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A B S T R A C T   

Controlling the stoichiometry of supported bimetallic nanoparticles is essential in many catalytic reactions, 
notably selective CO2 hydrogenation. Thus, a new strategy to ensure the preferred stoichiometry (1:1) of sup
ported bimetallic PdZn nanoparticles is presented, involving the deposition of a heterobimetallic precursor, 
[PdZn(μ-OOCMe)4]2 on a CeZrOx support. After calcination and reduction, the material contained mainly a PdZn 
alloy, as revealed by powder XRD and XAFS, and further supported by XPS, TEM-EDX, elemental analysis and in- 
situ IR at low temperature using CO as probe molecule. Moreover, a minor phase of oxidized Zn was determined 
by XAFS. This PdZn/CeZrOx reduced catalyst was combined with SAPO-34 to form a tandem catalytic system for 
CO2 conversion to hydrocarbons. This system could readily convert CO2 and H2 at high temperature (380 ◦C) into 
hydrocarbons with a conversion of 24% and high relative selectivity in light hydrocarbons (C2–C3: 82%) with 
virtually no deactivation of the catalyst after 16 h on stream. Controlled experiments were performed with Pd/ 
CeZrOx and Zn/CeZrOx in order to gain supplementary insights on this system: Pd/CeZrOx gave only methane 
and Zn/CeZrOx gave mainly CO under the same conditions. The latter clearly shows that the control of the 
formation of PdZn phase has great impact for the selective production of hydrocarbons.   

1. Introduction 

Constant increase of the CO2 concentration in the atmosphere has 
resulted in environmental changes such as global warming and ocean 
acidification [1–5]. Any action to decrease the CO2 emission or con
centration in the atmosphere is of great interest. Among them are carbon 
capture and storage (CCS), and carbon capture and utilization (CCU) [6, 
7]. CCU seems to be more valuable and sustainable than CCS [8,9]. 
Although CO2 seems to be an undesired molecule, it can theoretically be 
served as an inexpensive, non-toxic, non-flammable and sustainable 
carbon source to produce high value products such as fuels and chem
icals [10,11]. However, due to its high stability, CO2 has to be activated 
by heat, light, or electricity (thermochemical, photochemical, electro
chemical, or photo-electrochemical processes) [12–16], and more effi
ciently assisted by a catalyst. Nowadays, the processes based on 

thermo-catalytic conversion of CO2 show suitable productivity at com
mercial scale. Indeed, these processes lead to a variety of carbon-based 
products, including carbon monoxide, formaldehyde, methanol, 
methane, or light hydrocarbons (e.g., ethylene, propylene) [17,18], 
depending on the nature of the catalyst. Chemical conversion of CO2 to 
value-added chemicals and fuels potentially presents an important 
supply for the declining and non-renewable fossil fuels that are currently 
the major source of chemicals and energy being inevitable in current 
society [19,20]. 

Transformation of CO2 into hydrocarbon-based fuels can be achieved 
via hydrogenation through two different ways: i) synthesis gas produc
tion by the reverse water-gas shift (RWGS) reaction followed by Fischer- 
Tropsch (FT) reaction to produce hydrocarbons [21]; ii) methanol syn
thesis [22] accompanied by methanol-to-olefin (MTO) process [23,24]. 
The second method is more selective and lead to C2-C4 olefins while FT 
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synthesis leads to a Schultz-Flory-Anderson distribution of hydrocarbons 
that needs to be treated by cracking and separation in order to obtain the 
desired products [25]. Moreover, CO2 hydrogenation via methanol re
quires lower energy and cost than the other route. Consequently, the 
cascade reaction to produce light hydrocarbons through methanol has 
motivated many research groups for extensive exploration. Obviously, 
this process requires two different catalysts, first for the conversion of 
CO2 into methanol intermediate, supported metal nanoparticles or metal 
oxide or mixed oxide (e.g. In2O3, ZnO, ZrO2/ZnO) catalysts can be used. 
Second, MTO reaction can be readily catalyzed by zeolites, such as 
ZSM-5 or SAPO-34 [26–28]. 

The main challenge of catalytic CO2 hydrogenation into hydrocar
bons over a single reactor is the presence of the RWGS reaction, which is 
kinetically favored leading to the production of CO. Particularly at high 
working temperatures required for MTO (over 350 ◦C), the selectivity of 
CO can be over 80%. Moreover, water formed during CO2 hydrogena
tion to hydrocarbons using bifunctional catalysts can alter the activity 
and stability of the zeolite. Therefore, synthesis of light hydrocarbons 
with a high selectivity from CO2 hydrogenation over a bifunctional 
catalyst is very challenging. Despite some promising results, the afore
mentioned issues, like high CO selectivity, frequently higher than 50% 
and the proper zeolite selection still have to be overcome. Furthermore, 
the hydrogenation of CO2 is thermodynamically unfavorable, but the 
conversion of methanol to lower olefins is considerably favorable. 
Hence, a cascade process by coupling these two reactions gives an 
additional driving force to convert the formed methanol and thereby 
make the overall process (CO2 to light hydrocarbons) feasible. However, 
this thermodynamic coupling is observed only when the two catalytic 
components are in intimate contact [29,30]. 

Several tandem catalytic systems are reported in the literature. For 
example, ZnO-ZrO2 mixed with Zn-modified SAPO-34 shows high rela
tive selectivity (among hydrocarbons) towards lower olefins (80–90%) 
but accompanied with a high selectivity in undesired CO (ca. around 
50%). Surprisingly, the CO selectivity for the tandem catalysts is already 
significantly suppressed compared to the ZnO-ZrO2 mixed oxide alone 
[31]. The reason is probably associated to the formation of water by the 
MTO reaction catalyzed by the zeolite that will trigger the water-gas 
shift reaction, resulting in the consumption of CO. Another aspect to 
limit the formation of CO is to select a proper active phase in order to 
minimize the RWGS reaction upon hydrogenation of CO2 to hydrocar
bons under the given working temperature (over 350 ◦C). Based on 
thermodynamic and kinetic analyses of this process (CO2 to hydrocar
bon via methanol) along with literature reports, the greatest challenge 
lies on the methanol synthesis catalyst. Several metals, metal alloys and 
metal oxides were used for CO2 hydrogenation to MeOH, including 
catalysts based on other mixed oxides, for example In2O3/ZrO2 [30,31] 
or ZnO/ZrO2 [32–37] or noble metal such as supported Pd-NPs, 
PdZn-based catalysts have shown promising MeOH yield especially at 
medium temperatures (210–270 ◦C) [38–43]. Supplementary screening 
of different catalysts with various compositions revealed that the 
methanol production can be enhanced by increasing the Zn/Pd ratio 
[39,40]. The latter is attributed to increased Zn(0) incorporation in the 
Pd lattice, ensuring the formation of surface PdZn (1:1 ratio) alloy which 
is believed to be the most important phase for methanol production. 
Complementary experiments conducted on Pd (without Zn) supported 
on TiO2 or Al2O3 showed that CO was the predominant product, indi
cating that Pd nanoparticles promote the RWGS reaction. A mechanistic 
study using DRIFT and DFT calculations proposed two possible in
termediates in CO2 hydrogenation over PdZn catalysts: (i) HCOO which 
directly hydrogenates to MeOH or (ii) trans-COOH, which isomerize to 
cis-COOH for RWGS reaction or MeOH [39–42]. Trans-COOH formation 
was found to be energetically favored on pure Pd (111) while it was 
highly unstable on Pd1Zn1 (111). These findings are in good agreement 
with experimental data, and highlight the importance of the PdZn (1:1) 
alloy for hydrogenation of CO2 to methanol. Furthermore, different 
supports were also studied. Apart from the robust ZrO2 support, the 

presence of Cerium seems to have a beneficial effect due to supple
mentary CO2 uptake [44,45]. Since the ultimate goal is to produce light 
hydrocarbons from CO2, additional circumstances, such as thermody
namic and the involvement of MTO catalyst, have to be considered. 
Methanol formation is generally favored at fairly low temperatures 
(around 250 ◦C). At higher temperature, production of CO becomes 
favorable. Unfortunately, the MTO reaction requires higher temperature 
(> 350 ◦C) to be efficient. Hence, an expected challenge will be to 
minimize the CO selectivity. In addition, a recent study of the PdZn 
system mechanically mixed with H-ZSM-5 and PdZn on meso-porous 
H-ZSM-5 (prepared through surface organometallic chemistry on 
metal) revealed that Zn has a tendency to exchange with Brønsted 
proton. During the catalytic process, this resulted in an inhibition of the 
hydrocarbon production [46]. 

Gathering information from the literature for Pd-based methanol 
synthesis catalysts, an enhanced system should contain PdZn alloy 
having the preferred stoichiometry (1:1). Moreover, employing a Ce- 
based support is favorable in order to maximize the CO2 uptake. 
Hence, we hereby describe a methodology to access such system by 
applying surface organometallic chemistry with a heterobimetallic 
precursor based on Pd and Zn onto a commercial ceria-zirconia support. 
We also prepared PdZn alloy onto pure ZrO2 to directly compare SOMC 
to the same catalyst prepared by colloidal impregnation recently applied 
to prepare PdZn/ZrO2 catalyst [47]. Employing a heterobimetallic pre
cursor will ensure the desired stoichiometry between Pd and Zn (1:1), 
which is essential for this system and has already shown to enhance the 
catalytic activity for partial acetylene hydrogenation [48]. Furthermore, 
the surface organometallic chemistry approach involves grafting of the 
selected precursor onto the support, offering a firmly bonded interme
diate and thereby minimizing migration and leaching of the elements 
upon calcination and reduction. In addition, this synthesis strategy will 
avoid formation of local monometallic nanoparticles or clusters that 
may occur by using conventional preparation methods like wetness 
impregnation and sol-gel synthesis. In this paper, we report the synthesis 
of PdZn nanoparticles supported on ceria-zirconia and the character
ization of the material by elemental analysis, Surface and porosity an
alyses, IR, PXRD, TEM and EDX, CO adsorption followed by IR, XPS, and 
EXAFS. The catalytic performance in the conversion of CO2 of the 
different tandem catalysts composed of supported PdZn mechanically 
mixed with commercial SAPO-34 are reported. For comparison com
plementary catalysts containing PdZn supported on ceria and on zirco
nia and monometallic Pd and Zn supported ceria-zirconia were also 
prepared to gain further comprehension. Finally, the most promising 
system, being PdZn/CeZrOx was characterized by XAS and in-situ IR. 

2. Experimental 

2.1. Catalysts preparation 

Commercial Ceria (Solvay ACTALYS HSA 5) and Ceria Zirconia 
(Solvay ACTALYS 922, CeZrOx with a CeO2/ZrO2 ratio of 58–42 wt%) 
were purchased from Solvay. Zirconia was synthetized from Zr(IV) hy
droxide (Sigma-Aldrich, CAS no. 14475-63-9) by calcination in a dry 
oxygen flow at 500 ◦C for 16 h. 

Ceria, Zirconia and Ceria Zirconia were calcined for 16 h at 500 ◦C 
under a flow of dry air, then cooled down under vacuum. After a re- 
hydration under an inert atmosphere, the oxides were partially dehy
droxylated at 200 ◦C under a high vacuum (10− 5 mbar) for 2 h. 

This supported catalyst was synthesized using surface organome
tallic chemistry (SOMC) grafting approach. The heterobimetallic pre
cursor, PdZn(μ-OOCCH3)4, was obtained following the procedure 
reported by Kozitsyna et al. [49]. 

The catalysts were produced starting from PdZn(μ-OOCCH3)4 (1.54 
mmol) and the oxide (CeO2, ZrO2 or CeZrOx, 3 g, 5 wt% Pd) in toluene 
for 4 h, stirred at 80 ◦C under an inert atmosphere. The titration of 
surface OH provided a concentration of 0.6 mmol/g for CeO2, 0.21 
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mmol/g for CeZrOx and 0.15 mmol/g for ZrO2. Then among the three 
studied supports, CeO2 has sufficient surface OH groups to react with the 
amount of precursor (ca. 0.513 mmol Pd/g of oxide). However, the 
available surface OH groups of CeZrOx and ZrO2 are in deficient with 
respect to the added precursor. Thus, part of the precursor is probably 
grafted and a quantity will be deposited for these two latter supports. 
Acetic acid was qualitatively observed by GC in the solution, testifying 
some grafting of the hetero bimetallic complex through protonolysis. 
However, due to the strong adsorbing nature of acetic acid on the basic 
supports, quantification was rather challenging. The solvent was evap
orated and the sample was then calcined for 16 h at 500 ◦C under a flow 
of dry air, then cooled down under vacuum. Afterwards, the sample was 
reduced under a flow of H2 at 400 ◦C for 3 h. Afterwards, the samples 
were stored in an inert atmosphere. 

The same procedure was applied for the production of Pd@CeZrOx 
(5 wt% Pd) and Zn@CeZrOx (3 wt% Zn) using Pd(μ-OOCCH3)2 and Zn 
(μ-OOCCH3)2 as precursors. 

SAPO-34 (CAS: 1318-02-1) was purchased from ACS materials. The 
sample was calcined for 16 h at 500 ◦C under a flow of dry air. 

2.2. Elemental analysis 

Elemental analyses were performed by the Pascher Microanalysis 
Laboratory in Remagen, via ICP. Samples were sent there sealed under 
vacuum. 

2.3. Surface area and porosity analysis 

BET surface area analysis was run via N2 adsorption at 77.185 K on a 
Micromeritics ASAP 2020 Surface Area and Porosity Analyzer, inter
faced with the ASAP 2020 V3.04 program. This analysis allowed to 
quantify BET and Langmuir surface area, as well as pore volume and 
size. 

2.4. Powder X-Ray Diffraction 

Powder X-Ray Diffraction (PXRD) patterns were collected on a 
Bruker D8 Advance diffractometer with Bragg-Brentano geometry 
goniometer in Theta-Theta mode and Cu Kα1,2 X-Ray source. Dif
fractograms were collected in 10–70◦ 2θ range by ethanol dispersion 
over Silicon support and treated using DIFFRAC.EVA Bruker software. 

2.5. Infrared spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) in Attenuated Total 
Reflectance (ATR) mode was used to characterize the evolution of the 
samples during the synthesis procedure by measuring spectra under 
inert atmosphere, i.e. by using a Bruker-Alpha spectrophotometer with 
diamond crystal directly inside the glove-box. Spectra were collected in 
a 4000–600 cm-1 range with 2 cm-1 resolution using a Deuterated Tri
Glycine Sulfate (DTGS) detector. 

FTIR spectroscopy in transmission mode was instead employed to 
characterize surface properties of the catalysts by following the 
adsorption of CO used as probe molecule. Absorption/transmission FTIR 
spectra were collected using a Bruker Vertex 70 spectrophotometer 
equipped with a Mercury Cadmium Telluride (MCT) cryo-detector in the 
4000–600 cm-1 range with 2 cm-1 resolution. Powders were pressed in 
self-supporting discs (~ 10 mg/cm2) and placed in quartz IR cells suit
able for thermal treatments in controlled atmosphere and for spectra 
recording at room temperature (RT) and liquid nitrogen temperature 
(nominal LNT). Before IR measurements, catalysts underwent an acti
vation procedure meant to simulate the catalyst calcination and reduc
tion processes. In both cases the followed protocol started with: i) 
outgassing and heating of the catalyst from RT to 400 ◦C at 5 ◦C/min, ii) 
holding at 400 ◦C for 30′, iii) treating under O2 (40 mbar) for 30′ and iv) 
cooling down to RT under O2. Reduction treatment was simulated prior 

treating the oxidised catalyst with H2 (40 mbar) at 400 ◦C for 30′ fol
lowed by cooling under vacuum. As presented the best conversion/ 
selectivity results, FTIR spectra were collected only for PdZn alloy 
supported on CeZrOx. After the activation procedure, spectra of CO 
absorption at increasing pressure up to 40 mbar were collected at RT and 
77 K. Spectra were treated using Bruker OPUS spectroscopy software. 

2.6. X-ray photoelectron spectroscopy (XPS) 

Chemical characterization by XPS was carried out using a Versap
robe II spectrometer from ULVAC-PHI. A monochromatic microfocused 
beam (X-ray source Al-Kα 1486.6 eV) of 100 µm of diameter and 250 W 
power was focused on the surface of the samples. The high-resolution 
and survey spectral analyses were performed using pass energy of 
23.9 and 117 eV corresponding to a resolution of 0.6 and 1.6 eV, 
respectively. All XPS measurements were carried out in an ultra-high 
vacuum chamber (7 ⋅ 10− 10 mbar). Each core level peak was recorded 
within a scan rate of 0.1 eV/s. The binding energy calibration was 
performed using Au4f7/2 (83.94 eV), Ag3d5/2 (368.2 eV) and Cu2p3/2 
(932.6 eV). CasaXPS software was used for Ce 3d, Zn LMM and Pd 3d 
curve fitting. All were performed using pseudo-Voigt function and cor
rected Shirley background for the former and linear background for the 
Zn and Pd regions. 

2.7. X-ray absorption spectroscopy (XAS) 

EXAFS spectra were acquired at ESRF, Grenoble, France, using BM23 
beam-line at the zinc K-edge in the transmission mode. For each sample, 
four scans were recorded, between 9.5 and 10.7 keV, at room temper
ature (295 K). Each data set was collected simultaneously with a Zn 
metal foil reference (9658.6 eV) [50], and was later aligned according to 
that reference (first maximum of the derivative of the Zn foil spectrum 
set at 9658.6 eV). The samples were packed in an argon-filled glovebox 
within an air-tight sample holder. The data analyses were carried out 
using the program “Athena” [51] and the EXAFS fitting program 
“RoundMidnight”, from the “MAX” package [52], using spherical waves. 
The program FEFF8 was used to calculate theoretical files for phases and 
amplitudes based on model clusters of atoms [53]. The refinements were 
carried out by fitting the structural parameters Ni, Ri, σi and the energy 
shift, ΔE0 (generally the same for all shells of a same phase). The S0

2 

parameter was set at the value proposed by FEFF8 program (0.92). For 
each fit, the quality factor, (Δν)2/ν, where ν is the number of degrees of 
freedom in the signal, was calculated and its minimization considered in 
order to control the number of variable parameters in the fits [54]. 

2.8. Electron microscopy: TEM, STEM and EDX 

Scanning Transmission Electron Microscopy – High Angle Annular 
Dark Field (STEM-HAADF) images were obtained in a probe-corrected 
Titan Low Base (FEI) at a working voltage of 300 kV, coupled with a 
HAADF detector (Fischione) available at the “Advanced Microscopy 
Laboratory (LMA)“ of the University of Zaragoza". X-ray Energy 
Dispersive Spectra (EDS) were obtained with an EDAX detector. The 
samples were dispersed in toluene and a small amount of solution was 
deposited on a Cu-carbon grid. 

2.9. Catalytic tests 

CO2 conversion was performed in Microreactivity (PID, Micro
meritics) reactor equipped with a furnace (max. temperature = 700 ◦C), 
Bronkhorst massflow controllers and a back-pressure regulator. The ½’’ 
stainless steel reactor was placed in the furnace inside a hot box (max. 
temperature = 150 ◦C) allowing pre-heating of the gas and avoiding 
condensation in the outlet lines. The catalytic bed is comprised of the 
catalyst in powder form (grain size of the catalyst powder: 15–20 nm, 
grain size of the SAPO-34: 3–5 µm). The reactor contains a 4-way valve, 
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the catalyst can then be charged in the glovebox and the gas lines can be 
extensively purged with the reactant gas before exposing to the catalyst. 
A certified gas cylinder (Mélange Crystal, Air Liquide) with H2/CO2 ratio 
of 3 was used. The reactor was first pressurized to the desired pressure 
(up to 30 bar) before the heating was started (10 ◦C/min). The post- 
reactor lines were heated to 150 ◦C to minimize condensation of the 
product and connected to an online GC (Agilent 7890A) equipped with 
two columns in series (PLOT Q and Carbon Plot, the latter in store col
umn configuration). The products were detected by TCD and FID 
(equipped with JetanizerTM) connected in series. The conversion and 
selectivity values were obtained using the following formulas: 

Conversion =
Total mol of products
Total mol in effluent

∗ 100  

Selectivity in Cn =
n ∗ Total mol of Cn

Σ(n ∗ Total mol of Cn)
∗ 100 

The carbon balance is close to 100% when taking into account 
instrumental errors (typically around 5% for GC). 

3. Results and discussion 

3.1. Supported PdZn nanoparticles through surface organometallic 
chemistry 

3.1.1. From the complex to the supported PdZn nanoparticles 
Successful deposition and reduction of [PdZn(μ-OOCMe)4]2 was 

monitored by ATR spectroscopy using the acetate complex spectra re
ported in Fig. S1 as reference spectra. Whilst after grafting acetates vi
bration modes, discussed in detail in Table S1, are observed over 
catalysts surface, they are consumed after reduction process (Fig. S2). 
This result, combined with the multiple Pd and Zn signals in the XPS 
scans (vide infra) and the PdZn Bragg Reflection in the diffractogram 
(Fig. 2), confirms bimetallic alloy formation parallel to the acetate 
complex thermolysis. ATR-FTIR is based on the interaction between the 
evanescent wave and the sample. The former consists only of a little part 
of the incoming beam and penetrates few μm in the sample. Since the 
particle size is observed to be in the nm scale (Fig. S8) in this case ATR 
can be considered as a bulk technique reducing the surface-to-bulk 
signal. As clearly visible in Fig. S2, ATR-FTIR spectra shows only fea
tures of very intense band (i.e., abundant acetates) whilst it does not 
provide sufficient information on the OH stretching region. To deeply 
investigate molecule-to-support interactions we then characterized 
PdZn@CeZrOx, the most promising catalyst (vide infra) by FTIR spec
troscopy in transmission mode. 

Absorption/transmission FTIR spectra of the PdZn@CeZrOx syn
thesis steps unveiled a variation in the OH stretching region parallel to 
acetate band formation appeared between 1650 and 1300 cm− 1 (Fig. 1. 
a) Absorption/transmission FTIR spectra of CeZrOx support after: i) 
hydroxyl groups normalization (grey), ii) [PdZn(μ-OOCMe)4]2 grafting 
and deposition (yellow), iii) calcination under O2 (purple) and iv) 
reduction under H2 (blue). Spectra of reference CeZrOx reduced is re
ported in red for clarity. b) Detail of OH stretching region. Figs. 1a and 
1b pinpointing as grafting occurs to the detriment of terminal and bi- 
bridged OH groups at 3687 and 3650 cm− 1, respectively [55]. Calci
nation process restored partly OH vibrations collateral to acetate con
sumption (purple spectra, Fig. 1), whilst reduction induced formation of 
Ce+3 2F5/2→2F7/2 electronic transition at 2127 cm− 1 (blue spectra, 
Fig. 1a) indirectly unveiling presence of oxide-related bulk oxygen va
cancies (VO) [56]. In order to obtain deeper information on the catalytic 
sites available on the catalyst surface before and after PdZn alloy for
mation, i.e. metallic and Lewis sites, we then probed the surface by CO 
adsorption. 

As supporting samples, [PdZn(μ-OOCMe)4]2 grafting and calcination 
over pure CeO2 and ZrO2 were followed by ATR spectroscopy, showing 
the same behavior as PdZn@CeZrOx (Fig. S2). 

3.1.2. Composition, structure, and texture of PdZn nanoparticles: basic 
characterization 

CeO2, ZrO2 and CeZrOx presented good crystallinity after grafting 
and calcination, as evidenced by the PXRD patterns in Fig. S3. Due to 
crystallite dimension-induced peak broadening, we cannot safely 
distinguish between cubic and tetragonal polymorphs. Thus, the most 
common structures for the three supports were used for simulation: 
cubic (Fm-3m) for CeO2 [57], tetragonal (P42/nmc) for CeZrOx [58] and 
tetragonal/monoclinic (P42/nmc and P21/c) mixture for ZrO2 [59,60]. 
For the latter tetragonal-to-monoclinic ratio was evaluated as 50:50 
using the equation proposed by Evans et al. [61] reported for clarity in SI 
together with the peak fit in Fig. S4. 

The characterization of the reduced bimetallic catalyst, PdZn/CeZ
rOx by X-ray diffraction revealed the presence of a Bragg reflection at ca. 
41◦ in the diffractogram (Fig. 2) [62,63], confirming the formation of a 

4000 3000 2000 1000 3800 3600

A
bs

or
ba

nc
e

Wavenumber (cm-1)

0.05

a) 2127

Wavenumber (cm-1)

b) 3687
3650

Fig. 1. a) Absorption/transmission FTIR spectra of CeZrOx support after: i) 
hydroxyl groups normalization (grey), ii) [PdZn(μ-OOCMe)4]2 grafting and 
deposition (yellow), iii) calcination under O2 (purple) and iv) reduction under 
H2 (blue). Spectra of reference CeZrOx reduced is reported in red for clarity. b) 
Detail of OH stretching region. 

Fig. 2. PXRD patterns of [PdZn(μ-OOCMe)4]2 grafted/deposited and reduced 
under H2 on c-CeO2 (gray), t-CeZrOx (blue) and m/t-ZrO2 (red), diamonds 
indicate monoclinic reflections. Triangles indicate PdZn alloy Bragg reflection. 
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supported bimetallic Pd1− xZnx alloy after thermolysis under hydrogen 
[46]. Similar features were observed for PdZn supported on CeO2 and 
ZrO2 (Fig. S3). However, among the various existing PdZn alloy phases 
[64], several of them show a Bragg reflection in this 2θ range [65]. Due 
to low PXRD pattern resolution it is then not possible to specify the alloy 
phase, i.e. tetragonal β1 phase (P4/mmm space group; Pd1− xZnx with 
x = 0.36–0.51), or palladium rich cubic β” phase or a mixture of 
different alloy phases [66]. The β1 phase should present two Bragg 
diffraction peaks in the 40–45◦ 2θ range for (101) type planes and (110) 
type planes in a 10/4 ratio at ca. 41.3 and 44.1◦ and a cubic structure 
only one. A less intense peak at ca. 44◦ may exist but is difficult to 
observe on the diffractograms (Fig. 2). The material was further char
acterized by XAS in order to try to specify the type of PdZn alloy present 
in the material (see below). Noteworthy, Bragg reflections from segre
gated ZnO, previously observed by preparing PdZn/ZrO2 through 
colloidal impregnation synthesis [47], have not been observed, sug
gesting as SOMC techniques increased PdO/ZnO surface dispersion 
hence improving PdZn alloy formation. 

The textural properties of the bare support and reduced sample are 
compared in Table 1. The adsorption/desorption isotherms are reported 
in the Supplementary information (Fig. S7) and show hysteresis loop 
characteristic of mesoporous materials. It is important to underline that 
the specific surface area and the pore volume of PdZn/CeZrOx some
what decrease after immobilization of the bimetallic alloy (see 
Table S2). Similar features were observed for PdZn supported on CeO2 
and ZrO2 (Table S2 and Figs. S5–S6). 

TEM was used to characterize PdZn/CeZrOx. This technique nor
mally allows to acquire information about the particle size distribution 
of the samples. In this case, as shown in picture Fig. S7, no sign of 
metallic particles or alloy was clearly observed due to the heavy support 
(notably the presence of Ce as well as Zr) which will absorb most of the 
electron beam and mask the lighter elements (Pd and Zn). No intuitive 
improvement was observed in the dark field mode (STEM HAADF). 
Nevertheless, the coupling of the microscopy with EDX analysis still 
provides insight about the elemental composition of the catalyst, though 
this method remains local and extremely selective dependent on the 
analyzed spot. The sampling of different points can in fact be used to 
verify the homogeneity in the composition of the bimetallic nano
particles and its homogeneous distribution on the surface. Interestingly, 
all of the sampled points show correspondence between Pd and Zn. The 
technique also allows a quantification of these metals. EDX analyses on 
multiple zones revealed that the Zn/Pd ratio lies around 1, with an 
average value of 1.2 having a relatively high standard deviation (0.6). 
The inhomogeneity is most likely due to the presence of different 
metallic phases. The presence of PdZn alloy was confirmed by XRD. 
However, it was reported that monometallic Pd core can exist due to 
incomplete alloying [62]. Elemental analysis (ICP) is a far more reliable 
method to determine the bulk composition than TEM/EDX. ICP analysis 
of the sample proved that the bulk composition of the material 
(Pd = 5.07 wt%; Zn 3.10 wt%) maintain the desired 1:1 ratio between 
Zn/Pd (Table S3). The bulk composition of Zn/Pd is found to be 1. 
Nevertheless, the heterogeneity seems to be more pronounced for PdZn 
supported on CeO2 and ZrO2, suggested by TEM-EDX (Table S4). 

3.1.3. Advanced characterization: XPS, CO adsorption followed by IR and 
X-Ray absorption spectroscopy 

3.1.3.1. X-ray photoelectron spectroscopy. A careful investigation of Ce 
and Pd 3d regions and Zn LMM Auger lines, reported in Fig. 3, gave a 
valuable information on the element’s oxidation states and their 
chemical surroundings. Ce3d(5/2) region of PdZn@CeZrOx (Fig. 3a) 
presented an high surficial concentration of Ce3+. Even if presence of 
Ce3+ in CeZrOx support was already observed by IR spectroscopy 
(Fig. 1), this technique probed both catalyst surface and bulk. On the 
contrary XPS signal is limited to the catalyst surface, unveiling that 
CeZrOx support possess a higher surface Ce3+(Vo) concentration than 
pure CeO2. This is qualitative observable from the relative intensities 
difference between Ce3+ (v0 and v′) and Ce4+ (v and v′ ′) electronic 
transitions (Figs. 3a, S10) [67]. CeZrOx solid solutions are well known to 
present a considerable concentration of Ce+3 i.e., oxygen vacancies, due 
to the ionic radii difference between Zr and Ce atoms [68]. 

While Zr oxidation state (+4) was clearly identified from its 3d re
gion (Fig. S11 b), metallic Zn and ionic ZnO cannot be distinguished 
from the Zn 2p spectra (Fig. S11 a) due to their low energy shift 
(≈ 0.3 eV) [69]. For this purpose, Zn LMM auger line reported in Figs. 3 
b and S12 is more informative. Two components were observed at 
among 494 and 497 eV (Binding Energy) which can be associated to two 
chemical environments for Zn atoms. The associated Wagner parameters 
α′ = EK(LMM) + Eb(2p3/2), where EK and Eb are kinetic and binding 
energies, respectively, are 2013 eV and 2010 eV, signatures of metallic 
and ionic Zn, respectively [70]. Presence of the alloy induces an inter 
atomic electron transfer and a Pd orbitals rehybridation, which shows as 
direct consequence a shift of Zn(2p) and Pd(3d) levels to lower and 
higher binding energies, respectively [71–77]. Moreover, Pd and Zn 
alloying induced electronic perturbation which is also clearly observed 
from CO adsorption discussed in the following section. The energy shift, 
respect to the usual metallic/oxidic position, observed for the Zn 2p 
bands (Fig. S11a) [69], is very clear in the Pd one 3d region. Pd 3d re
gion (Fig. 3 c) seems to present a single intense doublet, i.e., Pd 3d 5/2 
and 3/2. However, a careful consideration of the energy positions and a 
direct comparison with reference PdZn@ZrO2/CeO2 (Fig. S13 and 
Table S5) unveiled as a weak contribution from metallic Pd 3d(5/2) 
component can be identified at fixed BE of 334.8 eV while the intense 
band at 335.1 eV is associated to alloyed Pd, reported as Pdδ- due to the 
charge transfer aforementioned. Noteworthy, a higher concentration of 
Ce+3, Zn(0) and PdPdZn was observed in PdZn@CeZrOx respect to 
PdZn@ZrO2/CeO2 (Figs. S10, S12, S13), unveiling a higher concentra
tion of oxygen vacancies and PdZn alloy. 

3.1.3.2. CO adsorption followed by IR. 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- 
metal or metal-to-CO, defining the interaction as σ-donation or π-back
donation, respectively [78,79]. 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− 1), 
whilst the latter fills CO strongly antibonding levels, weakening the 
triple bond and inducing a bathochromic shift. Typically, for cationic 
sites σ-donation prevails, for metallic sites π-backdonation prevails, thus 
causing blueshift and redshift, respectively, of the stretching vibration of 
adsorbed CO. As a consequence, CO adsorption allows to determine 
whether: a) strong and weak Lewis acid sites (Ce4+ and Zr4+), necessary 
for CO2 adsorption as carbonates [80,81], are still present over the 
catalyst surface after grafting and reduction treatments (blueshifted 
bands) and b) if the metallic PdZn alloy was formed at the surficial scale 
(redshifted bands with peculiar features). 

3.1.3.2.1. Room temperature CO adsorption. At RT CO is mainly 

Table 1 
Superficial area, pore volume and pore diameter obtained for the treated support 
CeZrOx and for the reduced catalyst.   

CeZrOx PdZn@CeZrOx 

BET SA (m2/g) 101.4 83.2 
BJH pore volume (cm3/g) 0.24 0.18 
BJH pores diameter (nm) 6.87 6.47  
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adsorbed on strongly interacting sites i.e., Pd0/2+. As calcination was 
conducted under O2 atmosphere, from RT CO adsorption (Fig. 4a) we 
expected to observe presence of PdO. However, a sharp band pointed at 
2090 cm− 1 and a broader one at 1926 cm− 1 were assigned to CO linearly 
and bridged coordinated, respectively, to Pd0, where π-backdonation 
prevails [82]. As a matter of fact, it is well reported in literature that Pd0 

is frequently observed on oxidized samples when using CO as probe at 
RT as the latter can easily reduce Pd2+ [83]. Moreover, a weak band at 
2048 cm− 1 is observed at low CO coverages which assignment is not 
trivial. It could be related to CO interacting either with Pd0 or with Pd0 

sites in preformed PdZn alloy. In the former case, the band could be 

located at such low wavenumber as related either to Pd defect sites, such 
as corners, edges and kinks, and/or to Pd0 interacting with Ce3+, which 
causes an electron transfer from Ce3+ to Pd0, reinforcing the 
back-donation from Pd to CO, i.e. increasing the redshift [83]. As PdZn 
alloy is formed under strong reducing conditions [62,63,84], the pres
ence of PdZn nanodomains under oxidizing conditions is hard to proof 
and to believe. On the contrary, due to the CeZrOx solid solution [85], 
Ce3+ is present on the catalyst surface (vide infra). 

PdO reduction by CO was confirmed by measuring the evolution of 
CO interaction with calcined PdZn@CeZrOx with rising the temperature 
from liquid nitrogen temperature (nominal LNT) to RT, reported in 

Fig. 3. High resolution XP spectra of PdZn/CeZrOx: a) Ce 3d(5/2), b) Zn 2p and c) Pd 3d regions. Experimental and best fit curves are represented by blue and 
dashed brown lines, respectively. Ce+3 (yellow line), Ce+4 (black line), metallic Zn/Pd alloy (yellow), ionic Zn (dark green) and Pd metal (green) components 
are reported. 

Fig. 4. Absorption/transmission FTIR spectra of CO adsorbed at Room Temperature at increasing partial pressures over: a) calcined PdZn@CeZrOx and b) reduced 
PdZn@CeZrOx. Increasing CO partial pressure (grey to blue lines) are reported in both panels. 
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Fig. S14. At nominal LNT, as also seen in the next session in Fig. 5a large 
band at 2155 cm− 1 indicates a convoluted contributions of CO inter
acting with Zr4+/Ce4+ and Pd2+ sites (Fig. S14a). While temperature 
rises, CO desorbs from Ce4+/Zr4+ Lewis acid sites and selectively re
duces PdO forming first Pd+ and Pd0 sites, unveiled by the presence of 
bands at 2131 and 2095 cm− 1 related to CO linearly adsorbed over Pd+

and Pd0, respectively [86]. Finally close to room temperature, only a 
band at 2095 cm− 1 is observed, showing that all Pd+/2+ sites have been 
reduced to Pd0. Moreover, a large band occurs at lower wavenumbers 
with main contributions at 1970 and 1920 cm− 1 assigned to bridged 
carbonyls on Pd(100) and Pd(111) faces, respectively [82]. PdO 
reduction is accompanied by CO-to-CO2 oxidation as shown by presence 
of symmetric and asymmetric stretching modes of monodentate (1504 
and 1345 cm− 1), bidentate (1575 and 1299 cm− 1) carbonates and bi
carbonates (1619 and 1393 cm− 1, δ(OH) at 1219 cm− 1) in Fig. S14b 
[87]. 

CO adsorption at RT over reduced catalyst (Fig. 4b) showed a single 
asymmetric band at 2062 cm− 1, red-shifted (Δν ≈ 30 cm− 1) from the 
frequency of linear CO-Pd0 observed for the calcined sample 
(≈2090 cm− 1).[83] This phenomena, well reported in literature [72–77, 
88], is a fingerprint of Pd in PdZn alloy since the Zn-to-Pd charge 
transfer, observed by XPS measurements, leads to a strengthening of the 
Pd(4d)-CO(2π) backdonation, shifting ν(CO-Pd) from 2090 to 
2062 cm− 1. 

Band asymmetry is due to a component at lower wavenumbers that 
can be reasonably assigned to carbonyls of Pd0 defect sites in the PdZn 
alloy nanoparticles and/or Pd0 in the alloy and interacting with Ce3+. As 
a matter of fact, along with Ce3+ sites due to the CeZrOx solid solution 
(vide infra) and those formed by the reduction at 400 ◦C, small amount 
of additional Ce3+ sites are reasonably formed by CO interaction. This is 
demonstrated by the small amount of carbonates formed during inter
action with CO. Even if their amount is much lower than that observed 
for the calcined sample (Fig. S18), their formation is not negligible. The 
small amount of carbonates on the reduced sample can be ascribed to CO 
oxidation by the lattice oxygen of CeZrOx catalysed by supported PdZn 
alloy [89,90]. This causes the formation of additional Ce3+ sites 
involved in an electron transfer to Pd0. It is worth noting the presence of 

a broad band in the region 1950–1750 cm− 1 related to bridged 
CO-(Pd0)2 species. However, this species is not expected for Pd in the 
alloy, due to the lack of neighbouring Pd sites. The presence of this band 
indicates that nano-scaled Pd clusters, already observed by XPS 
(Fig. 3c), are present. Due to the lack of the corresponding band of linear 
carbonyls at 2090 cm− 1, it is reasonable that these Pd clusters occur on 
defect sites of the PdZn nanoparticles, such as the edges of the alloy, 
whose linear carbonyl absorption falls under the band at 2062 cm− 1. 
Noteworthy, CO is adsorbed selectively on Pd and not on Zn [91], 
therefore the blueshift of linear carbonyl band with respect to the 
calcined catalyst proved the alloy formation while the low amount of 
bridged carbonyls underlined the presence of low amount of Pd clusters 
and the prevalent Pd-Zn alternation on the catalyst surface. 

In both spectra in Fig. 4, a blueshift of the main band was observed at 
increasing CO partial pressure: from 2082 to 2090 cm− 1 for the calcined 
catalyst (panel a) and from 2048 to 2062 cm− 1 for the reduced catalyst 
(panel b). This shift is explained considering the so called “chemical 
effect”, i.e. when the surface coverage increases, CO σ-donation and 
π-backdonation contributions decrease, weakening the bond of CO with 
the site and shifting the CO vibration frequency at lower and higher 
frequencies, respectively, according to the dominating contribution [78, 
92]. In the case of Pd, the dominating contribution is the π-backdonation 
and a blueshift is observed. 

3.1.3.2.2. Liquid nitrogen temperature CO adsorption. Nominal LNT 
CO adsorption was carried out on calcined and reduced PdZn@CeZrOx, 
reported in Fig. 5a and b, respectively, showed presence of very different 
Lewis and metallic sites on the two samples. Calcined catalyst (Fig. 5a) 
presented a single sharp band at 2170 cm− 1 which is redshifted to 
2156 cm− 1 by rising CO partial pressure. Band position, associated to CO 
interacting predominantly by σ-donation with Zr4+/Ce4+ and Pd2+

defect sites [93,94], is in agreement with presence of PdO nanodomains 
over CeZrOx surface. As in these sites, the σ-donation is the prevalent 
contribution, at higher CO partial pressure, the redshift of the main band 
is explained considering the aforementioned “chemical effect” [78]. At 
low CO partial pressure is evident the presence of three extra bands 
(inset Fig. 5) at 2128, 2088 and 2048 cm− 1. While the former is asso
ciated to CO interacting with Ce3+, the latter two are assigned to Pd0 

Fig. 5. FTIR spectra of CO adsorbed at Liquid Nitrogen Temperature over PdZn@CeZrOx: a) calcined and b) reduced. Main Panels: Increasing CO partial pressure 
(grey to blue line) are reported in both panels. Bottom inset in a) detail of Ce3+/Pd0 region during stabilization at first pressure of 0.01 mbar. 
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more and less coordinated and not-or-in interaction with Ce3+, respec
tively, as already observed in the RT spectra in Fig. 4b. Presence of Ce3+, 
above confirmed by XPS spectroscopy, is justified as doping CeO2 lattice 
with Zr4+ induces strain, compensated with the formation of oxygen 
vacancies associated to Ce3+ formation [85]. On the contrary, observing 
Pd0 indicates that in this particular sample, i.e. PdO nanodomains 
originated from [PdZn(μ-OOCMe)4]2 thermolysis, PdO is easily reduced 
during activation even under oxidising condition. 

Two intense bands are observed from CO adsorption over reduced 
catalyst (Fig. 5b). The one located at higher wavenumbers is again 
associated to Ce4+/Zr4+ sites whilst the second one, pointed at 
2074 cm− 1, as discussed in the previous section, is associated to Pd0 

located in the intermetallic PdZn. As observed in the measurement at 
RT, the band asymmetricity is associated to Pd0 defect sites in the PdZn 
alloy and/or Pd0 in the alloy and interacting with Ce3+

(2062–1950 cm− 1); the weak band in the region 1950–1800 cm− 1 is 
related to bridged carbonyls formed on metallic Pd nanodomains. As 
σ-donation contribution prevails in CO-Ce4+/Zr4+, “chemical effect” 
causes a band redshift from 2162 to 2150 cm− 1 when increasing CO 
partial pressure, while π-backdonation dominates for CO-Pd0/PdZn 
interaction, leading to a blueshift of the band from 2062 to 2074 cm− 1. 
Presence of bulk Ce3+ was already observed from the electronic transi
tion at 2127 cm− 1 in Fig. 3, while the band at 2128 cm− 1 in Fig. 4b 
unveiled the presence of Ce3+ also on the surface. 

3.1.3.3. X-Ray absorption spectroscopy. The PdZn/CeZrOx sample 
reduced under hydrogen was studied by X-ray absorption spectroscopy 
at the Zn-K edge in order to shed light on the structure of the supported 
species of zinc. 

3.1.3.3.1. XANES analysis. From the XANES spectrum (Fig. 6), it 
can be observed that the sample PdZn/CeZrOx reduced present two 
inflexion points at 9658.0 and 9662.2 eV, energy values close to those 
observed respectively for Zn metal (Zn(0)), positioned at 9658.6 eV, and 
for ZnO (Zn(II)), at 9661.6 eV, thus suggesting strongly that zinc exists 
in two different phases with two different oxidation states in this sample. 
This agrees with a bimodal distribution of zinc, between a PdZn alloy 
and possibly single-sites grafted on the CeZrOx support or ZnO particles. 

3.1.3.3.2. EXAFS analysis. The fit of the EXAFS signal of PdZn/ 

CeZrOx reduced sample was carried out from the filter of the FT of the 
real extracted signal (k3.Chi(k)) between 0.5 and 3.4 Å. The corre
sponding curves are shown in Fig. S15 and Fig. 7 and the parameters 
obtained from the fit are given in Table 2. 

The first peak in the FT (below 2 Å in Fig. 7) could be fitted by light 
back-scatterers, ca. one oxygen atom at 1.96(2) Å which is in good 
agreement with values observed for ZnO wurtzite-type crystals 
(3 × 1.9738–1 × 1.9884 Å) [95], or for Zn-O distances observed from 
crystallographic data of molecular complexes which can be taken as 
model for isolated sites, in particular alkoxy types [96–101], in the 
1.89–1.99 Å range. The highest peak in the FT (Fig. 7) could be fitted by 
palladium metal back-scatterers, ca. 5.3 Pd atoms at a distance of 2.598 
(8) Å, which is slightly higher than the sum of the metallic radii of both 
Zn and Pd atoms (ca. 2.53 Å). In large crystals of Pd1− xZn alloys, usually 
longer Zn-Pd distances are observed by XRD: 2.638 Å for the tetragonal 
PdZn β1 phase [66], but an average Zn-Pd distance as short as 2.538 Å 
could be observed for a Pd2Zn phase [102]. Besides, by EXAFS, short 
Pd-Zn distances of 2.56 Å [56] and 2.61 Å [65] were found for PdZn 
alloys prepared from Pd(NO3)2/ZnO or {Pd(NO3)2 + Zn(NO3)2}/Al2O3 
materials after reduction by H2. The fit was improved by adding two 
further layers of zinc, one corresponding to a PdZn alloy with 2.99(3) Å 
for Zn-Zn and the other corresponding to a ZnO phase at 3.22(3) Å, with 
a model considering PdZn and ZnO particles. It should be noted that 
these two scattering paths are in complete antiphase (lower part in 
Fig. 7B). Though the second distance is perfectly in line with a ZnO 
phase [82], the first distance is higher than the one found for a Pd-Zn β1 
phase (2.88–2.92 Å) but distances as long as 3.055 Å can be found for 
other Pd-Zn alloys as Pd2.03Zn0.97 [64]. This could indicate that the 1:1 
stoichiometry is probably not uniform, as in PdZn β1 phase (P4/mmm 
space group; Pd1− xZnx with x = 0.36–0.51) [64]. Similar parameters 
were obtained when fitting k2.Chi(k) extracted signal (Fig. S16 and 
Table S6). Since at least two different phases are present in the sample, 
the interpretation of the EXAFS is delicate. However, the results seem to 
agree with the presence of ca. 25% of Zn in a ZnO phase, with each zinc 
atom σ-bonded by four oxygen atoms at 1.96(2) Å and twelve zinc atom 
at 3.22(3) Å, and ca. 75% of the zinc present in bimetallic particles of a 
PdxZn alloy. This would thus confirm the observations made from the 
XANES spectrum of the sample with two oxidation states for Zn. 

3.2. Catalytic tests 

The catalytic bed comprises a mechanical mixture of different cata
lysts and SAPO-34 in a 1:1 ratio (in weight). The results of the tests are 
resumed in Table 3. 

The reaction conditions of 380 ◦C, 30 bar and 2000 GHSV was 
adapted based on literature reports [103]. Hybrid catalysts exhibited 
fairly high conversion (Fig. 8a) and is about 24% in all PdZn supported 
systems (Table 3). A notable amount of CO is formed, originated from 
the RWGS reaction, which is endothermic and thus favored at higher 
temperatures. Thus, the different supports have apparently no effect on 
the conversion under the given conditions. 

All the hydrocarbons found in the products are saturated. This is 
probably due to the hydrogenating activity of Pd, able to hydrogenate 
the olefins that are produced nearby in the zeolite framework. Impor
tantly, the relative selectivity in C2+ among the hydrocarbons is over 
99%. The systems are very stable in the reaction conditions and no 
substantial deactivation over 15 h of testing is observed (Fig. 8). 

The PdZn@CeZrOx + SAPO34 system is identified to be the most 
promising catalyst among the series exhibiting more than 50% global 
selectivity in hydrocarbons. Moreover, this system also showed the 
lowest amount of CO, as reported in Table 3: the selectivity in CO rea
ches ca. 76% for PdZn/CeO2, 68% for PdZn/ZrO2 (see also Fig. S17) and 
only ca. 48% for PdZn/CeZrOx. Extensive studies were performed in 
order to further understand the role of each elements in the most 
promising system. First of all, the bare support is inactive under the 
given conditions. Furthermore, Pd/CeZrOx (5 wt%) and ZnOx/CeZrOx 

Fig. 6. Zinc K-edge XANES for (a) zinc metal foil (Zn(0)); (b) reduced PdZn/ 
CeZrOx; (c) ZnO (Zn(II)). 
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(3 wt%) were prepared and submitted for catalytic investigation under 
the same conditions. ZnOx/CeZrOx leads to CO as main product, while 
Pd/CeZrOx gives selectively methane. These results suggest that the 
PdZn alloy is successfully formed for PdZn/CeZrOx by using the current 
synthesis approach. Nevertheless, the substantial amount of CO pro
duced may indicate that a fraction of Zn migrated to the support during 
the catalyst preparation, as indicated by XPS, TEM/EDX and EXAFS. The 
tandem effect was also investigated by excluding the SAPO-34 from the 
bed. Under the same conditions, PdZn/CeZrOx gave unexpectedly high 
selectivity to CO (95%) and only 4% methanol. The extremely high 

selectivity to CO compared to the hybrid catalyst prompted us to 
elucidate the GHSV. Increasing the space velocity led to increase in the 
CO selectivity and evidently lower the hydrocarbon selectivity (Fig. 9). 
Importantly, lower space velocity partly suppressed the CO production 
and increased the selectivity in the desired products. GHSV = 1000 
presented the same conversion, but with a far lower selectivity in CO 
(28.3%) and high selectivity towards hydrocarbons (C2+ = 71.5%). The 
reason is probably associated to the formation of water by the MTO 
reaction catalyzed by the zeolite that will trigger the water-gas shift 
reaction, resulting in the consumption of CO. The latter can be justified 
by comparing the conversion of the PdZn/CeZrOx with and without 
SAPO-34. Higher CO2 conversion was observed in the absence of SAPO- 
34, suggesting that the water-gas shift reaction occur in the presence of 
SAPO-34. Matching conclusions were drawn from the testing of a similar 
system [47], which was produced in fairly different conditions (syn
thetic method, metallic ratios and loading), but presented analogous 
catalytic features. The PdZn/ZrO2 + SAPO-34 reported in the article 
produced mainly saturated hydrocarbons and the effect on the WGS 
equilibrium was observed. The authors performed additional studies 
and attributed the presence of saturated hydrocarbons to the strong 
hydrogenating nature of PdZn alloy, while the kinetic studies led to the 
same conclusions on the WGS equilibrium that are reported in this 
paper. 

4. Conclusions 

PdZn/CeZrOx was carefully prepared and characterized through the 

Fig. 7. (A): Modulus of the Fourier transform of the k3-weighted Zn K-edge EXAFS of reduced PdZn/CeZrOx, with the contributions of ZnO (dark green) and ZnPd 
alloy (light green) phases; (B): imaginary part of the Fourier transform with the Zn–Zn contributions of the ZnO and ZnPd alloy phases. Solid lines: From experimental 
data; dashed lines: curve fit obtained with spherical wave theory. 

Table 2 
k3.Chi(k) EXAFS curve fit parameters for PdZn@CeZrOx after reduction.a  

Neighboring atom 
of Zn 

Number of 
atoms N 

Distance from Zn 
R(Å) 

Debye-Waller 
factor σ2(Å2) 

Zn-Ob 1.0(2) 1.96(2) 0.0014(8) 
Zn-Pdc 5.3(4) 2.598(8) 0.0103(10) 
Zn–Znc 2.7d 2.99(3) 0.0090(19) 
Zn–Znb 3.0d 3.22(3) 0.0094(20)  

a The errors on the last digit, generated by the EXAFS fitting program 
“RoundMidnight” are indicated in parentheses; Δk: [1.9–14.7 Å− 1] – ΔR: 
[0.6–3.3 Å]; S0

2 = 0.92; Fit residue: ρ = 5.2%; Quality factor: (Δχ)2/ν = 3.25, 
with ν = 12/24. 

b From a ZnO phase, ΔE01 = 2.6 ± 1.9 eV (fitted). 
c From a PdZn alloy phase, ΔE02 = 2.2 ± 1.2 eV (fitted). 
d Shell constrained to a parameter above. 

Table 3 
Summary of Conversion and product selectivity of the catalytic tests on the different systems mixed with SAPO-34. Reaction conditions: 380 ◦C 30 bar and 2000 ml/g/ 
h. *: Space velocity is 1000 ml/g/h **: Space velocity is 6000 ml/g/h.  

Catalysts Conv. (%) Global selectivity (%)   

CO CH4 C2 C3 CH3OH C4 

PdZn@CeO2 SAPO-34  23.9 75.7 0 7.8 12.5  0.2  3.9 
PdZn@ZrO2 SAPO-34  23.8 68.5 0.2 9.4 15.3  0.2  6.3 
PdZn@CeZrOx + SAPO-34  23.9 48.4 0.2 15.1 27  0.3  8.9 
PdZn@CeZrOx  30.3 95.8 0 0 0  4.2  0 
PdZn@CeZrOx + SAPO-34*  24.2 28.3 0.2 27.6 36.8  0  7.1 
PdZn@CeZrOx + SAPO-34**  23.9 61 0 12.4 18.5  0.4  7.7 
ZnOx@CeZrOx SAPO-34  40.5 89.6 0 4.4 5.1  0  0.9 
Pd@CeZrOx SAPO-34  70 0.1 99.8 0 0  0.1  0  
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loading of a heterobimetallic precursor, [PdZn(μ-OOCMe)4]2, partly by 
grafting on the mixed oxide OH groups and by a simple deposition of the 
excess of complex on the support. It was followed by a calcination and a 
reduction of this material. This unique preparation method provides an 
ideal starting point to form the necessary PdZn alloy, reported to be the 
desired phase for the selective hydrogenation of CO2 to methanol, in
termediate for the production of light hydrocarbons in the presence of 
SAPO-34. The reduced catalyst PdZn/CeZrOx was extensively charac
terized by various techniques. The supported PdZn phase was revealed 
by XRD. Supplementary XPS and EXAFS experiments indicated that 
there are two phases of Zn, assigned to a PdZn alloy phase as the major 
component accompanied by minor amount of oxidized Zn, most prob
ably ZnO. TEM-EDX analysis over several points showed that the Zn/Pd 
ratio was in average slightly below 1 with a fairly large standard devi
ation. The latter supports XPS and EXAFS data, suggesting that a minor, 
but notable amount of Zn escaped from the heterobimetallic precursor 
during the calcination and reduction, resulting in ZnO phase and PdZn 
alloy, with probably a core with monometallic Pd. Nevertheless, the 
bulk composition of Pd and Zn had the preferred ratio 1:1, as determined 
by elemental analysis. The presence of PdZn alloy is supported by in-situ 
FTIR at low temperature using CO as probe molecule. When combining 

PdZn/CeZrOx with SAPO-34, a tandem catalytic system for CO2 con
version to hydrocarbons can be obtained. The latter system can readily 
transform CO2 and H2 to hydrocarbon with a conversion of 24% and 
high selectivity in light hydrocarbons (C2-C3: 82%). Virtually no deac
tivation of the catalyst was observed after 16 h on stream. Controlled 
experiments were performed with Pd/CeZrOx and Zn/CeZrOx in order 
to gain supplementary insights of this system. Importantly, Pd/CeZrOx 
gave only methane and Zn/CeZrOx gave mainly CO under the same 
conditions. The latter clearly shows that the PdZn phase has an impor
tant impact for the production of hydrocarbons. 
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Fig. 8. Conversion and product selectivity (a) and hydrocarbon distribution (b) vs. time on stream (TOS) during the catalytic tests on PdZn@CeZrOx + SAPO-34. 
Reaction conditions: 380 ◦C, 30 bar and 2000 ml/g/h. A more detailed version of Fig. 9a is present in the Supplementary information (Fig. S17). 

Fig. 9. Conversion and products selectivities at different space velocities (ml/ 
g/h) for the PdZn@CeZrOx + SAPO-34. Reaction conditions: 380 ◦C, 30 bar 
(only traces of CH3OH and CH4 are formed, S ≤ 0.4%). 
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Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.apcata.2022.118568. 
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Sci. 600 (2006) 78–94. 
[77] K.M. Neyman, K. Hwa Lim, Z.-X. Chen, L.V. Moskaleva, A. Bayer, A. Reindl, 

D. Borgmann, R. Denecke, H.-P. Steinrück, N. Rösch, Phys. Chem. Chem. Phys. 9 
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