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ABSTRACT. Palladium is an active catalyst for the decomposition of methanol to syngas, and its
chemical activity is largely affected by the interaction with the supporting substrate.
Nanostructured Cerium oxide can establish strong electronic interactions with finely dispersed

palladium nanoparticles (NPs) leading to a substantial enhancement of their catalytic performance.



To study this synergistic effect and connect it to structural parameters, we deposited Pd NPs on
nanostructured cerium oxide particles exposing mainly the same (100) surface, but with different
nanoshape and average dimension, and we have investigated their activity toward methanol
decomposition reaction. A systematic comparison of photoemission measurements taken at every
step of the catalytic cycle allowed us to identify the most important factors that control the redox
properties of the Pd/CeO> systems and therefore the overall catalytic activity. Capitalizing on this
knowledge it was possible to synthesize synergistic nanocatalysts with an excellent chemical

activity at very low temperature.

INTRODUCTION.

Methanol decomposition to CO and H, i.e. syngas, is a quite interesting and versatile reaction
that could be exploited in several catalytic processes?, ranging from energy recovery of waste heat?
(from various industrial activities® or from methanol fuel cells*) to the synthesis of fine chemicals.’
Moreover, the in situ production of syngas is nowadays attracting a growing interest in catalysis,
giving a “second youth” to the methanol decomposition reaction. In fact, if the catalyst used for
syngas synthesis is rationally integrated in a more complex multifunctional material, the in situ
produced CO and H: could be exploited to carry out a second catalytic reaction inside a tandem or
cascade one-pot process.>®

This approach could improve the overall safety and sustainability of a chemical transformation
improving its energy efficiency and atom economy and minimizing waste and pollution. To
achieve this ultimate goal however, it is necessary to improve the activity, selectivity and
robustness of the catalytic centers. In the case of nanoparticle catalysts, these targets can be

obtained by a careful design at the nanoscale of the size, morphology’, and crystallographic



orientation of the facets of individual particles. A large body of literature works®® demonstrates
that these factors are essential to control both the surface chemistry of the nanoparticles as well as
the chemical activity of a supported second phase.1%1!

Palladium is extremely active in the catalytic decomposition of methanol to syngas and its
activity is largely affected by the support, which in general is an oxide.3!2*® The reaction
mechanism involves the dissociative chemisorption of methanol to form both a methoxy species
and an surface hydride on the Pd surface. Then a sequence of oxidative dehydrogenation steps
involving the hydrogen atoms attached to the carbon atom determines the formation of CO and
other surface hydrides that recombine and desorb as molecular H,.}41> Other authors although,
suggested the possibility that methanol may be molecularly adsorbed and then undergo the
cleavage of the C-O bond. This leads to the formation a series of CHy intermediates and eventually
to the deposition of coke.'® More recently, it has been shown that both reaction paths are possible
and the actual reaction conditions and nature of the catalyst (i.e. surface oxidation, exposed facets)
dictate which of the two is favored.!"18

Cerium oxide is one of the most effective catalyst supports because it may strongly interact both
chemically (e.g. oxygen spillover) and electronically (e.g. electron donation) with finely dispersed
metal nanoparticles (NPs).1%2%2 Some crucial properties of this oxide such as acid-base and redox
properties are closely related to its surface structure. In fact, oxygen anions and cerium cations
present different coordination and chemical environment according to their location on differently
oriented low-index surfaces.?%232425:26 Therefore, controlling the morphology of ceria is a valuable
tool to tailor the physicochemical properties of supported metal NPs and more in general the
efficiency and selectivity of catalytic processes.?’?¢2° To shed light on the subtle links between

structural properties and chemical activity we synthetized ceria NPs that mainly expose the same



{001} oriented facets, but that differ for the overall morphology (rods, cubes, polyhedral NPs) and
physical dimension (2 nm to 20 nm). These substrates were then decorated with Pd NPs and their
catalytic activity was investigated by using methanol as molecular probe. In the literature, most
Pd/CeO, catalysts are prepared by impregnationi®*® coprecipitation®® or deposition-
precipitation!#1#%3132 methods, which all require a drastic thermal treatment to convert the Pd
precursor to Pd NPs. In the present study, we investigated an alternative Pd deposition strategy
that does not require a high temperature step. In fact, we deposited very small and finely dispersed
Pd NPs by bubbling hydrogen in an aqueous dispersion of CeO, and K2PdCls. After this step, our
catalysts are ready to use and can be directly activated in the reactor. This procedure also has the
additional benefit of preserving the initial morphology of the ceria supports, which was obtained
by low temperature syntheses.

By combining a microscopic characterization via High-Resolution Electron Microscopy
(HRTEM), Raman Spectroscopy, chemical investigation by in situ X-Ray Photoelectron
spectroscopies (XPS), together with catalytic data obtained by gas chromatography, we were able
to document the existence of a synergistic effect between ceria and palladium. This synergy is
closely correlated with the morphology of the oxide support. Very small ceria NPs interact more
strongly with Pd leading to formation of very small nanoparticles, which are characterized by a
relevant faction of palladium oxides. Interestingly, in situ XPS demonstrated that in real catalytic
(10 mbar CH3OH) or reducing conditions (30 mbar Hy), the smaller is the dimension of the
supporting oxide, the higher is its reducibility and its ability to promote the reduction of palladium

NPs.



EXPERIMENTAL SECTION.

Synthetic procedures

Synthesis of CeO2small nanorods (SNRs)

Analytical grade Ce(NO3)3-6H20 (Sigma Aldrich) and NaOH (WVR) were used as received.
We followed the recipe reported by Pan et al. with little modifications.®® Briefly, an amount of 15
ml of a 16 mM aqueous solution of Ce(NO3)3-6H>0O was mixed with 105 ml of a 14 M aqueous
solution of NaOH in a Teflon beaker, vigorously stirred for 30 minutes and then left aging without
stirring for 2 days at RT. The product was washed for 5 times with deionized water and dried at
60°C for 12 h.

Synthesis of CeO2 nanocubes (NCs) and long nanorods (LNRs)

Analytical grade Ce(NO3)3-6H20 (Sigma Aldrich) and NaOH (WVR) were used as received.
We followed the synthesis protocol reported by Mai et al. with little modifications.®* Briefly, an
amount of 5 ml of a 0.15 M aqueous solution of Ce(NO3)3-6H20 were mixed with 10 ml of a9 M
aqueous solution of NaOH in a 25 ml Teflon-lined stainless steel autoclave. The autoclave was left
in an oven at 180°C (for NCs) or 110°C (LNRs) for 24 h. The product was washed for 5 times
with deionized water and dried at 60°C for 12 h.

Deposition of Pd nanoparticles

To prepare a catalyst loaded with a 5% Pd weight percentage in the final material, we mixed 30
mg of K>PdCls (Sigma Aldrich) and 198 mg of CeO (nanoparticles, nanorods, nanocubes or
commercial nanopowder (CNPDs) from Sigma Aldrich) in 100 ml of deionized water. Under
vigorous stirring at RT, we bubbled a 2:1 N2:H, flow for 30 minutes. Finally, the product was

washed for 5 times with deionized water and dried at 60°C for 12 h.



Physicochemical characterization

X-ray photoemission spectra were acquired using a conventional x-rays source (1486.6 eV
photons). The measurements of the as-prepared materials were taken after a short annealing at
150°C in UHV to remove most adsorbed species (water and contamination debris). The calibration
of the binding energy (BE) scale was determined using the C 1s photoemission line of adventitious
carbon as reference. The photoemission lines were separated into individual components (after
Shirley background removal) using symmetrical Voigt functions and non-linear least squares
routines for the ¥? minimization. In situ XPS measurements were performed employing a custom-
made high-pressure cell (base pressure: 10”7 mbar) connected to the analysis chamber. After the
analysis of the as-prepared catalyst, the sample was transferred in the high pressure cell and
exposed in static conditions to i) hydrogen, 30 mbar, 1h and to ii) methanol, 10 mbar, 30 min at
300°C. After each step, the sample was transferred back in the analysis chamber in ultra-high
vacuum and the photoemission spectra were acquired.

The nano- and micro-scale morphology of materials was investigated by HR-TEM. HRTEM
micrographs were acquired using a Jeol JEM 3010 (300kV) microscope equipped with an EDS
detector by Oxford Instruments.

Characterization by Raman spectroscopy was performed using a ThermoFisher DXR Raman
microscope. The spectra were recorded using a laser with an excitation wavelength of 532 nm (1
mW), focused on the sample with a 10x objective (Olympus). Raman peak shifts and areas were
determined by fitting with Lorentzian lineshapes (R?> 0.95).

The specific surface area was measured applying the single-point BET method, using a

Micromeritics ASAP 2020 instrument.



Evaluation of the catalytic activity

The catalytic activity toward methanol decomposition was evaluated in a fixed-bed continuous-
flow quartz reactor (inner diameter: 4mm) under atmospheric pressure. The catalyst powder (20
mg) was dispersed in quartz wool and activated in a flow of 20 vol% hydrogen diluted with argon
(total flow-rate: 50 sccm) for 1 h at 300°C. Then the sample was cooled to RT and 1 vol% of
methanol was fed with an argon carrier (total flow-rate: 50 sccm; weight hourly space velocity:
1500 ml ht g-cat®) at different temperatures (from RT to 350°C). The outlet gas was analyzed
with an on-stream gas chromatograph (Agilent 490 microGC) equipped with a Molsieve 5A, a CP-
WAX 52 and a PORAPLOT-U columns (10 meters) for gas separation and a thermal conductivity

detector. The temperature was stabilized for 15 minutes before every acquisition.

RESULTS AND DISCUSSION.

Ce0O2 nanocubes (NCs), small nanorods (SNRs) and long nanorods (LNRs) were synthesized
following previously reported recipes with little modifications. These materials were compared
with commercially available CeO2 nanopowders (CNPDs). All four nanostructured oxides were
decorated with Pd NPs (5% weight): the different CeO2 powders were dispersed in an aqueous
solution of K>PdCls, and then molecular hydrogen was bubbled in the solution at RT to reduce the
salt and deposit Pd NPs. The amount of Pd was determined by EDS and confirmed the quantitative
deposition of Pd (5% weight). Moreover, both XPS and EDS data indicated that the washing
procedure after metal deposition did not leave impurities of NaOH or unreacted Pd precursor (no

signals ascribable to Na, K or Cl were observed).



Figure 1. TEM and HRTEM (insets, highlighted interplanar distances (d) are reported in nm)

micrographs of as prepared 5%wt Pd/CeO, CNPDs (a), 5%wt Pd/CeO2 NCs (b), 5%wt Pd/CeO>

LNRs (c) and 5%wt Pd/CeO, SNRs (d).Figura da modificare

The morphology of the ceria samples and their decoration by Pd NPs were studied by TEM and
HR-TEM (Figure 1, and S1-7)). The CeO, CNPDs show a wide size distribution (mainly 10-20
nm), variable morphology and expose mainly {100} and {111} oriented facets (Figure 1a, S7). On
the contrary, CeO> NCs consistently present highly crystalline cubic nanoparticles terminating
with {100} oriented surfaces and exhibit an average size of 16-20 nm (Figure 1b, S6). From TEM
micrograph, the CeO2 SNRs exhibit a slightly elongated shape with dimensions along the minor
axis of about 3-5 nm and more variable along the larger axis of about 10-30 nm. (Figure 1d). They
tend to aggregate, however, by carefully analyzing HR-TEM micrographs, we verified that the
SNRs are composed by rather crystalline nanoparticles. From lattice fringe analysis, it may be
deduced that all the NPs expose mainly {100} facets (Figure S4). Therefore, the SNRs can be

described either as nanorods characterized by a low aspect ratio, or as cubes that became slightly



elongated in one direction. The CeO2 LNRs have a uniform width of 10£2 nm and a length ranging
from 900 to 250 nm (Figure 1c). The long sides of the rod expose {100} surfaces, whereas the
transversal basal faces are {111} oriented (Figure 1c, S5). Pd NPs are finely dispersed over the
different substrates and their size is ranging from 3 to 5 on CNPDs, from 2 to 10 nm on NCs and
LNRs, and expose mainly (111) facets (Figure S1-3 and S5-7). In the case of CeO2 SNRs, the Pd
NPs are exceedingly small {<2-am) and because of that it was not possible to define clearly their

size distribution. Nevertheless the presence of Pd also on these samples has been certified by the

EDX analysis, in fact a concentration of Pd around x% has been found.
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Figure 2. Raman spectra of as-prepared bare (right) and 5%wt Pd decorated (left) CeO-
CNPDs, NCs, LNRs and SNRs and the results of the fitting of Raman spectra in the

region 300-800 cm for these samples (center).

The Raman spectra of CNPDs NCs, SNRs, LNRs are shown in Figure 2. All samples show the
first-order Fo4 peak typical of CeO- at about 465 cm™, confirming the formation of the fluorite
phase. The Raman shift and the half-width at half-maximum (FWHM) of the F»4 peak depend on
the particle size®=¢ and their trend confirms the results of TEM investigations. As expected, the
F24 peak of SNRs shows the lowest Raman shift (455 cm™) and the highest FWHM (60 cm™Y), and

conversely commercial CeO2 Fzq peak exhibit the highest Raman shift (464 cm™) and the smallest



FWHM (8 cm™). Moreover, aweak peak around 600 cm™, which is usually associated with defects
(i.e. oxygen vacancies in Ce0,)*** can be observed in all powders. Based on the relative intensity
of this peak, the SNRs present the highest oxygen vacancies concentration, whereas CNPDs the
lowest. After the Pd NPs deposition, the intensity of such peak increases in all the investigated
samples. This may be associated with an interfacial reaction between Pd and CeO., which leads to
the reduction of this latter (Figure 2).2¢3237 In SNRs and LNRs this effect is stronger than in
CNPDs and NCs. Therefore, overall Raman results highlight the higher reducibility of SNRs and

LNRs compared to NCs and CNPDs.
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Figure 3. Methanol conversion vs temperature for the catalysts activated at 300°C in Ho.

The catalytic activity toward methanol decomposition was studied in the temperature range
between 100°C and 350°C in a fixed-bed continuous-flow (1% vol of CH3OH, 1500 ml h'* g-cat”
1) quartz reactor under atmospheric pressure after activating the catalysts with hydrogen (300°C,
1h, 20% of H2 in Ar). The gas stream out of the reactor was analysed by an on-stream gas

chromatograph. The main results of chemical conversion are summarized in Table 1 and Figure 3.
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The activity of 5 wt% Pd/CeO2 SNRs is always higher than that of the other Pd/CeO> catalysts in
the temperature range between 100-350°C. All Pd/CeO2 nanostructures showed an extremely
selective methanol decomposition to CO and Hz, as the best-performing Pd/CeO. catalysts
reported in the literature.’®!* Other products marginally detected are CH4 and CO,. CO;
(Selectivity <0.5 %) was observed mainly at temperature lower than 200°C; conversely, CHs was
detected at T>275-350°C in the case of CNPDs and NCs, and between 225 and 350°C in the case
of SNRs and LNRs. It is worth mentioning that, in absence of Pd nanoparticles, the bare CeO-

substrates exhibit a rather scarce chemical activity, starting to convert methanol only above 200°C.

Table 1. Catalytic results and BET surface area of the investigated materials.

Catalyst BET  surface | Tso (°C)? T100 (°C)° Selectivity (%) at Tioo
area (m?/g) CO Ha
5%wPd/CeO> 60 220 300 99.5 99.7
CNPDs
5%wPd/CeO, NCs 35 205 275 99.6 98.3
5%wPd/CeO2 LNRS | 95 175 225 88.0 99.8
5%wPd/CeO, SNRs | 150 150 200 99.8 99.9
Notes @ Temperature of 50% methanol conversion
b Lower temperature of 200% methanol conversion

Regarding the activity of the catalyst, the temperature of 50% methanol conversion (Tso) is
usually a standard benchmark. In the case of 5%wPd/CeO. SNRs, we obtained a value of 150°C.
Moreover, by the analysis of chemical conversion vs temperature we estimated an activation
energy for methanol decomposition of 38 kJ/mol in the temperature range between 125 and 175°C,
which nicely compares with the value of about 70-80 kJ/mol reported for Pd NPs supported on

different metal oxides.®** For the other catalytic systems, the Tsos of 5%Pd/CeO, LNRs, NCs and
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CNPDs is 170°C (43 kJ/mol, 150-200°C), 205°C (51 kJ/mol, 175-225°C) and 220°C (58 kJ/mol,
200-250°C). All data are summarized in Table 1.

Overall, the catalytic activity of 5%Pd supported on CeO> SNRs and LNRs is excellent. To the
best of our knowledge, it is higher than most of previously reported CeO supported Pd catalysts
(i.e. 17% wt Pd/CeO.: T50=200°C; 5% Pd deposited on mesoporous CeO»: T35=180°C; 3 wt%
Pd/Ce02: Tso=174°C)*'3 14 and of other metal/metal oxide catalysts (3 wt% Pt/CeO2: Ts=158°C;
3 Wt% Pt/Al,O3: T5o=182°C)™,

In general, the different catalytic performances of ceria based systems can be associated with
the type of exposed surfaces, the different defectivity (concentration of oxygen vacancies) and
reducibility of the solid. In fact, the adsorption of methanol on ceria depends on the formation of
methoxy and hydroxyl species.22*¥2%% These species are more stable on CeO; surfaces with a
stronger basicity of O anions. Clear surface structure dependence was found for the strength and
amount of base sites: (110) > (100) > (111).22*3242° Moreover, this tendency is strengthened under
reductive reaction conditions and corresponds well to the trend of the energy of oxygen vacancy
formation.22*%242° |n the investigated nanopowders, the main exposed facets are the {100}.
Interestingly, the worst performing material is Pd/CNPDs, which exhibits the highest abundance
of {111} facets (about 1/10 with respect to {100} facets). However, nanorods also exhibit some
limited amount of {111} faces but they are extremely active, therefore other factors may be at
play.

In order to shed some light on the surface chemistry and Palladium/Ceria synergies that may be
responsible for this excellent activity and to rationalize the differences observed in our set of
catalytic systems, we systematically applied X-ray photoemission spectroscopy (XPS) and in

particular in situ XPS, which allows investigating the surface of our catalysts in working
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conditions, without exposing the materials to the atmosphere. This has been done at each steps of
the catalytic process, i.e. for the as-prepared catalyst, after activation and after working conditions.
This analysis provided a detailed insight into the Pd oxidation state and the redox properties of the
CeO; substrates that could be related to the different catalytic activities. Moreover, these results
were compared with the data acquired from the same experiments performed on the bare CeO>
nanostructures to assess the effect of Pd on the redox properties of CeO..

The results of the separation into chemically shifted components of Ce 3d and Pd 3d
photoemission lines are summarized in tables 2, 3 and S1, and reported in Figures 4, S9 and S10.
The photoemission spectrum of Ce3d was fitted with the five typical spin-orbit-split doublets that
correspond to the possible 3d4f configurations in the photoemission final state. The components
labeled v° and V' corresponds to Ce®*, whereas the components labeled v, v, v corresponds to
Ce** (Figure 4a).383%404142  The spin-orbit-split satellite labeled u'" centered at 917 eV is
distinctive of the poorly screened Ce3d%4f°02p® final state, and is connected only with the presence
of Ce* ions. For this reason, to follow the reduction degree of the CeO> surface, we reported in
table 2 the ratio of the area of the u'' component versus the total area of the fit Ce3d photoemission
line and in table S1 we show the complete results of the analytical fitting. Therefore, a lower value
of this parameter corresponds to a higher reduction of CeO surface. This procedure limits the
uncertainty introduced by the fitting procedure. The data reported in Tables 2 and S1 indicate that
the most reduced samples are the SNRs (65% of Ce(l11) in the case of activated Pd/SNRs sample),
whereas all the other systems present a very similar reduction degree. This is in good agreement
with the Raman Spectroscopy data and supports the idea that the major factor affecting the

reduction properties of CeOy is related to the physical dimension. 114344
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Pd 3d photoemission lines were fitted employing three spin-orbit-split doublets corresponding

to the Pd oxidation states O, Il and IV. Pd(1l) and Pd(IV) were fixed at a binding energy (BE) of

336.7 and 338.2 eV, respectively (Figure S9).

Table 2. Summary of the separation into chemically shifted components of Ce3d photoemission

lines of Pd/CeO- catalysts as-prepared, activated (H>) and after exposure to methanol in working

conditions (MeOH).

Ce3d fit results: (area u™/(area of total fit)

SNRs LNRs NCs CNPDs
bare 5% Pd bare 5% Pd bare 5% Pd bare 5% Pd
asprepared 0.080 0.072 0.095 0.08 0.092 0,089 0,100 0,092
H> 0,078 0,042 0,07 0,052 0,094 0,078 0,089 0,087
MeOH 0,051 0,05 0,066 0,055 0,089 0,082 0,087 0,088

Table 3. Summary of the separation into chemically shifted components of Pd3d photoemission

lines of bare CeO. and Pd/CeO; catalysts as-prepared, activated (H2) and after exposure to

methanol in working conditions (MeOH).

Pd3d fits results: area %

SNRs LNRs NCs CNPDs
Pd(0) Pd(0) Pd(0) Pd(0)
335,9 Pd Pd 335,55 Pd Pd 335,4 Pd Pd 335,6 Pd Pd
eV ay | (v) eV (1) (1V) eV ay |av) [ ev | any | av)
asprepared 0,30 | 0,17 | 0,51 0,28 | 0,20 0,52 0,24 0,27 | 0,49 0,38 0,42 | 0,2
H, 0,91 | 0,09 0 0,59 | 0,36 0,05 0,75 0,25 0 0,84 | 0,16 0
MeOH 0,87 | 0,13 0 0,69 | 0,25 0,06 0,76 0,24 0 0,85 | 0,15 0

Conversely, the energy position of the Pd(0) component was allowed to vary slightly because it

could be influenced by the size of the nanoparticles and by the electronic interaction with the ceria

substrates. In fact, many studies reported a strong effect induced by the oxide substrate on the

valence of Pd: the interaction of the metal NPs with the oxide support leads to an electron transfer
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from Pd to ceria and to the formation of interfacial Pd cationic species. 3221445 |nterestingly, the
presence of Pd species with valence close to +1, identified by an upward BE shift of about 0.5 eV
with respect to the typical position of metal Pd 3ds/2 (335.0 eV), correlates well with an enhanced
catalytic activity toward methanol decomposition.2%%¢14 The reason for this enhanced activity is
not fully understood in the literature, but it is thought to be connected with a change in the surface
stabilization of CO. On the one hand cationic Pd species interact with CO less strongly than the
metal preventing the poisoning of the active phases, on the other hand they can activate CeO; that
becomes able to adsorb CO at much lower temperature.®

As demonstrated by HR-TEM micrographs, the smallest Pd NPs are deposited on CeO, SNRs,
whereas the largest ones on CeO2 NCs and LNRs (about 2-10 nm). The Pd 3ds,, peak maximum
in metal Pd is usually reported at 335.0 eV. Because of the so called “small cluster size effect”,*¢ 4
the Pd(0) component of the Pd NPs on CeO2 SNRs (335.9 eV, Figure S9a) shows the largest shift
toward higher BE with respect to the other samples (Figure S9b-d).*® The different catalysts also
show a different amount of oxidized species Pd(Il) and Pd(IV), which correlates well with the
dimension of the Pd NPs especially in the case of the Pd(IVV) components. This suggests that small
NPs can be more efficiently oxidized by the ceria substrate forming a more relevant partially
oxidized interface, and consequently a more extended reduction of the CeO2 surface.“%*® However,
the differences in the BE of Pd(0) components may not only be associated with the size of the Pd
NPs. In fact, in the case of LNRs and NCs the size distribution of Pd NPs is similar and the higher
BE of Pd(0) of LNRs (335.55 vs 335.4 eV) could be associated with a stronger electronic
interaction between Pd and the CeO. support.**4* This hypothesis is also sustained by
considering the effects of Pd deposition on the reduction degree of CeO.. In fact, the decoration of

Pd NPs influences in different ways the oxidation degree of the various CeO: substrates, as
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demonstrated also by the previously discussed Raman Spectroscopy data. CNPDs and NCs Ce3d
photoemission lines show only a slight increase of the Ce3*/ (Ce®**+Ce**) ratio after Pd deposition
(Figure 4c,d and S8c,d; from 25% to 27% and from 30% to 31%, respectively). On the contrary,
the most evident changes in CeO, oxidation degree are visible in LNRs and SNRs (Figure 4a,b
and S8a,b; Ce®* from 29% to 35% and from 33% to 38%, respectively). Especially in the case of
LNRs, the CeO> support is heavily reduced after the Pd deposition, highlighting the strong Pd-
CeO: interaction.

After activation in hydrogen atmosphere (300°C, 30 mbar, 1h), all the catalysts were reduced
considering both the oxide support and the supported metal nanoparticles. The Pd NPs are almost
totally reduced to metal Pd in all cases (Figure S9). However, the largest fraction of reduced Pd is
found on the NPs deposited on SNRs. Quite surprisingly, the most relevant amount of oxidized Pd
is observed on LNRs. This may seem an unusual result considering their close structural
relationship with SNRs that have an opposite behavior. This apparent contradiction can be
explained by the different size of Pd NPs: the extremely small NPs on SNR are extremely reactive
and kinetically fast to respond to variations in the gaseous environment, whereas the bigger NPs
supported on the LNRs are kinetically hindered and pinned by the already mentioned strong
interaction with the substrate. Moreover, after activation in hydrogen, the most reduced CeO>
supports (either with or without Pd) are SNRs, followed by LNRs and then by NCs and CNPDs.
This suggests that both types of nanorods are easier to reduce with respect to other ceria
nanoshapes. While this enhanced reducibility could be associated with the small dimension in
SNRs, such explanation would fail in the case of LNRs. On the other hand, both samples were
prepared in the lowest temperature conditions, therefore we can deduce that some structural defects

intrinsic to their synthesis may be responsible for the facilitated reduction. Moreover, as
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demonstrate by BET measurements (see table 1), both type of nanorods exhibit the highest surface
area and therefore the highest number of low coordination sites among the different supports,

which may favor an enhanced reduction operated by reacting with a reducing gas phase

The analysis of the Pd 3d and Ce 3d spectra after exposure to methanol (300°C, 10 mbar, 30
min), indicates that the CNPDs, NCs and LNRs are almost unchanged (Figures 4, S8 and S9) with
respect to the H, treatment only, evidencing a small reduction or oxidation of Ceria in presence or
absence of Pd, respectively. In the case of SNRs, after methanol exposure, the metal free NPs
undergo a significant increase of the Ce 3d (I11) component, whereas on the metal decorated
substrates the trend is reversed. This slight oxidation of CeO2 may be associated with the higher
local concentration of CO (Figure S4a,b) that can eventually leave a surface carbon layer, which
can be hydrogenated to CHa at the investigated temperature while residual oxygen restore the
surface O vacancies.22224%%0 Thjs effect is more significant in Pd/SNRs, which is the most active

materials with the lowest Tso,

17



v i ; v g 0 —[E
g A" Y % - "
S p ! N &
£ -4 4 A A2, '& A
2 y = LA /
Gl ALY /‘ AA ‘E —{300°C, 10 mbar CH;OH
2 7300°C, 10 mbar CH;0H ' /AW 2
w 1 "
c c
F 1 Al AN
£ VAN, \ /AN
T 300°C, 30 mbar H $ T1300°C, 30 mbar H,
N ! N
AN T
5 1L\ SN VA A
Z  |asprepared H & Z —{3spre a AN A A\
REREEEEEEEEsmEnEaSy ol
920 910 900 890 880 920 910 900 890 880
Binding Energy (eV) Binding Energy (eV)
z ; z |
g 1/\ A,A SN 5 AL AU
& _[300°C, 10 mbar CH,0H s 300°C, 10 mbar CH;0H
2 2
w [7]
e ol c
3 s
£ £
§ 7[300°C, 30 mbar Ha § —'300°C, 30 mbar H,
I N‘ J\ E] J’l 4\}
E (N AN\ AON § A 2D\
Z "|asprepared z asprepared
R REEEEREE Ry RRREEEREE e e
920 910 900 890 880 920 910 900 890 880
Binding Energy (eV) Binding Energy (eV)

Figure 4. Ce3d photoemission lines, as well as the separations into single chemically shifted
components, of a) 5%wtPd/CeO2 SNRs, b) 5%wtPd/CeO, LNRs, c) 5%wtPd/CeO> NCs and d)

5%wtPd/CeO2 CNPDs of as prepared, activated and after exposure to methanol in working

In conclusion, the XPS data suggest that Ceria in form of SNRs is extremely responsive to the
change of the gaseous environment due to the small dimensions and consequent strong interaction
between the oxide substrate and supported metal. A similar behavior is observed also for LNRs,
but in this case the reduction level of Pd remains lower because of the larger NP dimension.
Anyway, in both types of nanorods it is observed the highest synergistic effect between Pd and
Ce0O; as demonstrated by the strong reduction of ceria after the H» treatment in the systems
decorated by Pd compared to those without. Interestingly, even if they expose the facets with the
lowest oxygen formation energy (i.e {100}) with respect to LNRs that expose also a small part of
{111} surfaces, NCs do not reach the same amount of reduction in reducing conditions (either in

CH3OH or Hy) as the two different types of nanorods. This is probably due to their larger size,
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higher crystallinity and absence of defects, which are a consequence of their higher synthesis
temperature.

The influence of the exposed facets is predominant for the two catalysts with the worst
performances (Pd/CNPDs and Pd/NCs). In these cases, the main ceria particle size is almost the
same (about 20 nm) and ceria reduction degree are quite similar (both low), therefore difference
in activity can be traced back to the different amount of {100} vs {111} facets. Conversely, the
two different types of nanorods are structurally very similar (same shape and crystal orientation),
but with rather different dimensions. This “size effect” strongly affects the interaction with Pd
nanoparticles leading to a different morphology and chemical synergies. Both Pd/SNRs and
Pd/LNRs exhibit a high specific surface area (Table 1) due to the small size of ceria particles.
These two ceria nanostructures show also the highest concentration of oxygen vacancies and the
highest degree of reduction among the as-prepared catalysts. Moreover, they show the highest
reducibility associated with the activation process in hydrogen atmosphere, pointing out to a
synergistic effect between the metal and the metal oxide support. Indeed it has been reported
previously reduced ceria interacts with Pd nanoparticles via reduced species.®® Nonetheless, Pd
nanoparticles must retain a significant level of oxidation to be catalytically active, as documented
by previous investigations. In the case of extremely small metal NPs the presence of “activated
cationic species” is achieved by an electronic interaction with the substrate and intrinsic size effect
as exemplified in the Pd/SNRs system, which exhibits a relevant shift in the BE position of the Pd
3ds2 BE from 355.0 eV to 355.9 eV. On the other hand, on larger NPs the same effect can be
obtained by a strong chemical interaction with the support that leads to the preservation of a
relatively high fraction of oxidized species at the interface. This latter is the case of Pd/LNRs that

in reaction conditions maintain the highest amount of Pd(l1) and Pd(IV) species.
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CONCLUSIONS

In this study we have investigated different types of powder model systems in order to identify
which are the most important factors controlling the catalytic activity of Pd/CeO2 nanocomposites

in the decomposition of methanol.

Using a combination of microscopic and spectroscopic techniques we have fully investigated
and compared with each other, systems with different shapes (cubes vs rods) dimension (small and
long nanorods) and crystallographic orientations (100 vs 111) and in presence and absence of
active phase (i.e. Pd).

A systematic analysis combined with measurements of the catalytic activity has allowed to
rationalize the origin of the excellent catalytic activity observed in our catalysts and the reason for
their differences.

All the catalysts have shown a high methanol conversion and high selectivity toward the
production of CO and H., however Pd supported on CeO2 SNRs was by far the best performing
system, exhibiting the lowest methanol conversion Tso (150°C), which is one the best results ever
reported in the literature.

A systematic use of in situ XPS has been critical to the comprehension of the surface chemistry
of the materials.

In particular photoemission measurement taken at every single step of the catalytic cycle (as
prepared catalyst, after activation and after chemical work), has highlighted that the catalyst
performances improve (lower Tso) with the increase of the Pd-CeO: interaction, which favors a
higher reducibility of CeO. surface as well as the preservation of relatively oxidized palladium

species that are the most active site in the catalytic process. This higher reducibility of the oxide

20



support seems related to the reduction of the ceria particles size and to the increase of their
morphological defectivity. On the other hand, the presence of highly reactive Pd NPs is also
another factor promoting the reduction of the substrate itself. This highlights to the importance of
synergistic effects in nanocatalysis. Notably, the synthesis of the best performing materials was
performed at RT and without the use of organic solvents or surfactants, satisfying green chemistry

protocols.
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