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A challenge in converting CO2 into hydrocarbons (HC) via methanol (MeOH) is the gap between the

optimal temperature for each step (i.e. ≤250 °C for MeOH and ≥350 °C for HC). The focus of this study is

to elucidate the cause of the limitations associated to oxygenate and hydrocarbon formation in combined

PdZn and H-ZSM-5 catalysts at 250 to 350 °C. Starting with two different chemical states of Pd and Zn

from two preparation approaches (physical mixture and surface organometallic chemistry grafting),

operando X-ray absorption spectroscopy (XAS) and powder X-ray diffraction (PXRD) studies revealed similar

PdZn alloy active phase formed during pretreatment in flowing H2/Inert at 400 °C. The physical mixture

performed better than the grafted analogue, with up to 8.8% yield to oxygenates (MeOH and dimethyl

ether (DME); MeOH+) at 300 °C, close to the estimated thermodynamic yield (9.0%). The space–time yield

(STY) of oxygenates increased from 250 to 300 °C, reaching 8.5 mol(MeOH+) kg(PdZn)
−1 h −1. The catalyst

performance surpassed other reported yields in similar systems, which activity declined with temperature

even below 300 °C. Operando XAS and PXRD experiments further showed that the PdZn phase active for

MeOH formation was maintained during testing in the 250–350 °C range. InfraRed (FT-IR) and XAS

experiments revealed the poisoning of Brønsted acid sites in H-ZSM-5 by ZnĲII) exchange, thereby

rendering it inactive for hydrocarbon formation. Overall, to avoid biasing the hybrid catalyst performance, a

careful and balanced choice of the compositional characteristics will be crucial in designing an improved

multi-functional catalytic system for CO2 valorisation.

1. Introduction

Chemical conversion of CO2 to value-added chemicals and
fuels potentially presents an important substitute for the
rapidly dwindling and non-renewable fossil fuels that are
currently the major source of chemicals and energy in the

world.1–3 Some key reactions in CO2 hydrogenation are
illustrated in eqn (1)–(4). As illustrated in Fig. 1, the highly
exothermic methanol (MeOH), dimethyl ether (DME) or
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Fig. 1 CO2 equilibrium conversion at 20 bar (*8 bar) versus
temperature, following eqn (1)–(4).
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hydrocarbons formation are thermodynamically favoured at
low temperature while the contrary is true for the
endothermic reverse water shift reaction (RWGS, eqn (2)).
Hence, MeOH synthesis is often carried out at relatively low
temperature and high pressure.4 Currently, MeOH is
commercially produced from synthesis gas (mainly CO and
H2) over ICI developed Cu/ZnO/Al2O3 catalyst at 50–100 bar
and 200–300 °C.5 However, when the feed consists of CO2

and H2, the RWGS reaction is highly enhanced over the Cu/
ZnO/Al2O3 catalyst, leading to substantial selectivity loss.6

Recently, several metals and metal oxides have been reported
to be active for CO2 hydrogenation to MeOH, including Pd-
based,6–16 In-based,17–22 and Zn/ZrO2-based

23–29 catalysts.

Reaction ΔH298
kJ
mol

� �
ΔG298

kJ
mol

� �
Eqn

CO2 + 3H2 ⇌ CH3OH + H2O −49.2 3.7 (1)
CO2 + H2 ⇌ CO + H2O 41.2 28.8 (2)
CO2 + 3H2 ⇌ 0.5CH3OCH3 + 1.5H2O −61.2 −5.7 (3)
CO2+3H2 ⇌ 0.5CH2CH2 + 2H2O −63.9 −29.2 (4)

Among them, PdZn-based catalysts have shown promising
MeOH yield especially at medium temperatures (210–270
°C).6–9,11,30 By applying different catalyst preparation
methods, Bahruji et al.7,8 reported that increasing the Zn/Pd
ratio led to increased Zn0 incorporation in Pd lattice,
enhancing surface PdZn alloy formation and increasing
MeOH production. However, when only Pd without Zn was
deposited on TiO2 or Al2O3, CO was predominantly produced
suggesting that pure Pd sites promote RWGS reaction while
the presence of Zn is crucial to MeOH production.6,10,30 By
introducing a CdSe shell around a Pd–Zn core, a study by
Liao et al.6,30 indicated that deeper reduction of ZnII to Zn0

could be attained at milder temperatures (280 °C) which
subsequently enhanced the number of neighbouring Zn0

around the Pd0 atoms leading to 80–90% MeOH selectivity at
270 °C. A mechanistic study using DRIFT and DFT
calculations suggested that, possible intermediates in CO2

hydrogenation over PdZn catalysts could be either (i) HCOO
which directly hydrogenates to MeOH or (ii) trans-COOH,
which isomerize to cis-COOH for RWGS route or MeOH.6,9

trans-COOH formation was found to be energetically favoured
on pure Pd (111) while it was highly unstable on Pd1Zn1
(111). The authors concluded that, the PdZn site on the
catalyst surface suppresses trans-COOH formation, thereby
suppressing the RWGS reaction. Hence, increasing amounts
of Zn minimized isolated Pd, thereby suppressing RWGS
reaction and promoting MeOH formation.

Beyond the possible improvements of PdZn-based
catalysts, MeOH production is still limited by thermodynamic
equilibrium, especially at increasing temperatures (>200 °C).
Here, instead, CO formation is thermodynamically favoured,
leading to decreasing MeOH selectivity with increasing
temperature. Literature examples of this effect are shown in
Fig. 2 for PdZn-based catalysts. In addition to the decreasing
MeOH selectivity, MeOH productivity numbers were also
reported to decrease with increasing temperature for the Pd:
Zn/TiO2 catalyst, already between 210–250 °C. For the other

catalyst, Pd:ZnO, MeOH production was reported to decrease
at temperatures beyond 250 °C.7,8

The dehydration of formed MeOH to dimethyl ether
(DME) presents one means by which the reaction selectivity
can be shifted away from CO at temperatures beyond 250 °C.
Beside being a thermodynamic driving force (see Fig. 1),
DME can be used directly as an environmentally friendly fuel
or as a key feedstock in the methanol-to-hydrocarbons (MTH)
reaction over zeolites.31–33 To convert CO2 to DME, there is a
need for a bi-functional catalyst composed of MeOH catalyst
and an acidic catalyst for dehydration. Reported, solid acid
catalysts used for such reactions in combination with MeOH
synthesis catalysts include sulphated ZrO2,

34 alumina35,36

and zeolites.36–38 Among them, combination of MeOH based
catalyst and zeolite has shown promising DME production
within 220–330 °C.36,38 One drawback is that adsorbed water
during the reaction can induce sintering of MeOH synthesis
catalyst.38 This implies that, since water is a major product
in the CO2 to DME reaction, a hydrophobic catalyst with
optimum acidity is preferred. Increasing the Si/Al ratio has
been reported to decrease the hydrophilicity of H-ZSM-5
zeolite significantly.39 Aside the acid sites density, the
strength of the acid sites, the pore size, the micro and meso
porosity of the solid acid also play an important role in
MeOH dehydration.40 Even though both Lewis acid and
Brønsted acid sites are known to aid in dehydration,
Brønsted acid sites are more favourable.41 However, the
stronger the acid strength, the more they promote coking to
deactivate the catalyst.40

The method for mixing the two catalytic functions is
important to obtain an optimal interaction between the
active sites for MeOH synthesis and dehydration,
respectively, avoiding their mutual poisoning or restricting
MeOH diffusion. Prior studies have shown that composite
physical mixture of PdZn alloy and H-ZSM-5 produces higher
amount of oxygenates across 220 to 300 °C, compared to a
chemical vapour impregnated H-ZSM-5 with PdZn.36 N2

Fig. 2 CO2 conversion (box), MeOH selectivity (circle) and MeOH
space–time yield (STY, bars) versus temperature over two Pd:Zn
catalysts, Pd:Zn/TiO2 (left) and Pd:ZnO (right). Adapted from7,8
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physisorption and NH3 TPD of the H-ZSM-5 before and after
impregnation showed a decrease in the accessible surface
area and a clear decrease in the number of strong acid sites
while the weak acid sites were preserved after impregnation.
This result was attributed to blocking of the zeolite
micropores by PdZn nanoparticles which restricted MeOH
access to such sites. They further implied that, while the two
catalysts need to be in close proximity to each other, there
was no apparent MeOH diffusion restriction from the MeOH
catalyst to the zeolite surface for the physically mixed hybrid
catalyst.

The conversion of CO2 and H2 to hydrocarbons via MeOH
would enable substantially higher per pass yields than the
conversion to MeOH or DME (see Fig. 1). A general challenge
of this process is the gap between the optimal temperature
for each step. As described above,1,42 CO2 hydrogenation to
MeOH or DME is favoured by low temperature and high
pressure while MeOH or DME to hydrocarbons – a reaction
that is catalysed by Brønsted acidic zeolites - is favoured by
temperatures above 350 °C.43,44

In the present study, our aim is to elucidate the cause of
the previously reported limitations associated to oxygenate
and hydrocarbon formation in the combined PdZn and H-
ZSM-5 catalyst system at 270 to 350 °C. To this aim, we have
studied PdZn@ZnO alone and physically mixed with H-ZSM-5
as well as PdZn chemically grafted on H-ZSM-5 through
surface organometallic chemistry (SOMC), for the CO2

hydrogenation reaction at 250 to 350 °C. The latter
methodology (SOMC) offers a controlled environment of the
bi-metallic nanoparticles.45 Cardinal in the current work was
the use of combined operando X-ray absorption spectroscopy
(XAS) and powder X-ray diffraction (PXRD) to study the
hybrid catalyst stability at relatively high pressures conditions
(8 bar). This study also addresses the penalty involved in
having excess Zn in the PdZn mixed with H-ZSM-5 zeolite as
a bi-functional catalyst in one bed.

2. Experimental
2.1 Catalyst preparation

Commercial ZSM-5 CBV-5524 G (Si/Al = 25) and CBV 8014 (Si/
Al = 40) were purchased from Zeolyst International. The
parent ZSM-5 was ion exchanged with 1 M NH4NO3 solution
twice for 2 h each at 70 °C over water bath. The resulting
mixture was centrifuged, oven dried and then calcined at 550
°C for 2 h to obtain H-ZSM-5. PdZn @ZSM-5 was prepared by
grafting PdĲacac)2 in dry toluene on meso-H-ZSM-5 (obtained
after desilication described elsewhere46) using SOMC (surface
organometallic chemistry) on oxide followed by reduction
under H2 at 500 °C (4 h) to achieve supported Pd metal
particles. This procedure was followed by a second grafting,
using SOMC diethylzinc in dry toluene on metal (Pd particles)
and then further reduction in H2 at 500 °C (4 h) to give the
bimetallic PdZn on H-ZSM-5 named PdZn@H-ZSM-5.45

PdZn@ZnO was prepared by incipient impregnation of ZnO
powder with PdĲNO3)2 (both purchased from Sigma-Aldrich)

following similar route as reported by Tew et al.47 0.8 g
PdĲNO3)2·6H2O was dissolved in 1 ml water and thoroughly
mixed with 3 g of ZnO powder to form a thick paste. The
paste was dried at 80 °C overnight, and then calcined at 500
°C under static air for 3 h. The resulting material was
reduced under H2 at 400 °C for 1 h to form the PdZn@ZnO
sample. The PdZn@ZnO was physically mixed with H-ZSM-5
for the CO2 hydrogenation reaction.

2.2 Catalyst characterization

BET surface area & electron microscopy. The surface area
and micropore volume were determined from N2

physisorption using BEL BELSORP-mini II instrument at
−196 °C. About 50 mg samples were preheated under vacuum
at 80 °C °C for 1 h and 300 °C for 2 h to remove moisture
and any other adsorbate before adsorption measurement.
The specific surface area was estimated using BET equation
at pressure range between 0 to 0.2 relative to the saturated
vapour pressure (101 kPa). SEM images as well as the EDS
elemental composition of the samples were taken on a
Hitachi SU8230 field emission scanning electron microscope
(FE-SEM). The TEM imaging and EDS analysis was done with
Jeol 2100F instrument. Samples were diluted in absolute
ethanol and separated in an ultrasound bath for 30 min. This
was then dropped on carbon film on a Cu grid.

Lewis and Brønsted acidity probed by FT-IR spectroscopy
of adsorbed pyridine. The experimental procedure employed
can be found in ref. 48. Spectra were collected by means of a
Bruker Vertex80 instrument equipped with a liquid nitrogen-
cooled MCT detector. Each spectrum was obtained by
averaging 64 acquisitions with a spectral resolution of 2
cm−1. Each sample was pressed without any dilution into a
self-sustained pellet and placed inside a gold envelope
sample holder. Subsequently, the pellet was transferred to a
dedicated cell, designed to perform both catalyst activation
and spectroscopic measurements, being equipped with KBr
windows. Before pyridine adsorption, samples were treated at
400 °C in dynamic vacuum for 3 h, then they were cooled to
room temperature and ∼20 mbar of pyridine were dosed and
left to equilibrate for 30 min. Since we are interested only in
the pyridine chemisorbed on the acid sites of the catalyst,
the samples were outgassed first 30 min at room temperature
and then at 200 °C for 2 h, in order to remove excess and
physisorbed pyridine. In case of PdZn@ZnO + H-ZSM-5
sample, in addition to the standard treatment used to remove
adsorbed water and other impurities (400 °C in dynamic
vacuum for 3 h), a further stage of treatment in H2 at 400 °C
was adopted to clarify the behaviour of Zn having the co-
presence of the zeolite and hydrogen. Brønsted and Lewis
sites were quantified based on the integrated intensity of the
bands at 1544 and 1455 cm−1 respectively, using the
integrated molar extinction coefficient reported in previous
literature.49 In order to overcome the sample thickness issue
and making different samples comparable, the mass of the
zeolitic phase of each pellet was measured using a Denver
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Instrument SI-234 analytical balance and its surface was
measured by means of a Leica DFC425 optical microscope.
Moreover, in case of the physical mixture, the integrated
intensities of the bands have been considered evaluating the
fraction of zeolite in respect to the total amount of sample.
In this way, it is possible to rank the amount of acid sites, by
normalizing the area of the peaks corresponding to Brønsted
and Lewis sites to the surface density of the samples.

Operando XAS and PXRD. Operando XAS and PXRD
experiments were performed at the BM31 beamline (Swiss
Norwegian Beamline, SNBL) of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France).50 For the
measurements, PdZn@H-ZSM-5 and PdZn@ZnO + H-ZSM-5
(physical mixture, PdZn@ZnO :H-ZSM-5 = 1 : 3 by weight)
were carefully ground and sieved with 250 to 177 μm sieves.
For Pd K-edge measurements, ca. 10 mg of powder were
packed in a 2.5 mm-diameter capillary, while for Zn K-edge
data collection, ca. 1 mg of catalyst was packed in a 0.7 mm-
diameter capillary. The capillary reactor was then connected
to an appropriate gas-flow setup for the CO2 hydrogenation
reaction. Temperature at the measurement position was
controlled by a heat gun. A total flow rate of 12 ml min−1 was
employed during all the experiments, consisting of i)
activation from ambient temperature to 400 °C at 1 bar in
10H2/2He and kept for 60 min at 400 °C, ii) cooling down to
250 °C in H2 and flushing with He, iii) pressurizing in He to
8 bar iv) CO2 hydrogenation reaction with 2.5CO2/7.5H2/2He
at 250, 300, 350 °C at 60 min reaction time for each
temperature.

Pd K-edge and Zn K-edge XAS spectra were collected in
transmission mode, using a water-cooled flat Si(111) double-
crystal monochromator. To measure the incident (I0) and
transmitted (I1) X-ray intensity, 30 cm-length ionization
chambers filled with a mixture of He and Ar were used. We
characterized static states for each catalyst collecting two
consecutive XAS scans, of ca. 10 min each, in the energy
ranges 24 100–25 300 eV and 9400–10 500 eV, for Pd K-edge
and Zn K-edge, respectively, with constant energy step of 0.4
eV in the continuous scanning mode. Shorter XAS scans, of
ca. 2 min per scan were employed to monitor the evolution of
the spectroscopic features during the activation ramp in H2.
Pd and Zn foils were measured simultaneously using a third
ionization chamber for energy calibration.

XAS spectra were normalized to unity edge jump using the
Athena software from the Demeter package.51 Extraction of
the χ(k) EXAFS functions and Fourier transforms were also
performed using Athena program.

PXRD data were collected quasi-simultaneously with XAS
measurements. The patterns were recorded by CMOS-Dexela
2D detector. The sample-to-detector distance l = 419.91(8)
mm and photon wavelength λ = 0.50544(2) Å, selected by a
Si(111) channel-cut monochromator, were calibrated using
reference LaB6 and Si materials. The above geometry resulted
in 2θ range 1.2–35.0 (dmin = 0.85 Å). For a given experimental
condition, 5 consecutive acquisition by 10 s each were
acquired and averaged. For dark field correction, dark images

(with closed X-ray shutter) were collected with the same
statistics and subtracted from the data. Azimuthal integration
of 2D patterns was done in PyFAI code52 to obtain IĲ2θ) data
using integration parameters initially determined in Fit2D
program.53

2.3 Catalytic tests

Catalytic tests were performed in a fixed bed continuous flow
stainless steel reactor (I.D. 8.3 mm). 150–300 mg pelleted
catalyst in the range of 240–420 μm grain size was loaded in
the reactor and pre-treated in situ at 400 °C for 1 h at 1 atm
in a flow of H2 gas (10 ml min−1) before cooling to reaction
temperatures. All quoted flows are at STP. The total pressure
was then increased in He to 20 bar controlled by a back-
pressure regulator (Bronkhorst P-702CV). The reactant gas
mixture (1CO2 : 3H2 : 1Ĳ10% Ne in He)) was then introduced in
the reactor system. A standard total gas flow rate was kept at
30 ml/min with mainly GHSV of 6000 ml gcat

−1 h−1. In the
case of testing only PdZn@ZnO without zeolite, 50% SiO2

was added. The post-reactor lines were heated at about 200
°C to avoid product condensation. The effluent was analysed
using an online Agilent 7890B GC and Agilent 3000 micro-GC
connected to FID and TCD respectively. CO2 conversion and
product selectivity were calculated using the formulas below:

Conversion; XCO2 ¼
Total number of C in all products
Total number of C in all effluent

× 100

SelectivityproductA ¼ Total number of C in productA
Total number of C in all products

× 100

Space time yield of A

¼ VolumeCO2;in × XCO2 × SelectivityA × 60
24500 × mass of PdZn catalyst

mol
g·h

� �

Since the PdZn alloy is generally accepted to be the active site

for the formation of MeOH,6,30 the mass of the active
component for MeOH was estimated based on the Pd and Zn
mass.

3. Results
3.1 BET and electron microscopy

The Si/Al ratio of the parent H-ZSM-5 used in the study were
25 and 40, hereafter the samples are named “H-ZSM-5 (25)”
and “H-ZSM-5 (40)” respectively. Despite the difference in the
Si/Al of the H-ZSM-5 zeolites, their specific surface area and
particle sizes were very similar (see Table 1 and Fig. 3). The
BET surface areas were 444 and 420 m2 g−1 while the
micropore volumes were 0.196 and 0.176 cm3 g−1 for the H-
ZSM-5 (40) and H-ZSM-5 (25), respectively (see also ESI,† Fig.
S1 for the adsorption isotherms). The H-ZSM-5 (25) was used
for the PdZn grafting while the H-ZSM-5 (40) was used for the
physical mixing with PdZn@ZnO. Upon grafting the PdZn on
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H-ZSM-5 (25), the BET surface area was 348 m2 g−1 while
micropore volume also reduced to 0.121 cm3 g−1. The PdZn
grafted on H-ZSM-5 (25) was named PdZn@H-ZSM-5 (25),
and contained 1.5 wt% Pd. The TEM imaging (of the as-
prepared PdZn@H-ZSM-5 (25), Fig. 3c) showed spherical
metal or alloy (PdZn) nanoparticles (NPs) of predominantly 9
± 3 nm (see ESI† Fig. S3 for particle distribution curve), with
the smaller NPs grafted within the zeolite while larger NPs
were observed at the edges. The Pd impregnated ZnO was
named PdZn@ZnO, as H2 reduction pre-treatment is
expected to give PdZn alloy, over ZnO support (more details
will follow in section 3.3). The Pd loading in the PdZn@ZnO
was 3.3 wt%. TEM imaging of the H2 reduced (pre-treated)
impregnated sample (Fig. 3d) also showed spherical but
larger metal/alloy particles of about 13 ± 7 nm size on top of
ZnO particles (identified from EDS spot analysis, see ESI†
Fig. S2).

3.2 Pyridine adsorption FT-IR spectroscopy

Basic probe molecules coupled with FT-IR spectroscopy are
one of the easiest and most used tools for acid sites
characterization in solid state samples. Among all the
possible alternatives, pyridine allows to perform a
quantitative analysis of the different acid sites distinguishing
Brønsted from Lewis sites, with methods well described in
the specialized literature.48,49 The spectral region of interest

is the one between 1600 and 1400 cm−1, where we observe
two specific bands unequivocally ascribable to the
pyridinium ion, originated through the interaction of
pyridine with strong Brønsted acidic sites (1544 cm−1) and to
strongly adsorbed pyridine on Lewis sites, associated to extra-
lattice Al3+ and Zn2+ (1455 cm−1).

Part (a) of Fig. 4 illustrates the data associated to the
sample H-ZSM-5 (25), while part (b) refers to H-ZSM-5 (40).
From the two set of data it is evident that the preparation
method of the two samples affects substantially the number
and the type of the acidic sites. Black curves in part (a) and
(b) show that the starting points (protonic parent zeolites) are
very similar, presenting a majority of Brønsted acidic sites
and a minor number of Lewis species ascribable to few extra-
lattice Al3+ species. In case of the sample in which PdZn
nanoparticles were obtained by direct deposition on the
parent zeolite (orange curve in part (a) of Fig. 4), major
changes occur already in the “as-prepared” sample, as
evidenced by the major decrease of the band associated to
the pyridinium and the substantial growth of the band
ascribed to pyridine adsorbed on Lewis sites (most probably
Zn2+). Conversely, the spectrum obtained after catalyst use

Table 1 Chemical composition and textural properties of the catalyst samples

Sample

Elemental composition Textural properties

Si/Al Zn/Pd BET area (m2 g−1) Micropore volume (cm3 g−1)

H-ZSM-5 (25) 25 420 0.176
PdZn@H-ZSM-5 (25) 25 5 348 0.121
H-ZSM-5 (40) 40 444 0.196
PdZn@ZnO 16

Fig. 3 SEM (a) and (b) and TEM (c) and (d) of the catalyst samples
investigated. The PdZn@H-ZSM-5 sample was reduced in H2 at 500 °C
for 4 h, and the PdZn@ZnO sample was pretreated in H2 at 400 °C for
1 h, prior to the investigation. The PdxZny phases were determined
using d-spacing values from the HRTEM see details in the ESI† Fig. S2.

Fig. 4 FT-IR spectra highlighting the bands of pyridinium originated
from the strong Brønsted (B) acid sites and of pyridine adsorbed on
Lewis (L) sites. Part (a): Black curve represents the parent H-ZSM-5Ĳ25),
orange curve represents the PdZn@H-ZSM-5Ĳ25) as-prepared sample,
brown curve represents the PdZn@H-ZSM-5Ĳ25) tested sample. Inset
shows a magnification of the ν(OH) region for the same samples prior
to pyridine dosing. Part (b): Black curve represents the parent H-ZSM-
5Ĳ40), orange curve represents the PdZn@ZnO + H-ZSM-5Ĳ40) as-
prepared sample, red represents PdZn@ZnO + H-ZSM-5Ĳ40) sample
treated with H2 at 400 °C for 1 h; brown curve represents the
PdZn@ZnO + H-ZSM-5Ĳ40) tested sample.
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(brown curve in part (a) of Fig. 4) does not show major
changes in the number of Brønsted and Lewis acid sites
apart from a small decrease (about 10%) of the latter that
can be interpreted by considering that some of them are not
accessible anymore to the probe. Moving to the sample
obtained by physical mixture of PdZn@ZnO and H-ZSM-5
(40), (orange curve in part (b) of Fig. 4), it is clear that no
significant changes are observed in the “as-prepared” sample,
with respect to the respective abundance of Brønsted and
Lewis acidic sites. Conversely, once the sample has been
treated in H2 at 400 °C for 1 h (red curve in part (b) of Fig. 4),
major decrease of the band associated to the pyridinium and
the substantial growth of the band ascribed to pyridine
adsorbed on Lewis sites (most probably Zn2+) occur, testifying
a migration of metal ions that substitute acidic protons in
the zeolitic framework. Conversely, the spectrum obtained
after the catalyst use (brown curve in part (b) of Fig. 4) does
not show major changes in the number of Brønsted and
Lewis acidic sites. The inset of Fig. 4(a), illustrates the zeolite
spectra in the ν(OH) region showing the substantial decrease
of the band at 3610 cm−1, occurring upon the PdZn
functionalization. The quantification of Brønsted and Lewis
sites are reported in Table 2. Thanks to the full set of data, it
is clear that zinc has a high affinity towards the acidic
zeolites easily replacing the protons, implying a substantial
decrease of the Brønsted acidity in favour of the introduction
of Lewis sites.

3.3 Operando XAS and PXRD studies

To obtain detailed information on the electronic and
structural properties of the investigated PdZn-zeolite
bifunctional catalysts, we combined XAS and PXRD
measurements at the BM31 beamline of the ESRF. We firstly
considered the activation process, carried out in H2 from RT
to 400 °C, comparing the time-dependent evolution of Pd
and Zn K-edge XAS data for both PdZn@H-ZSM-5 (25) and
PdZn@ZnO + H-ZSM-5 (40). Fig. 5 reports an overview of the
results, together with reference spectra for selected model
compounds at both absorption edges, to guide the data
interpretation.

Considering Pd K-edge spectra in Fig. 5a and c, we note
how the initial state at 50 °C in He, prior to activation in H2,
differs for the two catalysts. PdZn@H-ZSM-5 (25) already
shows the characteristic features of Pd0. Conversely, for the

PdZn@ZnO + H-ZSM-5 (40) physical mixture, a substantial
fraction of Pd is still in the PdII oxidation state, with an
energy position of the edge compatible with that of the PdO
model compound. Switching the gas feed to pure H2, Pd
efficiently undergoes reduction to Pd0 also in the PdZn@ZnO
+ H-ZSM-5 (40) catalyst, as clearly evidenced by the shift of
the edge position to lower energy values. Comparison with
the XANES and FT-EXAFS spectra of bulk Pd metal in Fig. 5e
points to the presence of Pd metal nanoparticles in both the
materials. As temperature increases during activation, the
position of the edge remains unchanged, supporting a stable
Pd0 oxidation state. Nonetheless, from ca. 300 °C upward, the
spectral features further evolve showing very similar
modifications for the two investigated catalysts, albeit
occurring at slightly lower temperature for PdZn@H-ZSM-5
(25) with respect to PdZn@ZnO + H-ZSM-5 (40). In particular,
the XANES post-edge oscillations characteristic of metal Pd
become progressively flatter and, at the end of the activation,
a XANES line-shape significantly different from the one of
metal Pd is observed. In parallel, the FT-EXAFS restructures
towards a broad single maximum, peaking at ca. 2.15 Å in
the (phase-uncorrected) spectra of both catalysts. Based on
the previous literature47,54,55 and in agreement with the
PXRD results presented below, these XAS fingerprints are
diagnostic for the formation of a PdZn nano-alloy,
representing the active phase for CO2 hydrogenation over
both bi-functional catalysts. According to previous reports,
the broad peak in the FT-EXAFS stems from the combination
in partial antiphase of Pd–Zn and Pd–Pd scattering
contributions, expected at 2.64 Å and 2.90 Å, respectively, for
the tetragonal L10 structure of the PdZn alloy.47,55 According
to further analysis of FT-EXAFS analysis (See ESI,† Fig. S5 and
S6), only minor fraction of pure Pd nanoparticles remains
after the activation, which further converts completely to a
Pd–Zn alloy under reaction conditions.

In parallel, Zn K-edge XAS measurements allowed us to
characterize the average properties of Zn-species in the bi-
functional catalysts, keeping in mind that Zn is present in
excess with respect to Pd in both cases (see Table 1). In contrast
to Pd K-edge results, pointing to a very similar local structure
around Pd sites in both the activated materials, Zn K-edge XAS
shows markedly different trends for PdZn@H-ZSM-5 (25) and
PdZn@ZnO + H-ZSM-5 (40). In particular, for PdZn@H-ZSM-5
(25) (see Fig. 5b), the evolution during activation closely
resembles what has been previously reported for Zn-exchanged

Table 2 Summary of the acid sites quantification using pyridine FT-IR spectroscopy

Sample Step Brønsted sites (mmol g−1) Lewis sites (mmol g−1)

Fresh H-ZSM-5 Si/Al = 25 0.21 0.07
Si/Al = 40 0.15 0.07

PdZn@H-ZSM-5 (25) As prepared 0.02 0.57
Tested 0.02 0.46

PdZn@ZnO + H-ZSM-5 (40) As prepared 0.11 0.05
Activated 0.04 0.25
Tested 0.03 0.32
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zeolites.48 Throughout the whole activation process, Zn-
speciation appears dominated by isolated ZnII ions, without
detectable contributions from ZnO. The decrease in the XANES
white line peak, as well as in the first-shell maximum observed
at ca. 1.5 Å in the phase-uncorrected FT-EXAFS spectra suggest
a progressive coordination decrease in the first coordination
sphere of ZnII ions, possibly connected with the progressive
dehydration of ZnII species and their coordination to framework
oxygen atoms at zeolite exchange sites. Consistently, the Zn
K-edge XANES and EXAFS spectra of PdZn@H-ZSM-5 (25) at the
end of the activation in H2 resembles the ones of a
representative dehydrated Zn-exchanged H-ZSM-5, reported in
Fig. 5f. All these evidences consistently indicate that a
substantial fraction of Zn ions has exchanged into the zeolite
component of the bi-functional catalysts, already prior to the
activation. Notably, from Zn K-edge XANES of PdZn@H-ZSM-5
(25), a minor contribution from metallic Zn is also observed, in
line with the Zn:Pd ratio of ∼5 in the catalyst. In particular,
looking at the first derivative XANES spectra in the top inset of
Fig. 5b, a feature at ca. 9960 eV is noted to progressively develop
as temperature increases during the activation, which matches
the edge energy position of metallic Zn (Fig. 5f, top inset). This

minor, but still detectable contribution from Zn0 is expected to
come from the Zn atoms participating into the PdZn alloy.

Zn K-edge XAS data obtained for PdZn@ZnO + H-ZSM-5
(40) during the activation (Fig. 5d) clearly show that, in this
catalyst, ZnO oxide dominates. This is not surprising, since
in this case ZnO represents the support for the PdZn alloy
formed upon activation, with an overall Zn:Pd ratio of ~ 16.
Due to the largely dominant ZnO contribution and the bulk
averaging nature of the XAS techniques, Zn K-edge XAS in
this case is not informative on possible ion-exchange
phenomena of Zn ions inside the zeolite component upon
activation in H2. Also, it is not possible to identify the tiny
fraction of Zn atoms participating in the PdZn alloy (evident
from Pd K-edge XAS results) solely looking at the XANES
spectra or even at their first derivatives. However, the
differential XANES spectra obtained by calculating the
difference between the XANES of PdZn@ZnO + H-ZSM-5 (40)
after and before the activation shows a signal structure very
similar to the reference differential XANES obtained by
subtracting the spectrum of metal Zn from the one of ZnO
(Fig. S7†). This observation supports reduction to Zn0 and
alloying with Pd of a very minor fraction of the total Zn

Fig. 5 Overview of operando XAS data collected during the activation of the investigated catalysts, carried out in H2 gas flow, from 50 °C to 400
°C. (a and c) Pd K-edge XANES (main panel) and FT-EXAFS (bottom inset) spectra for (a) PdZn@H-ZSM-5 (25) and (c) PdZn@ZnO + H-ZSM-5 (40).
The top insets report the first derivative of the XANES spectra. (b and d) As parts (a and c) but reporting Zn K-edge XAS data for the two catalysts.
(e) Pd K-edge XAS data on selected Pd-containing model compounds, namely Pd metal and PdO. (f) Zn K-edge XAS data on selected Zn-
containing model compounds, namely Zn metal, ZnO, Zn-exchanged H-ZSM-5 zeolite (1% wt Zn; Si/Al = 40, pretreated in air at 400 °C, from ref.
48). For both catalysts, the reported Pd K-edge FT-EXAFS spectra were obtained by transforming the k3χ(k) functions in the 3.0–9.5 Å−1 range,
while Zn K-edge FT-EXAFS spectra were obtained by transforming the k2χ(k) functions in the 2.4–9.5 Å−1 range.
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atoms in the system, in line with the compositional
characteristics of the catalyst.

After having investigated by XAS the activation process
and the final state reached at 400 °C in H2, we also
monitored the two catalysts under reaction conditions at 8
bar, the maximum pressure safely achievable with our gas
flow setup. Under these conditions, we have obtained Pd
K-edge XAS data, since this absorption edge enables direct
structural/electronic sensitivity to the PdZn alloy. The
obtained results for the two investigated catalysts monitored
during CO2 hydrogenation at the three temperatures
evaluated during the catalytic tests, namely 250, 300 and 350
°C; the spectra collected on the activated catalysts just prior
to the reaction at 250 °C in He are also shown for
comparison (see ESI,† Fig. S8). Overall, XAS indicates that the
formed PdZn alloy remains stable under the reaction feed in
both the studied catalysts, with no evidences of important
structural modifications or formation of extra-phases. While
the XANES is substantially unchanged as a function of the
temperature, not surprisingly the EXAFS spectra present a
progressive intensity as temperature increases, due to larger
thermal contributions to the Debye-Waller factors. It is
however interesting to note that, for each probed
temperature, the main peak amplitude in the FT-EXAFS of
PdZn@H-ZSM-5 (25) is slightly lower than in PdZn@ZnO + H-
ZSM-5 (40), suggesting a higher level of structural disorder
and/or an average smaller particle size in the former catalyst
in agreement with the TEM results.

Fig. 6 reports an overview of the PXRD results at the
various stages of the catalyst treatment. In particular, right
after H2 pre-treatment at 400 °C, we observed new peaks
around 41.3 and 44.2 °C, compatible with tetragonal β1 PdZn
phase.47,56 The peak intensities slightly increased and their
positions slightly shifted with temperature in both catalysts.
The PdZn@H-ZSM-5 (25) showed more disordered reflections
compared to the PdZn@ZnO + H-ZSM-5 (40) probably due to

smaller crystallite sizes as the TEM and XAS measurements
also revealed similar trend in particle size distribution.

Rietveld refinement of PXRD data obtained for
PdZn@ZnO + H-ZSM-5 (40) showed that the initial structure
of the PdZn@ZnO + H-ZSM-5 contained orthorhombic ZSM-5
phase (ca. 90%) and hexagonal ZnO (ca. 10%). The atomic
parameters of ZSM-5 were fixed to those reported by Schmidt
et al.57 which already gave good agreement with experimental
pattern. For ZnO phase, isotropic displacement parameters
(Uiso) of both Zn and O atoms were refined while atomic
positions and occupancies were kept fixed. For both
structures, unit cell parameters were refined together with
profile shape parameters of the Gaussian and Lorentzian
components (GW and LY) of the pseudo-Voigt function. Both
profile shape parameters were found very similar for the two
phases, which indicates that the dominant contribution to
the peak broadening is given by the experimental factors
(mainly by 2.5 mm thickness of the capillary). Therefore, the
profile parameters of the two phases were constrained to be
equal in the final refinement. The background was fitted by
5-parameter Legendre polynomial. The final refinement with
two phases is shown in the ESI,† Fig. S9, and the obtained
structural parameters are reported in Table 3.

Based on the peaks at 41.3° and 44.2°, we then refined the
unit cell parameters of the tetragonal PdZn phase and Uiso

parameter of Pd atom, fixing Uiso of Zn to 0, and keeping the
atomic coordinates and occupancies fixed. LY and GW profile
parameters were fixed to those of H-ZSM-5 and ZnO phases,
while additional LX contribution was added to account for
the size effects. The crystallite size was then calculated as
D ¼ 36000λ

π2LX ¼ 26 ± 1 nm. This number is in the upper limit of
the values found by TEM investigations in section 3.1 (and
ESI† Fig. S3). This can be explained by (i) the stronger
contribution of bigger particles to PXRD signal (see green
bars in part b of Fig. S3 I†), (ii) the possible overestimation of
experimental contribution (GW and LY) and (iii) the presence
of both Pd and Pd–Zn particles in the TEM images, while the
PXRD only considered the tetragonal PdZn phase. The results
of the refinement and the obtained structural parameters are
reported in Table 3. Particularly, the fraction of ZnO phase

Fig. 6 PXRD patterns collected, quasi simultaneously to XAS spectra,
at key conditions for (a) PdZn@H-ZSM-5 (25) and (b) PdZn@ZnO + H-
ZSM-5 (40), reported in the 2θ range where the characteristic
reflections of the PdZn alloy occur. The PXRD pattern of pure H-ZSM-
5 zeolite is also reported for comparison. The patterns are vertically
translated for clarity.

Table 3 Results of Rietveld refinement of PdZn@ZnO + H-ZSM-5 (40)

Phase Refined parameter Initial After activation Spent

H-ZSM-5 Fraction, % 89.9(7) 89.4(9) 90.2(8)
a, Å 20.101(1) 20.075(1) 20.087(1)
b, Å 19.915(1) 19.920(1) 19.914(1)
c, Å 13.4002(9) 13.3939(9) 13.3984(9)

ZnO Fraction, % 10.1(7) 9.8(7) 8.9(6)
a, Å 3.25076(8) 3.25940(9) 3.2510(1)
b, Å 5.2075(2) 5.2166(2) 5.2079(2)
c, Å 0.0100(4) 0.0184(4) 0.0096(4)

PdZn Fraction, % — 0.79(2) 0.85(2)
a, Å — 4.1262(5) 4.1005(3)
c, Å — 3.3463(7) 3.3373(4)
UisoĲPd), Å

2 — 0.036(5) 0.023(3)
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decreases, indicating that Zn atoms may be transferred either
to Zn–Pd alloy nanoparticles or to the zeolite framework.

3.4 Hydrogenation of CO2

Fig. 7(a)–(c) shows the CO2 catalytic hydrogenation versus
TOS over the various catalysts at 300 °C and 20 bar. Focusing
first on PdZn@ZnO alone (without H-ZSM-5), it initially
yielded 17% CO2 conversion, that decreased to 11.6% over 20
h (Fig. 7(a)). Selectivity to MeOH sharply increased from 0 to
32% with corresponding decrease in CO selectivity from 92%
to 65% during the first 6 h, and then the MeOH and CO
selectivitives gradually merged at appx. 50% selectivity by 20
h TOS, possibly due to delay in the formation of the active
site for MeOH. Fig. 7(d) and Fig. 8(a) show that the space
time yield (STY) of MeOH over PdZn@ZnO increased with
temperature from 250 to 300 °C, and that the yield of MeOH
(5.5%) approached the thermodynamic equilibrium yield of
5.9% after 20 h on stream at 300 °C. This result is superior to
a previous report devoted to PdZn on ZnO support: In that
study, the MeOH yield decreased from 6.4% at 250 °C to
4.2% at 300 °C, with a space time yield of 1.6 mol kg−1 h−1 at
300 °C (see Fig. 2, It should be noted that the sample was
made by sol-immobilization method, and tested at 3600 ml/g
h WHSV in a 0.5 × 50 cm2 stainless tube reactor).7 A further
temperature increase to 350 °C led to dramatically lower
MeOH STY and selectivity over the PdZn@ZnO catalyst
(Fig. 7). Comparison to the thermodynamic equilibrium value
(Fig. 8) showed that the system was farther from equilibrium
at this temperature than at 300 °C, suggesting that the

system deactivated further when reaching the higher
temperature.

The second case examined in our tests was the physically
mixed H-ZSM-5 (40) and PdZn@ZnO in 1 : 1 ratio (Fig. 7b).
Here, the CO2 conversion was 20% and slightly decreased to
17% after 11 h TOS at 300 °C. Aside the CO and MeOH main
products, high amounts of DME were observed with minor
amounts of methane and C2+ hydrocarbons (accounting for
<2% overall). The selectivity to oxygenates (DME and MeOH)
gradually increased from 35 to 52% over 11 h TOS at the
expense of CO. Notably, beyond 11 h, conversion and
selectivity reached a steady state that was maintained up to
the 45 h TOS studied (only the first 30 h is shown here for
brevity). Generally, the addition of H-ZSM-5 to the
PdZn@ZnO catalysts shifted the oxygenates yield beyond
MeOH thermodynamic equilibrium yield, in agreement with

Fig. 7 Conversion and selectivity versus time on stream at 300 °C over (a) PdZn@ZnO + SiO2, (b) PdZn@ZnO + H-ZSM-5, (c) PdZn@H-ZSM-5.
Space time yield (STY) comparison of the catalysts versus temperature for the formation of (d) MeOH+ (sum of MeOH, DME and C2+ hydrocarbons),
(e) DME, (f) CO, the catalysts were pretreated in H2 flow at 400 °C and tested at 20 bar with H2/CO2 = 3, and WHSV = 6000 ml g−1 h−1.

Fig. 8 Comparison of oxygenate ((a) MeOH and (b) DME) yields from
the CO2 hydrogenation reaction at 20 bar with theoretical equilibrium
yields versus temperature.
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literature reports,36 since further conversion of MeOH to
DME or hydrocarbons is more thermodynamically favourable
than ending the reaction at MeOH as illustrated in Fig. 1.
Overall, we observed 8.8% yield to the oxygenates at 300 °C,
very close to the 9% estimated DME equilibrium yield (see
Fig. 8), and surpassing the previously reported 4.2%
oxygenates yield at the same temperature and pressure.36

Increasing the temperature to 350 °C, a substantial decrease
was observed in MeOH and DME STY and yields, the
oxygenate yield now being further away from equilibrium
than at 300 °C. This result is in agreement with that observed
over PdZn@ZnO alone, and suggests that similar deactivation
of the MeOH forming active sites takes place with and
without the physical mixture with H-ZSM-5. Turning next our
attention to the CO space time yield over these two catalysts
(Fig. 7(f)), it increases exponentially with temperature, and is
the same for both catalysts. This result suggests that the CO
forming active sites are also not influenced by mixing the two
catalysts.

The third case consisting of PdZn grafted on H-ZSM-5 is
shown in Fig. 7c. CO2 conversion remained at 13%, with 81
and 17% selectivity to CO and DME respectively, at 300 °C.
Meanwhile, selectivities to MeOH and C2+ accounted for less
than 2% over the 33 h TOS studied. Here, the conversions
and selectivities were relatively stable compared to that of
PdZn@ZnO + H-ZSM-5 (40) at least within the first 10 h TOS.
However, clearly the physical mixture outperformed the
grafted catalysts both in terms of yield and selectivity to the
oxygenates at 300 °C. Next, we turn to compare the space
time yield (STY) for the formation of DME, MeOH+ (sum of
MeOH, DME and C2+ hydrocarbons) and CO at 250–350 °C
over the three catalysts (Fig. 7(d)–(f)). As reported above,
PdZn@ZnO showed no DME formation at all temperatures,
however, the inclusion of H-ZSM-5 either by grafting or
physical mixing induced high activity towards DME
formation. STY for DME and MeOH+ increased up to 300 °C
and then declined with temperature. Maxima of 6.7 and 4.5
mol(DME) kg(PdZn)

−1 h−1 DME STY were observed at 300 °C for
the PdZn@ZnO + H-ZSM-5 (40) and PdZn@H-ZSM-5 (25)
respectively. Similarly, for MeOH+, the optimal STY measured
at 300 °C were 5.4, 8.5 and 4.9 mol(MeOH+) kg(PdZn)

−1 h−1 for
the PdZn@ZnO, PdZn@ZnO + H-ZSM-5 (40) and PdZn@H-
ZSM-5 (25) respectively. STY for CO increased with
temperature over all catalysts, but more rapidly for the
PdZn@H-ZSM-5 compared to that of the PdZn@ZnO and
PdZn@ZnO + H-ZSM-5.

4. Discussion

The characterization data from XAS, PXRD and TEM, of the
investigated hybrid PdZn/zeolite catalysts for CO2 conversion,
consistently showed that upon H2 pre-treatment, Pd-Zn alloy
was gradually formed from ca. 300 °C upward. The XAS data
of the as-prepared PdZn@H-ZSM-5 already showed the Pd0

characteristic features, whilst the PdZn@ZnO + H-ZSM-5 still
had substantial amount of PdII in its as-prepared state. Upon

H2 treatment with temperature, the Pd K-edge XAS showed
the characteristic features of PdZn alloy in both hybrid
materials. In parallel, PXRD also showed the emergence of
new peaks at 41.3° and 44.2° denoting the formation of
tetragonal β1 PdZn alloy nanoparticles. PdZn@H-ZSM-5
exhibited a much higher level of structural disorder
compared to the PdZn@ZnO + H-ZSM-5, as evidenced by very
weak and broadened peaks in its PXRD patterns, which
hampered Rietveld refinement of these data. The TEM
showed the presence of the PdZn alloy with different particle
sizes, smaller in the case of the PdZn@ZSM-5 compared to
the PdZn@ZnO+H-ZSM-5, consistent with indications from
PXRD.

Regarding catalytic testing results, conversions were
generally stable or slightly decreased over time. However,
there was always some delay in attaining steady selectivity to
products despite pre-treatment in H2 at 400 °C for all the
catalysts prior to testing. The PdZn@H-ZSM-5 catalyst
attained a stable selectivity much earlier than the PdZn@ZnO
+ SiO2 or PdZn@ZnO + H-ZSM-5 samples. On a similar line,
the XAS data showed that the PdZn@H-ZSM-5 catalyst
developed the PdZn alloy characteristic feature earlier than
PdZn@ZnO + H-ZSM-5 during thermal activation in H2. Even
though in the final state after activation, the two catalysts
showed similar XAS characteristic of Pd0 sites in bimetallic
PdZn, it is possible that attaining full formation of the Pd–Zn
alloy took longer time in the macroscale catalytic testing
setup compared to the capillary reactor cell used for the
operando XAS, due to the smaller amount of sample used in
the latter case. Thus, the delay in the attaining steady
selectivity can be related to longer time in forming the active
PdZn site.

The activity in the different combinations of catalyst
differed. Firstly, comparing the PdZn@ZnO with and without
H-ZSM-5, the presence of H-ZSM-5 led to higher activity
towards oxygenates. Here, there is a clear promotion of
MeOH+ especially at higher temperatures (>300 °C), where
the conversion of MeOH to DME or hydrocarbons becomes
important.43,44 Interestingly, the STYs of CO were similar over
both catalysts at the different temperatures. It has been
reported30 that COOH intermediate which decompose to CO
(and H2O) is better stabilized on Pd(111) surface rather than
HCOO intermediate which hydrogenates to MeOH on PdZn
surface. Therefore, this report is in agreement with our
observations and suggest that given the same reaction
conditions, MeOH and CO formations occur at distinct active
sites, such that the presence of H-ZSM-5 only increased
oxygenates formation without any influence on CO
formation.

Beyond this, the catalyst produced by SOMC, PdZn@H-
ZSM-5 (25) showed rather high yield of CO compared to the
PdZn@ZnO + H-ZSM-5 (40). Nonetheless, the PdZn active
sites were relatively similar in both catalysts except for the
particle size, which was even smaller in the PdZn@H-ZSM-5
(25). Even though there were differences in the Si/Al ratio of
the H-ZSM-5, this is not expected to influence CO2 conversion
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to MeOH. One main difference however on the side of CO2 to
MeOH catalyst, is the Zn/Pd ratio in the two hybrid systems.
It has already been reported that having neighbouring Zn0

around Pd atom significantly suppresses trans-COOH which
leads to RWGS reaction.6 Therefore, the enhanced oxygenates
formation in the PdZn@ZnO + H-ZSM-5 can be attributed to
the presence of a higher amount of Zn neighbours around Pd
atom.

Despite the requirement of adequate supply of neighbouring
Zn atoms around Pd atom, it appears it comes at a cost. In the
hybrid catalyst systems, considerable amount of DME were
observed rather than the expected hydrocarbons.58 DME
formation is known to precede hydrocarbon formation in MTH
reactions via MeOH dehydration over Brønsted acid sites.59,60

MeOH dehydration is mechanistically suggested to occur over
the acid sites via either associative route, which involves
protonated MeOH dimer formation, or dissociative route
involving methoxy reacting with MeOH. Higher MeOH
pressures favours dimer formation whilst dissociation of proton
from MeOH is less favoured. Furthermore MTH reaction is
known to involve an induction period due to initial C–C bond
formation, hydrocarbon pool and autocatalytic reactions,61

more pronounced at lower temperatures.62 The induction
period significantly reduces with increasing temperature, as it
has been reported for example that the induction period
reduced from 120 to 10 min at 260 and 280 °C respectively with
about 25 to 37% MeOH conversion to hydrocarbons over H-
ZSM-5 with 4 gMeOH gH-ZMS-5

−1 h−1 WHSVs.62 Hence, considering
the rather low WHSV (i.e. 0.27 and 0.21 gMeOH gH-ZMS-5

−1 h−1,
based on amount of oxygenates produced over PdZn@ZnO + H-
ZSM-5 (40) in this study respectively) at 300 and 350 °C, the
reaction was expected to proceed beyond DME to hydrocarbons.

One important factor in the MTH mechanism is the
presence of Brønsted acid sites.63 The XAS data showed that
the Zn K-edge spectrum of PdZn@H-ZSM-5 was dominated
by ZnII ions which progressively decrease in coordination
during pre-treatment (activation) and closely resembled
dehydrated Zn-exchanged H-ZSM-5.48 Even though in the Zn
K-edge XAS spectrum of PdZn@ZnO + H-ZSM-5 (40), ZnII ion
migration evidence was overshadowed by the dominant
response from ZnO support, we can infer from the PdZn@H-
ZSM-5 (40) results that a substantial fraction of Zn ions has
exchanged into the zeolite component of the bi-functional
catalysts. The FT-IR data indicated a substantial decrease in
the Brønsted acid site for the PdZn@H-ZSM-5 and
PdZn@ZnO + H-ZSM-5 prior to the reaction feed as well as
the spent hybrid catalyst whilst the amount of Lewis acid
sites increased. This suggested that the ZnII ion-exchanged
with the protons in the zeolite to poison their Brønsted acid
sites. As a result, the Brønsted acid required to initiate
hydrocarbon formation from MeOH or DME was inadequate,
which explains why the MeOH conversion ended in DME
formation.

As a final note, the observation of concurrent ZnO
reduction to form PdZn alloy nanoparticles, and Zn2+

diffusion followed by ion exchange with H+ in the zeolite,

both during pretreatment in a H2 flow, may seem
contradictory. To this end, it is important to note that the
Gibbs free energy of Zn oxidation (eqn (5)) is −358 kJ mol−1 at
400 °C, corresponding to an equilibrium constant of 6.5 ×
1027. Hence, minor traces of O2 (or H2O) in the gas will
stabilize zinc in the Zn2+ state, as experimentally
demonstrated by Lew et al.64

Zn + 0.5O2 ⇌ ZnO (5)

Considering next the formation of PdZn alloy phase, Kou
and Chang reported high stability of intermetallic phases
formed between Zn and group VIII transition metals such as
Pd.65 They ascribed the stabilization to transfer of electrons
from Zn to the d-band of Pd, thus suggesting that Pd co-
presence impacts ZnO reduction.

5. Conclusion

CO2 hydrogenation to DME was performed over PdZn alloy
mixed with H-ZSM-5 catalyst. Although two different methods
(SOMC grafting and physical mixture) were employed to
introduce the Pd–Zn on the zeolite, operando PXRD and XAS
showed that similar active sites (PdZn alloy) were generated
in both cases prior to CO2 hydrogenation reaction feed
conditions. Furthermore, PdZn alloy which is the active site
for MeOH synthesis remained stable under reaction
conditions within the 250–350 °C temperature range with no
important structural modifications or extra-phases formed
except crystallite size growth. Physical mixture of PdZn@ZnO
with H-ZSM-5 showed an enhanced oxygenates yield of 8.8%
at 300 °C, which approached thermodynamic equilibrium
yield of DME but beyond that of MeOH. With ZnO as
support, PdZn@ZnO + H-ZSM-5 performed better than PdZn
grafted on H-ZSM-5 by SOMC, attributed to higher amount of
Zn which suppressed isolated Pd atoms. Instead of
hydrocarbons, DME was rather observed in the hybrid
catalysts. Clearly, this was due to Zn ion migration into the
zeolite thereby poisoning the Brønsted acid sites responsible
for hydrocarbon formation. Overall, even though increased
number of neighbouring Zn0 is required to optimize the
PdZn alloy formation, excess Zn have the tendency to diffuse
into the zeolite to replace acid protons rendering it less
effective for hydrocarbon formation.

Cascade reactions over hybrid catalysts represent a
promising approach in designing more effective routes to
convert CO2 into value-added products. However, the
presented results for PdZn/zeolite hybrid catalysts exemplify
how the different functionalities could undertake unexpected
interactions, ultimately biasing the hybrid catalyst
performance. In this context, a careful and balanced choice
of the compositional characteristics, together with detailed
characterization under reaction-relevant conditions, are
crucial to design improved multi-functional catalytic systems
for CO2 valorisation.
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