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A B S T R A C T   

The present work aims at further investigating a previously studied PdZn/ZrO2+SAPO-34 bifunctional catalyst 
for CO2 conversion. High activity and selectivity for propane was proved and the results obtained by NAP-XPS 
measurements and CO adsorption at liquid-nitrogen temperature (LNT) followed by FT-IR spectroscopy are 
shown. After reduction, we confirmed the formation of PdZn alloy. At LNT, Pd carbonyl IR band shows a peculiar 
behavior linked to an intimate interaction between PdZn particles, ZnO and ZrO2. The combined system was 
characterized as fresh, used and regenerated. On the fresh PdZn/ZrO2+SAPO-34 the characteristic features of the 
two components do not appear perturbed by the mixing. As for the used system, the absence of Pd carbonyls and 
the decrease of CO on SAPO-34 Brønsted acid sites are correlated to organic species revealed by ssNMR. 
Regeneration in oxygen restores catalytic sites, although new Pd2+/Zn2+ carbonyls appear due to ion exchange 
into SAPO-34 framework.   

1. Introduction 

Climate change is the most difficult challenge that humanity is trying 
to combat. The incessantly increase of carbon dioxide concentration 
reaches a new record year by year since the industrial revolution and the 
average of CO2 concentration reached 418 ppm in January 2022 [1]. To 
date, limiting the increase of global temperature to 1.5 ◦C, as established 
by the Paris Agreement, is the real challenge. Hence, Carbon Capture 
Utilization and Storage (CCUS) represents the only way to reduce the 
CO2 concentration and to contain the greenhouse effect. 

To achieve an efficient way for the capture, conversion, trans
portation, and storage is economically challenging. Indeed, CCUS is not 
technologically ready to be applied on a global scale, demonstrating 
how difficult it is to find an economic way to solve global environmental 
issues. 

One option is represented by the chemical reduction of CO2 to obtain 
C1 products [2], like methanol, and to convert methanol into 
hydrocarbons. 

According to several works [3,4], metal/oxide systems are a good 
choice to perform CO2 adsorption and conversion into methanol. 

Usually investigated metals [5,6] are Zn, Pt, Cu [7] and Pd [8], whereas, 
among supports, several oxides such as SiO2, ZnO and ZrO2 are used [9]. 
In particular, zinc plays a key role for both intermediate stabilization 
and H2 heterolytic splitting thanks to its activity in inducing defects 
(such as oxygen vacancies) [10–13]. ZrO2 is weakly hydrophilic and 
avoids water-poisoning [2,5] and it is largely reported as an excellent 
metal support. Indeed, this oxide shows unique surface properties: 
Brønsted basic sites, Lewis acidic-basic Zr4+O2- pairs and redox activity 
[14,15]. All these properties are largely discussed in Li et al. [2], which 
exhaustively describes how ZrO2 can be a promising candidate for 
CO2-to-methanol reaction. 

According to some articles[16–22], Pd-based catalysts are active for 
CO2 hydrogenation to methanol with high CO2 conversion, methanol 
selectivity, yield, turnover frequency and stability with a minimal 
composition of Pd (≤ 5 wt%) and, by alloying with zinc, it seems to play 
a key role in hydrogen splitting, and it leads to a good conversion of CO2 
into methanol. 

However, metal or oxidic phases are not capable of converting 
methanol into hydrocarbons. Hence, different authors [23,24] proposed 
bifunctional catalysts, which are made up of an oxidic phase on a zeolitic 

* Corresponding author. 
E-mail address: sara.morandi@unito.it (S. Morandi).  

Contents lists available at ScienceDirect 

Applied Catalysis A, General 

journal homepage: www.elsevier.com/locate/apcata 

https://doi.org/10.1016/j.apcata.2023.119100 
Received 15 November 2022; Received in revised form 10 February 2023; Accepted 11 February 2023   

mailto:sara.morandi@unito.it
www.sciencedirect.com/science/journal/0926860X
https://www.elsevier.com/locate/apcata
https://doi.org/10.1016/j.apcata.2023.119100
https://doi.org/10.1016/j.apcata.2023.119100
https://doi.org/10.1016/j.apcata.2023.119100
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2023.119100&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Applied Catalysis A, General 655 (2023) 119100

2

support. The acid sites of zeolite are capable of binding and hydroge
nating methanol molecules to produce hydrocarbons with different yield 
and different number of carbon atoms according to the type of the 
zeolite involved in the reaction [25,26]. Defining a possible route 
involved for the generation of different hydrocarbons is not straight
forward. Over the years, three main pathways have been proposed. 
Chronologically, the first theorized mechanism was the one proposed by 
Dessau and LaPierre [27], founded on consecutive methylation and 
cracking, to produce ethylene and other higher alkenes over ZSM-5. The 
second mechanism was theorized by Dahl and Kolboe [28], based on the 
low reactivity of propene and ethylene when co-reacting with methanol 
over SAPO-34. This mechanism is based on a hydrocarbon-pool concept 
[29]. The most recent mechanism is represented by the dual-cycle 
concept, which is founded on the interconnection between an olefinic 
and an aromatic cycle. 

To date, one of the most demanding hydrocarbons is propane. By 
2025, propane will represent one of the most used hydrocarbons for 
industrial purposes, with a market growth of 5% per year [30]. 

We have recently published interesting results about PdZn/ZrO2 
catalyst in combination with SAPO-34 exploited in the CO2 adsorption 
and conversion with propane as the main product [31]. According to our 
previous work and to the best of our knowledge, this system shows very 
good propane yields, which have never been reported about CO2 valo
rization with a meaningful C2+ hydrocarbon conversion [32]. In 
particular, we demonstrated by XAS and FT-IR spectroscopy that a PdZn 
alloy is formed during catalyst activation. The alloy is in intimate con
tact with oxygen-vacancy rich ZnO particles over the ZrO2 support and, 
when it is exposed to the CO2-containing reaction feed, develops into a 
core-shell structure with a PdZn alloy surrounded by a polycrystalline 
ZnO shell. PdZn alloy is directly responsible for the MeOH formation on 
the PdZn/ZrO2 component. MeOH reacts over the SAPO-34 following a 
classical MTO mechanism with propane as the main product [31]. The 
intimate mixture of both PdZn/ZrO2 and SAPO-34 causes an instant 
MeOH consumption, increasing the CO2 conversion and reducing dras
tically the CO selectivity. In the previous work, the characterization of 
the PdZn/ZrO2 phase was reported, but the paper lacks the spectroscopic 
characterization of the PdZn/ZrO2+SAPO-34 combined system. 

Hence, in this work, we are going to present some new catalytic re
sults, which are in line with those already presented in our former work, 
in any case. In order to achieve a more comprehensive understanding of 
the bifunctional system, using CO as probe molecule, we are going to 
focus on the spectroscopic characterization of the combined system, 
taking the moves from a more detailed FT-IR characterization of the 
PdZn/ZrO2 component, which was also further investigated by near 
ambient pressure X-ray photoelectron spectroscopy. By means of solid- 
state nuclear magnetic resonance, we proposed an elucidation of the 
organic species trapped inside the SAPO-34 during catalytic runs. 

2. Experimental section 

2.1. Catalyst preparation 

Catalyst preparation steps are described in details in our former 
paper [31]. Summarizing in brief, the PdZn/ZrO2 catalyst was prepared 
by a colloidal impregnation method starting from palladium and zinc 
acetate solutions in DMF and ethylene glycol, respectively. The obtained 
colloidal mixture, after washing and dispersion in ethanol, was added 
with zirconium hydroxide, Zr(OH)4, in order to obtain a molar compo
sition of 2% Pd, 13% Zn and 85% Zr, verified by Energy-dispersive X-ray 
spectroscopy (EDS). The final catalyst was obtained after drying and 
calcination at 500 ◦C. As for SAPO-34, it was purchased from ACS ma
terials (SiO2/Al2O3 =0.5). 

The combined system was produced by mixing the oxidic phase with 
the zeotype by mortar and pestle in a 1:1 wt ratio. 

2.2. Catalytic tests 

Catalytic tests were executed in a 4 channel Flowrence® from 
Avantium. 50 mg of the stand-alone PdZn/ZrO2 catalyst or 100 mg of the 
combined PdZn/ZrO2+SAPO-34 catalyst were typically used. The gas 
feed composition was: 24 vol% of CO2, 72 vol% of H2 and 4 vol% of He 
as internal standard. Before feeding the reaction mixture, all samples 
were reduced in situ with a pure H2 atmosphere for 4 h at 400 ◦C. The 
tubes were then pressurized to 30 bar using a membrane-based pressure 
controller. 

GC is an Agilent 7890B with two sample loops. One sample loop goes 
to TCD channel with 2 Haysep pre-column and MS5A, where He, H2, 
CH4 and CO are separated. Another sample loop goes to a FID with an 
Innowax pre-column, a Gaspro column and another Innowax column. 
Gaspro column separates C1-C8, paraffins and olefins, while Innowax 
column separates oxygenated and aromatics. 

Conversion and selectivity are reported on C1 basis and are defined 
as follows: 

ConvCO2 (%) =
CO2blk/Heblk − CO2R/HeR

CO2blk/Heblk
× 100  

SCn(%) =
n⋅ CCn,R

CHe,R(
CCO2 ,blk

CHe,blk
−

CCO2 ,R
CHe,R

) • 100  

where Ci,blk and Ci,R are the concentrations determined by GC analysis in 
the blank and in the reactor outlet, respectively. Carbon balance closure 
was better than 2.5% in all cases. 

For the 13C labeled tests aimed at ssNMR measurements (vide infra) 
the same Flowrence® set up was used. The labeled 13CO2/H2 mixture 
(100 bar lecture bottle) was provided by CK Isotopes Limited. 

2.3. Spectroscopic characterization 

Absorption IR spectra were collected using a Perkin-Elmer FTIR 2000 
spectrophotometer equipped with a Hg-Cd-Te cryo-detector, at a reso
lution of 2 cm− 1 in the range of wavenumbers 7200–580 cm− 1. All 
sample powders were compressed in self-supporting discs 
(~20 mg cm− 2) and placed in a quartz IR cell suitable for thermal 
treatments in controlled atmosphere and spectra recording at room and 
liquid-nitrogen temperature (RT and LNT, respectively). 

Before IR measurements, all the samples were outgassed at 400 ◦C 
for 30 mins and then reduced with 40 mbar of dry hydrogen at 400 ◦C 
for 30 mins. The reduction treatment aims at simulating the reduction 
step performed before the catalytic tests. From now on, we will name all 
the pre-reduced catalysts as “activated” catalysts. 

After activation, FT-IR spectra were run at increasing CO pressure up 
to 20 mbar at RT and LNT on PdZn/ZrO2 catalyst and at LNT on SAPO-34 
and PdZn/ZrO2+SAPO-34 combined system. CO was used as probe 
molecule in order to characterize surface sites, such as Pd sites, Lewis 
acid sites (Zr4+and Zn2+) and Brønsted acid sites of SAPO-34. Moreover, 
CO adsorption was performed on PdZn/ZrO2+SAPO-34 combined sys
tem after catalytic tests performed at 350 ◦C for 48 h, at 30 bar, with 
space velocity of 12000 ml g− 1 h− 1. The used bifunctional system was 
characterized before and after a regeneration step. The used catalyst was 
activated as already mentioned for the fresh one, while the regeneration 
step was performed via oxidation in dry oxygen at 600 ◦C (for 30 mins) 
and then activation in hydrogen at 400 ◦C (for 30 mins), in order to 
simulate the regeneration conditions carried out before the catalytic 
tests reported in the previous work [31]. 

Near Ambient Pressure (NAP)-XPS measurements were carried out 
using an EnviroESCA spectrometer (SPECS GmbH) equipped with a 
monochromatic Al Kα X-ray source (hν = 1486.71 eV) operating at 42 W 
and X-ray emission of 3.00 mA. Typically, the PdZn/ZrO2 catalyst was 
mixed with carbon black powder in ratio 10:1 to avoid an excessive 

P. Ticali et al.                                                                                                                                                                                                                                    



Applied Catalysis A, General 655 (2023) 119100

3

charging of the surface and then pressed into a pellet (d=2 mm, 
h=0.5 mm) within the central cavity of a steel plate. Resistive heating 
was carried out by a button heater (SPECS GmbH). Temperature set
points for degassing and reduction of 400 ◦C were reached through 
manual ramping over a period of 30 min. High resolution spectra were 
obtained at energy pass of 10 eV; dwell time of 0.5 s per point and step 
of 0.1 eV were used for all regions (Zr(3d), C(1s), Pd(3d), O(1s) and Zr 
(2p)). 

PdZn/ZrO2 sample was measured with HR-XPS before NAP experi
ments. The sample was outgassed in the loading chamber for 1 h at 
400 ◦C under UHV conditions. Subsequently, to obtain the activated 
sample, a flow of 40 ml/min of H2 at 20 mbar was applied for 2 h. After 
reduction, the sample was transferred to the analysis chamber for 
further HR-XPS measurement. 

All 1H and 13C related (both 1D and 2D) MAS ssNMR spectroscopic 
experiments were performed on Bruker AVANCE III spectrometers 
operating at 600 MHz frequency for 1H using a conventional double 
resonance 3.2 mm MAS HXY probe. 1H and 13C NMR chemical shifts are 
reported with respect to the external reference adamantane. All NMR 
measurements were performed at room temperature and MAS frequency 
of 20 kHz. Herein, samples were prepared using fully enriched 13CO2 at 
experimental conditions (30 bar, 375 ºC, H2:13CO2 = 3, and 
10000 ml g− 1 h− 1, 60 h) suitable to increase the ssNMR sensitivity. A 
dual-bed configuration was used, instead of a mechanical mixture of the 
standard catalytic tests, in order to be able to perform measurements on 
used SAPO-34 alone. The 1D direct excitation (DE) 1 H-13 C cross- 
polarization (CP) spectra were recorded using a 4 s recycle delay. The 
1D insensitive nuclei enhanced by polarization transfer (INEPT) spec
trum was recorded using a 2 s recycle delay, a 20 ms acquisition time 
and accumulation of 4 k scans. 1 H and 13 C pulses were applied with a 
field strength of 70 and 50 kHz, respectively. 2D 13C–13C spectra were 
recorded using a 2 s recycle delay, 10 ms (F2) and 1.3 ms (F1) acquisi
tion time and an accumulation of 256 scans. 13C–13C mixing was ach
ieved through proton driven spin-diffusion (PDSD) using phase- 
alternated-recoupling-irradiation-schemes (PARIS) for 120 ms (CP). 
70 kHz SPINAL64 1H decoupling was applied during both direct and 
indirect dimensions. To probe mobile molecules, 2D 1H–13C INEPT- 
based heteronuclear correlation (HETCOR) was applied with 1.5 s 
recycle delay, 17 ms (13 C, F2) and 4 ms (1 H, F1) acquisition time and 
an accumulation of 512 scans. To probe rigid molecules, dipolar based 
1H–13C-1H HETCOR correlation spectra were obtained using a fixed 
0.5 ms contact time for both 1H–13C CP and 13C–1H CP periods. Back
ground signals were suppressed by an 8 kHz MISSISSIPPI block 
(τ = 5 ms, N = 2) before the last CP period. 13C PISSARRO (phase 
inverted supercycled sequence for attenuation of rotary resonance) 
decoupling was applied during acquisition. The recycle delay was 2 s, 
acquisition times 10 ms (F2, 1H) and 2 ms (F1, 13C) and number of scans 
64. All NMR spectra were processed and analyzed using Bruker TopSpin 
version 3.6.3. 

3. Results and discusion 

3.1. Catalytic performance of the PdZn/ZrO2 and PdZn/ZrO2+SAPO-34 
catalysts 

In our previous work [31], we reported a catalytic screening over the 
stand-alone PdZn/ZrO2 catalyst and its combination with SAPO-34, 
focusing these control experiments on monitoring MeOH selectivity 
for PdZn/ZrO2 and that of propane for the bifunctional system at 
different reaction pressures and temperatures. Moreover, for the 
bifunctional system, detailed hydrocarbon distribution for the CO2 
conversion was reported as a function of space velocity. Here we focus 
on CO, MeOH and CH4 selectivity for PdZn/ZrO2 at constant pressure 
and different temperatures and space velocities and on the detailed 
hydrocarbon distribution as a function of time for the bifunctional 
system. 

An overview of the catalytic performance of the stand-alone PdZn/ 
ZrO2 catalyst at different reaction conditions is shown in Table 1. We can 
observe that CO2 conversion and MeOH/CO selectivity are in clear 
agreement with the process thermodynamics [32]. In particular, 
increasing the temperature or decreasing the gas hourly space velocity 
(GHSV) increases the CO2 conversion. On the other hand, this conver
sion increase is accompanied by a MeOH selectivity decrease and the 
subsequent CO selectivity increase. The highest methanol selectivity was 
therefore obtained at the lowest temperature and highest GHSV (74.1%, 
250 ºC and 12000 ml g-1 h-1). Looking at the methanol yield, the best 
condition was found at 250 ºC, 30 bar and 3000 ml g-1 h-1 (5.1% yield). 
Lastly, methane selectivity is negligible (below 0.1–0.5%) at all tested 
conditions. 

An overview of the catalytic performance of the combined PdZn/ 
ZrO2+SAPO-34 system is shown in Fig. 1. We can observe that the 
addition of SAPO-34 successfully converts the MeOH produced on the 
first PdZn/ZrO2 component into a series of hydrocarbons, with the C3 
family dominating the distribution, in line with the expected behavior of 
the system [31]. CO2 conversion and CO selectivity remain in similar 
levels of the stand-alone PdZn/ZrO2. With the evolution of the reaction 
with time, we can observe that deactivation starts to occur and, at 
around 38 h on stream, DME starts being produced. This DME formation 
is a clear sign of the SAPO-34 component deactivation and it fully 
dominates the hydrocarbon distribution after 50 h on stream. 

3.2. CO adsorption on PdZn/ZrO2 catalyst 

Fig. 2-a reports FT-IR spectra of CO adsorbed at RT and at increasing 
pressure on the activated PdZn/ZrO2 catalyst: an asymmetric band in the 
region between 2080 and 2020 cm− 1 appears and increases in intensity 
upon CO pressure increase. For sake of clarity, we opted to show the FT- 
IR spectra related to CO adsorption at RT, despite they have been 
already displayed in our previous work [31], in order to compare them 
with those obtained at LNT. 

As described in our previous work [31], the band is ascribed to Pd0 

linear carbonyls [33]. However, the frequency of the maximum, quite 
lower with respect to that characteristic of linear carbonyls on reduced 
Pd supported particles, and the absence of bridged CO species in the 
region 2000–1970 cm− 1 prove the presence of PdZn alloy [34–36]. 
Since Zn is markedly more abundant than Pd, PdZn particles are in 
intimate contact with ZnO particles over the ZrO2 support, as well evi
denced by high-resolution HAADF-STEM images in our previous work 
[31]. More in details, the linear carbonyl band is constituted by several 
components (see inset of Fig. 2-a): the most intense one lies at 
2063 cm− 1 and shifts to 2069 cm− 1 at the maximum CO coverage (θCO, 
from blue to red line), whereas two shoulders are evident at 2071 cm− 1 

(2074 cm− 1 for the maximum θCO, red line) and 2048 cm− 1. 
As just mentioned in our former work [31], Pd0-CO bond shows 

Table 1 
Overview of the catalytic performance of the stand-alone PdZn/ZrO2 catalyst at 
different reaction conditions. H2/CO2 ratio of 3, 30 bar and 24 h T.O.S.  

Temp 
(ºC) 

GHSV 
(ml g-1 h- 

1) 

Conversion 
(%) 

Sel 
CO 
(%) 

Sel 
MeOH 
(%) 

Sel 
CH4 

(%) 

MeOH 
Yield 
(%) 

250  12000  3.8  25.7  74.1  0.2  2.8 
300  9.2  68.3  31.6  0.1  2.9 
350  20.8  83.2  16.7  0.1  3.5 
400  28.2  96.5  3.4  0.2  1.0 
250  6000  6.9  34.6  65.3  0.1  4.5 
300  14.1  76.7  23.2  0.0  3.3 
350  21.7  89.2  10.8  0.1  2.3 
400  28.2  96.8  3.1  0.2  0.9 
250  3000  9.0  42.8  57.1  0.1  5.1 
300  15.4  82.1  17.8  0.1  2.7 
350  21.7  90.8  9.2  0.2  2.0 
400  28.2  96.8  3.0  0.5  0.8  
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strong π-backdonation character, thus the lower the band frequency the 
more coordinatively unsaturated the site [37]. That being said, we 
assign the shoulder at 2048 cm− 1 to carbonyls of highly defective Pd0 

sites, e.g. corners, the main component at 2063–2069 cm− 1 to carbonyls 
of less defective sites, e.g. edges, whereas the shoulder at 
2071–2074 cm− 1 can be related to terrace sites. 

The blue-shift of the main peak and shoulders is explained taking 
into account the dipolar coupling and the “chemical effect” [38]. The first 
one can be neglected in our case due to the presence of Pd dilution by 
alloying with Zn, which lowers the dipole-dipole interaction between 
neighboring CO molecules adsorbed on Pd. The second one is related 
with the decrease of π-backdonation as the number of adsorbed CO 
molecules increases, so that the CO bond strength and, consequently, the 
stretching frequency increases upon increasing θCO. 

After outgassing (dashed black line in Fig. 2-a), the intensities of the 
main peak and shoulders are drastically reduced but not totally brought 
down, evidencing a certain stability of Pd0-CO at room temperature. The 
outgassing decreases the effect due to the θCO, i.e. the “chemical effect”, 
shifting back the absorptions to their former positions. 

In order to characterize Lewis acid sites (i.e. Zr4+ and Zn2+) and 
eventually Zn0, CO adsorption was performed at liquid-nitrogen tem
perature on the activated PdZn/ZrO2 catalyst (Fig. 2-b). Two bands are 
present: the former in the range 2080–2020 cm− 1 is related to CO lin
early adsorbed on metallic palladium sites in the PdZn alloy, the latter in 
the range 2190–2120 cm− 1 is related to CO adsorption on Zr4+ and Zn2+

sites. 
As for the high-frequency region, the first appearing band at 

2180 cm− 1 (Fig. 2-b, green line) could be related to zinc(II)-carbonyls 
[33,39]: this very weak band is completely covered by the Zr4+-CO 
band at higher CO doses. Zr4+-CO band exhibits a red-shift up to 
2155 cm− 1 due to the “chemical effect”: Zr4+ is a σ-donor center, hence 
the frequency of the peak red-shifts as the CO coverage increases [33, 
40]. These findings are in line with those reported by Ticali et al. [41] for 
ZnZrOX systems: among the three samples analyzed, the one with the 
highest concentration of Zn was featured by the formation of a ZnO 
extra-phase that could be looked at as a Zn/ZrO2 system. As reported, 
the authors highlighted that the same spectroscopic features could be 
mainly assigned to Zr4+ with different coordination, while Zn2+ could 
only give a minor contribution to the band. 

As for Zn0 sites, to the best of our knowledge no literature data are 
available about the Zn0-CO species, reasonably because d-orbitals of Zn0 

are not suitable to form stable carbonyl species. For this reason, some 
authors used bands related to Zn2+ carbonyls on oxidized and reduced 
supported zinc to evaluate, by subtraction, the amount of Zn0 formed in 
reduction processes [42]. These literature data highlight that Zn0 

carbonyls are not observable species. 
Focusing on the Pd0 region, as observed at RT, the carbonyl band 

show at least three components (evidenced by arrows in the inset of 
Fig. 2-b), which put in evidence the different Pd sites in the alloy, as just 
discussed for Fig. 2-a. Differently from CO adsorption at RT, it is worth 
to note a peculiar behavior when CO is adsorbed at increasing doses: 
from the blue line, through the green line, to the red line, the spectra 
highlight an increasing and then a decreasing intensity of Pd carbonyl 
band along with a continuous shift to higher frequencies. From now on 
we will call this behavior "bell-shaped shift". This shift is featured by a 
maximum reached by the Pd carbonyl band (green line) at a pressure 
that we call "breakdown" pressure. After the "breakdown" pressure, as CO 
coverage increases, the band of CO on cationic sites in the region 
2190–2120 cm− 1 suddenly increases becoming well evident, but the 
absorption of CO on Pd0 atoms decreases in intensity. 

After outgassing (dashed line in Fig. 2-b), Pd0-CO band goes back to 
the position and intensity of the spectrum collected after the second CO 
admission, just like their analogous in Fig. 2-a. The intensity of the Pd0- 

Fig. 1. Overview of the catalytic performance of the combined PdZn/ 
ZrO2+SAPO-34 system. H2/CO2 ratio of 3, 350 ºC and 12000 ml g-1 h-1. 

Fig. 2. a) FT-IR spectra of CO adsorbed at RT on activated PdZn/ZrO2 catalyst. 
Spectra were acquired at increasing CO pressure up to 20 mbar (from blue to 
red line) and after outgassing (dashed black line). b) FT-IR spectra of CO 
adsorbed at LNT on activated PdZn/ZrO2 catalyst. Spectra were acquired at 
increasing CO pressure up to 20 mbar (from blue to red line) and after out
gassing (dashed black line). The green line represents the CO pressure 
(“breakdown” pressure) beyond which Zn2+-CO and Zr4+-CO bands pop up and 
Pd0-CO band starts decreasing. 
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CO band after outgassing is nearly the same reached for the maximum 
CO pressure (red line), while CO molecules on Zr4+ and Zn2+ are 
completely desorbed. 

The comprehension of the intensity modulation that causes the "bell- 
shaped shift" is not straightforward. The blue-shift of the Pd0-CO band 
upon increasing CO pressure is similar to that observed at RT. The 
different behavior of this band at LNT is related to the loss of intensity 
that starts when CO is adsorbed on ZnO and zirconia support. This loss 
could be related to a diminution of the amount of CO molecules adsor
bed on Pd; however, due to the lowering of the “chemical effect” upon 
decreasing CO coverage, this should cause a red-shift of the band. 
Alternatively, the intensity loss could be explained by a decrease of the 
absorption coefficient of Pd carbonyls, possibly induced by CO adsorp
tion on ZnO and zirconia support; as a consequence, the absorption in
tensity decreases even if the amount of CO molecules on Pd increases. 
This last hypothesis is coherent with the behavior observed after the 
outgassing: by removing CO from Zr4+ and Zn2+ sites, the absorption 
coefficient increases again and the partial desorption of CO also from Pd 
causes the band red-shift. This hypothesis could be corroborated by the 
model describing the dipolar coupling obtained by Hammaker, Francis 
and Eischens (HFE) in 1965 [43] and subsequently modified [37,44]. As 
a matter of fact, the modified HFE model predicts that the dipolar 
coupling causes two effects observable upon increasing interacting 
adsorbed molecules: a shift of the absorption band at higher frequency 
and a reduction of the absorption coefficient. The dipolar coupling and, 
thus, these effects occur when adsorbed molecules belong to the same 
surface species, i.e. adsorbed molecules with the same singleton fre
quency. As a consequence, CO molecules adsorbed on ZnO and zirconia 
support cannot directly be responsible for the observed behavior. 
Moreover, due to the presence of the alloy, the dipolar coupling for CO 
adsorbed on Pd was previously excluded. However, the adsorption at 

LNT leads, reasonably, to the adsorption of a much higher amount of CO 
on Pd with respect to RT, which is hidden by the intensity loss. This 
could make the dipolar coupling to occur also for Pd in the alloy, and this 
is proved by the frequency at maximum coverage that is 10 cm− 1 higher 
at LNT (2079 cm− 1) than at RT (2069 cm− 1). In addition, an effect of the 
presence of CO adsorbed on ZnO and zirconia support on the molecule 
proximity in the Pd carbonyl adlayer cannot be ruled out. This last 
should imply a strong interaction between PdZn alloy particles and the 
oxidic phases. Actually, HAADF-STEM images reported in our previous 
work [31] showed PdZn particles in intimate contact with ZnO over the 
ZrO2 support. 

3.3. Near ambient pressure X-ray photoelectron spectroscopy on PdZn/ 
ZrO2 

In an attempt to determine the different Pd and Zn chemical species 
on the surface of the activated PdZn/ZrO2 catalyst, a set of NAP-XPS 
experiments was performed (see Fig. 3). 

The formation of PdZn alloys has been previously studied using 
model systems [45–48]. These studies demonstrated a shift in the 
Pd0(3d5/2) peak towards higher binding energies (from 335 to 336.1 eV) 
as a result of alloy formation [45,49]. The nature of such energy shifts in 
PdZn alloys and the effect of the alloying upon CO adsorption was 
studied by Rodriguez [50]. A combination of MO-SCF calculations and 
XPS showed that Pd(4d)→Zn(4p) charge transfer and Pd(4d)→Pd(5 s, 
5p) rehybridization during alloy formation are responsible for the 
binding energy shift and for a weakening of Pd(4d)→CO(2π) bonding 
interactions [50]. More recent studies on Pd-Zn interaction reported that 
the charge transfer induces a negative charge over Pd and a positive 
charge over Zn, which should imply a reverse shift with respect to that 
observed [46,51,52]. However, the shift of Pd(3d) and Zn(2p) bands to 

Fig. 3. NAP-XPS spectra of Pd(3d) and Zn(2p3/2) regions of PdZn/ZrO2 catalyst as prepared (a, c) and after activation in H2 (b, d).  
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higher and lower binding energies, respectively, are largely accepted as 
fingerprints for PdZn alloying also in more recent literature [46,47,53, 
54]. In the pristine PdZn/ZrO2 catalyst (Fig. 3(a,c)), the presence of 
native PdO (Pd 3d5/2 337.4 eV) and ZnO (Zn 2p3/2 1022.5(6) eV) [55] 
with an atomic ratio Pd/Zn of 1.1 (Table S1), in good agreement with 
previous paper [31], is observed. The calculated binding energies for the 
Pd(3d) region are slightly higher (0.4–0.2 eV) than previously reported 
in literature [55–57] for Pd2+. 

This is probably due to charging of the sample surface and uncer
tainty of fitting due to overlapping with Zr(3p). The feature at ~1024 eV 
present in the Zn(2p3/2) region can either be attributed to Zn attached to 
hydroxyl groups of the ZrO2 surface [58] or to a differential charging 
effect that would result in an asymmetry of the ZnO peak. 

After activation at 400 ◦C under 20 mbar of hydrogen (Fig. 3(b, d)), 
full and partial reduction of Pd and Zn, respectively, are observed, with 
binding energies of 336.1 eV and 1021.5 eV. In contrast, when a refer
ence sample based on Pd foil was submitted to similar conditions 
(Fig. S1), analysis of the XPS spectrum of the sample revealed a Pd(3d5/ 

2) binding energy of 335.1 eV, 1 eV lower than that observed for the 
PdZn/ZrO2 catalyst after reduction. These results demonstrate the for
mation of the aforementioned alloy and are in good agreement with the 
literature [36,45,46,48,49,58]. The partial reduction of Zn is in good 

agreement with the results reported in our previous paper, in which XAS 
measurements demonstrated the presence of a defective ZnO phase after 
reduction [31]. In addition, the Pd/Zn atomic ratio remains almost 
unchanged upon reduction (Table S1). 

3.4. CO adsorption on SAPO-34 and PdZn/ZrO2+SAPO-34 combined 
system 

In order to characterize the combined bifunctional system, FT-IR 
measurements of CO adsorption at LNT on both fresh and used PdZn/ 
ZrO2+SAPO-34 system were performed after activation and reported in  
Fig. 4 (sections b and c, respectively). For comparison purposes, the 
same measurement was performed on SAPO-34 alone (section a). In all 
the spectra, two main peaks at 2170 and 2140 cm− 1 are evident. The 
former is related to CO adsorbed on Brønsted acid sites of the zeotype 
material, and it grows first. The latter is assigned to liquid-like CO 
entrapped inside the pores of SAPO-34 [59]. When a high fraction of 
Brønsted acid sites is engaged in interaction with CO, the band repre
senting liquid like CO entrapped inside the cavities starts to increase. 
Another band at about 2090 cm− 1, which was observed in some works 
[60,61] for Ca-Y and Na-ZSM-5, is present. This band changes frequency 
according to the nature of coordinated metal or cation. Indeed, the 

Fig. 4. FT-IR spectra of CO adsorbed at LNT on the following activated systems: SAPO-34 (a), fresh PdZn/ZrO2+SAPO-34 (b), used PdZn/ZrO2+SAPO-34 (c) and 
used PdZn/ZrO2+SAPO-34 after regeneration in O2 at 600 ◦C and activation step (d). Spectra were acquired at increasing CO pressure up to 20 mbar (from blue to 
red line) and after outgassing (dashed black line). Green line in section b): CO “breakdown” pressure for Pd carbonyls. 
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σ-coordinated CO through the C-end could interact with the lattice via 
the O-end with a guest cation (e.g. Ca [60] and Na [61] ions) or any 
other Lewis acid site on the surface. Another hypothesis assign this band 
to CO in interaction with framework oxygen atoms [62]. 

When SAPO-34 is mixed with PdZn/ZrO2, nothing seems to change 
for the previously mentioned peaks, except a slight change in their 
relative intensities. Moreover, Fig. 4-b shows that the spectra of the fresh 
physical mixture still present the characteristic “bell-shaped shift” pattern 
in the region related to Pd0 carbonyls (see zoom in the inset). However, 
Pd0-CO pattern is no more evident on the used system (Fig. 4-c), 
reasonably due to the presence of coke and some other products ob
tained during the catalytic tests. In order to verify the possibility of 
having PdZn/ZrO2 surface covered by reaction products, we performed 
UV-Raman characterization, which was reported in our previous 
manuscript [31]. UV-Raman results obtained for the combined system 
showed the presence of alkenes and polycyclic aromatic hydrocarbons, 
which is a typical feature for an initial deactivation of the catalyst. 
Indeed, the presence of hydrocarbon residues decreases the amount of 
Brønsted acid sites of SAPO-34 as evidenced by the lower intensity of the 
band at 2170 cm− 1 with respect to that observed for the fresh combined 
system (compare Fig. 4-c and b). 

In the light of the just mentioned findings, we performed a regen
eration of the used combined system at 600 ◦C in O2, in order to “clean” 
the surface from hydrocarbon residues, and then a reduction in H2 at 
400 ◦C to obtain the activated system. Fig. 4-d displays that Pd is 
available again for CO adsorption, as evidenced by the "bell-shaped shift" 
pattern in the inset, and that Brønsted acid sites of SAPO-34 are restored, 
as evidenced by the increased intensity of the band at 2170 cm− 1. 
Hence, we can assure that regeneration is mandatory to restore the 
catalytic activity of the combined system. Indeed, the catalytic tests on 
the regenerated sample reported in our previous paper showed a com
plete regained activity [31]. However, after having regenerated (i.e. 
oxidized) and reduced the sample, spectra are not the same as those in 
Fig. 4-b for the fresh combined system. Indeed, at first look the intensity 
ratio of the main two peaks at 2170 and 2140 cm–1 is changed, and they 
look almost equally high. Moreover, two more peaks are visible at 2220 

and 2195 cm− 1, which can be assigned to some metallic ions exchanged 
with SAPO-34 Brønsted acid sites, i.e. Zn2+ or Pd2+ carbonyls [33,63]. In 
case of Pd carbonyls, both peaks can be attributed to dicarbonyls of 
isolated Pd2+ [33,64,65], whereas for Zn2+ only one band related to 
mono-carbonyls is reported in literature [33,63]. It is reasonable that 
this exchange occurs during the regeneration treatment in oxygen and 
that these isolated Zn2+/Pd2+ cations are stabilized by the zeotype 
framework, which prevents their reduction during the subsequent 
treatment in hydrogen. The choice of using a regeneration temperature 
(600 ◦C) above the calcination one (500 ◦C) was made to completely 
remove coke from SAPO-34 surface. 

3.5. Elucidation of molecular structure of organic species trapped in 
SAPO-34 

To elucidate the molecular structure of zeotype-trapped organic 
species, we performed solid-state NMR spectroscopy (ssNMR) on the 
post-reacted zeotype (SAPO-34) after 60 h under reaction conditions 
(30 bar, 375 ◦C, H2/CO = 3) using 13C isotope-enriched CO2 (Fig. 5). 
13CO2 high-pressure gas is cost intensive and the experiment was carried 
out as a model test to measure the SAPO-34 by 13C ssNMR on a dual bed 
configuration. Generally, one-dimensional (1D) ssNMR spectra of the 
post-reacted zeotype show the following three features: (i) 5–50 ppm 
(aliphatic), (ii) 110–150 ppm (olefinic/methylated aromatic), and (iii) 
180–220 ppm (carbonyl moieties) [66–69]. We applied a series of 
magnetization transfer schemes based on the mobility of trapped mol
ecules, which had been previously developed to elucidate molecular 
structures in zeolites [66,70,71]. For example, 13C direct excitation (DE) 
pulse sequence has been applied to detect all chemical species in 
quantitative analysis, while mobile and rigid organic species can be 
differentiated by applying scalar-based through-bond (insensitive nuclei 
enhanced by polarization transfer, INEPT) and dipolar-based thor
ough-space (cross-polarization based, CP) magnetization transfer 
schemes, respectively. Such technique allowed us to distinguish between 
species with either weak interaction or adsorbed on the zeotype. 

The 1D 13C DE MAS ssNMR spectra show high amounts of aromatics- 

Fig. 5. (a) 1D 13C DE, 1H–13C CP, 1H–13C INEPT ssNMR MAS spectra of post-reacted SAPO-34 zeotype after hydrogenation of CO2 of fully isotope-enriched 13CO2 in 
the reactant feed (13CO2 at 30 bar, 375 ◦C, H2/13CO2 = 3, and 10000 ml g-1 h-1 at a time-on-stream of 60 h). 2D ssNMR correlation spectra acquired using (b) 2D 
13C–13C, (c) 2D 1H–13C-1H, (d) 1H–13C CP HETCOR, and (e) 1H–13C INEPT HETCOR. MAS spinning rate at 20 kHz and the spinning side bands are noted with asterisk. 
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related species in spent SAPO-34. Moreover, the species typically 
observed in the initial and steady-state stages during methanol-to- 
hydrocarbons, such as methoxy (13 C, 1 H = 57.7, 3.5 ppm), meth
anediol (93.1, 4.9 ppm), dimethoxymethane (100, 4.7 ppm), and DME 
(62.4, 3.46 ppm) are not observed, which again indicates that the spent 
sample was obtained at the deactivation stage, which is in line with the 
activity test results (Fig. 1). By applying 1H–13C CP magnetization 
transfer scheme, alkane species can be enhanced due to higher proton 
density around 13C nuclei of interest (H/C ratio of alkane = ca. 1.7; 
aromatics = 1 (benzene), 1.25 (xylene), respectively) [70]. Most of the 
observed species in INEPT based pulse are confidently assigned as ter
minal alkyl groups from methylated aromatics or polyaromatics, i.e., 
most of the trapped aromatics are rigid aromatic species. This is 
confirmed by applying 2D 13C–13C and 1H–13C-1H correlation spectra, 
which was achieved through proton-driven spin diffusion using phase 
alternated recoupling irradiations schemes (PDSD PARIS) and proton 
detected CP-based hetero-nuclear correlation spectroscopy (double 
CP-HETCOR) (Fig. 5-b, c). For example, methylated aromatic species is 
readily observed at 135.2/20.0 and 131.3/19.9 (13C/13C), showing their 
correlation with 1H at 7.2 ppm [72]. According to the hydrocarbon pool 
mechanism [29], the C3 families are mostly produced by two competing 
cycles governed by olefinic and aromatic cycles [73]. Although the 
sample was obtained at deactivation stage, we could see the traces of 
methylated olefinic species, indicating SAPO-34 has experienced 
dual-cycle mechanism, responsible for high C3 selectivity. The methyl
ated poly-ene species are previously reported as rigid compounds, 
showing 13C and 1H chemical shift ranges at 130–160 and 1–3 ppm [70], 
respectively. In spent SAPO-34, we could observe the cross-peaks at 
136.5/2.3 and 131.4/2.4 (13C/1H) ppm by 2D 1H–13C CP-HETCOR but 
not by INEPT-HETCOR, indicating the presence of less-mobile methyl
ated alkene species, which are presumably adsorbed in the zeotype 
framework (Fig. 5-d, e). 

4. Conclusions 

In this work, we have focused on the characterization of a combined 
system eligible as candidate for carbon dioxide hydrogenation into 
methanol and conversion to hydrocarbons. This system has shown to be 
highly active and selective for C3 hydrocarbon production, in particular 
propane [31]. This attitude can be directly correlated to the formation of 
a PdZn alloy on the PdZn/ZrO2 component that has been confirmed in 
our previous paper [31] and well demonstrated by FT-IR findings. 
Indeed, using CO as a probe molecule on the lone PdZn/ZrO2 catalyst, 
the position of the IR band related to Pd0 linear carbonyls and the 
absence of bridged carbonyls are ascribable to the formation of the alloy. 
NAP-XPS study of PdZn/ZrO2 catalyst, as prepared and after reduction, 
confirms the formation of a PdZn alloy. Indeed, in good agreement with 
the literature data [45,46,48], we observe a shift of 1 eV in binding 
energy after reduction when comparing the PdZn/ZrO2 catalyst to a 
model of Pd foil submitted to similar conditions. Moreover, FT-IR 
spectra of CO adsorbed at LNT show a particular behavior of Pd0 

carbonyl band, which we named "bell-shaped shift", due to the CO 
adsorption onto Zn2+ and Zr4+ sites of the oxidic phases in intimate 
contact with the PdZn alloy particles. The presence of a residual ZnO 
phase after reduction is demonstrated by NAP-XPS measurements that 
confirm previously obtained results [31]. 

When the metal-oxide phase is mechanically mixed with the zeotype 
SAPO-34, the characteristic spectroscopic features of the two compo
nents obtained after CO adsorption at LNT do not appear perturbed by 
the mixing. Nevertheless, after catalytic testing, aromatic and aliphatic 
compounds cover Pd sites and decrease the amount of Brønsted acid sites 
of SAPO-34. Indeed, as confirmed by ssNMR results, high amount of 
aromatic and olefinic species are present, indicating that SAPO-34 un
derwent a dual-cycle mechanism, responsible for high C3 selectivity. 
Regeneration (i.e. oxidation at 600 ◦C) is mandatory to restore the cat
alytic sites of the combined system; however, after the regeneration, a 

small fraction of Pd2+ and possibly Zn2+ exchanges some Brønsted acid 
sites inside the zeotype, which, after repeated regeneration cycles, could 
be one of the causes of the reduction of the catalytic activity in propane 
formation. 
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