob d values for
m—ommz.—mz)wmmmm;
errors, we can btained by
EXAFS as rehiable,

We also attompeed a test it of the ZeZn-5 EXAFS spectrum
tmberg 48 um‘h\pu the ¢- 250, model, Even o the calculated
curve sats ily hed the experi ! une (Fagare 89),
fie results b reported in Table 1 (last column) show a
substantially higher R-factoe and & negative value for o,
eaking the fit unphysical. Additsonally, from a structural polnt
of view, we can observe that the Zr—Zr distance resulted from

322 Zn K-Edge. 3.2.2.1. XANES, In order to deeply

d d the local d and of Zn atams
doping the ZrO, lattice, we mitially focused on the XANES
regon of Zn Kedge XAS spectrs, measured quas-simualta.
neousty with the Zr K-edge vaex The spectra of the three
ZsZe X samples are reported In Figore 6, together with Zn K-
cktm“mofbmm.&-madfﬂnfmm
The edge posi the ouids state of the
mmwuaum.mdu"mmmm
Typical h-ZnO spectral features, such as the main ahsorption
peak B and postedgs C, are recopaized in the
XANES spectra of all the ZeZn-X samples, However, shoulder-
ke featores (A, D, and E m Figose 6) present i hZnQ are
sbstantially dampened in the ZeZn-X catalysts, puinting out 4

this test fit is significantly elongated with respect to the starting
wput value, underlying that the cubsc structure 3 distorted to
approach the tetragonal one. In fct, in stabilized cobic Z:O,,
Ze—Zr distance evaluated by EXAFS was repocted by Li ot al. "’
to be ca 155 A, while 362 A is & value more ssual for t-Z:O;,

higher defe y. While for ZrZn-30 the presence of bulk b
200 wis observed by PXRD (Figure 12), a the case of Ze2n-
S/15, we camnot specifically comnect the ZoO phase to
wurtzite or 2l blende, since thelr XANES spectra are very
wmilar to each other.*
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locally malntaiming a ZnO-like geometry. In osder to describe
Za Jocal i two main bave to
be deved: (i) 20" substitates Ze* Jocated in position (1/

L T T T )
Incidant anergy (eV)

Figure 6. 20 Koedge XANES (main panel) and phase sncorected
\mghvd FT-EXAFS (inset) traosformed in the 2-12 A™' &

4 a1 oo {He here) for the thm Lk
X samples. Specira d?ﬂns(um) Ula 14 (yelow), and ZcZn-30
(red) mw shown together with those of reference 2200 (dashed.
black) and Zn metal fod (dashed gray). FI- EXAF$ of Lidns s
mising due to the Jow abearb dle from
Fgaser STh,

EXAFS npon As mmnwnd abave, within the limitations
dhy q data callection at Zr and Za K-
edges, -ndrubl- FT-EXAFS spectra were obtained for the
ZeZn-15/30 samples (Figure 6, imset). In the specific case of
Z520-30, the contribotion from segregated bulk ZnO,
highlighted by PXRD (Frgure 1), canoot be easily excluded.
Notably, as reparted i the Introduction, the catalytic
ies of the three samples are not differeot,”
Hence, considering the kspace data quality (Figure 515) and
absency of segrvgated phases, for quantitative EXAFS refine-
ment we focused on the ZrZn- 15 sample in onder to selectively
access infosmation on 7o stoens effectively doping the ZeO,
matrix
As observed fram the Zr K.edge FT-EXAFS (Figures 4 and
), the unit cell volume decreass (Figure 1b), and the (101)
Beagy peak shift (Figuse 53}, Za™ effectively dopes ZeO); while

4 34 1/4) in 20, (P4nme) adapting its interatomsc
distances to the hoat lattice, thus fomming an ided +ZnZeO,
solid solution (Figure 7a) and (u) Zn®* does not adapt ms
mteratomic distances and farms 4 ZnO duster embedded and
chemically bonded to the t- 260, matrix {Figure “bc)

Thcﬁmuummﬁku.mmmmd\utlro.
lattice, Za should di Ly
(Rn-g = 320 A and Ry,_p, = 3.59 A) From the qualitative
analysis of the relevent FT-EXAFS spectra, we note that Zn-
Zr \oteratomic distance does not reflect the value obtained
from the Zr K-edge fit {Ry, . = 3.5 A). Indeed, the Zn K-edhge
phase encomrected EXAPS second shell peak powttics (Figare
&, inset) ocours 0,3 A below the ome at the Zr K-edge (Figere
S). Furthenmore, an EXAFS fit carned out using the +ZnZr0,
strocture to reproduce the EXAFS of ZsZo-15 (Tabde 55) led
10 meaniegiess results, incloding excessively high radial shifts
and a negative o'y, valve. Token together, these lines of
evidency allownd us 1o safely rule out the ideal solid salution
scenario,

In the secomul cave, we should assume that the cluster
dimension consists of only few ZnO anit cells, smaller than the
PXRD detection limit. We imitially described the cluster

using (1) ) L ( ) ZnO (Pbync), h-Zn0),
and (it} cubic (zine bl:ndc) Zn0O (R)m), c?.no, whzn n
both cases Za 280,
(Fegore The).

EXAFS fit in this case yielded physically mesniogful resals
(Fagure 511, Tahle §5). While the oxygen tetrahedra in the first
hell of the two sructures are very smilar (h-3y, o = 199 A
and cBy, 5 = 200 A), the main difference anses from the
scattering condributions in the second shell. Indeed, in h-ZaO
the 12 NNN Zn are located at two different distances (b
Riw-zaiy = 320 A andd bRy g0y = 324 &), while they are
equidistant in ¢-Za0 (-Ry,_g, = 327 A, see abso Figure 57
and Table 53). Anyhow, based on previous repoets,™ in the
case of nancatructured h-Zo0) only one Zn-Zn SS path with
CN = 12 could be safely considered. Fit results in Figun: 511
and Table §5 show an slmost shentical fitting quality using
both the he and ¢Za0 structures. Bestfit o'y, values are

W B

Figure 7, Structices wed o5

metres ln Zn Kedge EXAFS fins foe 242a-15, Unit cells of (a) tetragoaal 20, {

lnput geamy space group Py littice
.:mA-uuson fram Table 51) substamed with Zn; (b} h-Zn (Poyme; o = 325 A aad ¢ = 521 A)" aed () €220
(F3m, 2 « 463 A)." Zine (gray), eiconiem (green), and oaygen (red) soms are represemed by cokoeed spheres. Oxygen partial occupancy in

model () is represented by noafilled colon

et e )
AMO-I € 0%, 125 229022261

171 |Page



The Journal of Physical Chemistry € DU e 009/ PCC | Anicle |
wyummmm“m“m 8 As ob d in Fiyguee S11, even if h-ZnO gave the best ft

ring the J lered nature of the proposed for the exp I spectra, then it does not fully descnbe the
Y2 ol hemically b “hﬂhbﬂ,mamx.ln- scattering features located in the 3-34 A range in the phase-

Za ON was refined to 4 + 3, & value far from the ideal bulk
canMoq,mmpondm;mCN-lz cm«.&,mm
mfxwio—bull mw' As

of 280 . ol the
unf»«oftb.lrln-me(mmwwrvdlnmumlam
other warks adoy ds, was not
chuwdl‘mhtrfmmhm naor from STEM-EDX
analysis.”™"" We then considered the ZnO dusters as
nnh&din&cm,munhorﬂypﬂddnmﬁw
of Zo0 dusters with a given
dawunhmldbmdmln ~Zn CNy measured by
EXAFS. According to Agestini et al,” only by extending the
EXAFS fit at least to the third coordination shell we could
obtain 4 reliable three dmensional e In our case,
within the available data quality, typical of a catalpsis-onented
mmupummywp«duldmhnd\em&wlhe
wecond-shell region. Thas, for the following uuly'u. e

uncorrected FT-EXATS spectrum. Having assessed the
presence of h-Za0 dusters enbedded in o ZeO, matriz, a
more careful fit of Zo K-edge EXAFS spectrs implies 1o

stder the interface b Z00 cluster and Zr0; matrix
Sence the Zr—Zn scattering path was consisteotly observed
from the Zr K-cdge EXAFS fit (section 12.1.2), it is also

hitf 1 to der the p of this path in the Zn
EXAFS fi, Aummllymmhdmﬁbwﬁlo(hhﬂ/
ko;mo&l)whnw&hk-dpwm

n el b at shoster distance from
(l)nbmummmwuucue(h—m)
and two b at di from (i) a Zn
scatterer on the surfice of the cluster and chemically
coneected ta Zr (Zn~Zng) and (iii) & Zr scattervr (Zn-Zr).
As showed in Fygure 9 and Table §7, considering these two

mumwm&m while the relevant &
with those p

approximated the duster shape to a sphere. As d in
several previows works """ under this plausible assumption
humﬁwwsmuwwyMno
the duster sre. As llhmnml in Frgure B using the Greegor
and Lytle’* e , we d d an average cluster
ndimofl)t7Afwthth~l5cad1u convistent with a
PXRDusllent nanosized phase.

|

S vl i iy ey b ey i
104
44
o
a

24

Pagure 8, Relation berween coordination member aed closter radms
M-lqdnﬂmgudlﬁwnﬁhhm
scticn 0) Za—Zn distance
buﬂbyEXAPSLm-annbmud-t—ﬂubm
Indicates the wea where ow eapertmental data are bocated (CN « 4 +
1), Dasked line indicates the coordaation wamber bulk it {12),

d using
Ihlsvnplubz"omdclﬂublnommnwal
again evaluated from Zn~Za; ON {Table §7), resulting in 11
= 5 A, which i in Jine with the 13 £ 7 A value previoudy
ahalmd (Tabde “) At the same time, the so-obtaised radial
by and DW factors have
physically reliable valoes, Le, Zn—Zr and Zn—Zn,; paths are
longer than the Zn—Zn, ooe, confirming the presence of 2 b
?J!O/Zro,mmfm Ihﬂlhlmcrohdwhldiwﬂlln
3 1 it the foDows
323 ms«ummmmu,z:ndux

edge EXAFS amalysis of data obtained at rocm temp in
Hem&dadmmﬂl&mnd&eumnd
yot in 2 dyst , # would be of

Persp
4 i, i)

abso g the
nﬂubdomhmatogu.aﬁammmmuu
high temperature under H,. Asafnc!mmnnned the ZrZo 15
catalyst showed the best comp signal quality
(Fg\n-u S1b md S’b) and catalysis properties. We then
our g on the m stu XAS spectra
obtained at the vadlnl(-mlgu during sctivation foe this
sample. Despate subtle intensity lodses, the XANES regions of
Zr and Zn K-edges of ZrZn 1§ catalyst did not chaage upon
the activation procedure (Figure 512), indicating that
oxidation state of both Zn arkd Zr was not modified by the
activation protocol, In the following, we then describe the
results and additional insights cbtained from the analysis of the
EXAFS region of Ze and Zn K-edges.

W\‘ ¥
> B
&l ul
Pr———
1 i 3 o 2 3
Radal discance (A) Radiaf @istance (A}
I 9olid coloeed line) and bes fit (dashed gray line) (& <) de and (b, d) insaginary pans for K wegghted FT.EXAFS

Figure 9. Expenimental
of Ze2n-15 usweg (& b) h-Zo0 and (<, d) h-Za0/Ze0, (Pigam $10) as the Inpst stroctore

I 18 11 g e
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] z 1
Rachal datance (A)

1 2 3
Radial Setance (A

de and {c, &) mmaginary parts of Ewaghtel phase ! FT-

l‘vwl.Z’K-l'(gc)wml-d(\\d)hu&.(\L) M
EXAFS of Ze2a15 (bl

lnrdhnu)h!hummquu-mm"(.'ng-uﬂuﬂ

g fow. Fits aee

mvﬂnnmdnlunpofl&—l)k'mdkuugnﬂoqﬂl Dwtails on the fit yewults are reparted in Fygee S13, S14 and Table 56

1 2 3
Pt diwtance (A}

F@nll h&*(gd!ﬁpﬁmﬂ.ﬂlﬂi J)uhd(;b)w.d(cﬂmmdl’w@t«lnmdhbls
2y (Nuiwrdllm)-&mmmwm'CnnymduM,wlw Magniication of the second-
-lnllwnhrq-ﬂ.d-ﬂ-h-m Fits are carvied mut i the & ravge of 2<12 A" and the R range of 1.0-4.0 A. Detads ce the it realts are

reposted in Figere S15 and $16 aod Tables 57 and S8

3.2.3.1. Zr K-Edge. Duning, i, the phase. d
WEXAPSMleK-dgrnFIW 10ac showed a
with the | of the
thermal coatributions to DW factors. The same t-Zr0,
structural model described In section 3.2.1.2 and Supporting
Information vection 2 (consdering Zr—0)y and Zr—Zr/Zn
scattering paths), was appled 1o each dats set at the ten
different temperatares. Complete detads on the fit parameters
can be found i Supparting Laformation section 7. The best-fit
spectra in Figures wb,dand&lh.bnmpodw
with the d data, well describlg the Ze= 0y and
Ze=Ze/Zn shells’ mumyhuandMDWﬁcm(hnu'
N14a) showed s linear trend rising with tensperatuce, while the

graphical ison by | and bestfi1 curves
(Fagures 10 and 513), the <om\pomﬁt; Rfactor values
(Paguse $14c) confir the reliability of the adopted fitting
model.

3.2.3.2. Zn K-edge. Ihase-uncorrected FT-EXAFS at Za K-
edge fed during thermal acti in Figure Llag
dhawed & d of the first- and secoed-shell
mitensity related to the increase inD\\'fxm Hv\nwr the
wecond sl a
amm&mum&mmmm&m—?aza
A, phase-ancorrected), previously wssociated with 2a~Zn,
scattering path, slightly loses intensity, Conversely, the one
at hlghu distance (ﬁs 32A), ), semming from Zon~Zr and Zn~

2:-0, - radial ﬂnnxu (Pigure S14b) ined

the effect involving the Zr=2r and Ze~
hmun;pah(l’npnk}udﬂlemoflhwm
sqare displacement, directly related to the DW factor, we can

i

i to the h-Zo0/ZtOy model
dnmbdlnlhynﬁomndmthﬂ'hwbuwvdmuuﬂn
convolutes with the former one at high temperature. As shown
i Figures 517 anid 518, considering the simpler h-Za0 model
for fitteng the spectra during activation, the second shell
temperature evolution would not be dexcribed, leading o

physically high DW factors, larger errors for the radal

Justify that their radial dt shghtly up to 8
the same value, showing that at high temp we cannot
safely dstinguish between their relattve position. The evaluated
Finstemn temperatures for Zr<0 confirmed the of

mngsZr—O.mdmkaZt—O“hondstnllmwmthe
results discwssed in section 3202 Coosistently with the

3287

i and unrelable R-factors, The presence of Zo-Zx/

bZn.nnmngpﬂuaﬂpﬂngﬁom&eth/?‘O,
mterface must then be § 0 describe the

o

L L T e )
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dependml emluﬂmofEXAPS signal s the second-shell nfumuonﬂumdbycouph.lCPndPXRDreﬁmmh
rogn. son of the ZnQ claster easily e by widesp y methody, bet it does
ﬁm.mmmmnamgkmhudp&m&blaﬂ not pmvidcdltﬂullnﬂgl\umthtbdopmm
the dats set, while radial di wore left fent for all C ly, the Zn-leading-d intensi in
thepalhn(hedans«.‘l'h:ﬁm‘—‘gwu uc.dndClﬂ hK—edgeamnﬂahdpe&Mdmml’Ssmmm
shanes a good agr with the rxpers | data, the guost—host ¥, proving that the
hupodnang&emudlhtﬂdmm Hut.lluph!alnh Zan atom Is not Wudctnyrtpnedonm
h in the doction of the fimal intemwity, the three buat is chemically bonded 10 the oxdic matsix,
connﬁnnomof?n—ln‘. Zn—Zn.,den—Zrdumbedmll The p of embedded Za( n {Section
the i y variation of the two § during heating, 12.2.2) explain the usderestmation in the Zo wt % obtained
their convol at high teesp The so-obtai ‘DW from the Zr K-edige FT-EXAPS fit (Table 1) with respect to

factory (Fyguen S160) showed a linear increase with temper-
ature leading, in the case of Zn—Zn,, to quite high values but
still comparable with those obtained & room temperature,
%bly.dulnghumglhm-wnamhdm
vartation in the fisst disation shell ¢ ly, at
m:rmmthh—hdbmnmwhmhmwd
are optimtzed to almost the same isteratomlc dstance
(Figure 516b), while 2 disti i i
scattering paths odginating from the coee of the ZnO cluster

whiat wan found by 1CP and PXRD Rietveld refinement. ls fact,
the shell intensity can be inflococed only by those Zn atoms
which ase located an the Za0) cluster surface: the bigger the
Za0 cluster, tive bigher the nnderestimation of the wt % Zn by
FT-EXAFS.

As mentioned in section 3.2.1.2, i our Zr K-edge EXAFS
analysis, the varable “Za" used to describe Ze—Zn and Ze-2r
TN was also simmltaneously used for Zr=0 CN (e, 8 = Zn).
CNandDWb:mnMonndu:m!heEWSequm;

(Zn=Zny) aoxd from ity sface (Zr—Zng/Zr). As b d for
the Zs K-adge (see section 3.2.1.2), the so-mtroduced Zn—Zr
scattering path is in antipbase with the Zin=Zay, which would

led to a stroog coecredation between their CN, DW factoss,
and radial distances if the Einstein model would have not been
applied. The evalusted Za—Zn, CN (8.6 + 1) (Tables 57 snd
u)uumwm.mammmmdngs&m

good agr with values obtained from the EXAFS analysis
of M—llmpcruun Am. RM of the fit i furthermore
for Zr—Zn

(269 + 24 K) and Zai=Ze (mzux)muwu-u.(m
+ 25 K} and Zo—Zn,(174 £ 26 K) -umunfyath('l'au:
S2), The larter also matches literature values,” As showed in
Talde 57, 6t reliability s additionally mnﬁmm! as values
obtaned a1 312 K/H,; and 300 K/He from fits carnied out with
and without the Einstein model, respectively, are entirely
comparable.

Noteworthy, the same Zn K-edge second-shell dynamic was
cbserved In the FT-EXAFS of ZeZn30 catalyst reposted in

 the simml fit of Zr—O and Zr—Ze/ Zn with the
mum&hmmhlmndﬁthty'fknmnl’
the catalysis-oriented in sty XAS experiment does mot allow us
to quantify Vi, Nevertheless, as shown in g |, each Zn
generates a Vg, Jeading to an average Zr—0 coondmation of
ZO, 5, (where Zu s the same variable refined in the EXAFS
), which would wnlikely form a stable +200, phase. We
should then coasider that the average Z:O, . configuration
detected by EXAFS must be realized by combinations of ZrO,
and ZrO,, (where x = 1, 2, 3, and 4) polybedra which host
the Vi, mest lkely localived a1 the puriphery of ZeO,-
embedded ZnO clusters. The fwhm of the XANES feature A
(ﬁ;wu\).mﬂmmunlvla.dpmmy shows that 4
of Zn d the ZrO, double
L Ava th‘l‘_ b

WS:p«mlhmde@ofﬁnm}mm

4 ddering the | of Ze~Zo and Zu—Zr
g paths, respectively, for both at roam

Figure $19, The spectra, collected under the same wudnwm
as for Ze2a:15, showed a thermal DW factor induced
Tosss fior the first- and uwmhhdl peaks, In |hc latter, even Ja

i He and in sty temperature.dependent daty
collucted during activation in H;, These results confirm that Zn
doping ccours with formation of ZoO clasters, the surface of
-hd:hdvmlnﬂyhon*dwdnbo;mmﬂ.&nlylsl

gec Zo~2a greg
hOyhmnletuMMalHdlhmpmhu!b
signal strocture follows the same dynamic discussed for ZeZn.
15 In the ZrZn-30 cae, we could not sifvly it the EXAFS
spectra, since segregated bulk b-ZnO was observed by PXRD
(Figurv 1), Howver, the quantitative resshts obtained using
ZeZo1S allowed ws to qualitatrvely interpret the EXAFS
specttal evolution far ZeZn-30, l!u st active uuly\k u
from the I
lmuMng the cone (Zn-h,) and tiu surface (b-Zu,,/‘lv)
of the ZrOembedded
3.2.4. Implications for ZnD Clusters and V; Location. By
combining ICP -ulyus and Rietveld refmement of PXRD
data, we g d the of Zn loaded in
the ZtO, strocture adm the bulk ZeO contnbution
(Table S1). In parallel, via Ze Kedge FT-EXAFS we cbtained
indirect imformation oo Zn dqung from |h4 n«mdwh-ll

s to n Zn Kodge EXAFS
mnofﬂnwmdu&dym‘wwmthnm
mixture (CO,/H;) under catalysis relevant conditions. In this
respect, some inherent lmitations should be

mainly relited to the following facts: (1) The catalysts
presented a relatively low surface aces (46 m/g)." (ii)
COy/H, mummnmhludb&mnalﬂmﬁm
(iil) XAS i & malnfy bulk-sensi haekess, an
Mmfwvsmmm&nmmkmdmh
Zn K-edge EXAFS spectea collected before and after the
reaction, carried by sending a CO,/H, feed at 300 “C/15 bar
over actreated ZeZn-1S and ZeZn-30. Notably, the scattering
features previomsly assgned to the Zon—Zny, shell, originating
from the ZnO cduster core, is unaltered under reaction
conditions. Conversely, the EXAFS frature stemming from the
Zo~Ziny/Zx contrbwutions vanes after the reaction, suggesting
that &m- mnmng pothy are those infloenced by the

of adsorbed

Intensity Joss (Table 1), The Zn
wstracted from Ze<Zn second shell fit is asociated with i
weight percentage (Table 1), which despite a shight ender
estimmation falls in Jne with the values in Tabde 51 The

reactants and products. These
Whmp.bdlq!h-quﬂhmm)fm«fhm
EXAFS data presented in section 323, consistently euggest
that the interface between the ZnQ duster and the Z:O,

I O a8 10 g e
A P Crem © 200, 125 2206020061
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mnqum&emmmwd CO, hydrogenatian, EXAFS fitting for reference h-Zn0; test Zr K-edge
where events ) EXAFS fitting of ZeZn-5 usbng 4 ¢Zr0; mode;
H.MMCH:ORPMMMWPHG additional details on input stnactures employed in Zn

K-edge EXAFS fitting; additional details on cluster size
4. CONCLUSIONS

lnlhpnunlwwknmbﬁwdmdeASwhhu
step further in the fundamental understanding of Zn-doped
,walym.aummnnl(‘()md(,(),mm;mﬂa
XAS data set, even if d in 2
experiment (Le., mpmdmdmdmﬂwpudm
htumlmaqp&rymnnnmmcmpeumww
), showed 1 great p 'fudmfylngﬂth
dopodho.um«* fysis of
dmuhudhl(edgn%ﬂelbelro,d(.,,,lng
reflection shift was related 10 the presence of Zn n the ZrO),
lattice, the t-2cO, fingerprint peak identified by PXRD, close
to the data set moise, cannot ansmbignowsly identify the Ze0,
polmorph. However, by coupling analpsin of Zr K-edge
XANES preedge features with EXAFS fting, we safely
confieved the presence of -ZrOy, In addition, Zr K-edge
EXAFS it revealed Zn atoms chemically bonded to Zr, while
bl{d‘lmf‘\mml-dlhtrumdhkhﬂdm
Since previous measurements™*” did not show the presence of
200 manoparticles on 2eO; sarfice, we assumed the Zn0
cluster to be fargely embedded m the ZrQ, matrx, with only a
minee fraction exposed at the catalyst surface. Broadening of
the size distnbution cannot be accessed by EXAFS, while
details on the cluster shape could be only accessed considering
o fit extended to the thind and fourth coordmation shel, which
would be unrelable within the available data quality. Howeves,
under the sphesical shape approximation, we were able w
estimate the average radivy of ZrO,-embedded ZnO clusters.
In paticslar, & Zn~Zn CN walue far from the ideal bulk
condition, was refined from Zn K-edge EXAFS analysis of
ZaZev 15 (15 wt % of Za doping). The relation between the
EXAFS-determined CN and dastor Jlmcmnoa was calculated
by the Greegor and Lytle age radius
dll:SA(o’l!t)kmhnldfmmlh-malmn(hm
XAS data), small enough to escape detection by PXRD,
Careful analysis of the v sine EXAFS data shows the presence
of Zn-0~Zs interaction from both Zr and Zn K-odges,
suppocting the hypothests that Zi.doped 2r0, catalysts
consist of ZnO dusters chemically bonded o the ZerOy matrix.
It is then the Zn0/Ze0; Interface, where V,, are mostly
located, the sctove phase taward CO, hydrogenation. Mose
than i g the Zn improving Ze0/ ZeO, interfa
m-Mmm;duvaemmmmnh
aulynumq'rahn ether, this evid , des, to the
best of our k |h¢‘ dabl
uubvu M&an dw

X-ray methods peobing loag ranponhtmdbmlmmm

mixed metal cxides, the obtained insights pave the way to the
IW"“_' 1 L' 3
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been limited to the prodoction of echer olefins or aromatics,
with tho rest of essantial hydrocarbons twing barely smdbed
This = of particular snpertance o fur 2 real crcular carbeo
ecomomy (CCE), other commen bydrocabons sod fuch
shoold be as well prodeced via CO," One example of essential
hydrocarbon -leuluund-pvlum.

Fropane b days p J s al duct i two other
p oatural gas processing and pecroleun rebning. The
propese market s expected to grow 3t 5% per year, adding wp
to 350 millice metric toms per year in 2025" (with the posential
thesedoce 10 account for 1050 millon metnc toos of CO,),

200 The Autwrs Pttt by
Arwryw) Derwmal Soamdy

v ACS Publications

g heatmy,
lighting, and other Roris Hmm. d-wua the ulma-
of this hydrocarb

00,hubeenllud) ched in the availabie | ""'
and voly o few peice papers targeted paraflin funnation, mostly
fromm wymgan "

Heoce, with propane production in mind, in this work we
have developed a highly xm and selective PdZa/

ZeO;+SAVO 34 ool | catalyst. I g dar, we
ook advantage of the hydeogesation uf the P4
mpnmmldumd:t‘,-h‘umdﬂnmnb
' I uly 6 2020
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ulrs 2Oy ey

&whpaunlym-y‘mwnhh’dea)ﬂymudm
Zn and 21O, were also inchaded in of

H,m.co,mmo--pmtmmwmcnm
wod s | Gaspro sep C, =G, hydrocarboss and
DME. |

mwﬂhmabhyofmdemmeﬁmly
COy 1o methanod,'™ the first step in the overall maltifunctional
mechanism.”

The resulting PAZn/Ze0, e SAPO-34 catalytic apssem dis-
plays 2 total selectivity to propane hagher than 5% with a CO,
convession dose to 0% and only 20% of CO selectevity at 350
“C, 50 bur, and 1500 mL g7' h7" Tollnbﬂdwr
knowledge, this s the W total sdectivity per
npnmd for & siegle C,, hydeocarbon &nﬂngt,o, vdu-
wation.” We attribute these results to the intimate contact
betwren the PdZa /70, and SAPO-34 components that shifts
the overﬂ reaction equilibrium, witimately boosting CO,

s and g CO selectivity. Kinetic model
of the i data aloog icde with th dy nquthhb.n

¥ e 2l
¥ 1X, %) and sel {8 %) are defived as Sollow

Crnaalo
Xy ™ ‘l S\
CinaCoo,un

]mo
(1)
PO «...

(&w‘ B (':f) (21

G

Hy this hypothess. Lastly, the p
th&!mdm&!mpmﬁn’mdmlnnmhﬁv
genation, with more than 99.9% of the products being
Mudu)dmuoﬂvmgmmpmdw
for the punfication of the produ

2. EXPERIMENTAL SECTION

2.1, Catalyst Preparation

PCH,CO0), (3999%), Zo{CH,C00); (9.90%], Z:(OH),, PVI
(Mt 10000), DMF (99.6%), and ethylene glycol (99.6%) weoe
purchased from Sigma-AMcich and weed ar recrived 75M-5 (S10,/
M@.-u]wwﬁumm)‘(ﬂmﬂM& -
0.5} wan purchased from ACS materials All the aeolites wers drud 1
120 °C fee llhwmam%hlhmnm
The PaZa/Zr0); catalyst was ob

i d be GC amafyas of 3 product with n carbon steme The
ermor i carbon bulsoce was bester thas 25% in all cases.
MM-‘S&&I’-'&M%I

L0, catalyst and the multifunctional PaZo/ZrO,+ SAPO- 34 catalytic
syvtem were fitted by meany of kewtic modelng in onder to ectmate
wed compare the ranes of the reactioos. Because of the characterition
wof the experimental setup, wome assmptions cas be made, thereby
the syvtem, Moee detalls can be found 1n the Supporting
Informution. Beefly, & seadystate plug flow medel, working at
isothermsad and isobarc condeies, Is assumed for the reacwr. To
wreed mathematical uncertaiety and strictly compane resction rates,
we consddered two equilibetem veactions: CO, bydrogenation to
-dh-llmdd-mm-w shift reaction. Equikbream
dered with 3o

mmduhhlbnu*n-ﬂ&wnl’nwm
database. For the mvhm.«hmlbﬁmh«
fonned 0 hydvocarb o S haned - s

meshod. Nriedy, sgl.-'du(ul.coo).mm-a DME a0d
20 g 1! Zo(CH,COO), dimpbved in ethyk

mummmh&m&w»mmadmm

deredd to be yuite fater than CO,/CO0/MeOH

Eaght grams of m‘mm«mw-umxgp«mm
nd hested to 30 "C o obtain 2 clear ywlluw solution, Fiity milliten
of the Pd peecursor solution was added to the cear yellow moc/ IV
sokbon amidt stirnng aml heated t5 100 “C under rethux foe 1 b
m«uumwm and washed with
acetone and thes dipensed i ethanal dapened colioidal
misture (o ethanel was added 1o & g of Ze(OH ), powder and stimed
ﬁunh # roces temperature. The rewslling micture war oves-ceied
nd claned @ %0 °C foe 3 h The multifunctional PdZa/
ZeQyevenbte catalysts were prepared by mors mixing of bath
componeses with & 111 mass ratio,
2.2, Catalytic Testa and Kinetic Modeling

Catalytic tests were executed n 2 16 channel Fowrence from
Avantum. Fifty sdligrams of the stand-slooe PEZn/ZrO, catalyst and
100 mg of amnmm«..'z.o,mou with 3 mass.
ratio of 1/} in 3 mised bl confguration were wed. Both
functions were pelietived togesher it 2 1/1 ratio, and then sleved o 2
particle o 150250 pme. The ssised foed had 205 vel % of CO,,
725wl!tnfﬂ.nd$$c()kummﬂunh¢l‘onb¢udn
activity evaluation, we auned st & g hoady spuce relocity {GHSY)
value of 12000 mL g** h™' pes channel. One of the 16 channels was
slwaye wed without catalyst s blash The reaction lenperaune wis
typically et at 350 “C. Prior to feeding the rescton mietare all
sanplos were pretreated in s with 4 pure H, stmcaphere for 4 b st
400 7C, The tubes were then presserized 1o 10 bar usog a membrane
based pressure controller. Extra nuns were ales perfunsed s ceder 10
evalwte the kinetics of the seactions using the sand-akme PdZa/
Z10; catalywt and the meldunctional catalyte system. Foe this
mmwﬂmwuwmmwm'c
30-50 bur and uoo-aoom-l.r' b
lyeed orline m & gas

ﬂatGCluA'lml?MMlhlhncm .mm
TCD is equipped with 1 Haysep procolumn and a MSSA, where He,

equilibeia,
24, Charactarization of Catalysts

The powder X aay diffirucoon {XRD) measureewsas weee pecfinmed
By wing a Braker D8 Ducover, with 3 Ciz Kie source and 2 Lyns Eye
sbooo desector. The diffractograms were with step size of
002" m e 28 cange of 10-90". The crystaline phase was ulentified
by comparison with data fom the sorganic crystal stroctare datsbese,

lf-m

| using 4
Micromertics ASAP 2040 3t ~196 °C. Samples were pmhn-l;
evacuated a1 100 “C for 16 b The Beunwser—Emmett—Tefler (AET
method was used 1o calculate the wirface ses The p/p, range for
Bﬂmb.wuumcplh<uﬂ )

mamdu-amnmnmmzmmadnunylu
e first hestend im hadium Sow st 350 °C fore 4 b, followed by cooling
50 50 “C. After cooling, the recittes were saturated n smnonk sod
e tempenaturs of the samples was inceeasal linsacdy at & nate of 10
“C/min. Ammonla was fed # atm

wefe

3 TGA/DSCY STAR-« spstem apparatus (Mettler Toledo). Befoce
TPO experiments, the catalyet was ssbminiad to strpping under a Ny

stream (0 mL min”'} tolbcnmtq«zmn-lmsahn
samnp of 10 "C min™". After that, the sample was cooled m-:
# 100 “C. The tem| was then incressed up to 850 *C usng 2

heatity rassp of 5 °C min™" wader an sir Sow of 30 mL min™" w
mﬂ-mﬂmMonof«*&

XAS smeassrrments were perfummed of e Quak-XAS ROCK'"
k-umdthommmmmll. dep\e(l'd-\dln
7 mode. S220) and Si(111)

h were ,', 4 to vean P and Zn sheorption edges,

Nt g 10 WA Yacnia LaBORI)
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Pl 20w

g sy

inn the raoge 2364257 amid 9.3< 107 keV, meapectivedy. The Pd2a/
21O, catalgst was physcally mised with zeolite ZSM-5 (111 weght
ratio) and packed i 2 etz capillary reactor. To aptimie the signal
quality in transesisson mode, we chose o cipillary of € 1 mun for the
Zn K edge and 25 mm for the Pd K edge The capllary wax
mnemdmnpudnuqnauuhﬂ:hmmpmubyam
::. mesmrement followed the catalyst actieation used

hm&mmmmmmmﬁdm heatieg
nw (RT-400 “C) under H, gas flose (10 mL/ma ). The reported

Mmhd!mm&twdsmdlxwad—m
spectra (0.5 w/scan). Two were wsed to
l,m‘lrnﬁudlhl—un-nl-ubn-u-ddhl-dlw
nwy . ZoO and MO were alvo ‘u

Eum Thermo Fudier Scientife ﬂuuk-d-q.kal.M,NZn.
i, and O atoms were ey mlﬁe d

sexpestive Kt Snes after huck
were mpmun qpl)mga Gansshan ﬁha {shgma = 05)

Because of the pudﬂ-ut—-nynl P20/ Zn0 solid after H,
and pdrogenath thunlple-uhmldmﬂlm
Ar-lilal govwbos. The : d by smply shaking 2

Mmd&ywd«:ﬁhmwmhaluﬂ.mﬂv
visl The TEM grid was netrieved and meunted in 2 Gatas doulde-tilt
vacsm tnaasfer TEM bolder. model 648 that was wsed for the
tranafer into the miceoacupe.
leummto&a«lwﬂhawanhw
g 3 Coberent MotoFeed 300C frogquescy

o the farm of sell-sppurtey pelleti. XAS dats sadysis
(XANBS numaluukm and energy cabbestion, (k) HXAFS
extraction, sl Fourier trassform {FT)EXAFS wlalation) were
camied cut wing the Athens software from the Demeter package™
The EXAFS fitting of PdZa active phow war perforssed wing the
ARTEMIS code of the Deweter package” Pd—Pd and Pd-Zn
scatsering paths wero genersted by the FEFFS code iomplemented in
mmsmmummammmmam"
The poasive smplitude redoction factor wan obtamed from EXAFS
analysin of al'd reference foill Pd=Pd asd Pd=Zn coordination
mﬂmmiﬂbh\uﬂvﬁn(luﬂ‘.m ), whareas
umg suft (£), ndil digaoces (AR), and Debye—Waller
factoms (o)

were fit 3¢ frow variables.
Mmmlpsmmmnﬂqlmgmm
spectrophotometer squipped with a Hj =T eryo-detector, in the

range of wavessmbers 7200580 an”' af & resokition of 2 ca ™' The
powder of P20/ Ze0, was compressed in self sspporting dics (<20
mlm"]mlphud-qummmlﬂuﬂn(mw:mmn

R

(l‘l’) Moteover, nmmﬂﬁh“ﬂ(wxdoq
thermal treatments in wity ander vacwan ar coatrolied atmosphere
and the stosltanecus regatzation of specta st temperatiures up to 600
T.mmwmllmlmrmwm
= both casey, it wak cutgasnd ot
MT‘MDﬂnMﬂunnﬂNhMm(ﬂm}m}w

Wﬁhatm;mwmummmm

spectrmeter @ eyuipped wih & 15% objective, & 3600 lines/mun

grating and a Petier cooled CCD detector, To prevent sample

decomposition, we kept sumples under movement dising the
with « specifically | setup ™

L

1, RESULTS AND DISCUSSION

LA (.lht‘;'t Tasts for the CO, Hydrogenation 1a Fropans
1 Iy

We first p a ing over the stand-alone
Nzn/z-o, catalysts and “their combisation with SAPO-34
Mm&hmmmmunllmulplqaﬂm
multfunctional catalysts for CO, These control
were fi d oo v, MeOH sel y for
dumd—alun?dnmxxmdlhuofmh
the maltifian | Inp lar, the effect of reaction
puaun[!o.lo.mimhl)muluwpmm(m'cm
and 350 “C) was evaluated The results are summarized in
Figurs 1a, CO; conversion is similar for the three systems
(ﬂldqﬂbﬂhh&m)aﬂlmwﬁhm
with the p 7

Onlhvodmlnnd. lectivity follones 4 l ‘thmn
nud(mpty symboh,n.hl ms) Parlheﬂnd»alwel’dln/
240, catalysty, MnOH Io(lom the process

ldmdmhy&vrn(wuh)-m’cfmwmh" duct
the step pesformed priot to the
udyuuh-d-adaﬂyn-dhmnlmuduﬂm
Hot of all with the tved i the CO 20
m‘-wlmu.",andco.,w-wuhm
Intesaction with H, (mmhu)wupefonndmmunlmm
on the 3 catalyst to stady the effect of the
mmnnqmdfm:hmdymmmmmc\).(w
mhar) was studied at KT on both preossand and sctrated catalys,
Todnmumcwdmzulphgmmumco
W o 20 mbar at KT sm the

T & F

gy (TEM) of the —l- wan
peslommad with & Cs-probe coerased Titan micruscope from Thenmo
Fuher Scientific by operating it 3 a ac

Al imuging was

sl with 4 beam cumrent of 0.5~0.8 nA.
pecformed by scanning TEM (STEM) covpled to o high-anghe
snnular dack-Achl (HAADF) detector. The STEM-HAADF deta ware
scquired with 3 convergence angle of 17.1 mead and » HAADF wmnee
stgiy of 50 mrad, Ferthermore, 3 Xoray energy-dinpersive
spectrometer (PEE Sopﬂx. ~07 R mkﬁon argle) was abo
utilteed in conjusction wih DF-STEM 1o acqpuire STEM-
EDS spectram dnaging data sets (amage stee: 512 X $52 pleeks, dwell
m‘pn)&mm-mnfhhhmnmtw
plael, o ding EDS was also
Mmblhrwwdﬁ.ﬂﬂ.lu.lnndom
Bis dso pertiest to sote bereks that spectrum tesiging data sets
weee acqqetred (n the so-called frame mode, in which the dectron
beass was dlowed 10 dwell at cach plel Soe oaly & tme of few
muzu«omhnmdnmh-ycmdimoﬂmwlc«lmboﬂl
wese

acquired s
package called Vidow

+h

1 wilh ng with
umpanuu A fall pk!un of the Allmm! =qullll~hm
selectivities (lines) and the obtained experimental data
(dnu)anbeohmaanllmsLNoudml&onqe
bnes inds the
cnﬁdmng lbe Co, no methasol  equilibrium.  For the

mo propane 1 observed for
tem bwnthum’c,ndSAPO-Mdnplmb@n
ulxmqth-nlsms(msn:w) mlnunh:hnypiul
I-to-hyd (MTH) looH n
Mnmmm‘omumum
propane selectivity is higher than the MeOH voe of the stand-
alone I’(!ZI:/ZIOl catalysts at 350 °C (16% vs 7%)
gy, MUOH selectivity i averdapped with the
qﬂhmmlm.!nhhgdﬂatlﬁaewndmﬂn
mmmhunudhydnmwmdymwlm
sh). G 5 higher
than MeOH qu&mm. nmlng nncq“nnmduplxe
ment when the mult: | wystem bs bled. Therefore,
we can conclude that SAPO-34 seems to be & moee promising
candiclate to rroduu peopane M Z5M-5. Moreaver,
althowgh there at high
temperature, it md\un on temperatune of 350
*C is needed for the MeOH conversica to occur in both
SAPO-34 and ZSM-5,
Next, the more proousing Pmmo,osu'ou system
was studled ar 350 °C ?we velocity values
(1500, 3000, oooo,mdmooml.g"h and pressures (30,
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MACS by 3210, 11817

180|Page



JACS Au by 30y Jwcsu | Anicle |
a) =~ PRADO, ~o- PZar0, AP0 <~ PEINZIO, T3S

- v
) ' ==
) ' z
) ' :

a ' ' S
4 ' - ' } | -
' ' ) ] ’

“1 swe o ! wete Ve | wwotc 1 Mo%e $pl
)
) )
A
> ) )
r '
8 . 5
)
\

uq{  2ba Wow , 40bw sthar | dWbar | Mber g
e ¥ ‘ ! et
"4 . . ' L %
<! il \ Lo T
I o “'f""'ﬂ\ { anga [y 3
o [
' " * T qm ™
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Co,

GHSV (mligh) GNSV (mithig}
FU”' 1 (-) CO, conversan {Elled syssbub) snd McOH (fn PUZ0/Z200,) or progese (fue POZa/ L0+ SAPO-34 and PUlZn 200,40 Z8M.5)
(empty symbole} a several derk Mllm,sxl:mnml.g"h‘ (b} CO, conversion {filed symbals) and CO {empey

ymhd)urpnpw(bdtuu'ny-y-hab)Mﬁu&-?ﬂnﬂ:ﬂ,omumdﬁhymm-‘pmwt“i
CO, = 3 MeOH selectsvity was Jower than 1% & all cond (¢} Detatled hydrocarh b (CO free) of the I'dZo/Ze0,+ SAPO 34
Mmh&%mmmbﬁmhnluwﬁmm“co,ﬂll3,\50'(‘Sl)\-

ﬂMSﬂbl}Tbenmhnmnmmde@mlbh being compared with the aboved d CO,t hanol
O, with w Space equilibriam, The presonoy of acid sites in SAPO-34, i dose

velocity and | & F However, CO selectivity also y to the methanol formisg PdZn/ZeO; catalyst, leads
decreases with space wvelocity, nﬁhq:mlmnﬂlund 1o raped of methanol mto hydrocarh: (minly
25% at S0 bar and 1500 mL g™' h7' Thes bebuvioc is propene ). € ly, the methanct i

unexpected as, for most of the stateof-the-art CO, 1o MeOH bdwhet@lbnnmhnlt.mdhlckmmylom
catalysts, the opposite trenid s observed and higher MeOH (formed from the fast hydrog of propene) i

selectivity bs ussally obtained st higher space velocity value”' -p:‘mﬂyalwulhequﬂlbdmhmu“ﬂ *Cound 30
Hence, these data may suggest that CO-involving reactsons (Fagure 52a), 40 (Figure 52b), and 30 bar (Figure 52c),
play a key role using the PdZa/ZrO4SAPO-34 system, Otbverwise, the selectivity to methanol was cheacly restricted by
by of a Hmitation i its farmation or 3 pison of the equilibream under these coaditions (Figare 524, orange dot).
farmed CO to produce more methanol, M , from the To shed light on the stnkiogly low CO selectrvity and the
data st 50 bar and 1500 ml, g R, 8 ot ulmmvy 0 CO role, sdditional experiments with both CO; and CO feeds
propane higher than 50% can be observed, with a CO, wese performed compariog the ceiginal PdZo/ZsO,+SAPO- 34
conversion dose to 40% and only 25% of CO selectvity. To mived system with the stand-alone PdZn/Zs0, catalyst amd
the best of our knowdedge, this is the highest total sdfectivity the multdfunctional system in dusl bed configuration. The
cq)mdbtnmdec,.hymbonhnjco,hm sesults are d In Fygure 2 Considesing first the CO,
genation at meaningful copversion levels'" Additionally, feed (Figare 2a), the rather stable CO, convenion, and the
thanks 10 the P hydrogenating effect and ax intended, the huge devresse in CO selectivity (from 95% o 35%), only
praﬁsmwﬁrmmm”%d&em p«ﬂy M-Mmmmﬂto,whﬁMM a lower CO
facltating the prody iom rate in the presence of SAPO-34 i suggested, The
mmmalmmhbmmlmlwkndmun senilae CO selectaity with similar CO, conversion i the dual
the CO free bydrocarbon destribution (Figure 1c). l'lgur!‘o! bed setup confirms that, indeed, the intimate mixture of both
shaws comeesion/selectivity plots with thew e p i noeded 1o displace equiibrium, Her, the CO-
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Fagure 2. Catalytic performance of the I'Zn/Zr0, catalyet and the
PAZa/ZrO0 v SAPO-34 combined aystear: (1) CO, and (b) CO
ca.wulwn to hpdmarboas. COM, 13, 3% "C, 30 bar, 3000 mL
"

farming PdZn/Zr0; will compete with the hydrocarbon.
ﬁmnmsSAPOMﬁnmthmdmd due to the rapad

of methanol to hydrocarboes over SAPO-34,
the CO/MeOH/CO oqmllbdum systeen woeld be shifted to
minimize CO formation in the mived bed case. The hagher
olelin-to-paralfim ratios in the dual bed configaration are the
result of the higher bydrogemation ability of PdZa/Zr0,
compared to SAPO-34 us we initlally intended. At the same
time, the dual bed data demonstrate that SAPO-34 has
substantial nation activity kn the presence of surplus
Hy. This is well in llu with prioe litetature over SAPO-34 in
the presence of H,*

CO, selectivity shows a different trend and It s maximized in
the mixed bed PdZn/ZeO+SAPO34 conSgumation. CO
convenson ix alwo increased m this mised bed configuration.
We atteibute thas resulr o another equlibrium displacement.
This time, the water—gas shift (WGS) s promoted becasse of
the water presence. Converting the MeOH generated on the
PidZa/Zx0, to hpdrocarbons on the SAPO-34 generates great
amomnts of water that can favor the WGS on the bydro
genating catalyst, thus i g the CO anil
selectivity to CO, Summing up, from these results, we can
mnimllwdw:lfenofOOdeGSndmmmdb«I
configuration when both catahtic functi i
ududlo‘othamullbeuqumbﬂhnmbcm:d

e Madeling of thw Pa2niZ10),+SAPO-34

ummcufllurﬁwmmhn(«pﬂlbmmmdd\«mndr
namics in the overall p and the obx d ad of
nmemhhgbu&ﬁumw,aldmnwd&gmdymr
carried ous paring the p of the stand-alons
PdZe/Zr0, catalyst and the PAZu/ZrO,+SAPO- 34 system.
More details on the reaction network and kinetic equations can
be found in the Supporting Information. Esperimental data
fitting at sedected conditions can be observed In Figure %, b
hrboﬂlcahlymattbcmmulmndmom&nﬂnpmm

1.2, K Systemt

of by, M , the fittieg of
nllupenmental data cmbefound.!-lpn: S{Adnﬂy
dif d trend is observed. CO, s d to CO and

MeOH over the stand-alone uu)yu. with the concentration of
MeOH decreasing with space teme and that of CO reaching a
saturating trend at 330 °C (Figure Sk). Otherwise, in line
with our previous clums, CO shoves o masmum when both
functices are maived, accentwared at S0 bar (Figure 3b), As
expected, the of p with space
time, Mympmublndodrfvm%ﬂ.lh‘ﬂnoﬂbbﬂ
expliined by shifts on COL/COMeOH equilibeia ciused by
the presence of SAPO-34, This can be moee dearly understood
when the estimated reaction rates for the COy-to-MeOH and
WGS reactions are compared (Figure 3¢, d), The evolution
with space tsme of the Indhdaal reactions rates at all vested
temperatures and pressires are shown in Figures 54 and S5
At low temperatare and low CO, convessioes (250 °C,
Figure 3c), reactions are not limited by equilibcium, as was
well-predicted by thermodynamics studivs (Figure S4),
Foeward i e rhably d but with low
rate values. When temp d, rate values
but forward/roverse rates for CO,/M-OH tquililnum ae, i n
practice, the same, confirming the above.ds d
mwalﬁw'wpmAmmpmwnof
these rates with those calculated for the PdZo/ 20+ SAPO-34
multifunctional system at the same conditions and hulf GHSV
(same CO,to-PAZn/Zr0, rath, Figare 1d) shows 2 ten times
marease in MeOH formation (in equilsbrium) b of s
ption to arm prop but also 2 ant lacrease in
the reverse rate of CO formatice (ca. 18 mol kg™' b, the
hm-dumn.n‘nm“mdhg"h".&m
reaction), The better performance at 30 bar i explaioed by the
[ af CO due to the CO,/CO reactson being

Considering the CO feed (Figure 2b), CO aan is
substantially lower than that of CO,, but with hugher methanal
selectivity compared to OO, over the P'dZa/ 250, sdone. This
is in line with process thermodymamscs (the lower the
convesston, the higher the McOH selectivity) bat also suggesss
that CO linits the rate of the reaction. Surprisingly, bere the

also in equibbrium, which s caused by the promotion of the
propane formation rate, This result sageests & sabstantial
modification of the CO,/CO/MeOH equilibrium but also, 45
expected, a limitation : propane production doe to the system
thermodynamss.
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Figure 3, Experimental data fitting of {a) CO, 1o methanol over the PEZn/Ze0), catalipet 3t 300 °C and 30 bar and (b} €Oy to propane over the

P/ Ze0) o SAPO-34 syitem o 350 “C and 50 ke (<) C

of resctivn rates for methanol and OO lormatica over the PdZa/2:0,

omparion
catalyst at 250 and 390 “C and 30 bor (12000 mi ¢~ h™'), and (d) Inflsence of propane foemation on these rates over the IdZa/Ze0,+ SAPO- 34
wystem at 350 °C and M0 and 50 bar {6000 mi. g W) Fvolation with GHSV of the net formation rate of (v) methancl snd (1) OO and propane

over the PZo/2e05+ SAPO 34 wystess ut 350 °C

The sl thasol ion can be better observed in
the evolution with GHSV of MeOH (Figure le}, CO, nd
propane (Pigure 3) net rates. Those

w&rnmdaloul‘dhmo,mlylmh‘wndmﬁgm
S&. At high GHSY values, MeOH formation rate tends to rero,
with masismum rates for CO and propane formation. This
coincides with the lowest CO, conversion valoes shawn in
Figure 1b, A:oondmomofopdmudco.cmvub

very high space welodty walues {24000 ml g™' h™'),
deactivation is -?imn. In particular, after deactivation at
24000 mL g™ b, selectivity is manly @ mix of
MeOH and DME with CO (73% MeOH, 26% DME and 1%
CH,), whereay the CO; conversion remins invariable, further
corroborating that the SAPO-34 companent is the ome being
deactivated. However, the in sitw regoneration worked for all
samples and the inital activity was regalsed after the
ion cycle at 600 “C.

low GHSV valoes, the net rate of MeOH ds to

valwes, ahulu&lgwnsi;nﬁmdummnCOn«

formation rate. Ax a consequenet, the propane rate s
! by higher, explai the highest selectivity to this

pmdnantheu condioes (Flguvu 1b and 3f). Momwu, lll

these trends are maamized when the

B
13, Chamactertzation of the Muftifunctional Catalysts

The powder Xy diffraction (PXRD} pattern of the ar
prepared PdZn/2:0, sample & shown in Figue S5, The
sampe shows 4 diffraction gattern of zincite (Zo0), PO, and

w_L

Lo 3

with 30 bar being the optinsal p
nlccunhmmm
e I. A

d, the loa of MeOH into
muh’phm(hmughd\:dudqdemd:mmmdn

goeal/ cablc 2e0;. C g the 210, even if
cubic and tetragonal phes are not disceenible b of
crystallite-indes ‘pﬂk‘ dening, their distiostsion is out of

the scope of the present work. Indeed, as shown hereafter,
Zno,lnu)ormhkmbennnalnwpponoﬂ’dhdbyfw

fast hydrogenation of the formed olefins. This md

process over SAPO-34 suffers a well-known fast deactivation
due 10 the formation of cake within the 2eotype cagex. Foe this
mw&&xmmmd‘ophyamhhllnﬁmdth'
isdustrial implesnentation of the tandem pr

CO, adsarption through carb making the
wentificativn of & eéngle phase/mixtare of monoclinis/
mngoul {cubic) polymorphs the most redevant detail ™
Energy-di X-tay sp py (EDS) shows o molas

L

beres. Therefore, \h:t‘u:tnlnﬂungenenhcnakﬂ)("c
was studied with a 3% O, in N, stream for 3 h (Figure 57),
The catafytic system w rather stable for at least 48 b and only »

i ofl%l’d.l)%hnnlﬂs’k?xdnuboﬂn
|h.muul synthwsis value (Table s§2),

therms of both SAPO-34

and ZSM-5 zeclites are dqw«d m Figure 59, The detailod

Wipn whaay 16T Yaida LEIORLL
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Figure 4. P4 Kolge, z.wxmr_s (imain pancls), snd EXAFS (insets) spectsa of PIZn/Ze0,+ZSM-5 catalyst. XAS spectea foe relevant

§ as dashied Bimes, (2] 1'd K-edge for s prepared catalyst. (h) Pd K-edge for catalyst during activation (KT-400

‘C)—d-l'l.p-b\v llelE«lphnHﬂahmﬂnnw"Cﬁﬂ,m(l)h&*humpum[r)ln

K-edge for catalyst dunng actvation (RT-400 °C) undec o H, gas flow. T

wset: first destvative of the XANES spectra for as preparesd

ddyﬁ[bhd),unvﬂalnuyu(ld).lﬁ-aln(ﬂ)mldbﬂ“um {f) Zn K-edge for catalyst after activasion at 400 “C under 3 H, gas

flow. For ity of mmpnlmdn

have been ob d by g the T
propesties are d in Table 1 SAPO-34
dany!- icrap type [ isoth and ZSM-5 a micro-
type IV isothwrm. The BET susface of SAPO-34 i

wstienated to be 770 m'/g with 762 m'/g of mi

maﬂwumddbyaﬁ\aofuz The EXAFS spectra repoeted In the boatam asets.
g K'z(k) EXAFS function in the 2.58-110 A™ range.

Considering the Pd K edge, the as-prepared catalyst | Figare
4a} presents the typical XANES (edge position, postedge
resonances) and EXAFS (Pd=0 bond in first coordination

wheress for Z5SM-5, it & estimated to be 417 n‘l;wldl 96
o' /g of micropores. NH, TPD profides of both zeolites are
depicted in Figure S10, Wouduphyson!ympeiua.

400 °C, wh ZSM-5 displays the two charact peaks
elwuk(lxw-)ndm(lum«d)mdnwatlﬁnd
423 °C, respectively.”’

3.3.1. Local Structure and Electronic Properties of Pd
.IIZnSpeda.Xnydlmrpﬂnnmumyy(m)m
mitially performed on the PdZn/ZcO, :ualyst phynally
mived with ZSM-S siming to ch i
selective way, Pd- and Zn-contaiming -p«h;fumm‘na
model multsfunctional system, m My as-prepared state and
qronunmum mm‘;pummmdhl—wuctmw
bow & ad of both Pd and Za
change considerably when the catalyst is subjected to the
activation treatment. Indeed, both XANES (msain panels) and
EXAFS spectra (insets) show sshstantial modéeations #t high
temperature in the presence of Hy,

whell) f of the ref PO, ly with PXRD
sesults (section 3.1). Dusing activation (Figure 4b, from <a. 50
*C up to ca 200 "C) PE(11)10-Pd(0) reduction is underlined
by (1) shift of the absorption edge position to lower energy, (1)
rapid change of the oscillation in the XANES from PJO-like to
those resermbling metallic Pd (Fignre 4a, b light gray line), and
(it} imtensity loss of the PA=O first cooedination shell i the

ted EXAFS (inset Figure 4b) and shift to lower
R values of the Pd-Pd second coordination shell. As the
temperature rises {500 "C), the oscillations in the XANES get
flatter and EXAFS evolves mto a single broad peak aroend 2.15
A in the phase-uncarrected spectrum (Figare 4b red curve),
These features were aleeady abwerved and well reported in the
case of other PAZn systems and ascribed to the formation of
f,-PdZa alloy, """ The EXAFS fit on the activated catalyst
Qedmm, lq)omd In Figure St1, ﬁ-d'la conﬁn«!du alloy

q

the
presence d N—Zn and Pd-Pd umning paths well
duced the exper | data. The magnitude and the
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Faguee 5. (4) FT-IR spectra of CO, sdsorbed at RT oo onddied wnd activated PZa /70, at

2000
Wirestmimber (om ')
oquilieran presswe of 20 mbar, () FINR specera of

CO advorbed 2t KT on actvated PAZ0/ 20, Spectza were acquired at mcreasing dosage of CO up to 20 mbar (from Hue %o rod ke ) and after

vutgaaing (green dahed line).

wnaginary parts of the FT-EXAFS spectra (Figure S11ab)
presented a broad peak and & single oscllation, rexpectively,
Analysis of the (maginary parts of the Pd-Pd and Pd-Za
scattering paths optimieed m the fit (Fgure 511c) haghlyghted
auﬁm&pdhmmbﬁmm&mlﬁco&mﬂ
bevadeni peri | spectra (Figuew S114 b)),
Dupitelhtumhp.l’d-hmdl’d—mpxbhma
stronger contribution at Jower and higher radal distances,
rospectvely, leading to evaluation of a shorter Pd=Zn and &
lomger Pd=Pd pach, the valoes of which ane in Table
54 and confirmed the PdZn alloy formation.” ™" &, values are
consistent with the thermal contobution at 400 “C and are

ble with [ rewles obeained at amilar temper-

e

atures.

Moving to the Zn K-edge, the as-prepared catalyst (Figuoe
4d) essentially presents the same XANES and EXAFS features
of the reference Zo), alse 1n hine with PXRD anabysis of the 45
peepared PdZo/2:0, phase. A careful observation of the
EXAFS data unveils a lower intensity of the second shell peak
in the catalyt with respect to the neference oxle (inset Fogure
4d), Indicatiog o l@mwo&'ddﬁminlhem
From the Zn persp ¢, the 1 causes (1) a
mnn:ddtuvn:dlhrtlyldtnn-tyubo&hth
XANES and EXAFS regive sad (i) 2 sabtle rod-shift of the
edge encrgy positian, better observed froe the growth of a
shoulder at low energy valwes in the XANES first derivative,
matching the first masmum for Zn{0) metal foil (top nght
irvset 4e). Zoy spechon are present in the sctivated sample
{Figure 40), and therefore they dominantly occar as a highly
defectve ZnO phase with a mmor Zn{0) contribation
ascribable to the fraction of Zn taking part to the fi i

3.3.2, Surface Interactions with Key Reactants and
MMDI&MMMXAS,Mpdem

Zine oxide pbase plays a key role for both intermediate
nblliumn and H, humlyu: splitting thanks to it
to form ic defocts {(snch as oxygen

oy

il

Y In cur case, the presence of 3 200 phase is
tvvnbeASandXRDmh. , according to
XAS, after the 4 highly defe Zn0 phase Is

formed. together with the PdZn alloy, Hence, CO, hydro-
genation can be due 1o the axygen-vacancy formation in the
dt&dveln plm ommtd\eﬁmmwuo[umm

i dnH, m
Muvummuwd-uhundnlngmndm
for S0 pUpOses.
To wndentand the IR results, st s important to undesline
llm mwdcimaudm?:}po vacancses (Vg), make ZoO

S

dwwumn&l’s:m’ullcvmﬂu
conduction band (C.B,). The fint electronic level is very near
10 the bottam of the C.8., so that the majocity of electroes can

of PAZey oy, Despite (ts natare as o bulk-sensitive technigee,
h&ec&dluaﬂmgeduohehmypcmumm

to the absorber atom local
enviranment, ™ In the case af other PdZn/molite combined
systems, Zn wis observed to diffuse within the wcalite,”
modifyteg the Zn local envircament and leading to character-
istic Zn K-edge spectra well reported in the literature. In the
case of the system here investigated, u.NanZtO;‘mIsk.
fagerprints of Za-eschanged seolite were oot observed,”
suggesting that impregnating Pd and Zn over ZrO, stabilizes
the former atoms, avoiding thesr further diffusion into the
zeolitic camponent.

Typlally, pure ZnO shows a broad abwrpuona?md otnnﬂd
at ahout 1430 em™, e, 018 oV, after neduction treatments, '
Interaction with H, can create V' followmg two main
pathways: (i) the filling with an electron of pre-existing bi-
sonized Vy, (V) hycnmnhgadmbedmm
wach m 0,7, 07, 077 (i) the generation of new V"
lam«uman ions from the sarface, but this route
occurs only at high temperature. The IR method is pot able to
discriminate the two routes for V)" fermation.
Figure 512 displays different spectra obtained in Hy ot
different temperature from S0 to 400 *C. The broad

absorption band related o ponized oxygen s in
Wt oy 10 T i LeRORL
MACS M 200 TR
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Figure 6. Low-magnibication HAADF-STEM imuging of PdZa/Zc0, catslysts mized either with (1) SAPO-34 und with (<) Z5M-5 cryetade and (b,
d) rdated dementad mags bulht with Ka emission lines provided by AL S, Pd, Zs, and Zn atemis. Magnicancs of the PdZn/Za0 nanopamices
ohaerved at the edgr of the 7+0, uppan when mexed either with {s) SAPO-M and with (g) ZSM-§ crystale, ([, %) Associsted overlypw of

elessenral maps

well evident. The band increases mn batensity up to 150 °C,
losing mtensity at higher temperature. The Intensity boss can be
ascribed to the PdZa alloy formation evidenced by XAS
measurements {reduction of 20’ to Zn" occuss at the expense
of electrons trapped in Vi, '), As a matter of fact, the formation
of maetallic Zes ax this temperature is pot expected, but it could
be favored by Pd presence and alloy formation, The band is
1250
maoncbonized oxygen vacamcles at about 015 eV wnder the
C.B, very near to the ionfzation energy observed for pure Zn0
The obtsined resudty, in agreement with XAS findings,
demonstrate the presence of a highly defective ZnO-like phase,

To explare the mteraction/adsoeption of CO, with the
catalyst surfice, we followed adsocption at room temperatare
on both oxdized aod Hy-activated PdZn/ZrO, by FT-IR
spectroscapy sad spectra, eeported in Figure 5o All the shown
bands can be assigned to different carbonate species. These
specis could be formed on both the Zn0 and ZrO; phave;
bowever, CO, adsorption on ZnO™ " and tetragonal Zr0,"
gives carbonates with spectral features different from those
shoners in Figure Sa. In particular, tetragonal srconia gives aa
appeeciable amoant of polydentate bridging carbonates that are
vot present in our case, Bare ZnO gves an appreciable amount
of bicarbonates that are peesent n very small amounts i oor
case. None of them forms the bndged and monodentate
species that are present for the PdZa/Ze0, catalyst, More
spechically, the following adsorbed species can be ident
foed- 7 (i) bicarbomates, weak bamds at 1689 and 1221 em ™,
assigned to 1{Ca=0) and S{C~O~H) modes, respectiv
(11) beidged carbonates, bands at 1647, 1322, and 1044 cm ™,
assigned 1o p(Co0), 1 (O=C~0), and b, (O=C~0)
modes, respectively; (41) bidentate carbonates, bands at 1582,
1363, and 1044 em ™', assigned to 4(C=0), 1, (0-C-0),
and v, (O—=C-0) modes, respectivddy; (iv) monodentate
carbonates, bands at 1489, 1408, and 1090 cm ™', assigned to
Ve = C =), 1, (O=C=0), aml L(C=0), respectively,
The band at 847 cm ™' can be related to the S O-C—-Q) mode
of both mosodentate andd bidentate carbonates, as menboned
by sowme works on different oxides”

Spectral fratures obtained for the oxidized sample are the
same obtaimed for the activated one, bat the overall mtensity of
the bands in Pigure 52 shows that there are much more
carhbonates on the activated samyple when conspared with the

centered at sbout em”', which coresponds 10

\brdd

onidized ome, The reavon coakd redide i the stoichiometric
defect formation: reduction generates axygen vacancies on the
sarface of ZnO), giving a highly defectsve phase more sultable
for carbonate formatson. In light of thas result, we reasonably
ascribe the formation ol carbonate species mamly to CO,
advorption on this phave. Dilferent spectral features with
respoct to bare a0 carbonates' ™ can be relatod 1o the fact
that Zn0 & & supported phase s our systens. This causes the
presence of bege umount of susface defects, such a5 edges,
corners and kanks, beside stolchiometnc defectiveness, which is
charactenstic of ZnO stself, Surface defects are able to create
high beterogeneity of surface-adsorbed species. Moreover, the
interaction with both Z:O, and Pd reascnably contributes o
carbomute speces hieterogeneity.

CO adsorptsan at room temperature was also pecformed to
charactenize metallic Pd and explore #ts interaction to €O, The
adsoeption was camied out on activated PdZn/ZeOy, ie, after
reduction in H; at 400 “C. Fiygure 5b reports several spectra
obtuined at increasing CO coverage (8.5) camesponding to
ncreasing CO peessare up to 20 mbar: an asymmetric band in
the region between 2080 and 2020 con ' appears and Increases
m intensity upoo Increasing pressure. The band les in the
region of Pd* linear carbonyl™" anil mare specifically, #t
appesrs comstituted by ditferent components; the main peak 2t
2063 e~ that shifts to 2005 ¢m™' at the maximus CO
coverage and two shoalders & 2071 an™' (2074 e~ for the
madmum @) and 2048 am”'. As o matter of fact, the
frequencies reached at the maximum coverage are quite lower
with respect to the characterstic ones of Pd” knear carbomyls
Accarding to literature, the lower frequencies can be
wcribed 1o CO on P sites i the PdZa alloy, Tndeed, the
dilution of Pd s the alloy deletes the dipolar coupling and
changes in the clectronic peoperties of Pd induced by the
alloying, can shghtly increase s-backdonatica

To assagn the different components, it is worth remembering
that the Pd°«CO bond shows steong s-backdamation
charactes; as o consequence, the lower the basd frequency
the more coordmatively ensaturated the site”' Hence, the
shoulder at 2048 con™' Is assigned to CO adsorbed on highly
defective Pd” sites, such as comers, the main band at 2063—
2069 cm ' to Jews defective stos, wach as edges, whereas the
shoulder 21 the higher freguency can be related to terrace sites
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(3) High-resalstion HAADF-STEM imaging of 3 PdZn alloy nanoparticle after CO. bydrogenation. Elemental mags of the same area

buik with Kar eminssco o (b) Zn, (¢) P, (4) overlap of P and Za maps, and (e} overlap of P4 and O o,

As for thw blue shaft observed by increasing coverage, # can
be expluised by two phenomena: the dipolar coupling and the
“chemical effect”. The first one is predominant for terrace sites
o regular facets hut, in oue case, it can be neglectad due to the
presence of Pd dilution by alloying with Zn, as evidenced by
XAS measurementy, The second one s caused by the decreasy
i mbackdonation & the nwsnber of adsoched CO molecules
increases, so that the higher the &, the lower the donated
electron denssty per each adsarbed molecule. Therefore, upon
increasing coverage, the mbackdonation contnbution to all
adsorbed CO molecules becomes weaker and weaker, and then
an incresse in 1{C==20) is abserved.

ARer outgassing (dashed-green lime in Tigure 5b), the
ttensity of the peak iv deastically roduced but pot weally
beought down, showing a certaln stability of P&"-CO at rooe
temperatare. It is Impoetant to note that the ootgasang cancels
out all of the effect dae to the 8, Heace, the peaks are shifted
back to their onginal frequency, with slightly dfferent relative
intenities of the three main absarptions. Pd is alvo knoven to
form a considerable amount of bridged carbonyls on different
supports when reduced to metalbc Pd % i our case, it s
worth noting the shyence of bridged Pd-carbonyls in the
region between 2000 and 18300 an ' (inset Figuee Sb). This
bhaghkghts the absence of neighbaring Pd atoms, confirmang the
PdZe alloy formaticn, i agreement with XAS results.

3.3.3. Morphological/Chemical Insights on Used
Multifunctional Catalysts. Imagmg by high-angle anmnalar
dark-field scanmning transmission electrom microscopy
{HAADF-STEM) was performed to investigate the morphe-
logical properties of the PAdZa/Ze0), catalysz mived either with
SAPO-34 or with ZSM-§, recovered after catalytic testing for
24 b at 350 “C, 30 bar, ansl 12000 ml. g7 h7', The Jow
magnification micrograph presented ks Figure da shows a
typical justaposition of large cubic SAPO-34 crystals with the
1426 /20, function showing av nanoparticle agghomerates,
Furthennore, Zr, Zo, and Pd elemental maps computed from
X-ray flworescence spectroscopy {STEM-EDX} reveal that
most of the P'd and Zn stoes are distibuted at the periphery
of the ZrQ, suppost (Figure 6b). Similar observations are also
recorded when the PAZn/ZeC)y catalyst is mixed with Z5M-5
{Figure ¢, d). Besides, there Is no cdear signal from the X-ray
fuorescence spectra that would suggest 2 quantitative
eigration of Pd and Zr stoess over or lato SAPO-34 and
ZSMS crystals duning CO, hydrogenation, However, a small
X-ray emnission fom Zo atoms was detected im both case (<]

17

wt %), The nature of these Zo ypecies was ddfioalt to panpoint
given their low abundince and the thickness of the SAPO.34
and ZSM-3 crystals.

Magnification oa the edge of the 2:0; support shows
nanoparticles in 5—30 nm range (Figure ée, g), Interestingly,
some nanoparticles appear brighter, suggesting the presence of
beavier atoms, eg, Pd. The atomic composition shown on
Figure & h) reveals a mixture of ZnO and alloyed PdZn
nanoparticles, as suggested by former HAADF imagiog and
consistently with the spectroscopy results presented In section
A2 Quantification of the Pd and Zn atomic content at the core
of the PdZa alloy by X-ray Soorescence provides a Pd/Zn
molar ratio of 1.16 4 018 and 1.27 % 014 for SAPO-34 and
ISM-S, respectively {messunament performed oo ca 20
particles). All the observations descnbed below are sdentical
for both catalysts, mined either with ZSM-S or with SAPO-34

High-resolution STEM  jmages highlight 2 core=shell
structure displaying clearty resolved lattice fringes [ Figure
Ta) The shell w polycrptalline 25 seen Gom the various
anentation of lattice fringes and has & thackness of about 2 nm.
In contrast, the core appears monocrystalline and (ampoxd of
Pd and Zn sows. Sub t el al mappiog provi
more details related to \hc shiell compositson, which & divided
™ two parts: {i) 2 mam volume attached to the core where Zn
& depleted and metallic Pd majordy semains (Fgare 7h~d),
(1) an outer layer composed of zine oxde (Figure 7h, & and
). Those compositional characteristics were already reported
by Armbeuster et """ for PZn/ZnQO catalysts wsed with
methanol steam reforming (e, the invene reaction: CH,OH
+ HO = 3 H, » COy), They have shown that the oxidation of
the PdZn alfoy by the CO, gas causes the Zo atoms to leave
the intermetallic phave and rise to the sarfice, forming Zo0
patches.

Since 3 reoncation of the metalic partiches with O, from the
air prior to TEM imagiog cannot be univocally rubed ou,™
these results were completed with 2 imaging stody handled
without air expossre both after Hy actrvation and CO,
hydrogenation. laitially, the sample in its as-synthesized state
isplays grapes of I'd0 nanoparticles with a sixe in the 1—3 nm
which are distributed hetween the ZnO nssoparticles (Figun
514). During H, activation, the PAO nanoparticles within the
wapes merges and redoces into 10 to 30 nm metalic
aunapasticles {Fygure 515). The cementad composition 44
revealed by STEM-EDS shows clearly the formation of a Pd—
Za alloy a1 that stage. CO, hydrogenation is alse coafirmed 1o

Wtpe b cag) 10 U i LRORE
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nduce the formation of the ZnO shell on the surface of the
Pd=Zn alloy (Fagares 516 and 517), The latter ph

(Mﬂymm)mmuMmmu

was further established by multiple observations in several area
of the sample (Figure 518},

To obtain deeper msight into deactivation pathways in
befunctional systenss, UV-Raman spectroscopy wis alvo used to
characterize the multifunctional system. Figure 513 reports
Raman spectra collected st RT oo SAPO-34 alooe and on the
fresh and spent PUZn/ZeO)+SAPO-34 combined catalyst,
mor«umm-uudmmwzlo,.wo

34 are alosast superimposable. The most intesse signade ane

rate of CO as & side product vver the PdZn/ZeO,
nulyﬂ.whudamhuyl-vdbynhﬂnlhmmmk
(W‘)n thal Led {: of CO va
MeOH  degradation nmmmﬁ,&utomm
formstion o hydrocarbans cannot be dscanded. This was
woggestod by the clear differences in the net formation rates of
CO wiven SAPO-34 was added to the catalytic bed (Figure 3¢,
d). Moreover, the H,0 formed as byproduct over SAPO.34
can abve doplice the reverse WGS equilibriven (ruaioa!tn

ebuwd&ndnrpemaulmu t-omyuhul&o Sapporting Iisformation, €O, « Hy ~ €O + H,0)," further
and 1384 em ™, The Litter also presents aa evident shoulder s ducing the CO sefectiy ladrthup-hnmulymd
hagher Raman shifty, roughly centered at 1420 cm™". All these Panfbo,mphly‘ d: the p
&mmcdmmsp«mmnednm:mtwetmi su’ou.hnlnuthnallngwnpam.
dmﬂnblcnfmg«pdmo of alkenes (mo and 1420 ¢m™’

modes)" < hydrocaurbons (1383 conciusions
em™ tmn‘ for mapbthalene).™ TGA amalysis was
further employed on the spent hybrid system to quantify the  In conchasan, we have developed 4 lighly sctive and selective
amosnt of coke, showing 4 296 wi % fonss in the 300+ PdZo/(ZrO +SAPO-34 multifunctional catabpt for the direct
@"lehnanbeulmbuudwm(m Figure 75), of CO, to that displays 2 total sel to

foe &n |

This is evid

e to the cond J-to-by

intermedlates and can justify the decrease In propane
ion (over SAPO-34) while constant CQy convenion

aver the PdZn/ZeO, fanction) is observed at high GHSY

vabses In Figere §7a

1A, Nemction Mechaniom fue

Propune

On the basis of the above resalts, we propose a reaction

mechanism foe the CO, converston to peopane on the PdZa/

O +5APO-35 muktifanctional systems (see Figure 8), Fiest, a

Son by coking

HY

thw €O, Camwersion to

— TQutEBTIaTY O SAPO-

than S0% (with 20% CO, 0% C,, 13% C,, 10%
Cyoamdd 1% C) and & CO; conversion close to 40% at 350 °C,
50 bar, and 1500 mL g™ h™', These results can be rationalized
asa q of the combaned effects of each component
of the multifunctioaal system. Finst, the alloy formed during
catalyst " bile for the of MeOH in
the PdZn/Zr0, component. XAS and FT-IR, together with
high-resolution HAADF-STEM demonstrate that this
alloy is directly respansible for the initlal high CO, cosverssan
and evolves into & core=shell sructare with 4 2 sm
polyerytalline ZnO shell The MeOH formed = the PdZn/
2:0, compooent (nstantly reacts over the SAPO-34 forming
propene as main produsct following a classic MTO mechanism.

w— Fant poacON © rdzo/x

B\
( co\ i ﬁcl“l

L &« °-"-

Frgure 8, Reaction mechanisn for the OO, comversion to propane
over the PdZnZr0y+ SAPO-34 system.

PdZs alloy is formul dating catalyst activatson, in intimate
contact with axygen-vacancy rich ZnO particles over the ZrO,
support, a4 dtnmmudby XAS and FT-1R (unnuum i3),
This alloy, once exposed to the CO, feed,
&whpmmacon—duﬂm(mﬁwn?)mhalm
Ze) shell and it ix directly responsible of the

MeOH formation I the PdZn/Zr0, component.”' ™ ' This
Mﬂwln&MIMyMMhSWM
a ok 1 MTO mech with peop s the

main peoduct. ™ 'n-mnmmmtmofmconunbc

ibed to the inti i of both PdZn/ZsO, and
SAPO-M and ulnmmdy cases 4 COL/CO/MeOH cquﬂibﬁn
the €O, and

amnymcom(ﬁusm-mam-apm
2a). The rapid transformation of MeOH to hydrocarbons

This rapid MeOH conumsption triggers sevesal svaction
equilibrium shifts, wltimately boosting the inmitial €O,
conversion and minimizing the CO selectivity. Lastly, the Pd
companent of the system hydrogenates all the propene formed
over the intimately mived SAPO-34, resalting in & paraffins
hydrocarban selectivity ovwr 99.9%. Our resslts condirm the
great importance of synergies in catalyst development for the
production of indmdual hydrocarbons from CO, with the
ultimate goul of facBtating the transition to renewable, now-
fossil-fael-basud enemgy sources.
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ABSTRACT

Keyworih [= lizg the = smeressd 1 mawy cxtalytic reasuons,

Batecr sgersesciale demiiity ootally sehertive OO lmha-lnm “ng »mow -:lnyrn-m the preferred —lah-cuy {1:1) of sy

N portad b dlic Pddn the ol ah

z::'_"""”"'" (mmn.l.u-ubmw A wad v the matsrid  reairdy 3 it

Ught 4 wlloy, s revzaked Iy poesder ARD sl XAPS, s forfher ngpocied by 108, TIN-EDX, whorwmial sruabyuts sal s
i X 2t bow lemperatene udag OO0 v prodee rradenide. Marcorves, & stiaor phase of saidised 2n was determmaned
Loy XAFS. Theis Pila, CeleOx vodined saiabpot wis conndiesed with SAUMO- 54 10 furm & taraken catalytic systes fr
COy vomversam b bypdricseboent, This sywtet eocful resadily comvert U0y aond Hy it bagh levegrorature (350 C ane
Ipdevcariams whh o coavervin of 20% and high relative sclecsviry m fght WMM 1C3-C3: 62%) with
virtaally 20 dostivetion af the calalpst alter 16 & o stiears, O were perkanined with M
Celvtn annd ZouCeleOn lo arder we gale supplcreeniany iescfits o 1hs sasionn PLCeZoOn gave anly inethase
ood 2 CeleOn gave mutly CO wnsder fhe same cndition. The latier chvely shows that 1he costml of the
foemsation of Mi2e phase has grom drpact fr (e sehactive predocsing of hpdroos boas

1. Introduction thermo catalytic eoaversion of 003 show sultable productivity ar com-

mmﬂmﬂ«&lhmvmwmaumyoim

Constsnl incroase of the OO, i
resulted s emviroamentad changes sach a ghobal warstiog sl ocein
acidificwion {1 1), Any action to dacrease the COy embssion or con-
crniration in the atsumphers i of great interest. Astong thess are cubon
capure and woeage (OCS), and carbon capture und wiilizason (OOU) [
7L mxmmkmmmﬁeau-unuuhkmm(]} (LN

e pheredis  p inclading . carbon La ot
or Sight hyde (eg., eylene, propylene) [17,15],
depending e the nacoee of the camalyst. Chemical conversicn of CO, o

valueadded o I amd foele p il » an i

supply for the decSsing and nos-cenewabde fosall foels that are currestly
the major scurce of chemicals and energy belug oesitabde i curent

Mlhntho,-m-mhm b hevtibe, & can th iy b sochety 110,205,

served o un foesp Bun-soxic, L ble and o Transh of OOy litn hydrocarbon-bused fuels s be mchicad

carbon seurce m prodoce high value products sech as fucks and e via hydrogenation through twe different ways: 1) syachess gas produce

Sealy 110,000 Mowever, dlllolnhshmmllq ()D;huwlnumm tion by the reverse water-gas shift (RWGS) reaction followed by Fracher-

l-;hm bght, or ol Iy |, edettro- Tmhm)mmpmluhydvﬂhul S ) methanol xyn-
I, or ghoto 1 |. 15], ned move eff. Cesls | 2 d by {-to-alefin (MTO) process [ 23241

cemily asssted by o caalyst. Nowsdoys. the peocesses based on

Themmdnelmdumkaundmdw(z'admmn

T Correspendisg meon,

Foant addrecunr o1 bs g it b 5. Boediged, coomtale e T Tyon I (M Taseth)
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synthesis keads to a Schultz Flory- Anderson distribation of hydrocarboes
lhumadsmbnnuby(udﬁqmdmmbnhw-m“m

AN Comatyax A Gewrel (35 (002) ) 18588

gresence of Cerlum seems to have o beneficial effect due to supple
mentary OO, ugeabe [44,45], ﬁnulhqullimuplhlnwndmlluhl

desired products | 201, €Oy hy jon via methanol - hydrocarbons from €O, additional cl such as th
mmummm“mmmmmmmwm namic and the I of MTO caralyst, hive o be dered
0 produce light hydrocast ug hanol has Methanaod fe on i lly favored at fairly Jow temperntures
-ulvudmmymmhx sive expl Otrviersty d 250 “C). At higher temp prody of €O b
this process reguines two differemt catalysss, finst for the dan of  favorsble, Unf Ay, the MTO xuiites higher Tospe
CO; into methaool d metal nanoparticies or metal (> 350 "C) 1o be efficient. Hence, an expected e will be to

oxide or mixed oxide (e.y, lmmmymmulmmhw
Second, MTO reoctsom can be readily catalyzed by zeclites, such =

minimize the CO sebetivity, In addition, a recent stady of the PiZs
system mechanically mixed with H-258-5 ond 1'dZ6 on meso-poroes

ZSM-5 or SAPO-34 126241, HZSM-5 (prepared ugh surfoce orga llic chemistry oo
The main chall of catalytic CO; hyd mto hyds metal} revealed thst Zn Bas » tend w0 exch with B d
bons over i single renctor is the p of the RWGS whichis  groton Dusieg the cataly thils d in an Inhibiton of the
kinetically frvoced eading to the prodection of CO. Particulurdy ot high lo&umbrmtmdmmubl.
warking temperatures required for MTO (aver 350 “C), the selectivity of Gatherl * ﬁmllhg' for Pd-based methanol
CO can be over 8% Moroover, waser formed during 00y bydrog rhesi: lysts, an end d system should contain PdZn alloy
tion to hydrocarboms using bifunctional catalysts cam alter the activity hvingihe,.‘ d soichis y (1:1) M , emplaying a Ce-
and stability of the zeolite. Theredore, synchesis af light hydrocar tased support Is favorsble Ia ander to maumize the 0Oy uptake

with n high sdectivity from COy by jon over a bifs
catalyst 1s very challenging, Despite some promising results, the adore-
mentioned s, like high CO selectiviry, fraguently higher than 50%
and the proper eealite selection still have to be overcome. Furthermare,
the hydeog: of €Oy, & th dy icall 1 e, but the
mdmllmnltolohtroldim Ilmmbh
Henice, & cucade process by coupling these two gives un
Mldondmhwbmwnlhfmmdmﬂmdw

Hence, wnhmby&nﬁ:nmmwdmﬁnmmmb
applylng surface arg y with a & hl lic
mmchwmmdhmnmmmwaﬂrmhm
Weabwwdmﬂqmmzrolmuntﬂrmmm
10 th d by calloidal i 1y applied
nmmmlyﬂm*l l!mploytn;uhmvbtmemlhcm
cursor will ensure the destred stolchlometry between Pd and Za (1:1),
which is essentinl for this system and bax alresdy shown to enhance the

make the overall process (00, to lighs hydrocarh feasibl
mhm-nqmmlrmuuhmwdonlywh-w\mwlmw
components are in intimate contact |29 0],

Several tandess catuly are ropamed In the lin For
example, mz.o,mummumnm&dmmu shows high rela-
tive sel hydrocarh ds lower alefing (80-905%)
Nmmﬁmn-hmm’inmwm(u.
50%). Surprisiogly, the CO sel y for the tandem cacalysts (s aiready
mmmwmmwmuozmmwo«w-m
141]. The reason is probohl d 10 the fi of water by the
mmuﬂyxﬂbyhmﬂnmmnulwmenmp
shift Ming in the jon of 00, Ancther sspect to
Bmit the fosmation of CO i to select & proger active phase In onder to
snimize the RWGS ion upon hydrogetation of €0y 1o hyd
bons wnder the given working temperature (over 350 “C). Based on
thesmodynamic and Kinetic anslyses of s proces (COy to by

yuic activity for partial acetylene hydrogenation (41, Furth
the surfsee oog: e chemistry appeonch imvolvis grafting of the
selected peecursar onto the support, offering a firmly bonded (nterme-
diate pod theschy iz fgration ssd leaching of the el
wuldm_lmlmdnnim lnlddimﬂmmthdsmmmwﬂl
avald formation of Jocal llie g oe el that
may ccour by using d i hods like welness

Wwdm.ﬂmn&hmnmmqﬂm
of PdZn it d e ceria-zirconia and the ch
mddnmu:ulbydanmmlmnlm&rﬁ:endwmyln
ulyses, [R, PXRD, TEM and EDX, CO adsorption fallawed by [R, XPS, and
EXAIS. The catalytic p in the i ofoo,dun
different tandem ', wposed of supported PdZn

mixed with cammercisl SAPO-34 are reported, Furmmp-rmmtom-
plementary catalysts containing PdZa supported oa cena and oo zirco

nls and dlic Pd and Zn sapported cera-eirconin were alvo

bon via methanol) along with I reparts, the gr hall
Lies on the mechascl synthesis catalyst. Several metals, metal alloys and
metsl oxides wove weed for OO0y hydrogenation to MeOH, includs
catalysts based o other mived oxsdes, for example IngOy/2r0y (3011
or Zo0/2r0y 152 071 or noble metal such o8 supported PO-NPy,
Pdzn based catalysts bave shown p MeOH yield especially at
medium temperatures (210-270°C) (3547, Supplemestary scroening
of dlﬂmml catalysts with yarious compomtions revealed that the
duction can be enbanced by | w the Za/Pd rutio
139401, The Tatver i tribused 10 d 2™ pocution in the
#d lartice, ensuring the formation of surface PdZn (1:1 ratio) alloy which
hhll«ndmb-mcmauimmmﬂuuhum—dm
Compl ducted on Pd (without Zn) supported
ummmo.mmmxmwm-mmm
cating that Pd nenoparticles promote the RWGS o, A

epared to gain further compeehension. Fimally, the most promésmg
system, being PdZn/CeZrOx was charncrerized by XAS and in-shu IR

2. Experimental
2.1, Catalyses preparetion

Commercial Cerla (Solvay ACTALYS HSA 5) and Ceria Zirconis
(Solvay ACTALYS 922, CeZrOx with a CeOy/Zr0; ratio of S8-42 wit™)
were purchased from Solvay. Zirconla was synthetlzed from Zn(IV) hy-
droxide (Sigma-Aldrich, CAS no, 14475-63-9) by caleinmtion in n dry
oxygen flow at 500 “C for 16 h.

Cerin, Zirconia and Coria Zireonin were cnlcised for 16 h at 500 C
-ﬂsnﬂonofdryalr.mcnmleddmmmdcmum After 3 re-

d m.numnammphu:ﬁeu‘damwnhllyd&y

stody usiag DRIFT and DFT cakulatices proposed two possible In-
distes im COy Iyt wver PZa catalyytx (i) HOOO which
MthMana(II)MMMEw
Cis-0O0H foe RWGS reaction or MeOH [ 59421, Trans-COOH foemation
was found 1o be energetically favored oo pore Pd (111) while it was
highly umstable on Py Zn, (111). These tindings are (n good ax

mwu:oo C under a high vovssm (10 mbag) for 2 b,

m&wppnnnduul”lmmwm-fnem
wllic ch ry (SOMC) grafting app bimetallic pre-
cursos, btained foll ‘1, the p

PdlulpOOODh)..
nwmbyxomyunu.lw-

with experil | data, sl highlight the smp of the Pdzn (1:1)
alloy for bydrogenatica of ©0; to methanol. Ferthermoce, different
supports wene also studied, Apsrt from the robust 200, sopport, the

d starting from PdZn(p-00CCHLN (154
—d)wmemmem*z:o,amng.s-mmmm
for 4 h, stirred at 80 C under un inert atmosphere. The titration of
surface OH provided a comceacracion of 0.6 mmol/g for CeOy, 0.21
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mmol/g for CeZrOn sad (.15 mmol/g for ZrO;, Then amoay the three
stodied supporty, CeO) has sufficient surfuce OH groups to react with the
amount of precursor {ca U.513 mmol Pd/g of oxide). However, the
Available seface OH groups of CeZeOx and 2r0; are in deficient with

ANl Comatyax A, Gewrel (35 (2002) ) 18588

mmmeuldudmnbummuz(wmbmudw‘chrwlnl
Yowed by cosling undor As p ! the best /
dmmﬂmmw‘mmﬂuudnnlyhrmm
wammmmmm spectea of OO

respect to the added precanor, Thus, part of the precursor is probably
grafted and a quantity will be deposiced for these rwo latter supports.
Aceti acid wis qualitatively observed by GC in the solution, testifysng
some grafting of the hesero bimetallle complex through peotonalysis.
Hermirver, due 1 the strong adsorbing naeture of acetic acid on the basic

ification was rather challenging. The sobvent was evap-
um.mmwwumukmumn-sorcm«.m
of dry air, then cooled down under vacunm. Afterwarcds, the sample was
reduced under o flow of Hy at 400 *C for 3 h. Afterwards, the samples
wee stoced in an inert stmosphire,

The same procedure was applied for the production of Pd&CenOx
(5 W1% ) aed Z0@CeZrOx (3 Wik 7] using PO(I-O00CH,), and Zn
(p-COCCH,}; = precursars.

SAPD-34 (CAS: 1318.02-1) wis parchised from ACS matesials, The
sample was calcined far 16 b wt 500 “C under a fow of dry air.

2.2, Remontod anulysw

Eh | analyses were perfl d by the Pascher Microunalysis
Lab y R via ICP. Samples were sent there sealed under
ViU

2.3, Swrface area and porcsity anabysh

BET sauface area analysés was run via Ny adsoeptios at 77,185 K on &
momm&ﬂmhmdknlkymlm
faced with the ASAP 2020 V3.04 peogram. This d to
quantily BET and Langmuir uuﬂm aren, as well s ponvolmm!
size.

2.4. Powder X-Ray IXffracton
Powder X-Ray Diffesction (PXRD) patterms were collected oo

%P up 10 40 mbar were collected at KT and
ﬂ&mwmmmmwwm

2.6, Xvay phomelectron spectroscopy (XPS)

Chemacal chamcsertzation by XPS wis carried out wsing a Versap-
eobe 1 spectrometer from ULVAC-PHI, A monochromatic microfocused
beam (X ray source AbKo 14866 e¥) of 100 jum of diameser ond 250 W
power was focused on the susface of the samples. The high-resoluricn
and survey spectral analyses were performed using poss eoergy of
239 and 117 eV ponding to a resal of 0.6 and 1.6 eV,

ivedy, All XPS were carried out i oan ultra-high
no_dumbﬂﬂ 107" mbar). Each coce level peak was recorded
within a scan e of 1 oV/s. The bindiog energy esdibiration wes
performed using Audf7/2 (83,94 eV), Ag3ds/2 (368 2 eV) and Co2pd/2
(9326 eV). CasaXPS softwane was used for Ce 3, Zon LMM and Pd 34
curve fitting. All were performed using peendo-Vaigt function wod coe-
rected Shirley background for the formes and lineas hockground for the
Zn s T4 regions.

2.7, X-vay abswption pecrraaopy (XAS)

EXAFS spectrn were acquired at ESRF, Grenoble, France, using BM23
Beam-lime at the zioc K-edge in the transmission mode, For each sample,
four scany were recorded, between 9.5 and 10,7 ke, at yoom tempes-
ature (295 K), Each data st was collected smultancosady with a Za
metal foil reference (96580 V) | 50, and was Javer aligned according to
that refi (fiest i of 1he derivative of the Za foil spectnum
set ot 56586 eV). The samples were packed in an argoo-filled glovebox
within s air-tght sample bhoklee. The data ssalyses were carried out
wang the program “Athera’’ (51 and the EXAPS fitting program
“RoundMidnight”, from the “MAX™ package (52|, using spherical waves.
T)wpwmn?!"!mu-dloukulnnmmmlﬂuhnmmud

jes based on mode! chusters of atoms | 70 1. The refinements were

Braker DS Advance diffraccometer with Bragg-B
oniometer in Theta-Thety mode and Cu Kal 2 X-Ray source. mr-
fractograms were collected in 10-70° 29 range by ethanol dispersica
ovi Silicon support and ereated using DIFFRACEVA Beuker softwase.

2.5, Infranad speciroacopy

Fouries Teansf frared y (FTIR] In d Total
Mkﬂnm(hﬂ)nndcmudwch-amﬂumtnvhwuddw
samples during the synch by g spectra undes
ioert atmeophers, Le b;-hu- Bruker-Alpha spectrophotoeseter with
hmdmmldhuﬁyl-delh'im Spectra were collected in
A 4000-600 em " range with 2 an”' resalution wing a Deuterated Tri-
Glycine Sulfate (DTGS) detector.

m:puumnlnummhmm»-mdnph)dtc

aﬂdwlbymmewmlpmnx,l.qmmnw
shaft, 8K (genenlly the same for all shells of a same phase). The &°
parameter was set at the value by FEFFB program (0.92). Far
each fir, the quality factor, (Ac)*/y, where o is the oumber of degrees of
freedom in the signal, was calculated and 1ts minimization considered (n
cedor 10 comtral the number of variable prrameters in the Gy (54],

2.8 Flectron sicruecopry: TEM, STEM and EDX

oo Elettron Mi y ~ High Angle Annular
ark mmmmmnmuamm“mmw
Titan Low Base [FEI) at a working voltage of 300 kV, coupled with &
HAADF detector (Fischione) available st the “Advanced Microscopy
ubmuory(ml\rdlheummqum Xrmy Energy

e surfoce prop of the I by following the Spectrn (EDS] wern obtained with un EDAX detector. The
ldmrpinnofcomdupmbe lecule. Ab i FTIR nmplumdlmmdlnhlummdumnll:mnumo(ddmm
spectrn werd collected uxing @ Bruker an 70 % s ¥ d on o Cu-carbon god.
equlwedwtlhnl‘tmy“ deni Shuride (MCY) cryod in the
4000-600 cm™* rasge with 2 con”! resolurion. Powdess were pressed [ 2.9, Catalyeie rests
self-supporting discs (— lOuIm’lmdphuedlnmllcdkm
lhl:ﬁu‘ I d here and for spectra co2 was perfi In M y (FID, Micno-

ding at roces semgp (R‘Dwﬁqﬂdnllmmmn nﬂm)mquulmd-ﬂh-huu(-z nwtrmm 700Gy,

and i back-p The %"

(nominal LNT). Before IR messuremenss, catalysts underwent an acel-
witlon g dure meant 1o sinsudate the I (81 and roduc-
tion processes. Im both cases the followed protocol started with: 1)
outgassing and heating of the catalyst from RT 1o 400 "C ar 5 °C/inia, )
holding st 400 € for 30/, nllmmundzromwnhr)hm'undw)
cooling down to RT under Oy, Red was d prior

menmphﬂlnm-nm-ulnndnamau(m
tempersture « 150 C) allowing pre-heating of the gas nnd avotding
cundensation In the cutlet Nnes. The catalytic bed s comprised of the
catalyt in powder farm (grain sixe of the catalyst powder: 15-20 nm,
grain size of the SAPO-34: 3-5 ym). The reactor contalns a 4-way valve,
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the caralyst cun then be charged in the glovebox and the gas lines can be
exseecdvely granges] with the cesctunt gas befory exposing to the catalyst
A certified gas cylinder (Mélange Crystal, Alr Liguide) with H,/C0; ratio
of 3 was used, The reactar was fiest pressurized o the desined pressure
(up to 30 bar) before the heating was started {10 ‘C/min). The post-
reactor lines were heated 10 150 °C to minimize comdensation of the
product sl connected o an online GC (Agident 78%0A) equipped with
mwmmhzﬁu(ﬁmomdmm lbehnumnnmcul

[ Mgy The prody were d by TCD wnd FID
(equipped with rIM) d in series. The conversion and
[y values were ob d wsing the following
Toal ool of
Coaversie = i_&-‘n-m‘mm';"-lm

w » Toval vl off Cn
Selecwr b O Tt sl oy Oy * 'O

The carbom balance & dose to 100% when taking im0 account
lesrrumentsd evors (typically arcwed 5% foe GO

3. Results and discussion

3.1, Sapported PdZn namoparticles throegh surfoce alc

ANl Comatyas A, Gaerel (35 (003) 18588

\M | »
4000 3000 2000 4000 3300 3600
Waveeamber {cm ) Waversamber (cm')

¥ig. 1. 8) Alsorptica/traneminios FTIN grectes of CeZsOn suppoet aller: ()
Bydronyl grovgs neematuntion (grey), 1) [PZndp OOCMel ) praftiog and

chemisery

.!H mmwmuwmm
Juction of [PAZolp-O0CMel ) was
‘byA'rR ,,uunglhcmmoonpumm
ported i iy 50 s refurence spectra, Whilst after grafting acetates vi-
beution modes, discussed in detall in Table 81, are observed over
cacalysts surfoce, they are consussed after reduction prosess {Hy 52)
This result, combioed with the multiple Pd and Zn signals in the XS
scans (vide Infra) and the PdZo Bragg Refl In the diffn

P (yetlow), 1113 calcissmion urder O (purple) and i) redection wder
Hy (D). Spectra of referesce ColeOx teduced s reportad o red Sor darity. b)
Detall of OH strosching region,

212 Compasion, strucawe, and textare of PdZn nowparticles: baac
characieriaation

CeOy, ZeOy and CelrOx presented pood crystallinity after grofiang
‘Makmum.nmdmcdby&emumlnrq SN Due o
crystalfite o - d peak b " we canmot aafely
distinguish besween cabic and tetragonal polymorphs. Thus, the most

(FIg. 2), confirms binetallic alioy foemation paraliel wu-u;u-
complex thermolysis. ATR FTIR is based on the the

foe the three suppoets were swied for simulatios
cnhl:(nn-anuw&o, 1571, tetrngonal (P4;/nme) for CeZeOx [0 ) and

vanescont wive sad the sasple. The famser consists cely af & litde part
of the incoming beam and penetrates few g in the sample. Since the
particle size is ohserved 10 be in the nem scale (g 55) in this case ATR
can be comvidered a5 0 bulk tochnique reducing the surface-1n-bull
signal. As dearly visible In Fiy 52, ATR-FTIR spectra shows only fea.
Iumdwrymhnd(ln Mnlnmnm)whuundtwmi

suffictent jon on the OH uxtun.‘tobqiy

linic (Pay/mme and P2)/¢) mixture foe ZiOy (50.00),

For th: Intter tetragonal-to-monoclinic ratio was evaluated as 50650

wsdng the equation proposed by Evans et al. (61| reported for clarity in ST
together with the peak frin Vg 54,

The ch of the redoced himetallic catabyst. PdZoy/CeZ

10 by X-riay diffraction the p of a Bragg red) Mea

41" m the diffracsogram (g 2) (6265, confirming the foemation of 2

mﬂm malkecule-10-suppott isteractions we um h
PZniCeZrOx, the most promising catalyst (vide infra) by PTIR spec-

trescopy in transmission mode.
Absorption/tracmmission FTIIL spectra dﬂn PdZn@CedrOx syn-
thesis steps lled 2 n the O hing region parullel to

acetate haed formation appessnd betwen 1650 and 1300 o= ' (31g 1,
a) Absorption/transmission FTIR spectra of CeZrOx support nftess 1)
Brvttroxyt grouges sormalizacion (grey), i) [PAZep-O0CASe )1y grafieg
and depostion (yellow), Fi) calcination wnder Oy (purple) and iv)
reduction under 3y (blue). Specura of reference CeZrOx reduced s re-
ported i rod for clarity, 1) Detadl of OH stretching region. i Jaand
Ib pinpointing as grafting occurs to the detriment of terminal and bi-
beidged OH groups at 3657 snd 3650 em ', respectively (55]. Calei-
nabon process j partly OH vib i} | 1o acetate con-
(purple specera, Iy 1), whilst reductice induced foauatica of

Ce' ! Uy~ dectronic transition ot 2127 cm ' (blue spectra,
5'; 1a) indirectly wvelling presence of uxide-related bulk cxygen va-

Intensity {a.u.)

cancies (Vo) [561, In arder 10 obtain deeper infocmation on the catshti
sites avallable on the catalyst surface tefore nod after PdZn alloy for
mution, |e metaliic and Lewls sites, we then gecbed (he surface by €O
adsorption.

A supgorting samples, (Nm»mhh grafiing uod uklnmlm
over prare CeOy and Zr0; were followsd by ATR s Py, 3
the same behavior as PAZngoCeZrOx (715 521

10 20 30 40 50 60 70
26(")
¥ig. 2. FXHD paterns of (G0l COOMe), ), geafted deponited and redoosd

under M; m c-CeO)y; (gray), +-CeliOx (huw) and -2, (ed), dnmonds
inuticate moanockaic reflections. Trisgles inficase P20 alloy Rrgg seflecton.
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bémetallic Bd, . Zn, alloy after iy ly
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suppocted

1461, Similar festures were olserved for PdZn supported on m; nnl
2205 (F1z. 520 However, amung the vanows existing PdZa alloy phases
154], seversl of them show & Bragg reflection in this 20 rasge (557, Doe
o low PXRD pattem resolution it is then not p
phase, Le. tetragooal 11 phase (AM/mmm space group; Pd;. JZs, with
%= 036-0.51), or palladium rich cubic [ phase or 8 mi of

under hyd 3.1.3. Advanced ch XPS, €O adsorpaion foilowed by 12 and
X-Ruty afwseption sypwctroscopy

2131, Xvay phoooc opy. A careful galon of Ce

ible to specify the alloy mwummau.wmum repocted in iy, 3, gave a

|l oo the ek £ states mod their

hessical surraundings. Ce3d(5/2) region of PdZn@Ceze0, (V. J0)

defferent alloy phases (0o The 11 phase should present two Beags
e tion peaks (o the $0-45° 20 cunge for (101) type plames and (110)
type planes in a 1074 mato o ca. 41.3 and 44.1" and a cubic structure
oaly coe. A less lense poak at ca 44 may exist but is difficuls o
observe on the diffr (g 2). The @l was further dhar-
octerized by XAS I order 1o try 10 specify the type of PdZn alloy present
o the material (sew Bolow). Notrworthy, Bragy refloctions from segre-
gated 2000, wwkmly observed by preparing PdZn/ZrO; through
oidal hesin 1471, hinve not been observed, sug-
gesting ms SO\\K: m:hiqun increased PAO/Zn0 surface dispersion
bence impeoving PAZn alloy foemation.
mmmluwuﬂnddnhnwww‘mdrdndmld!m

compared in Tatde 1. The ad are
‘ the Supplenumtary mﬁumluul ha \7) and show W W
of Is. 12 is 4 to soderll

m-mlmmmwummumxm”o-
what decresse after immobilizstion of the Wmecallic alloy (see
Tuble 52). Stmilar features were observed for PdZn supponied on CeOy
and Zx0; (Table 57 s Fige 55-56).

TEM was wed to characserize Pdin/CelrOx. This technigoe noc
mally allows 1o soquine information about the partiche size d th

an hagh surfi of e’ Bven if presence of
G’ in CeZex suppart was already obsesved by TR spectroscapy
(g 1), this techmique probed ot catalyst surface and bulk, On the
contrury XPS signal is dmited co the caralysr surfnee, unveiling thar
CeZrO, wuppont possess i higher surface Ce®'(V,) conconiration thas
pare CeO;, This |s qualitative observable from the relative (nsensities
difference Betwoen Ce™ (v0 und v') and Co*' (v and V') ehectronic
transetions (1 g Ja S10) (07, CegrO, solid solutions are wedl known to
poeseot a conslderable concentration of Ge** e, oxygen vacancles, due
10 the jonec radii difference between Zr amd Ce atoms (00,

‘While Zr axtdatson state (4 4) was clearly Idennfied from &s 3d re-
gon (Fig 511 5D, meeadlic Zn andd jonic 20 cannot be distinguished
from the Zn 2p spectra (Fig. 510 ) doe to their luw encrgy shift
(=03 eV) (91 Mmhwwbundmlnmwmtm 3
band ©10 is more inf ve. Two d at
mmmmw(mmm)mnmumudum
chemical enviromments for Zn atoms. The sssocisted Wagner parameters
o = Eg{LMM) + Esl2ps2), where Ex and B ace kinetic and binding
energies, respoctively, sre 2013 oV amd 2000 &V, signatures of metallic
and lonic Zn, respectively (70). Presence of the alloy induces an mter

of the samples. In this case, as shows in picture 15 57, no sign of
wetallic particles or altoy was clearly observed due 1o the heavy suppert
(notably the presence of Ce as well as Zr) which will absorh most of the

atcenic el teanafer and a Pd cebitads rehybeidation, which shows s
&u‘mllhmo{m)lndﬂw levels to Jower and

ly 171-77). T and s
alloying Mchmwxpmurhuhn which is adeo clearly observed

electron beam and mask the lighter elements (Pd and Zn), Ko
ﬁwwmlvmdwvtdmdnd-kﬂddmodt(m HAADF).
the g of the py with EDX anatyss sill

peovides insight -boul the -lmuul mqumon dlb' catalyst, though
this method and dent on the
nwpdmtmmﬂqa(mhpmmemhhckadm
verify the homogeneity in the composition of the himetallic mano-
cles and its homagy on the surfoce. Interestingly,
nllofmnmpldpdma'nwmb«ml’dudhm
chnique also allows a i of these metals. EDX amalyses cn
-uuwmmmm-m-znmumun-m1 with an
avesage value of 1.2 having a rel ly high dand ¢ (06)
mwmyhml&dyﬁemedm
metallic phises, The preence of IWZa allay was confimsed by XRD.
Hmm« nmnpwmdmnlmnnmualucrﬂmu-mduw

from CO ack d in the following section. The enesgy shaft,
miwtmuml&/nldk mama.m-dmhbb
bands (Vig 5110} (0491, is very clear in the Pd one 3d region. Pd 3d re-
glow (Fiy. ) ey soems 1o present & siagle Intense doublet, i.o, W 34 5/2
and 372 H -, a carvful ideration of the energy positions and »
direce comgarison with refesence PUZn@i Zr05/Ce0y (Fiy. 5170 and
Taide 55) unveiled ms & weak contribution from metalic Pl 34(5,/2)
can be identified at fixed BE of 334.8 &V while the intense
um.«sasnvnmmuwwm nynmdum‘oumnn
dl.jxt hy, o higher of
Zn(0) and PA™™ was ohserved (o PAZn@CeZrOx respect (o
Mz,.@z.om (g 5100532, 519), unvedling o higher concentra-
tlon of oxygen vacuncies and PdZn alloy.

2032 mmmmbym c-immldcbunplwd

loying (621, El | analysis (ICP) i o far moce relioble goee @ = shple prabe e 1o
thed tn d the bulk compositian than TEM/EDYX. KCP analysis chemical ature of surface sites. Omoomzm-nhnwmm
of the sesple proved that the bulk posi of the I oa the caaly P @ on the cation lonlc potential, the
(P < 507wt Zn 3,10 wito) maintain the desired 1:1 mitio b Sami charge withd, '_" » unhdmddlnbm-lw
z-/m(r.cmr xzxmmmn{umuhndmhel. nenlorn:nluco defi the as or xback-

Ieluss, the k penwity swems to be more p 1 for PdZn

mwumdww,-uzmwwmm(uw uA)

Tahle 1
Seperficis] mren, pore vidune s poce diameter ot for the tvated suppont
CeZrO and fur the redeced catalyst

vely [ 75,701, The fanner deplotes cur e density from
mduhxbmhhh:kmmhdmmhdm.
Bypsochronsie shift fram the ideal €O strotching vientice (2143 om '),
whiba the acter fills OO 13 ibonding Jevels, baming the
triple boad and énducing a batbochromic shife. Typically, for catlonic
sitex s-donation prevails, for metallic sives =-hackdonation wmlh. M
cousng blueshift and redshift, ly, of the h it
adsorbed CO. As a consequence, 00 allows 10 mmdnc
whether: ) stromg and weak Lewis acid sites (Ce** and Zr* ), necessary
for 00 adsarpeion as cacbonates (6041, e still poesent over the

Cr2en P CefoOn
BT SA (e ig) 014 L3R
I pore velume (car' ) [ +7) om
U poees diamseter (nm) (¥ o8 osr

anlyst surface after grafting and redwction trostmonts (blweshified
tands) and b) f the metallic PdZn alloy was formed ot the surfical scale
(rodhbvifted bands with peculisr fesurm).

J1.3.2.1. Room remperamre CO adsorpnom. At KT 0O 15 mamly
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b)

Intensity (counts)

AY

znO

892 888 884 BBO 876 505 500 495 4380 344 342 340 338 336 334
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 3. High resolumion XP spoctra of PN2n/CeZeOn: a) Ce (520 ¥) L 2p sodd ) M 3d fegiose. Expecinnntal sod best it curves are repeesented by bloe and
dashod boown Bnws, repectively, Ce 3 (yeliow fine), Co <4 (slack lined, metaltie Za/P alloy dyeliow), ale Zn (deck green) and Pd metad (groea) compenents

e repcind

adsartend on strongly mivracting sites e, Y7, As calcination was

docted under O3 P from RY CO adsurption (13 1a) we
expected 10 observe presence of PAO, However, & sharp tund polnted at
2050 cm ' and a broader one at 1926 cm ! were assigned to OO liveardy
and beidged coordinated, respectively, o P, where 2-backdoaatica
prevaily (42 ], As a matver of fnct, it i well repocted in Hterature that Po®
is frequently observed on oxidized samples when using 00 as probe ar
AT an the ltter can easily seduce P?* 1501, Mareover, 0 wosk band at
2048 cm ' is observed at low OO coverages which assignment is not
erivial It could be relssed 10 CO interacting esther with Pd® or with pd”
sites in preformed PdZn alloy, In the former case, the band could be

Socased it ssch bow wirversemitaer as relitnd ither to I dedect sites, such
a5 corness, edges and kinks, and/oc to #d” meracting with Ce'*, which
cames an electron transfer from © w P, seinforcing the
back-donation from Pd 1o OO, Le, incressing the redshify (10 ] As PdZa
alley & formed under strung redocing conditicas [62.69,04), the pres-
ence of MlZn | iny under oxidizi Jitsors &y hard 1o proal
and to believe. On the contrary, due o the CeZrOx solid sobation (57,
G Iy prosent on the catalyst surfice {vide indra),

PEO reduction by CO was d by the o of
€O inreraction with calctoed PAZngs CeZrOx wich risley the temperature
froom liguad ni  LNT) to BT, reported in

oz e

a)

Absorbance (a.u.)

e

—

v

LA

{b) 0.02 moar
0.04 miar
0.10 miar
0.56 mbar
0.68¢ mbar
1.8 mivar
——— 6,36 mbar
—— 8,68 mbar
— 19.80 mbar

2062

N\

27100 2000  1%0 180
Wavenumber (cm ')

T v T T
2100 2000 16800 1600

Wavenumber {cm”')

over: 2) cwiemed PEZni2Ce 2oy ml B sediced

Fig. 4 Alworprios transsisson FTIR gecrs of OO pdsorbed e Room Temp

a 5 pertial

PuZn@ CeZrOn. Jacreesing CO parial peessure (grey o Mue lines) aee reponed in Doth poseds.

-
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Fig. 814 Arpomézal LNT, uabomlnme-:nlunnnluru Sa large
band wt 2155 cm " indi of CO inber-
acting with 2c' /Ce“ndrd’ sites (Fly. 5144), While temperature
rlses, €O descrts fom Ge' /20" Lewis seid sites snd selectively re-
dwces PO forming first Pd* and Pd® sites, wveiled by the prosence of
bands at 2131 and 2095 em ' related o €O lsearly odsorbed aver Id

Aol Comatyas A, Gaerel (35 £002) 18568

a broad band In the regloe 19501750 cm " reloted to bridged
CO{PI")y apecies. However, (his species iy not expected for P in the
alloy, doe to the lack of neighbouring Pd sites, The presence of this hand
indicates that nasoscaled P clusters, alrosdy observed by XPS
O'Ic d.mmmﬂoﬂuhdofﬂmmwdh

and Po°, respectively (147, Fimally ckne 1o rocen tenperature, anly 4
band at 2095 cm ' &s observed, showing thae all Pd* 2" sites have been
reduced to PA”, Mareover, & lurge bund cecurs ot lower wivenumbers
with man contribations t 1970 and 1920 s ' assigned  heidged
carbonyls on PA(I00) and P111) feces, respectively |12, PO

yls at 2060 cm ', it & ressonable that these Pd dosters occar oo
dofect sites of the PdZn numoparticies, such as the edyes of the allay,
whose linear carbouyl absorpeion falls under the band at 2062 cm ',
Notewnrthy, OO0 Iy adsorbed selectively u- P sed not on Zn (90,
herefore the blueshift of linear corboey! band with respect to the
caklnedcuynpwdmdioyrmlm while the low amount of
Bridged ferlined the p of low amount of #d clusters

mdumixmwnwdbycom idation a= shown by p

and g modes of & (1504

nmi 1345 ), bidwntate (1575 and 1299 cm ) eacbontes amd bi-

carbanmes (1619 and 1393 cm 7, HOH) at 1219 cm ') in 1ip 5140
R7.

0O o

e

at RY over (12 +b) showed n single

and meprev&m Pd-Zn alternation oa the cutalyst surfuce.

fn Both specten im Fig. 4, 0 Baeshift of the main Samd was observed at
increasing CO partial pressare; fram 2082 to 2090 cm ' for the calcined
eannlyst (panel a} and from 2048 t0 2062 on ™ for the reduced catalyst
(paned b), This =hift is explained considering the o lled “chemical

asymmesic band a1 2062 con ', red.shifted (Av= 30 cm ') from the  effect”, lg.whalhemdn‘e uge €0 a-di and
frequency of fincar COM observed for the cakined sample Backil vomtri kening the boad of CO with
(2090 cm~'),18) This ph well d n 21 tra-e lhtmemddntnngmenovlbrnhnhwlqnbnumd higher
HELis 8 fingerpeiod of P in PdZe alloy |lnu the Ze10-Pd chacge ¥, % 10 the dommimaring ibutiom (75
transfer, cbserved by XPS Jeadsoa thening of the V‘l Intbeaueolht““ inatin b s the v hackd:
PH44)-CO(2¢)  Buckdooation, shiflting (CO-P) from 2090 to  and a blueshift is observed.
W62em ', J.l’z.’ Liquid mitroge OO o N I LNT
Band y sdueto o ut Sower bers that co P mmmduutelaklmdudmmm
can be i igned to carbonyls of I’ defect sites in the PdZn reparted n 1 Saand b, ively, shomwnd of very duffy

mwmw«r«”mmmwnmmmmw As
 murser of finct, slorg with Ce®* sites due to the CeZtO, solid salution
(vide tnfrn) and those formed by the reduction at 400 “C, small amount
of additionsd Ce™* sires aro reasonably formed by CO Intersction. This s
demimstrivted by the small amount of carbomates formed during inter-
acclon with CO. Even If their amouns 1s much lower than thas observed
far the calcined sample (5 iy g"“).I’am‘ fon is ool . The

Heibl

lzmtmdnml!xnmonkmmkscncludmm;m(n: Sa)
presented w single sharp Baml st 2170 em ' which (s redshified o
21% em 'hyrmuoopanml fand \aned to U0
d with Ze* /Ce*' and pe*
defv.\'nafs-:'c'.!.Ml.i.llnv with of PdO S

over CoZrOx surface. As In these siaes, the o-donation & the prevalent

small of car the d sample can be bed o CO
oxidation by the lantice cxygen of CeZrQ, catalysed by supported Pdin
alloy (99.90). This cawmes the formation of additional Ce'' sites
fmvolved in an electron transfer to P 1 is warth notiag the presence of

ibuti -lldgbu(:)mialm(hvmﬁhﬁohheminhd
= i the af hemical effect” (751, At
mmmﬂmm-wm«mmum«mm
(inset |z %) at 2128, 2088 and 2048 cm ', While the former is ameo-
clated to GO dnteracting with Ce™*, the lutter two are assigned to Pe”

PP

1) 2156

200 2100 2000
Wavenumber (cm ')

1800

e

Fig. 5. FTTR spectra of €O

|}

1%

0.02 moer

2100 2000 1500 1800

Wavenumber (cm”)

over PLoRCaZz0; 2) caleined med b reduced, Main Paaele: beresaing CO parml peesare

Laqusd
(yanwhe)nmhmmmmun\Mnl&* /" regiun during sadilization at fiest porswire of 0,01 mbar,

y
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moce and less coordinated amd not.ce-tn Internction with Ce**, respec-
tively, s¢ slneady observest in the RT spectra in Iy Ab Pressnce of Ce*'
above confinmed by XPS spectroscopy, Is justified as doping Ce0; lathice
wlnb‘ induces strain, comg d with the Tormation of cxygen

inted to Ce' " formation |55]. Om the contrary, observing
P indicotes that i chis particolar sunple, Le. PIO &

AN Comatyax A Gewrel (35 (002) ) 18588

CeZrOx reduced sample was canied out from the flter of the FT of the
real extracted signal (2%.CHitk)) beewwen 0.5 and 34 A The corre-
sponding rurves are shown in Vip 515 and Vg 7 and the parameters
obtadned from the fir are gives in Table 2.

The first peak in the T (below 2 A in 1 7 could be fitted by light
back . oo oxygen atom ax 1.96(2) A which s is good

originated from [PAZn(-00CMell; thermolysis, PO is easily reduced
during activation even uader mxddising condicion.

agreoment with valpes olmerved for Zn0  wurizite-lype erysials
(3 » 1.9738-1 « 1.9884 A) |3), or for 200 distances observed from

Two infense haads ure obuerved fram CO aducep over reduced
catalyst (1'ip Ub), The one located at higher wavenumbers & again
mmumce‘m‘ sites whilst the secomd oee, pointed at
2074 em ', us di i in the previous section, is iated 1 Pd"
locaced In the Intermetallic PdZn. As observed In the measuresent at
T, the buni ssymmutricity Is nescciased s P defect sites in the PdZn
lunyuc/nrrd”hdelﬂnylndmmwm&"
(2062-1950 ¢ ') the wesk dand in the region 1950-1800 cm * is
anwwmmﬂcidmmdm Ax
in CO-Ce'' /2", “chemical effect”
m.mmmzmmzmm'uunimco
partial while r-hackd i for CO.Pe°/Pdzn
imteraction, loadisg to a Mueshift of the and from 2062 10 2074 em .
mdm&&'w-mmmmmm
tion w0 2127 am i P 3, while the haed ar ZE28 em ' In Fig b
umveiled tue presence of Ce** also on the serface,

R3S X-Ray alvopuim  gectroscipy. The M2n/CerOx semple
redoced under hydrogen was studsed by X.ray absorption spectroscopy
At the Za-K edge in ocder 1o shod light o the strvciure of (he sagported
species of zinc,

AL33T. XANES unalysti, Froes the XANES specorum (Vi ), It
can be observed that the sample PdZn/CeZr(), reduced presest two
inflexion points at 5658.0 and 964622 eV, energy values close 1o those
observod rnespectively for Za metal (Z2£0]), positioned s 9558.6 eV, and
for Zn0 (£n(11)), at 9661.6 eV, thes saggesting strongly that zinc exists
I two dilTerent phuses with two difSerent cocdution states in this sample.
This agrees with & himodal distribution of ziec, b a Pdin alloy
and possihly single-sites grafted an the CeZe0, suppart or ZoO particles.

JLEI2 EXAFS analysis. The it of the EXAFS signal of PdZn/

Normalized Absorbance (a.u.)

i 2 i

9680 9700
Photon energy (eV)

Wig- 6, Zine K-edpe XANES for (n] 2 matal S0l (60001 % (hl reduced Pddin,
CeZrQ,; (c) ZoO (Znli))

erystaliographic dats of molecul; I which can be taken
mddhrhnlnad-lm,up-dmhrnlhovcypu [98-101], in the
1.59-1,9% A range. The highest peak in che FT (55 7) could be fated tiy
palladivm metal back-scatterers, ca. 5.3 Pd atoms at » distance of 2598
(8) A, which Is slightly higher than the ssm of the mezallic radil of botk
Zannd P atoers (e, 253 A), In large crstals of P, 20 albory, usially
mmnmmsmwwmzmhwmm
TAZn iy phase 166], but an avesage Za-Pd distance as short a5 2538 A
could be observed for 3 PdaZa phase (107), Besides, by EXAPS, shoet
Pd-2n distances of 2.56 A [50) and 2,61 A (551 were found for PdZs
alloys prepared from PRNO L/ Zn0 ar (PENO N + ZniNOgla )/ ALOy
materlals after redoction by Hy The fit was improved by adding two
Further Jayers of zine, ane comreeponding to 4 P2 alloy with 2,99(3) A
for ZZn and the other corresponding to o Zok phase at 3.22(3) A, with
a model considesing PdZs and 20O particles. It should be noted thar
these two scattering paths are in complete antiphase (Jower part in
#1p. 7B). Though the secand distance is pesfectly In lse with a Zn0O
phase (401, the fine distance is bigher than the ooe found for 8 Pd-2n 1y
phase (2.88-2.92 A) ban destances 25 Jang as 3.055 A can be found for
uhaM-!n ulloys ax Py g3 Zng gy 1041, This could indicate that the 1:1
y & probably moe unid us n PdZn 11 phase (P4/mmm
space M Pdy 2y with x = 0.36-0.51) |44 Similar parameters
were obtaimed when fitting k*.Chifk) extracted signal (Vg 516 and
Tabde S6) Skace at least two different phases are present (n the sample,
the imserpeetation of (he EXAFS is delicate, However, the resules seem to
agree with the presence of ca. 25% of Zn in a ZnO phase, with each zinc
atoms a-toaded by four oxygen ssams at 1.96(2) A and twedve zine atoes
at 3.23(3) A, a0d ca. 7% of the zimc present in bimetallic particles of 2
7, Zn alloy. This would thus conflem the cbservatioas made fram the
XANES spectrum of the semple with two oxidation states for Za

3.2, Caralyske tests

The catalytic bed a mech | of differens cata.
Dyusu-ls-\l’o-sﬂn.llmhnnwlghl).mmdudmmm
resumed tn Talile 3,

The reacsion condizions of 380 "C, 30 bar and 2000 GHSV wis
adapted hased an Hterature reports | 1001, Hybmd cotalysts exhibised
faarty high conversion (115 a) and Is about 24% in all PdZn suppored
systerms (Talile 9). A potadle amount of OO iy formed, oeiginated from
the RWGS which is endoth and thus £ ¢ ot higher
temperstures. Thus, the dilferest supports huve spparently no effect oo
the cunversion under the gives comlitans,

All the hydrocarbons foand i the products are l. This &
wnbuﬂydutolkmwmmynfw.nhhbhydw
the olefins that are peoduced nearby in the xeolite framework. lmpor
tantly, hnnum'ulumyhcz-mtmhydmmmmhm
99%. The systems are very stable in the reaction conditicns and no
substaswtiol deactivation over 15 b of testing i obwerved (V. 4.

The PaZagiCeleOx + SAPO34 system s identified (o be the most
mammmmmnummmmwm

in b hons, M y thin system also sbhowed the
bnmnmunldmumudhlnbkr&sdadvttymwm
ches ea, 760 for PdZa/CeOy, 68% loe PUZN/Zr0; (sie adoo Fiy 51 7] amd
coly ca A8% for PdZn/CedrOn. Extensive studies were performed in
ceder to further wsderstand the role of each clessents | the most
promistag system. First of all, the bare spport is inactive under the
given coaditions. Parthermore, P/CeZrOx (5 wi%) aad ZnOx/CelrOx
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FOURIER TRANSFORM
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IMAGINARY PART OF FT

R-6(A)

Fig- 7. (AN Modelus of the Fourie travafonn of the k'weighted Za K-cdpe EXAFS of redaced N2/ CelsOx, with the contritatings of Zn0 (dark green) sl Zaid

g ,' U
= 41
e y
E ‘. e 'F !tl’\‘;".k: -
Fof BN
424 [« === Zn0 oxide \l""f
e | Pei2rs tlicy] ¥ ¥
0 2 4

R-5(A)

uwhoy (lght green phases; (B1: imaguary part of the Fourler
datsr; diaherl Himex curve At oleained with sphenoad wave theory,

with the Zn-Zn

of the 200 and ZePyd wloy phases. Solk lines: From experimentd

selectivity 10 CO compared to the hybrkd catalyst peompted us to

Toble 2 elucidate the GHSY. Increasing the spoce velocty Ied to increase in the
KOk EXARS curve fil paramessry for PCEPCe2eOn sver roddacsion.” O sel v and evidemly lower the bydeocarban seleerivity (1% “
Neighboring stem Nasider ol Distarce foom 29 Dabyr-Walker u"m.mb'm” y*]qwﬂ'_r 'mem o
uf s stuxea N ik e wIA) and sectivity In the desired products. GHSY ~ 1000
o L2y 1920 000148 presented the sime mmdtm Bt with a far lower selectivity in CO
nre B34 i) aamnm (28.3%) and high sel ¥ ds hydrocarboes (€24 = 71.5%]. The
g A e ity fesson & peobab] 1 ta tha formstion of water by the MTO
oo catshyzed by the seolice that will trigger the watergus shift
* The errses on ﬂn_l-:'mrma:wn;wlm.r'wn resstion, resalting i the consumprion of CO. The latses ca be justified

10633 A1; 55° = 0.9 Fi residoe: p - 5.2% Quality factor (327°/v ~ 325,
with v« 12/24,

" From o 200 phase, ABy, ~ 26+ 1.9 eV (Sned).

* Foom a PEZn alloy phiase, AEqy « 2.2 = 1.2 ¢V (ftied)

¢ Shell cnmmtralned o & parameter whave.

£3 wite) were prepared and substitiod foe caalytic © e under
the same conditions. ZnOx/CeZrOx bends to CO as main product, while
PE/CeZeOx glves seloctively methane. These results suggest that the
Mdhhmduhhmdhmcmbmm“u

heless, the amount of GO peo-
duvdmly i that a fi of Zn mi § to the support dunag
the catalyst preparation, as todicated by XPS, TEM/EDX and EXAFS. The
waodemn effoct wins also investigaeed by escluding the SAPO-34 from the
bed. Under the same conditions, PdiZa/Ce2rOx gave unexpectedly high
selectivity 10 €O (95%) and coly 4% methanal. The extremely high

by comparing the cunversion of the PdZa/CeZrOx with and without
SAPO-34. Higher CO; conversion was observed i the ahsence of SAPO-
34, weggesting that the witer-gas shift resction ocoar in the presesce of
SAPO.34, Matching conchassons were drawn from the testing of a stmilar
system (47, which was peoduced in Caicly different conditions {(syn-
thetic method, metallic mtios and foading), but presented analogoss
catalytic features. The PdZa/Ze0; + SAPO-34 sepanied In e article
d mwinky and the effect on the WGS
equilibetam was observed. The authars pednnnni addivonal sudies
anl attribwited the g of frocarbons 10 the strong
Mngnmmnmnf?dmﬂar whlktheklnwcmdlsledlo(be
same conclusions oo the WGS oquilibeluss that are veported In this
wper.

1 honsels 4

4, Conclusions

§ and ch ixed throngh the

Lt
PdZn/CeZeOx was ly prey

Yuble 3
we ond produce af the catalytic sests on the Sfferen systems mived with SARD-34. Rescthon cooditions: 380 € 30 bar snd 2000 ml/g/
b, *: Space vedocity m 1000 mi/g% **: Spece velocity is 6000 mi/g/h,
Catabyvs Caex. (%) Glokud sebecrivity (%)
0 ol (=} o e isall) T
P E GO, SATO 54 Y 7 L] ™ 125 w2 E8)
MR IO, SAFO 34 ns L) o2 “ 153 0z e
FEZAR G2 + SATO- 4 e Ll L ¢ (L8] b (=] e
Pellag CatrOn ms qass ® o [ az o
MEaECelrOn « SAPO 54¢ N2 83 o2 oo £ o n
TR CalsOn + SAPO 34+ se a ° 124 n5 s m
ZeOng O BAPO- 34 s "wa ° “ =1 [ as
PG ErOn SANO- n al " o o L8] o
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q T r ™

OS¢

Pig. 8. Comversicn snd product selectivity (2 and hydroowrbon distribution (hi v ttme om stream (TOS) during the ovalytic seses on PAZeECelr(, + SARO-34

Reactios condithus: 380 €, 30 bar sul 2000 mig/M. A moee detaiod versio of i M s gessernt in e Supplomessary inforsssn (Fie 4

co  EEcH,
CHA  EECH,

2000

1000 000

¥ig. 9. Convervica: sl products wloctivities st dfferent space velocitios (ml/
#/N) for the PAZe@CeliOn + SAPO M. Reaction cooditions 380 °C. 30 bar
(anly tracws of CHON amd O, are fremod, § < 0.4%)

loading of a heterobimetallic precursor, [PdZn(p-00CMe) |2, partly by
graftisg on the mixed oxide OH groups and by a sinuple deposition of the
excess of complex on the support, [t wis followod by o calcination and =
reduction of this material. This wnique preparation method provides an
denl sturting point s form 1he secessary PdZa alloy, reporied 10 be the
desired phose for the selective hydrogenation of CO; to methanol, in

termodiate foc the prodoction of tigh Bydiocarbons In the pessence of
SAPO-34. The reduced catalyst PdZn/CeZeOx wan extensively charsc-
terized by varioms technlgues. The supported PdZi phase was revealed
by XRD. Supplemontary XPS and EXAFS experiments indicated that
there are two phases of 2n, assigned to a PdZn alloy phase as the major
campasent pccompaniod by minor amount of exidized Zn, mos peob-
ably Zn0, TEM-EDX amalysis over several points showed that the Zn/Pd
o was in average siightly bekonw I with a faisty lage daed devi-

™

PAZa/CeZaOx with SAPO-34, & tndem catalytic system for 00, cod-
version 10 hydrocarbons can be obeatned. The latter system can readdy
transtans CO; aed H; 10 by with # of 2¢% and
high selectivity in light hydeecarbons (C2-C3: 82%), Virtaaily no denc-
tivacion of the catalyst was observed after 16 h oa stream. Coatrolled
experimumnix were perfarmed with P/ CoZeOx and 20/ CoZrOs in oeder
to gain supplementary (nsighes of this system. Impoctancly, Pd/CerOx
gove only methane and Zn/CeZrOx gave maialy CO under the same
conditons. The Intter dearly showa that the PdZn phase has an impoe-
tant ispact foe the predoction of hydrocarboos.
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Synthesis of Ni-doped ceria nanoparticles and their unusual surface m
reduction in hydrogen

M. Barreau *, D, Chen *, |. Zhang “, V. Papaerlhnmiou C. Petit %, D. Salusso ",
£ Borfecchia ", &Tumynhk-Sundxkz' 4 K. Sobczak °, S. Mauri ', L. Braglia *, P. Torelli *,
S. Zafeiratos
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ARTICLE INFO ABSTRACT

e nm -uk an h o prey wrv ‘nd Nl-dupl t«), mmpmkh- fM‘ M
Recetved 26 March 2002 unhdm);dnp—umdwa-dﬂr&wr‘mnlmﬁmm The restixction of the NS w H is
Keceived an revised S wery dfferent than the one ssually pated fur spp Ni-Colhy catabyvin, by situ solt X-ray ab-
z::::fw i worptian and mirared s that the of Or* mto O’ in My procends wa
allolsie coiee K3 smultaneous aiation of M+ lons mto N> (2<b< 3} Compansom with eeferonce samples indicates that
o' ioma reductian 1 promoted over Ni-doped Ce0); NPs, whereas that of N hindened, Thearrexal
Yoywrhs ol Nt L-edge spectra suggested that Ni dopant ineo ceria s in 2 square planar lar-coordinate
X-ray Jraegina atmEapy emvireament, in contrast 2o che familar octabedrad symenecry of balk nickel oxides. Our results reveal
Opevanto snalysts that the surface chemistry of Ni-doped CeOy 5 qote dstine as comgaced 1o that of the Individual balk
I+ 4 DRIFY oxides, which p can lead 10 2 of this matesial, notably o catalytic
Squae-planar wersmesry appticatons
NOXATS © 2022 Elsevier Lrd. A nghts reserved.
1 Imtroduction latrer. several ebemsenty have been studied. incloding rare-varth (La,
Zr, Ga, platinssm group (Ru, P, and transstion metals [Fe, NI Cu,
Ceria (CeDy) s 2 ertal by loyed i varlous cata- denoted as TM] 16,17,15]. The properties of doped-ceria depend on

lytic processes, Inchuding three- myndms |21 RO, reduction
[ 5], solid oxide cells [ 4], CO oxidation |5 ] water gas-shift reaction
[6], COy valurization |74 | and many more |9 A key charactenstic of
Ce0, is the ease 1 exchange betwven Ce'* and Co'' axidation
states while keeping a cather stable cubic fluorite crystal senacine
|10). This peoperty facilitates the creation of oxygen vacancses |11},
which can serve both as resesvoir of mobide oxygen in butk and as
adsarption stes for reactants on the surfoce [12] These are two
rain strategies to facilicase the red of veria and uently
thee creanson of vacant sites. The Nest is to manipulate the size and
the surface planes of pure CeOy |1114], and the second & w0
introduce dogant atoms into the crystal strocture | 15,101 For this

* Conespanang uaner
Fomnl ad¥ess spiies adrnaimiarnnia b (8 Zakoratos

i i g M MM v STLI2 31011 |
JH0A- ST 027 Fluesier (ol AR rigses sesereed

the size, the valence, and the concentration of the dopant atam.
Therefore, the choice of the dopant controls the axygen storage
capacity [ 19] andd the redox behavior of cema [ 18]
The syathesis of W-dnpd e partiches i Mnumu.
especiaily when T™ are used as d The use af i
ds, such as copre sol-gel, or byds
ml dunleadsmammeo(doped partickes and segregated
metallic particles [ 1,20 -22] Among the recent strategies devoted
o the synthisis of TM-doped particles 11] the we of organic solt
Lemplates 2as been proven to be effecove in obtainsng pure-phase
partictes with small sixe and size destributions, Briefly, this type of
« of the self. ly of 1sol cerium and T™ i
.I ocaganic matnx, followed by s removal wpon heat treatment.
This echakque has several advantages: (i) it efficiently mpedes the
phase separation in single oxides Wading 10 atamic dispersion of
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the dopant and potentially to single-atom caratysts |23 (1) the
size of the resulting material is controlled and wniform; (i) the
removal of the arganic temglate can provide high nanoporesity
the nnﬁe structure  resulting in high-surface-area  materials.
Harmicularly, the use of dination poly {24] or metal-organic
frameworks [15,25,26] turned out to be an efficient strategy for
concelving highly uniform and porous nanostructures. Among the
methodds peoposed. Elias andd cowarkers prepared mnmdlspemd
Mo Ceg 04 pasticles (with M - Mn, Fe, Co, Nl, Cujvia pyrolysis of
metailic Schitf-base pl n an oley dium [15])

Moceriels Anday Chemvistry 25 (N022) 100671

several times with cold EXDH, and dried under vaculim to give Ce''-
L as 2 yellow powder,

212 Prepasaeion of Ni (1F-L

In a three-pecked flask were mixed 8 g of 2-hydroxy-3-
methoxybenzaldetyde (526 mmoll, 2.1 ¢ of 1.3-dlamanopropane
(30 mmol), and 6.66 g N2 OCOCH; ;.4H,0 (27 mmol) in a solution
of 100 mi of methanol, The green solution was refluxed a5 80 € for
4 b before cooling down to room temperature. The green aystals

Althaugh this sy is method the rkable produc-
tion of 3 wide range of TM-doped ceria catalysts, it suffess from its
comphexity and low production yields. Recently we reported on the
preparation of Ni-doped CeO; NPs from Schiff base complexes {25]
using an approach with fewer synthesis steps than preceding re-
ports [15]: however, the production yield was still relatively low.
Herein, we smplify the synthesis method to produce pare Celly
Al Ni-doped CeOy with small and uniform particle sizes while
mcreasing its yield by a factor of 10. Furthermare, in sty surface
spectroscopy & employed 1o examine the reduction of the nano-
particles in § bar Hz, It is & d that the reduction of Ni** in
Hy is hindered, and that of Ce** is promoted on daped NPs as
compared to pure reference samples. Contrary to the generally
accepted notion that NI** reduction precedes that of Ce*, we
found that Ni** nat only resists reduction bus is axidized rumm
likely due to electronic intesaction with Ce ions. This &5 a radcally
different reactivity path than that repoeted on CeO-supposted N
particles [27).

2. Experimental section
21 Synthesis of Ce0, and N1, ey JO0p NPs

Ni-doped CeQ; nanoparticles (hereafter named Ni,Cey,0;)
were prepared from & method recently developed In our group
mvolving the use of Schiff-base metal complexes to produce pure-
phase TM-doped ceria nanopartctes [25], n this four-step merhod,
one step is devoted to the preparation of the Ce'™-L while & two-

reaction Is ded d to the prep of the he allic
CeV-Ni"L (where L « NN'-bis{3-methoxysalicylidene -propyt-
ene-13-diamine]. Finally, the last step consists in mixing the
metailic complexes in aleylamane media and fallowsed by pyralysis
at 180 “C under an inert atmosphere [ 25]. In the present paper, this
method has been simplified in several ways: (1) the number of steps
has been Jowered to three, using only moanometallic complexes for
the synthesis (Ce™-L and N"-L) In other terms, the bimetallic
complex preparation has been da(md-ed since we observed that it
5 10t 3 prerey for the p of di Ni-doped
ey mnowmdﬂ (i) the symhtsls yield was lmprowd hy a
factor of 10 while lowerning the ratio, all g to
produce more catalyst (from 50 to 10X mg o asound 1 g with the
new method ) withoat using e amounts of sol {iii} after

lysis of the e Schiff-base compl under oleylamine
mmkum the NP were extracted using methanol (nstead of
ethanol, which has been found to be mare efficient to precipitate
the NPs.

2.1.). Preparation of Ceflil)-L

In a salution of 200 ml ol methanol were added 3 g of 2-
i Hoooyt Idebyyde (20 mmol), 07 g of 13-
diaminopropane (10 mmol), and 406 § of Co{NOyyEH0
(1) manod), giving a yellow precipitate immedsately. The yellow
suspensian was stirred at reflux for 3h before cooling down to room
emperature. The crude product was filtered through a frit, washed

y-3-met

b d after reduong the volume of the solunon to 20 ml were
then filtered and washed several times with methanol.

213, Preparation of Ni Cey 0, noropartickes

The Niley 05 ickes were d by mixng 5.1 of
Co™-1 and 15 g of Ni*-L in 200 mi of ofeytamine, The mixture was
refluxed at 180 Culdcramonlofdh.and the remaining dark
brown product was isolated by centrifugation. A d 450 ml of
me(luml vme mded o the solumn Jeading to the precpitation of
the the brown flocculent was isolated
by mnmmnnon Mﬂ rempouﬂon of the NPs by «vmnmunon
(4400 rpm for 10 min}, the NPs were calcined under air at 450 C for
1 h, leading 10 approximatety 1 g of powder A simitar protocol was
used for the preparation of undoped CeO; particles by pyrolysis of
anly Ce™-L in aleylamine.

2.2, Choractenzation techmigues

2.2). Standard characterization

Ex situ X-ray daffraction (XRD) patterns of the calcined samples
were recurded on a Bruker D& alvance diffractometer operating at
40 kV and 40 mA using Cu Ko radiation (A - 1.5418 AL XRD patterns
were recorded from 20 to 800 ar a scan rate of 00327 s | The
resulting patterns were processed ussng DIFFRACEVA for the
crystallite size calculation according to the line broudening of the
maost intense reflection (e, the [ 111) plan for the fuorste-type CeO;
phase) using the Scherrer equation, while the FullProf software | 28]
was used for the Rietveld refinement and the determination of the
lattice parameters. Raman spectra were measured using a mikro-
Raman spectrometes (Howiba LabRam Aramis) A 10 = obgcrive
was wsed to focus the exotation laser with an excotation wave-
length of 532 nm. giving approximately 3 2.6 pm wide spot with 2
laser pmver of less |han 1 mW in arder 1o avoid damaging the

¢ Red: of the ly

hydmoen (M,-TPR) was amed out in an AateChem 1l appuamx
(M s) moory ing a thermal conductivity detector
ﬁtDl,mwbﬁksmobmmdanuhxlluwﬂudumlt na
U-shaped fixed bed reactor and heating at 950 C under 20 mi/min
of 10% Hy/Ar with a 10 °C min~ ' heating rate. Elemental analysis of
the Ni-doped CeO; material was carried out by Inductively Coupled
Plasma Opixal Emission Spectroscopy (ICP-OES, Vanan 720 ES)
After the @ssolution of the powdered sample In acdic mediam
(HNOy) followed by fltration of residual pasticles.

The TEM investigations were carried oot wsing an FEI Talos
F200X mxroscope operating at 200 kV. Observations were per-
formed In scanning transmission electran microscopy {STEM)
mode usms hlgb-mgle annubar dark-field (HAADF) imaging. En-
ergy X-ray sp pv (EDX) using a Super-X system
with four silicun drilt detectars (SDDs | was applied 1o the detection
of differences in local chemacal composition

2.22. In situ infrored experiments

#a siru Diffuse Reflectance Enfrared Fourler Transform Specros-
copy (DRIFTS) was used to investigate the bebavior of Gifferent
functional groups characterizing the samples under air or H; while
heating. The experiments weee performed on a Bruker Vertex 70
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FTIR spectrometer equipped with a Praying Mantis diffuse reflec-
tance accessory and a tailor-macde reaction cell with ZnSe windows.,
A cold trap was placed at the inlet of the reaction cedl in order to
FEMOVE Waler [races from the zas feed. Prior to the tesis. the

were grounded with 3 mostar and diluted with
KBr in order to avoid smul saturation (10 wi® in KBr). A back-
ground {64 scans, 4 cm ') was acquired by placing puse KBr in the
reaction cell. Then, around 120 mg of ddured sample were laaded
mto the cup and deposited in the center of the reaction cell for the

Moceriels Radaly Chesvisrry 26 (AL2) 100801

sample composed of 1ENI on CeOy, after reducing and coodizing
treatments.

224 Charge-tromesfer mudeipler cnfoulations
The N Lyy-edge was simulated using the charge-transfer
multiplee (CTM) approach using the CTMAXAS 523 program |30).
W attempted to fit the experimental Ni Ly ;-edge spectra with both
octahedral and mnh«ml symmetries. however, oaly the farter
v y gave ical curves in il with the exper-
mgmuwwﬁcm value [ 100g) and the charge transfer

analysis, The sample was first subgected ta an
snder 10 mi/min of synthetic air to 400 “C with a 10 C min '
heating rate for 30 men. After cooling down to 320 °C, a reducing
] was sub ty realized under 10 miimin of Hy at
400 “C for 30 min Spectra were recorded continuously during the
treatments via the execution of a macro with an accumudation of 32
scans at & resolution of 4 om

223 In situ sXAS experiments

The soft X-ray Absorption spectroscopy [SXAS) experiments
were performed at the APE-HE beamline of the Elettra synchrotron
radiation facility [Trieste, taly ), explosting a dedicatedt setup based
on a reaction cell with SisNg membranes, as described in detail
elsewhere |29 The sXAS signal was detected in TEY mode by
probing the deain current fram rthe sample with a picoamimeter. The
catalyst powder was loaded in the in situ cell, installed in the APE-
HE instrument. and Interfaced with gas defivery and temperatire
control systemns. Gas flows were monitored by calibrated mass flow
controllers. All reported expenments were performed ar a gas
pressure of 1 bar, The sample was initially pretreated in 10% 05/He
mixture at 340 *C for about 30 min and then cocled to room
temperature under He gas flow, Then the gas atmosphere was
switched to 10% Hy/He mi and the P was raised at
A rate of 2.5 °Climin up 1o 360 °C. while (i situ $XAS Ni - anid Ce M-
edges spectia were ded at selected P Finally, the
sample remained for about 30 man at the maximum annealing
temperature before cooling down in Ha/He. Spectra analysis was
performed using the CasaXPs vs, 2.3.23 software. The background
sulraction was done uséng a spline-linear function,

The shape of the Ce My 4 edge is distinguishably dafferent be-
tweenthe Ce' and Ce'* axidation states: therefore, the differences
m the cxidation state can be easily detected based on the overall
putmape In particular, the Ce Mg-edge spectra were fitted by a

bination of stendard reference curves of Ce** and Ce?'
mmmaﬂwmmma 10N - Cely
sample prepared by the knpregnation method. The Ce Ms-edge
conupondm,m(e‘ was recorded after O3 treatment at 360 C,
while the Ce*™ one after a long-time reduction In Hy ac 350 °C
Fitting was performed after linear background subtraction, whibe
the full width at the half maximum and the energy difference
among the two reference peaks were fled. The reference peaks
were allowed to vary until the difference between their sum and
the experimental spectra {residual standard deviation, STD] was
minimized (typical STD between 0.005 and 0.010).

In the case of Ni L3 3 edge, the mocifications between the vanous
nickel oxdation states are less evident in the peak shape, and
therefore, it is important to define the pasition of the peak. in ordes
w be able 1o exclude artifacts in the peak position between
different samples and conditions, we used the pasitica of the most
prominent feature of the Ce Ms-edge as an Intermal reference for all
the samples and conditions. The position of this peak was fixed at
884 eV, and the position of the Ni L-edge was calculated according
o this value. All the sXAS spectra shown in this paper have been
calibrated using this method The positon of the reference Ni

energy value (A) were the main parameters adjusted n (bt Simu-
lation to obtain the best d with the exp

Other simulation parameters were as follows: (1) for N slater
integrals (Fag Fa Gag) = 1, spin-orbet spitting parameter SO - 099,
optical parameters Dt = 01 Ds = 005eV, core hole potential Uy
and the 3d-3d repalsion enetgy U0, Uynbsp;~ - L8, and the

hopping parameters egnbsp;« 2 eV and 1y = 1 eV, Temperature
G(IOK.(illlolNl' (Far Fpte Gyl = 1, SO = D97, Dt = 013,
Ds = D05V, Uge=0, Upgnbsp; = 0L, egnbsp;= 1 eV and thy = 15 eV,
Temperanire 600K,

3. Results and discussion

2.1 Synthesis and ex st chanc

Ni-doped Ce); Ni's (hereafter abbreviated as Ni,Cey .07 with
x = D035, determined by ICP-0ES) were prepared from Schifl-base
mlcmpknsndeuﬂ:dm the experimental part. Briefly, the

[ the peep of the lic Ce'™-L and
NI complexes followed by their pyrolysis at 180 “C in an inert
armosphere under oleylamine media, After cooling down to room
temperature, the resulting nanopartickes are abcained by extraction
with methanol and finally disp | in hexane ion or calcined
0450 C o form & powder (Fig 1) A simidar protocol was used for
the preparation of undoped CeO; particles (herealter abbreviated
as Cey) The production ywelkd was around 1g of NPs whih s
around 10 highes than that of previous reports (50— 100 mg) |25)

The XRD patterns of calcined nanoparticles (Fig 513) are
characteristic of the cubic Nuorite phase [JCPDS 34-0394] The

b of any Ni¢ ining crystal phases discards the presence
of segregated Ni partiches and confirms rhe high dispersion of Ni at
NiyCey 0y The analysis of the XRD results, presented in Tabde 1,
shows simular crystallite sizes of the two NPs types {ca. 6.7 nm).
The lattice parameters of both samples are lower than the theo-
retical value of bulk ceria (5411 A}, which can be attributed to
reduced surface relaxation In semall nanopartiches [22], A slight
increase (0,13 + 0.01%) of the Nigley0; lattice parameter as
compared to CeOy {Table 1) can he Indicative of the NI occupation
sites in the cm lattice. In particular, Ni i mm may sullsmule laun:e
Ce*' (sub ! sites) or al ¥ ncoupy itial Lat-
Uce positions [interstitial sites), whale mey may easily exchange
between the two sites, depending on the ditions (g tem-
perature) |31,92) Although in hom cases, nicked is stabilized as
Ni®* [31], the ceria lattice parameters are distinct. Substitution of
et wath the smalier Ni** cattons (83 pm. foe Ne* vs. 101 p.m,
foe Ce* ' ) would lead to lattice contraction, while Jattice expansion
Is expected for Ni impurities at | ceria sites |32]. The
increase of the lattice parametes in Table © not anly confifms te
successful doping of Ni atoms but is also compatible with Ni*~ at
Interstitial cerla sites |32,

According to the theoretical study of Chafi et al [33], when a
nickel atom is located ar Interstitial sites of the cubic fuonte ceria
lattice, an increase of the ceria lattice parameter is expected. This is
due to the large repulsion between Ce atams around the Ni-dopant,

(metallict and NiO peaks was collected in sien over a red

nsion of the Cedy lattice. As Ni concentration
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Table 1
Senstural and tenturad poeameness af calomed wenple

Catabynt Crystallioe sies” [nm) Latsar puranuster” (200005 A) Vubume colf’ (2000 A")
e, (1] Sa082 1360
N Loy 0y 66 54153 15881

* Crystaliee sive estimated oo the Schermess aguation apphed & the mont incesse (111) dilfraction peak,

¥ Dt otaned from Rieteeld iefoement usng Fellfvoel wdtmare,

the insevtion k mare exothermic, allowing easier
msertion of Ni atoens [ 33], Of caurse, one should also mention here
that the enbanced reducbility of NiCey 0, can be an additional
cause of lattice expansion. Since the stze of Ce** is larger than that
of Cet' (rCe® = 1043 A, Ce'* < 0970 A: both jons are 8-fold
coordinated |, reduction of cena would also induce latthice expan-
S0 In order to retrieve the strain induced by the Ce'* lons |34).
Although we cannot totally exclude the enhanced reducibility of
NI Cey. 0 as the cause of the chserved lattice expansion, we as-
sume that this mechmhm is quiu uallk:!y -m:e the XRD mes-

were perfi aver
The hm.m spectrum of ceria s dominated by a sharp peak
ibuted to the triply d exygen beeathing mede of ¥

symmetry. charactenstic o€ cublc flworite structure, As shown ln
Fig $10, in the case of CeOy, the F2g peak is located at 464 cm ',
while for Ni,Cey .40y, it shifts at 460 cm ' and becomes broader.
m shift of the F2g Raman peak 1o lower wivenumbers indicates
100 of the average florine lactice p 1 of ceria due
w Nl dopln.. I fult agreement with the XRD results 110.35.36) In
addition, new bands appear at 228, 358, and 625 am ! for the
NiyCey (O samphe, These peaks are attribused to the D band defects
and the creation of O vacancies due to nickel solubility | 57,38].
Flg. Za and b show representative TEM and HR-TEM image

inductively coupled plasma atomsc emission spectroscopy [ICP-
OES). The NI and Ce mappings Indecate a rather homogenous
muexture of the two elements, although some areas richer in Ni are
visible (see also Fig 52 sh g higher EOX analysis area). Inter-
estng stroctural information cames from the comparison of the
high-resolution images and diffraction patterns between areas with
high and lower nickel signals (g 2c) Fram thas, it is shown that Ny
significantly increases the lattice planes of the ceria crystalline
phase, corroborating the lattice parameter difference chservedd In
XRD and confirmang the integration of nackel in the cerda lattice.
Consequently, diffraction and microscopy results of NiyCey.0; NPs
confirm Ni incorporation into CeDy lattice {39]

The redoobility m Hy was nitially investigated by Hy-TPR
(Fig. 53) The H-TPR profile of CeO; exhibits two broad peaks with
4 maximum of around 500 “C and 850 *C. typically assigned to the
reductian of the surface and bulk Ce* lons, respectively [40041], In
the case of Nigley0,, an additional peak a1 310 °C is evident,
which was previousty linked to NiO redaction {42] Homeves, the
high H; uptake In owr case (estimated to be 644 pmolig), Is
incompatible with the low nickel amount of Ni,Cep.,0; NPs
(% = 0036}, which would theareucally lead to three times lower H;
consumption (lunlhroneobaennd(see Fig. 530 The origin of this

combined with selected area electron diffraction [SAED) parterns.
The TEM smages of the calaned sample show aggregation of small
and uniform nanopanticles. The partiche size distribution stogranm
mnserted in Fig 2a, indicates a mwan Ce0; particle size around
7.7 nm, In i agreement with the orystalline sizes found by XRD
(6.8 nm, see Tubde 1) The HR-TEM image combined with the SAED
pattern in by 2a shaws dastinet diffraction spots and Littice fringes
spacing coresponding to the planes of CeO,; NP, The microscopy
analysis of NiyCey .0 (Ha 2b) shows similas particke morphology
w CeOy, bur the mean particke size s somewhat smaller (5.5 nm).

peak is probably due to Ce** reduction, as will be explained below
an the basis of in sit SKAS.

32, In stw DRIFTS anelysis

The reduction of preaxidized Ce0y and NI Cey 0y samples was
foliowed by i sity DRIFTS. iz 3 displays 2D maps recocded during
heating in pure Hy, while DRIFT spectra are shown in #ig. 54 The
stretching vibrations of OH groups can be followed in the 3900-
3550 cm ! region, while the 2250-1950 cm ' regioa gives infor-
mation aboux m (crlum ommon state. m Hy reatment induces

The diffraction patterns correspond to that of ceria; k in
the EDX mapping (1 2d and Fig. S2) the presence of nickel s
evident amd is quantified 1o 3.5% Ni .lmmir ulio. ewmbomung
the NinaCesasiO; h ¥ P y by

d by several negative
peaks 0 the 39003550 cm ' re?on An intense band Is abserved
for both samples at 3658 cm ' together wiath features in the
12001300 cm " region (ot shown} assigned to desorption of
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Bicarbonate compounds, probably remaining on the sample surface
after calcination. Starting from 200 € two additional peaks at
3709 ¢cm ' {terminal OH groups-Type 1) and 3685 ¢m ) (bridging
OH groups-Type 1) [41-45], are observed on Ni,Cey 05 Therefore.
NigCey 40y Is differentiated from Ced); by desorption af poly-
coordinated OH groups ducng heating in Hy According 10 the
Mterature [4G), type | OH groups bawve a higher propensity to
dissociate a5 OH  anlons, causing the oreation of charge deficency
on the coordinated certum atom upon thesr removal. Interestingly.
at 300 °C a broad band at 2117 cm ! appeared on NiLey.0,, the
mtensty of which increases with temperature. This barvd bhas been
attributed 1o the forbidden oy~ “F electronic transition of
Ce" |47) This peak is much less evident for CeO; and appears only
at the maximum anpeabing temperature (400 “C). Accarding to
these results, the reduction of Ce'' o Ce’* ower Ni,Cey 0 takes
place between 300 and 400 “C simultanecusly with suarface
dehydrooylanon.

7.3, M sivu sXAS analysis

It Is impaortant 1o note thar the DRIFTS bands associated with
Ce'* ions came from a sampling depth of o few pm. The nickel and
cerium oxidation states at the outer 5 nm [44) of the NPs are
examined by in situ SXAS in | bar 10% Hy/He. Characteristic Ni Ly
edge spectra of Ni,Cey.,0; upea annealing i H; are shown in
Fig 42 The position of the Ni Ly y-edge [centroid of the peak) and s
shape (multiplet structure) are sensitive to the mckel chemical
environment (L& oxidation state, coordenation symmetry, and
mteraction with ligand ions). In geoeral the Ni Ly-edge centroid
shifts to higher energy for higher nickel axidation [49,50), while the
peak features around 855 and 872 ¢V are sensitive to Ny mteraction
with the ligand ion (0*) (eg. transformation of nicked oxide o
tydroxide) [51) The Ni Ly p-edge of calcined Ni,Cey ,0; (50 °C In

i 4a) bas the same centroid posibon with reference bulk NiO

(B52.8 eV) but quite a different edge shape. This indicates bivalent
nickel lons (Ni°) but in a different chemical environment as
compared to the standard octahedeal NGO, The NI Ly j-edge is stable
up to 230 “C but above this temperature, the pesk becomes
broader, and two distinet Ni Ly festures appear at 8526 and
8534 ¢V. The Ni Lys-edge measured above 230 "C does pot
resemble any of the standard nickel axide or hydrocde spectra {51,
while ts complex peak shape suggests the possilde overfapping of
twa, or more, nickel chemical states. Attempts to simulate the Ni
Lza-edge by the linear combination of Ni, NIO. and axidized N Loy
05 reference peaks were unsuccessful. The accuracy of the fitting
was improved when one of the reference peaks (NI Cey 05 up to
310 °C, and metallic Ni®, from 325 to 360 °C) is combined with &
spectrum composed by 4 CausstanLorentzian peaks (Fig. 4a and
Figs. 55 and 56} and shifred to a higher energy than Ni*~ by 0.6 eV
Sence the multiplet structure of this spectrum does not resembie
the trivalent Nt'' jons {51521 we antribute if to & nickel coodation
state between 2 and 3, denoted as § (NiY with 2< 3<3) The
appearance of Ni* 15 a remarkable observation, which, contrary to
the common consensus, (ndicates axidation of Ni ions in 1 bar Hy.
Notably, when the sample is cocled down in H; the Ni Ly ;-edge is
maxlified, andd Ni¥ ' reappears (Fig. 551 suggesting that the reported
behavior can be observed only in sity and it iy efusive to post-
treatment analysis

The Ce My-edge of the oxidized Ni,Cey .05 comesponds to the
Ce'" state (Fig 4b), while starting from 265 € the absarption edge
is modified due 10 the formation of Ce'' as indicated by the linear
peak fitting anatysis of Ce My-edge depicted m lig. 57, Partal
reductsan of cerla s of course, expected upon anmealing 0 Hy!
however, the ease of ceraa reduction (e, the amount of Ce* spe-
cies and the temperature they appear) in Ni-doped samples as
compared (o standurd manosized ceria with  smilar  physico-
structural propesties is of maor interest for the applications and
will be analyzed below.
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34, Charge-rmmsfer multiplor cofculanions of NI L; ~edge

The formation of N&* lons in Ni-doped ceria Is supported by
previous experimental findings [ 71.92], and Rest-prindiple calcu-
Ltions |53,54). To get more insights into the local electronic
strocture and the chemical bonding of NI ans in Ni,Cey.,0; NPs, we
perform charge-transfer multiplet (CTM) calculations of the Ni Ly >
edge using the CTM4XAS 523 saftware [10.55) Calculated and
experimental Ni Lyr-edges of Ni*° and Ni°° states are shown in
Fl 5. Please note that OTM caloulatons describe quite well the
experimental atomic mubtiple spinting and therefore, the Ni L-¢dge
shape: however, they cannot reproduce with accuracy the pesition
of the Ni L-edge [ 56], Therefore in Tig 5 the centrosd pesition of the
thearetically simulated Ni L-edge is aligned to the centroid of the
experimental peak. As shown in hs' 5 the experimental spectra are
accurately simulated assuming Ni©° jons in square planar Dy, <o~
ordination symmetry (for brevity, N&°[Dyy|). Attempts to repro-
duce them by octahwdrally [Oy,) coordinated R jons failed since
Ni' O] ioas have a characteristic double-peak Ly-edge [47.58],
very different from the spectra in Fig 4a

The Nit* [ Dy | geometry has been verified for Ni-S compounds
[49057 ) and salen complexes | 59] by sXAS. However, as far as we are

0 {redd) o resgative wabaes (bl I the 2250- 1950 i ratege (gl paseds | the coler

aware, this s the ficst time that N7 [ Dy, | sites have been abserved
m the case of doped oxide particles. This structure is in sharp
contrast with Ni joos coardinated in the bulk NiO, which &5 known
w crystallize in the Oy syimmetry. Our experiments confirm the
earlier theoretical studies predscred that when Nisubstitutes Lattice
Ce atoms, instead of the conventional actahedral coordination. it is
coorcinated by four O atoms in 2 sguare-planar envirooment
{12,5460]. For example, in the case of the CeOy( 111 ) surface, two
Lattice oxygen atoms that were initially three-fold coordinated with
Ce sons become two-fold coordinated Ni | 60|, Simslar predictions
regarding four-fold coordinated NI weee also reported for NI sons
occupying interstitial lattice positions, 3t least for low Na dopant
concentrations |37] In this case, Nk atoms are located at the center
of the cube formed by the eight axygen atoms in the fluorite unit
cell {13

Apart froe the local geometry, the analysis of the 10Dg and &
parameters, defined In the CTM caloulations, provides information
about the nickel-lgand [Ni-0) intecactions. In particulas the 10Dg
term increases when the Ni and O ions come closer, while an
Increased & parameter denotes weaker Ni-0 interactions |51] The
simulation of the Ni*~ spectrum needs higher 100q and lower &
valoes (10Dg = 09 and & = 3) as compared ta the NI** (100g = 05
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peaks of mwtalic and NO reformnor sumgben, e nchadest (8) Co My-edpe sXAS
recieded 2 the sane condithorn as deacribed in (4]

and A « 5) as shown in Fig. 5 and specified in experimental part.
These differences indicate smaller square size, and larges attractive
interactions. between Ni*' and 07 ions as compared to the Ni?*of
the fully oxidized sample. This means an mcreasing covalent
character of the NI*'-07", which can explain the stability of these
speces under severe reducing conditions.

35 The evolurton of ricke) and ceria oxidation stotes &5 conmpared
to reference samples

The evolunon of Ni® and N states as a function of Tempera-
twre, a5 derived from the Ni-Ly; edge deconvolution, is shown in
Fig Ba. The resudts collected aver the NIO powder sample are
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[b)

—rp, N (245360 "D in H)
—aim. N 0] 1005=0,9 4=3

Intensity / a.u.
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Photon Energy / eV

Fig 5. M sl M Ly exdge SXAS spectia [Doue hnes) of (3] the N stare recorded
230°C and () she NI* state compesnd of 4 GIL peaks and uned 10 8 fhe expernments)
apectra Between 245 and 300 “C o 1 bar 10K My He. The Sheoretaally sisrsdated NI
Lisedge (gray Sies) ot upsarephisar (D) cocrdinated N™ o and the come-
sposding M0g and & valies wed in e srmibeions are inchded (e the Agure.

cerla reduction n this sample. Sece Ni-doped and pure cerla
nanoparticies have very similar size distribution (Fig 2). one can
exclude that their reducibility is affected by differences in their size.
Therefore, the promotson effect of Ni-dopant remains the most

included for companison. The amount of Ni** enhances ¢

of the improved ceria reducibility by Ha.

ously at the expense of NE*, up to the maximum annealing tem-
perature. Metallic Ni¥ appears rather abruptly around 330 °C, which
5 130 C higher than the NO reference. One should note here that
the distributions of nickel and cevium states shown in Fig &
represent their contribution to the sXAS spectrum, as thas is given
by the peak fitting analysis, Eventual differences in the photo-
absorption cross section (PCS) b different oxidation states
are not considered since these values are practically unknown.
However, metallic nickel is expected 1o have lower PCS than the
cocklized one due to the lower number of empty 3d band states.
Therefoee, the NI cancentration shown in Fig 5a is most probabiy
underestimated.

The resules of linear peak fir analysss of the Ce Ms-edges shown
0 Fig 6 reveal 3 sharp increase of Ce* contribution above 270 °C.
When the CeQ); NPs are exposed to the same conditions | the Ce M-
edges are shown in Fig SE), they are less reduced (Fig 4b) This
result can be used to associate the lower ¢ peaks of the
NiyCoy (0 NPs Teand in the TPR analysis {Ti 53) with the ease of

Very intereszing findings regarding the mechanism of NeCey.
0y reduction emerge by comparison of Fig. fa and b, The first
remarkable observation is that Ce* reduction &s not preceded by
the ceduction of Ni?', as commonly assumsed for supported nicked
particles. On the contrary, Ni** is oxidized further to Ni**. Metallic
Ni® &5 observed 70 *C higher than in Ce ', yet it coexists with a
significant of Ni** species. In previous studies of the nicked-
cerla system [6267), it was proposed that electrons can transfer
from Ce*' towands nickel, generating Ni** and Ce**. Although, in
our case, the geometry of the system is different (diluted, instead of
supported, pickel ns), one cans propose that a similar mechanism
also takes place for NeCey.0;, where Ce** is transformed to Ce'*
by transferring electrons toward NE° to foem NI The charge
exchange between Ni'* Ni** and Ce**JCe** redox couple can be
the reason for the enhanced Ce* reducbility on NiCey .0 as
compared to the CeOy le, ot least a1 the initial stage of
reduction. When metallic Ni¥ is formed, Ce®* reduction can take
place via the classical redoction mechantsin relaves! 1o adsarption
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B 6. {2) Evalation of N® and N*' salence stanes 8 3 lunction of ncesdiag e
eratiew in My The bl codie symbels comepond (o the NLCey 0, NPs surple, witle
the expty reches sy from seferrmer WO powder samplbes trosted under dentical
conditons. (b) Evolution of Ce** walonce state a5 2 Minction of dnmeaking seoperature
In Ky The Nl circle symbols comespand 0 the NLCey ,0p NS sample. whie the
wrgty andex are from usdoped Co0); N% trvated urder slemtical endmms The
aetvar® Of niched and conum species s derreed froen She Secorrmbation of N Ly and
Ce My edge XAS specur. pespactively. and does nor take it acoeunt eventoal a1
ferences in the POsE SN Detween Various oo ation itates.

and dissociation of Hy on Ni' [4) The infrared charactenzabon
showed thar Ce'' lonmtlon might also de Inl:ed with the Sass of

denated hydruxyls from the surf. bly desocbed as
H0. The ease ol m reduction numml for m.&. O s
consistent with several previowus ab initio studies, which show that
the oxygen vacancy formation energy s reduced in the case of
doped-ceria as compared 1o the undoped ope, for both substitu-
tonal [53,54,04] and ingerstitial [64] Ni sites.

4. Condusions

In summary, & relatively simple and eflicient approach to syn-
thesizing undoped and Ni-doped CeD; nanopartides wath small
particle size and size distribution Is proposed. In sy, SXAS and

Moceriels Anday Chemvisty 25 (A022) 100671

DRIFT spectroscopies were used to investigate i detail the adsor-
bed speaes and the reducibility of the NPs under My, an important
process involved in several apph of doped cera. Ni insertion
into the ceria lattice enbances the Ce** reducibility. kinetically slow
aver pare CeQy, via a proposed mechanssm based on electronic
interaction between cerium and nicked ions at an early stage of the
reductsion process, The findings in this work suggest that ioaic
nicke! is stabilized in quite harsh reducing conditions, which is an
intriguing discovery calling for further investigation of their reac-
tivity, notably In hydrogenation reactions.
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6.6 F : Surface species in direct liquid phase synthesis of dimethyl carbonate
from methanol and CO2: an MCR-ALS augmented ATR-IR study.
Signorile et al., 2022

This manuscript was recently submitted and is currently under peer review process.

Most of the main results are reported within the thesis. However, | believe that for

sake of clarity, some part of the manuscript needed to be reported hereafter.
Experimental
Materials

ZrO, was synthesized according to the literature.! This specific synthetic method
provides a final material in a 83:17 mixture of the monoclinic and tetragonal
polymorphs, respectively (see XRD pattern in Figure 71) with a BET specific surface
area of 73 m2g-1 (N2 adsorption isotherm at 77 K in Figure 72). Cyclohexane
(VWR, >99.8%) solvent was dried overnight over 4A molecular sieves prior to use.
Methanol (VWR, >99.9% HPLC), dimethyl carbonate (DMC, Sigma-Aldrich,
>99.0%), CO2 (PANGAS, 99.995%) were used as received, without further

purification.

—— Experimental data
—— Calculated pattern
—— Difference (X2=2.6)
I m-ZrO2
I t-Zro2

Intensity (counts)

Tl A A
(R

M L

T T T T
20 40 60 80
20 ()

Figure 71 Experimental and refined PXRD patterns of the ZrO; catalyst. Bragg

reflections of monoclinic (m-ZrO.) and tetragonal (t-ZrOz) phases are indicated.

214|Page



w
=]
o

N

a

=]
1

n

=]

o
1

Quantity adsorbed (cm®/g)
= .
o [
o o
1
s
\.\*\..

a
o
1

'7./

T T T T
0.0 0.2 0.4 0.6 0.8 1.0

- u-apmnnnen—l-0

o

Relative pressure (p/p,)

Figure 72 Adsorption (black) and desorption (gray) isotherms of N> at 77 K.

In situ IR experiments were conducted in multiple reflections ATR mode using a
commercial horizontal ATR mirror unit and cell (Bruker), allowing circulation of a
liquid phase over the internal reflection element. Circulation was controlled through
a peristaltic pump operated at 0.5 ml/min constant flow (Figure 73). In a typical
experiment, ZrO, was deposited from a water suspension (15 mg per 0.5 ml of MilliQ
H20) on the prismatic ZnSe single crystal internal reflection element (72x10x6 mm,
45°, Specac) and allowed drying at room temperature overnight. A fresh deposition
was performed prior to each experiment. The sample was pretreated at 70 °C under
cyclohexane for 60 min to favor the removal of weakly interacting surface species.
After cooling to the target temperature (if required), the background spectrum was
collected and the experiment started. In a typical run, a 0.2 M solution of methanol
in cyclohexane was mixed in a 1:1 volume ratio with COz-saturated cyclohexane.
Such reactive mixture was dosed onto the sample for 60 min. Spectra were collected
continuously (1 spectrum every 20 s, 4 cm™ resolution): a typical dataset consisted
of approximately 180 spectra. This procedure was repeated at four different
temperatures: 10 °C, 30 °C, 50 °C and 70 °C.
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Figure 73 Schematic of the ATR-IR experimental set-up. The two possible positions

for the 4-way valve (A and B) are indicated.
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