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A number of Pd based materials have been synthesised and evaluated as catalysts for the

conversion of carbon dioxide and hydrogen to methanol, a useful platform chemical and

hydrogen storage molecule. Monometallic Pd catalysts show poor methanol selectivity,

but this is improved through the formation of Pd alloys, with both PdZn and PdGa alloys

showing greatly enhanced methanol productivity compared with monometallic Pd/

Al2O3 and Pd/TiO2 catalysts. Catalyst characterisation shows that the 1 : 1 b-PdZn alloy

is present in all Zn containing post-reaction samples, including PdZn/Ga2O3, with the

Pd2Ga alloy formed for the Pd/Ga2O3 sample. The heat of mixing was calculated for

a variety of alloy compositions with high values determined for both PdZn and Pd2Ga

alloys, at ca. �0.6 eV per atom and ca. �0.8 eV per atom, respectively. However, ZnO is

more readily reduced than Ga2O3, providing a possible explanation for the preferential

formation of the PdZn alloy, rather than PdGa, when in the presence of Ga2O3.
Introduction

The direct hydrogenation of carbon dioxide to methanol has been the focus of
considerable research effort over recent years.1 Not only does this process provide
a route for the utilisation of CO2, thus reducing carbon emissions, it also provides
a route to the “green” production of methanol.2 CO2 can be captured from the
atmosphere or recovered from sources such as power plants prior to release in to
the environment, and combined with H2 from a renewable source, such as solar/
wind-powered water electrolysis, to provide sustainable methanol synthesis.3

CO2 + 3H2 % CH3OH + H2O, DH298K ¼ �49.5 kJ mol�1 (1)
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CO2 + H2 % CO + H2O, DH298K ¼ 41.2 kJ mol�1 (2)

CO + 2H2 % CH3OH, DH298K ¼ �90.6 kJ mol�1 (3)

Practically, selective CO2 hydrogenation to methanol is challenging, due to
thermodynamic and kinetic limitations, and the possibility of competing reac-
tions occurring, as shown in eqn (1–3). Direct CO2 hydrogenation (eqn (1)) is an
exothermic process, with methanol selectivity maximised at low temperature and
high pressure.4 The reverse water gas shi reaction (RWGS) can also occur (eqn
(2)), leading to the production of CO. Unlike methanol synthesis, RWGS is an
endothermic process, favoured at high temperatures. Typically, CO production is
not considered to be detrimental to the overall conversion of CO2 to methanol,
since CO can also be converted to methanol (eqn (3)), and the presence of CO in
the reactant gas stream has been reported to result in improved methanol yield.5

This was attributed to the reduction in the equilibrium yield of CO via RWGS in
the presence of increasing CO concentrations. Consequently, the presence of CO
in the reactant feed can signicantly reduce the amount of water present in the
product stream. In addition to methanol and CO, methane can also be produced,
although selectivity to this product is typically low (<1%). Methane production
can occur directly through methanation,6 or through methanol decomposition on
the catalyst surface.7 In an industrial methanol plant, liquid phase products, such
as methanol and water, are separated from gaseous products (e.g. CO and CH4)
and unreacted feedstock materials (CO2 and H2); and the unreacted CO2, H2 and
CO are recycled back into the process. Since methane cannot be converted to
methanol through the CO2 to methanol process, the production of methane is
considered to be highly unfavourable, due to its accumulation during the recy-
cling of product gas streams, thus increasing production costs through the
necessitation of methane removal from the system.

As a result of the thermodynamic limitations and limited equilibrium yields of
methanol at higher temperatures, considerable effort has been made to nd
highly active catalysts at lower temperatures.8 Palladium based catalysts have
been widely studied for CO2 hydrogenation to methanol.9 Unlike CO, which
strongly adsorbs on precious metal catalysts (e.g. Pd, Pt) through p-back dona-
tion, CO2 adsorption is generally weak. Nevertheless, the use of basic promoters
was shown to increase methanol production, with trends observed between
methanol formation rates and electronegativity of the additive cations.10 The
activity and selectivity of Pd catalysts for CO2 hydrogenation can be strongly
inuenced by the nature of the catalyst support,11 either through the reactivity of
reactants or products on the support itself, or via changes in the electronic
properties of Pd, induced through metal support interactions.12

Fujitani et al. rst identied Pd/Ga2O3 as an active catalyst for CO2 hydroge-
nation and the methanol yield was found to follow the order of oxide support:
Ga2O3 > ZnO > Al2O3 > TiO2 z Cr2O3 > SiO2 z ZrO2.13 A more recent publication
attributed the enhanced methanol selectivity achieved over Pd/Ga2O3 vs. Pd/SiO2

to the formation of Pd–Ga bimetallic nanoparticles, with reduced RWGS activity
compared with Pd nanoparticles.14 The nature of the active site in Pd–Ga catalysts
was further investigated by the preparation, characterisation and catalytic eval-
uation of Pd–Ga/SiO2 catalysts with a range of Pd/Ga molar ratios.15 Here it was
shown that the highest rate of methanol production was achieved over a Pd/Ga ¼
194 | Faraday Discuss., 2023, 242, 193–211 This journal is © The Royal Society of Chemistry 2023
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1 catalyst, which was comprised of a Pd2Ga alloy with small amounts of excess
gallium oxide on the surface; a further increase in the gallium content was
detrimental to catalytic activity due to excess layers of Ga2O3 covering the Pd–Ga
surfaces and preventing catalyst reactivity. These ndings were corroborated by
a recent EXAFS investigation which showed the formation of Pd2Ga nanoparticles
covered with a thin layer of Ga2O3 on the SiO2 support.16

Numerous investigations into Pd/ZnO catalysts have identied the b-PdZn
alloy as the active phase for methanol synthesis.17–22 Previously, we have shown
that the activity of Pd/ZnO catalysts can depend heavily on the reduction condi-
tions, and consequently, the nature of the active site present.23 Whilst Pd/ZnO is
an excellent RWGS catalyst, resulting in relatively low methanol productivity, pre-
reducing this catalyst at temperatures exceeding 400 �C resulted in the formation
of PdZn bimetallic particles with signicantly improved methanol productivity.
Furthermore, the importance of controlling PdZn particle size was highlighted,
with methanol selectivity decreasing from 60% to 20% upon increasing the PdZn
particle size from 3 to 7 nm. More recently, Pd/ZnO catalysts prepared by a range
of techniques were investigated for CO2 hydrogenation;24 here it was shown that
the b-PdZn alloy was formed for all materials, regardless of preparation method.
This was attributed to the favourable heat of mixing for the b-PdZn 1 : 1 alloy, as
determined by DFT studies. Interestingly, a linear relationship between methanol
selectivity and CO2 conversion was observed for all of the Pd/ZnO catalyst types
investigated, since the catalytic performance was determined by the presence of
the b-PdZn 1 : 1 alloy. A recent publication by van Bokhoven and co-workers
showed that methanol production over PdZn catalysts could be signicantly
improved by the co-existence of a ZnO phase.25 In the absence of ZnO, PdZn
catalysts were shown to be highly active for RWGS but with low methanol selec-
tivity, with methanol productivities of 30 gMeOH kgcat

�1 h�1 and 184 gMeOH kgcat
�1

h�1 over PdZn/SiO2 and PdZn/ZnO/SiO2, respectively. The authors attributed the
noticeably improved activity to a bifunctional mechanism whereby CO2 activation
occurs on the ZnO phase and hydrogen activation occurs over the PdZn alloy,
enabling the reduction of adsorbed formate species to methanol.

The aim of the work presented here was to prepare a number of Pd based
catalysts for the hydrogenation of CO2 to methanol, in order to further explore the
formation of Pd alloys under reaction conditions and the subsequent inuence
on catalytic activity. Pd and PdZn catalysts supported on a variety of oxide
materials (Al2O3, TiO2, Ga2O3 and ZnO) were prepared by chemical vapor
impregnation and tested without a pre-reaction reduction step to investigate alloy
formation under reaction conditions. In addition to characterisation of the
catalysts before and aer reaction, calculations into the heat of mixing of alloy
components have been performed to gain further understanding regarding Pd
alloy formation.

Experimental
Materials

Pd acetylacetonate (Pd(acac)2, 99%), zinc acetylacetonate (Zn(acac)2, 99%),
aluminium oxide (Al2O3, nanopowder, <50 nm particle size), gallium oxide
(Ga2O3, 99.99+, %), zinc acetate dihydrate (Zn(CH3OH)2$6H2O, $98%), ammo-
nium carbonate ((NH4)2CO3, $30% NH3 basis), and zinc oxide (nanopowder,
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 193–211 | 195
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<100 nm particle size) were supplied by Sigma-Aldrich; aeroxide titanium oxide
(TiO2, P25) was supplied by Evonik.

ZnO synthesis

The synthesis of ZnO was performed by a method modied from that published
by Farag et al.26 in order to obtain a higher surface area catalyst support than the
commercially available ZnO. This method has been explained in previous work
published by this group.24

Precursor solutions of Zn(CH3OH)2 (0.5 M) and (NH4)2CO3 (1.0 M) were
prepared. In an oil bath preheated to 60 �C, a round bottom ask was rst charged
with the Zn(CH3CO2)2 solution (50 mL), and then quickly but carefully the
(NH4)2CO3 solution (50 mL) was added with stirring. The mixture was heated at
60 �C and stirred constantly for 1 h, then ltered under vacuum, washed with
deionised water (2 L), and dried (110 �C, 16 h). To transform the zinc hydrox-
ycarbonate intermediate to zinc oxide, the material was calcined in owing air
(450 �C, 3 h, 10 �C min�1).

The as-synthesised ZnO was used as a catalyst support, denoted ZnO(F), in
comparison to the ZnO obtained commercially, denoted as ZnO(C).

Supported catalyst synthesis

The synthesis of PdZn catalyst by chemical vapour impregnation (CVI) has been
previously reported for CO2 hydrogenation to methanol.27 Monometallic Pd and
bimetallic PdZn catalysts supported on either ZnO, TiO2, Al2O3 or Ga2O3 have
been synthesised. For the preparation of 2 g of Pd/support catalyst with a 5 wt%
Pd loading, Pd(acac)2 (0.94 mmol) and the support were physically mixed. The
mixture was then added to a Schlenk ask, sealed and then lowered into an oil
bath preheated to 80 �C. The Schlenk line was evacuated and heated (133 �C, 1 h).
The material was then recovered and calcined in static air (500 �C, 16 h).

For the synthesis of 2 g of PdZn/support catalyst with a 5 wt% Pd loading and
a 1 : 5 palladium to zinc molar ratio, Pd(acac)2 (0.94 mmol), Zn(acac)2 (4.7 mmol)
and the support were physically mixed together. The method then followed the
same CVI synthesis reported above.

CO2 hydrogenation catalyst testing

Catalytic performance was determined using a parallel 16 bed high-throughput
catalytic reactor, designed and manufactured by Integrated Lab Solutions
GmbH (ILS). The reactor was operated using IntegratedWorkowManager, based
on LabVIEW soware and automated using Siemens SIMATIC S7-1500 and
Siemens Win CC soware. The high-throughput reactor is of a xed bed,
continuous ow design, with all beds operating under the same reaction condi-
tions due to the system conguration. All gases were fed through a capillary
distribution system and the pressure in each bed was controlled using an Equi-
libar back pressure regulator. Four heating blocks, containing four beds each,
were used to control the temperature, with a thermocouple positioned inside each
block to measure the bed temperature. The pelleted catalysts (0.3 g, 425–600 mm)
were placed in stainless steel reactor tubes, with an internal diameter of 4.57 mm.
Catalysts were placed in the beds, excluding beds 1, 5, 9 and 13, which were le
empty to run as standards. The catalysts were supported on a bed of F24 silicon
196 | Faraday Discuss., 2023, 242, 193–211 This journal is © The Royal Society of Chemistry 2023
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carbide (750 mm) to ensure they were centred in the isothermal heating zone. F80
silicon carbide (0.45 g), with a particle size of 190 mm, wasmixed with the catalysts
to aid dispersion and improve heat transfer across the catalyst bed. No pre-
reduction of the catalysts occurred prior to the reaction. The beds were heated
to 125 �C and the reaction mixture was fed through the distribution system
(CO2 : H2 : Ar : N2, 22 : 54 : 5 : 19%), achieving a ow rate of 34 mL min�1 at
atmospheric pressure. A purge feed of N2, with equivalent ow to the reaction
feed, was used to ensure that no product build up was observed in the down-
stream lines. The pressure was increased to 20 bar using the gas feed pressure
over the Equilibar back pressure regulators, which was then le to stabilise for 8
hours. The reactions were conducted at 175, 200, 225 and 250 �C, with a calibra-
tion run conducted at 125 �C. The downstream oven was set to 120 �C to stop any
product condensing in the reactor lines. The gaseous products were analysed via
online gas chromatography, using an Agilent 7890B system with two ame ion-
isation detectors (FID) and a thermal conductivity detector (TCD). Argon was used
as an internal standard. Four injections were taken at each temperature, per
reactor bed. Sampling of the products was achieved with a Vici stream selection
valve to switch between the beds. It took ca. 8 hours to sample all beds, therefore
taking 32 hours to complete one reaction temperature. CO2 conversion was
calculated by comparing themoles of CO2 in the calibration at 125 �C to the moles
of CO2 at each temperature, for each bed. In all cases, methanol, methane, DME
and CO were the only products observed. The carbon balance was calculated
using the sum of carbon containing products and reactants in the feed divided by
the sum of carbon containing reactants in the calibration runs. Aer the reaction,
the reactor was depressurised and le to cool under owing nitrogen (50
mL min�1).
Catalyst characterisation

Surface areas were analysed using a Quantachrome Nova 2200E instrument and
calculated by the Brunauer–Emmett–Teller (BET) method. 40-point (20 point
adsorption and 20 point desorption) analysis was performed at �196 �C. Prior to
BET analysis samples were degassed under vacuum (150 �C, 3 h).

X-ray diffraction (XRD) patterns were recorded using a PANalytical X’Pert Pro
diffractometer operating at 40 kV, 40 mA using Cu Ka radiation (l ¼ 1.54 � 10�10

m) with a Ge(111) single crystal monochromator. The reections were referenced
against the International Centre for Diffraction Data (ICDD) database to identify
phases present. In situ XRD measurements were recorded on a (q–q) PANalytical
X’Pert Pro powder diffractometer. A Cu Ka radiation source (40 kV, 40 mA) was
tted with a position sensitive detector and an Anton Parr XRK reaction cell. The
gas ow was controlled through a Bronkhorst mass ow controller set to 30
mL min�1 (5% H2/Ar). The temperature was ramped from 50–500 �C, at
40 �C min�1, with measurements conducted at 50 �C intervals.

X-ray photoelectron spectra (XPS) were recorded on a Kratos Axis Ultra-DLD
tted with a monochromatic Al Ka (75–150 W) source and an analyser using
a pass energy of 40 eV. XPS data were analysed using Casa XPS soware.

Scanning transmission electron microscopy (STEM) was performed using
a JEOL ARM200F microscope at the electron Physical Sciences Imaging Centre
(ePSIC) at Diamond Light Source. An acceleration voltage of 200 kV, a convergence
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 193–211 | 197
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semi-angle of 23 mrad and a high-angle annular dark eld (HAADF) inner angle of
80 mrad was used for data collection. EDX acquisition was performed using
a JEOL Centurio dual-detector.
Computational methodology

All calculations were performed with the “Fritz Haber Institute ab initiomolecular
simulations” (FHI-aims) all-electron full potential soware package.28 Calcula-
tions were performed with the mBEEF exchange correlation density functional29

from the LibXC DF density functional library,30 using a light basis set and a k-grid
density of (0.019 � 2p) Å�1. The self-consistent eld (SCF) cycle was deemed
converged when the changes in total energy and density were less than 1 �
10�6 eV and 1 � 10�6 a0

�3 respectively. Throughout, a spin-paired conguration
has been used with scalar relativity included via the atomic zero-order regular
approximation (ZORA).31 For geometry optimizations, convergence was deemed
complete when forces on all unconstrained atoms were less than 0.01 eV Å�1. The
crystallographic information les were taken from the Inorganic Crystal Structure
Database (ICSD).32 All structures were fully relaxed (lattice parameters and atom
positions). Relaxed structures are uploaded on the Novel Material Discovery
NOMAD repository33 and are also detailed in the ESI.†
Results and discussion

Fig. 1 shows the methanol productivity for the various Pd and PdZn supported
catalysts reported here. The materials were prepared by chemical vapor impreg-
nation (CVI) and calcined prior to use but received no pre-reduction step. They
were then exposed to the reactant gases over the temperature range 175–250 �C at
a constant pressure of 20 bar. The Pd catalysts supported on TiO2 and Al2O3 gave
low methanol productivities. In addition to methanol, the other products present
in the reactor effluent were CO and methane, with dimethyl ether (DME) also
observed over Pd/Al2O3. For example, over the Pd/TiO2 catalyst at 250 �C the
selectivity to methanol was 11.7% and to CO and CH4 62.6% and 25.7%,
respectively. However, a notably higher methanol selectivity was achieved over Pd/
ZnO and Pd/Ga2O3. The Pd/ZnO catalyst showed good yield at the beginning of the
reaction, at 175 �C, probably due to the formation of the Pd alloy already,34,35

whereas the yield increased signicantly for Pd/Ga2O3 at higher temperatures,
due to a big increase in selectivity, as discussed below. Of the two Pd/ZnO catalysts
tested, the Pd/ZnO(F) catalyst displayed higher methanol productivity compared
to Pd/ZnO(C). This may be due to the more rapid formation of PdZn alloys on the
higher surface area ZnO.

A linear relationship between CO2 conversion and methanol selectivity has
recently been demonstrated for Pd/ZnO catalysts prepared through a variety of
techniques,24 this linear relationship is shown by the PdZn line on Fig. 2. In
addition to the alloy, a recent study has shown the presence of a ZnO phase to be
important for achieving highmethanol productivity,25whichmay explain the high
activity of the Pd/ZnO catalysts. A bifunctional mechanism was proposed whereby
CO2 activation occurred on the ZnO phase, while H2 dissociation and spillover,
allowing for formate reduction to methanol, occurred over the PdZn
nanoparticles.
198 | Faraday Discuss., 2023, 242, 193–211 This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Methanol productivity as a function of CO2 hydrogenation reaction temperature
over calcined Pd and PdZn supported catalysts. Pd/ZnO(C) is Pd supported on the
commercial support, whereas Pd/ZnO(F) is Pd supported on the Farag-style ZnO.
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Fig. 2 shows that a similar relationship between CO2 conversion and methanol
selectivity was seen for all of the PdZn catalysts, but the Pd/Al2O3 and Pd/TiO2

samples had low selectivity and also the former had very low conversion. The two Pd/
ZnO catalysts lie close to the line, due to PdZn alloy formation, while the Pd/Ga2O3

shows somewhat unusual behaviour, starting with low selectivity at low conversion/
Fig. 2 Plot of CO2 conversion vs. CH3OH selectivity over calcined Pd and PdZn supported
catalysts. The four data points for each entry correspond to the increasing reaction
temperature (left to right) from 175 to 250 �C, corresponding with increasing conversion.
The line shown is that reported recently for a range of PdZn catalysts.24

This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 193–211 | 199
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temperature, but increases signicantly at high conversion. As described below, this
is due to the formation of a PdGa alloy as the reaction proceeds at the higher
temperatures. Considering the samples where both Pd(acac)2 and Zn(acac)2 have
been deposited onto the various supports, it can be immediately identied from
Fig. 2 that all show much higher selectivity at low conversion. For instance,
regarding Pd/Al2O3 and PdZn/Al2O3, methanol selectivity increases from 23.5% for
the monometallic catalyst, at the lowest temperature, to 62.7% for the bimetallic
catalyst. Similarly, for Pd/TiO2 it is 14.0%, while the bimetallic PdZn/TiO2 has a value
of 54.6%. It is also notable that the PdZn/Ga2O3 shows high selectivity already at low
temperature/conversion (76.4%), whereas the Pd/Ga2O3 has low selectivity to
methanol (13.0%). Within experimental certainty limits (�2% on selectivity, and
�1% on conversion), CO2 conversion was noticeably lower over the two Ga2O3

supported samples at lower temperatures, compared with the others.
The incorporation of Zn into the Pd/TiO2 and Pd/Al2O3 catalysts resulted in

a signicant increase in methanol productivity, highlighting the importance of
the PdZn alloy. Additionally, a signicant decrease in methane selectivity was
observed over both these supports upon addition of Zn (Table 1). In these
examples, CH4 formation is greatly reduced to <1% with the other major product
being CO. Whilst DME was observed over Pd/Al2O3, reaching a maximum selec-
tivity of ca. 5% at 250 �C, none was detected over PdZn/Al2O3, further evidence of
the benecial effect of Zn addition.

Returning to the trend for the Pd/Ga2O3 catalyst, which shows a greatly improved
productivity above 200 �C, Fig. 3 and Table S1† illustrate the change in selectivity
over the reaction period for this catalyst. It is shown that, at 200 �C, methanol
selectivity increases steadily as a function of time under isothermal conditions,
from ca. 15% to ca. 35%. This trend indicates a change in the catalytic material,
which is suggested to be the formation of a Pd2Ga alloy, vide infra. This is further
highlighted by the reaction prole as a function of time at 225 �C, where methanol
selectivity increases to ca. 60%. In contrast, this signicant change in selectivity was
not observed for the PdZn/Ga2O3 catalyst, which can be attributed to the formation
of the PdZn alloy at the beginning of the reaction.35 Previous literature has stated
that the formation of the PdZn alloy is responsible for the increased activity,17,18,21,36

which the data here supports. The different trend shown for the Pd/Ga2O3 catalyst
suggests the formation of a different alloy species, as discussed below, whereby the
Pd2Ga alloy contributes to increased methanol formation from CO2.15

Catalyst characterisation

Surface areas. The specic surface areas are given in Table 2 and show
a considerable range of values from 14 and 23m2 g�1 for ZnO(C) and ZnO(F), to 54
Table 1 Methane selectivity for all calcined catalysts

Temperature/
�C

Pd/ZnO
(C)

Pd/ZnO
(F)

Pd/
TiO2

PdZn/
TiO2

Pd/
Al2O3

PdZn/
Al2O3

Pd/
Ga2O3

PdZn/
Ga2O3

175 0.0 0.0 6.0 0.7 4.2 0.0 0.0 0.0
200 0.1 0.0 9.8 0.8 8.7 0.4 0.1 0.1
225 0.0 0.1 16.3 0.9 15.6 0.4 0.1 0.1
250 0.0 0.0 25.7 1.1 25.2 0.5 0.1 0.1
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Table 2 BET surface area analysis

Sample Surface area/m2 g�1

ZnO(C) 14
ZnO(F) 23
TiO2 (P25) 54
g-Al2O3 168
Ga2O3 6
PdZn(1 : 5)/TiO2 (post reaction) 31
PdZn(1 : 5)/Al2O3 (post reaction) 124
PdZn(1 : 5)/Ga2O3 (post reaction) 12

Fig. 3 Product selectivity dependence on run time, at different isothermal temperatures
for the calcined Pd/Ga2O3 catalyst. The methane never exceeds 0.2% (Table S1†).
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and 168 m2 g�1 for TiO2 and Al2O3, respectively, and 6 m2 g�1 for Ga2O3. From
analysis of the post-reaction samples, PdZn/TiO2 and PdZn/Al2O3 showed
a modest loss of surface area, whereas the specic surface area of PdZn/Ga2O3 has
increased. The increase may be due to the restructuring of the catalyst in situ.
Methanol productivity (Fig. 1) has no clear relationship to the specic surface area
of the catalysts. The highest productivity was achieved over the Pd/ZnO(F) of
>4000 mmolMeOH h�1 kg�1 at 250 �C, yet this sample has a relatively low surface
area of ca. 23 m2 g�1. It must be noted, that in our recent publication we found
little change in performance of a series of Pd catalysts on ZnO supports, where the
ZnO area changed by a factor of ten.24

XRD analysis. The formation of PdZn and Pd2Ga alloys (Fig. 4–6) has been
investigated by ex situ and in situ powder X-ray diffraction (XRD). For ex situ XRD,
the diffraction patterns of Pd/ZnO, Pd/Ga2O3 and PdZn/Ga2O3 catalysts were
recorded, both aer calcination and post reaction. For post reaction samples, the
catalysts were recovered, sieved, and re-ground to a ne powder for analysis aer
testing for CO2 hydrogenation. Additionally, in situ XRD experiments were
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 193–211 | 201
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Fig. 4 (a) X-ray diffraction pattern of ZnO(F) (black), calcined Pd/ZnO(F) (red), and post
reactor Pd/ZnO(F) (blue). (b) In situ XRD of Pd/ZnO(F). Following alloy formation under
reducing conditions (5% H2/Ar, 50–500 �C, 50 �C steps).
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performed to further probe the structure of the catalysts while ramping the
temperature under a reducing atmosphere (5% H2/Ar), with a temperature range
of 50 �C to 500 �C, investigated at 50 �C intervals.

Fig. 4a shows that for the Pd/ZnO post reaction sample, PdO reections (33.6�

and 41.9�, JCPDS 00-006-0515) from the calcination of the Pd(acac)2 precursor are
transformed to the PdZn alloy as a result of being exposed to the reaction
conditions (see Experimental). The reections observed at 41.2� and 44.2� are
characteristic of the (111) and (200) planes for the 1 : 1 b-PdZn alloy (JCPDS 01-
072-2936). The PdZn reection at 41.2� also shows a broad shoulder at 40.1�

suggesting the presence of a small amount of Pd0 (JCPDS 00-005-0681). The in situ
XRD of Pd/ZnO (Fig. 4b) showed a broad reection with low intensity at 40.1� from
reduction at 50 �C, which can be assigned to Pd0. This decreases with increasing
temperature and, at 350 �C, an increase in the intensity of reections at 41.2� and
44.1� are observed, corresponding to the 1 : 1 b-PdZn phase. Increasing the
reduction temperature to 500 �C leads to further alloying of Pd to PdZn as indi-
cated by the increasing intensity of the PdZn reections, with no evidence for Pd0,
even at 400 �C. Previous studies suggested an initial reduction of PdO to Pd0,
leading to hydrogen spillover from the Pd to ZnO, resulting in the formation of
the PdZn alloy as the oxide reduces.35,37,38

Fig. 5a shows that for Pd/Ga2O3, an alloy is also formed from PdO under
reaction conditions, in this case the Pd2Ga alloy. This is indicated by the reec-
tions at 39.6�, 40.1� and 41.3� (JCPDS 01-071-8664) in the post reaction sample.
However, it is also possible that the reection at 40.1� could be due to the pres-
ence of some Pd0, as suggested by the XPS results (Fig. 8b). Similarly, the Pd2Ga
alloy formation is evident under reducing conditions in the in situ XRD (Fig. 5b).
Pd0 is initially detected at lower temperatures at 40.1�, but at 300 �C a shi is
observed, leading to the growth of Pd2Ga as evidenced by reections at 39.6�,
40.2�, 41.2�.

In the case of PdZn/Ga2O3, ZnO is formed following calcination, as can be seen
from the reections at 34.4�, 36.3� and 47.5� (JCPDS 00-005-0664) (Fig. 6a). Under
reaction conditions, ZnO reections are preserved and as previously observed, the
PdO formed upon calcination forms a metal alloy. The PdZn alloy reections are
observed at 41.2� and 44.1�, however, an additional reection is present at 40.1�,
202 | Faraday Discuss., 2023, 242, 193–211 This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) X-ray diffraction pattern of Ga2O3 (black), calcined Pd/Ga2O3 (red), and post
reactor Pd/Ga2O3 (blue). (b) In situ XRD of Pd/Ga2O3. Following alloy formation under
reducing conditions (5% H2/Ar, 50–500 �C, 50 �C steps).

Fig. 6 (a) X-ray diffraction pattern of Ga2O3 (black), calcined PdZn/Ga2O3 (red), and post
reactor PdZn/Ga2O3 (blue). (b) In situ XRD of PdZn/Ga2O3. Following alloy formation under
reducing conditions (5% H2/Ar, 50–500 �C, 50 �C steps).
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which could be assigned to Pd0 or the Pd2Ga alloy. It is possible that Pd0 is also
present in the Pd/Ga2O3 post reaction diffraction pattern, but this reection is
obscured by the Pd2Ga alloy. Observed via in situ XRD, the b-PdZn phase domi-
nates for PdZn/Ga2O3, as seen with the increasing intensity of reections at 41.4�

and 44.1� from a temperature of 350 �C and above. There is no evidence for the
Pd2Ga alloy, indicating that the PdZn alloy is favoured over Pd2Ga in this envi-
ronment, which agrees with the ex situ analysis of post-reaction PdZn/Ga2O3.
Despite Pd2Ga having a more favourable heat of mixing (Fig. 10), the enthalpy of
formation of Ga2O3 and ZnO are reported as �1089.1 kJ mol�1 and
�350.5 kJ mol�1, respectively,39 which suggests that Zn is more readily reduced
into the alloy.

Whilst some differences were observed between the ex situ XRDmeasurements
of post reaction samples and in situ experiments, it is important to note that there
were differences in the conditions: in situ XRD experiments were performed at
atmospheric pressure under dilute reducing conditions up to a temperature of
500 �C, whereas post-reaction samples were exposed to CO2 hydrogenation
reaction conditions for an extended period of time. Additional reections
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 193–211 | 203
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observed in the in situ XRD experiments at 35.5� and 44.7� were a result of the
sample holder (Fig. S1†).

Scanning transmission electron microscopy. Scanning transmission electron
microscopy (STEM) was used as further verication of alloying in a selection of
samples. HAADF-STEM images and elemental maps, using energy dispersive X-
ray spectroscopy (EDXS) of Pd/ZnO, Pd/Ga2O3 and PdZn/Ga2O3, were acquired,
where each sample had been reduced at 400 �C for 1 h in 5% H2/Ar (Fig. 7). In the
Pd/ZnO sample, alloying of Pd and Zn can be observed in the displayed EDX
maps, as has been observed previously.24 A clear ordered structure can also be
seen in the HAADF-STEM images (Fig. S2a†), which is indicative of an ordered
PdZn alloy.

Although the EDX mapping is not so clear regarding alloying, nevertheless the
spectrum in Fig. 7b clearly shows alloying between Pd and Ga in the analysed
nanoparticle in the Pd/Ga2O3 sample, where Ga is detected in a spectrum ob-
tained solely from a metallic nanoparticle. The atomic-resolution HAADF-STEM
images of particles in the Pd/Ga2O3 show larger particles than in the other
samples (Fig. S2b†). In terms of the PdZn/Ga2O3 sample (Fig. 7c), the STEM-EDX
data is supportive of the preferential formation of the PdZn alloy, without the
presence of Ga in the metal particles. The extracted elemental maps show a clear
correlation between Pd and Zn, and the corresponding spectrum shows only
small amounts of Ga which could arise due to the proximity of the support.

X-ray photoelectron spectroscopy. To further study the extent of alloying in the
post reactor catalysts, the samples were characterised by X-ray photoemission
spectroscopy (XPS), as shown in Fig. 8 and 9. Following calcination, Pd2+ is
observed at 336.2 eV, which corresponds to PdO (Fig. 8a). In the post reaction
sample, the peak shis towards lower binding energy, corresponding to Pd metal
(334.4 eV) and Pd alloying (335.1 eV), the shi being due to the local change in the
Fig. 7 STEM-EDX data demonstrating the alloying of nanoparticles after reduction at
400 �C for (a) Pd/ZnO, (b) Pd/Ga2O3 and (c) PdZn/Ga2O3. The EDX spectra (right) are taken
from the red box indicated on the corresponding HAADF-STEM image. EDX maps are
produced from a sum of all counts around the Ka peak (for Ga, Zn and O) or the La1 peak
(for Pd). Peaks are labelled with corresponding elements in the spectra for ease of
interpretation.
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Fig. 8 Pd(3d) XPS for Pd/ZnO, Pd/Ga2O3, PdZn/Ga2O3 after calcination and after reaction.
Pd metal, alloyed Pd and PdO in the peak fitting are represented in green (334.4 eV), blue
(335.1 eV), and purple (336.2 eV) respectively.

Fig. 9 Overlay of Ga(3d) XPS for (a) Pd/Ga2O3 and (b) PdZn/Ga2O3 for calcined (red) and
post reactor (green) samples.
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Pd environment.40 Likewise, Fig. 8b and c, indicate Pd alloys have been formed
under reaction conditions.

Fig. 9a shows the formation of reduced Ga for the Pd/Ga2O3 catalyst in the post
reaction sample, indicating the alloy formation. In contrast, there is negligible
evidence of reduced Ga present in PdZn/Ga2O3 (Fig. 9b), suggesting the PdZn alloy
is favoured rather than Pd2Ga. This provides good evidence that the reection
observed at 40.1� in the post reaction XRD analysis of PdZn/Ga2O3 can be
attributed to the presence of Pd0 rather than Pd2Ga, as XPS does not support the
presence of any reduced Ga species. Clearly, under reaction conditions changes
can be observed with the Pd nanoparticles when a suitable metal oxide is present,
in this case, either ZnO or Ga2O3.
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 193–211 | 205
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Mixing energy of the alloys. The heat of mixing (Emix) has been investigated by
density functional theory (DFT) using the FHI-Aims soware package, as dis-
cussed above. Emix was calculated using bulk structures available from the ICSD
(Inorganic Crystal Structure Database), and calculated using the following
equation:

Emix ¼ Etot � ðð1� xÞEPd þ xEMÞ
n

where Etot is the total energy of the structure calculated, n is the total number of
atoms in the structure, M represents Zn, Ga or In, x is the concentration of M, EPd
is the energy of Pd in its stable face cubic centre (FCC) phase, EM is the total
energy of the M bulk system in its stable phase: Zn in the hexagonal close-packed
structure (HCP) phase, Ga in the FCC phase and In in the tetragonal body centred
(TBC).

For PdZn, three different compositions were investigated (33.33, 50 and
66.66% of Zn). For PdIn, six different compositions were studied (25, 33.33, 37.5,
50, 60 and 70% of Zn) and nally for PdGa, ve compositions were assessed (30,
33.33, 37.5, 50 and 70% of Zn). Fig. 10 shows Emix for the three alloys. For PdGa
and PdZn, systems with 50% Pd have the lowest Emix, with the range varying from
�0.44 eV per atom to �0.81 eV per atom. Overall, PdGa has the most exothermic
Emix, compared to PdIn and PdZn. We have limited experimental data for PdIn, so
will report these later when they are more complete, but what is clear is that
a variety of alloy compositions should be accessible, whereas for PdZn there is
a clear maximum heat of mixing at the 50% alloy.

For PdZn alloys, we have so far only found the 1 : 1 alloy forming experi-
mentally, and the reason for this appears to be the high Emix at this ratio. The
Pd2Ga alloy was formed experimentally in the Pd/Ga2O3 catalyst, which is found to
give good selectivity to methanol (Fig. 2). Clearly it also has a signicantly
exothermic Emix, and no other ratios with similar Emix were found to be present. It
is likely that the competitive phases will be formed when varying the ratios of Pd
and Ga in the right way. It is shown from the PdZn/Ga2O3 catalyst that when Zn is
Fig. 10 Heat of mixing for Pd alloyed with Zn, Ga, and In.
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present, Pd is unable to alloy with other metals, as shown by XRD analysis (Fig. 6).
It appears that Zn still dominates alloying, even though the heat of mixing with Ga
is higher. As previously suggested, the enthalpy of formation of Ga2O3 and ZnO
have been reported as �1089.1 kJ mol�1 and �350.5 kJ mol�1, respectively,39

suggesting that Zn is more readily reduced into the alloy compared with the more
stable Ga2O3.

To understand the alloys in a little more detail, electron distribution was
considered. The Mulliken charges of the atoms were calculated and are presented
in Fig. 11. The transfer of charges is always fromM (Ga, Zn and In) to Pd, and it is
more pronounced for PdZn (�0.46) compared to PdGa (�0.40), which implies
a potential for lling the d-band of the alloys.
Fig. 11 Mulliken charges for, from left to right, PdIn, PdZn and PdGa alloys. Pd is repre-
sented by the blue spheres, while In, Zn, Ga are represented by the greyish spheres. The
increased charge is on Pd in each case.

Fig. 12 Density of states of Pd (top left), PdZn (top right), PdGa (bottom left) and PdIn
(bottom right). Energy values are normalised against the Fermi level of the system.
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The density of states (DOS) were calculated for Pd, PdZn, PdGa and PdIn and
these are presented in Fig. 12. The Pd DOS shows one large peak in the range of
�5.5 to 0.5 eV, corresponding to the Pd 3d orbitals with a nearly complete d shell,
and with the d orbitals crossing the Fermi level. For PdZn, the d-orbitals are
shied deeper and away from the Fermi level at 7.5 eV, mainly due to Zn 3d
electrons, while the other peaks, from�5 to�1 eV, have Pd and Zn contributions:
the latter has lower intensity compared to the former, indicating a lower electron
population in this range. These results are in agreement with Armbrüster et al.41

where the authors have shown similar intensities and positions for the 3d peaks.
The PdGa and PdIn DOS, which are also in Fig. 12, are similar in appearance.

For both alloys, Pd, In and Ga contribute equally to each of the two peaks
observed, with the peak from 6 to 2 eV, having the highest intensity.

Comparing the DOS of the three binary alloys, the contribution of the Pd and
Zn orbitals in the low energy range indicates some orbital overlap, which may be
the reason for the preferred stability of the PdZn alloy, compared to the other two
binaries.
Conclusions

Pd/Al2O3, Pd/TiO2, Pd/Ga2O3, Pd/ZnO, and PdZn analogues of these materials,
have been synthesised and tested as catalysts for the hydrogenation of CO2 to
methanol. Methanol selectivity was observed to be signicantly higher for Pd
alloy catalysts versus the monometallic counterparts. Methanol selectivities of
11.7% and 46.9% were achieved over Pd/TiO2 and PdZn/TiO2 at a reaction
temperature of 250 �C, with similar improvements in methanol selectivity
observed for PdZn/Al2O3 compared with Pd/Al2O3. The relationship between CO2

conversion and methanol selectivity for PdZn/Ga2O3 fell within an established
selectivity–conversion relationship for PdZn, due to the formation of the b-PdZn
1 : 1 alloy, even in the presence of Ga2O3. Interesting behaviour was observed for
Pd/Ga2O3 with methanol selectivity increasing as a function of reaction time at
temperatures of 200 and 225 �C. These changes with time were indicative of
increasing Pd–Ga alloy formation with increasing reaction time and
temperature.

Aer the reaction, the catalysts were characterised by XRD and XPS, and
compared with the calcined materials before reaction, in order to probe the
nature of the alloys formed. The b-PdZn 1 : 1 alloy was formed in all Zn containing
materials, including PdZn/Ga2O3, whereas Pd2Ga was formed for the Pd/Ga2O3

catalyst. These results were corroborated by in situ XRD experiments under
reducing conditions and STEM-EDX data of reduced materials.

Density functional theory (DFT) was used to calculate the heats of mixing of the
alloy components for a variety of alloy compositions to rationalise the observed
alloy formation, and these conrm highly exothermic values for PdZn and PdGa
alloy formation. They show a strongmaximum in heat of mixing for the 1 : 1 PdZn
alloy, indicating why no other alloy phases are found. However, the heat of mixing
for formation of the Pd2Ga alloy is signicantly higher than that for PdZn, and yet,
for PdZn deposited on Ga2O3, Ga alloying does not occur. This is likely due to the
lower stability and ease of reduction of ZnO compared with Ga2O3, highlighting
also the role of relative oxide stability in alloy formation.
208 | Faraday Discuss., 2023, 242, 193–211 This journal is © The Royal Society of Chemistry 2023
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