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The behaviour of Pd deposited on GapO3 and InyO3 by CVI is compared for the hydrogenation of COy to
methanol. Ga;0j3 alone is inactive, but In,O3 has good conversion, and selectivity as high as 89 % to CH3OH. The
addition of Pd to the catalysts had relatively little effect for InyO3, but in contrast, the addition of Pd to Gay0s,
has a very big effect, inducing high activity and selectivity to methanol. Both oxides form Pd intermetallics -
PdoIng and PdyGa. However, for the In catalysts there is also a thick (~3 nm) overlayer of the oxide, while for the
Ga catalyst there was no such overlayer. Hence this is why addition of Pd to the Indium catalysts has relatively

little effect on performance compared with Ga. Furthermore, the effect of Pd and Zn co-deposition on Ga20s and
In.0s was investigated, as well as the effect of the support morphology. Upon co-deposition of Pd and Zn, and
after reduction, the PdsIng catalyst remains phase stable, whereas the Pd,Ga alloy is replaced by PdZn, and is

improved in methanol yield.

1. Introduction

Reducible metal oxide supports are attractive in catalysis due to their
ability to carry out catalytic reactions in their own right (for instance
Fes(Mo0y4)3 for methanol selective oxidation [1,2]), they can influence
the properties of metal nanoparticles deposited on them (for instance,
changing the charge state of Au [3,4]) or they can form alloys with them
[5,6]. InyO3 has gained interest in catalysis, and the formation of
In-based alloys, such as Pd-In, have shown promise as bimetallic cata-
lysts for COy conversion. Alloying can tune the surface electronic
properties, encourage CO» adsorption, and increase selectivity to
methanol [7-10] Aside from the traditional heterogeneous catalysts
which are often a metal-supported materials, In,O3 displays unique
properties without any metal promoters/co-catalysts. It has emerged as
a selective catalyst for CO, hydrogenation, since it seems that surface
oxygen vacancies play a critical role in CO3 activity, can aid in hydrogen
activation, and can stabilise the key formate intermediate for methanol
synthesis. In-depth studies of the active sites and mechanism are still
somewhat limited, however DFT calculations on In,O3 are often a
complementary approach to experimental data and aid in the
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understanding of adsorption and the activation of COy [11-13]. Several
studies and reviews have offered insights into CO, hydrogenation using
Iny03 and its selectivity towards methanol, its stability, and the mech-
anism of the reaction [14-18].

There are three crystal structures for In,O3: cubic bixbyite (c-InyO3),
hexagonal corundum (h-Iny03) and orthorhombic (0-Iny03) [19]. Wang
et al. reported that c-In,O3 exhibited a higher rate for the reverse water
gas shift (RWGS) reaction than h-InyOs, indicating the important role of
the crystal phase during the reaction [20]. The authors attributed this to
increased COy and Hj activation due to the formation of oxygen va-
cancies on the surface of c-InyO3. For methanol selectivity, Dang et al.
suggested that h-InpO3 could exhibit the highest activity and methanol
selectivity due to a high proportion of exposed (104) surfaces [21]. Bielz
et al. reported that for InyOs in a reductive environment, the formation
of oxygen vacancies led to high CO; selectivity for the methanol steam
reforming reaction (MSR) [22]. Several DFT studies have shown that
Iny03 is active for CO, hydrogenation to methanol and that the activa-
tion energy for methanol synthesis is lower than that for the RWGS re-
action [23,24]. High activity was also attributed to the cyclic formation
and annihilation of oxygen vacancies. Martin et al. showed that
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improved activity for CO, hydrogenation to methanol could be obtained
by incorporating ZrOy with InyO3 [25]. The study further highlighted
that oxygen vacancies can act as active sites and were responsible for
excellent catalytic performance. Methanol selectivity reached 100 % at
300 °C and 50 bar. The number of active sites was increased by adding
CO to the gas feed, and electronic interactions from ZrO; contributed to
excellent stability of over 1000 h on stream [25].

Incorporating metals such as Pd, Pt, or Rh have been shown to pro-
mote Hy activation and aid hydrogen spillover [8,26,27]. Sun et al.
investigated the role of InyOs-supported Pt catalysts for CO, hydroge-
nation [28]. They found Pt/In,03 highly selective towards methanol and
used DFT calculations to investigate the reaction mechanism. Their re-
sults indicated electron transfer from InyO3 to the Pt4 cluster, and this
interfacial site promoted the dissociation of COj, suggesting the
importance of SMSI effects and the more significant role of In,O3 in CO4
hydrogenation.

When investigating Ga;O3 as a support it is important to note that
there are a variety of GapOs phases, including a-GayOs, B-GazOs,
v-Gay03, 8-Ga03, and e-Gap03, which could impact catalytic behaviour
[29-31]. Sharma et al. investigated diverse structural and electronic
features of Gay0s, highlighting the role of Ga®" at the tetrahedral and
octahedral sites and the behaviour regarding the various oxygen sites
[29]. Amongst metal oxide supports, GayOs possesses interesting
structural and electronic properties [29,32] and has been explored as a
support for metal nanoparticles for CO, hydrogenation to methanol
[33-36].

The PdyGa alloy has been studied for methanol synthesis from COy
hydrogenation [37-41]. Fuyjitani et al. investigated various 10 wt% Pd
catalysts supported on different metal oxides and reported methanol
yield at 5 MPa and 523 K in the order of GazO3 > ZnO > Al;03 > TiOy ~
Cry03 > SiO3 =~ ZrO, [37]. Pd/Gay03 gave rise to 10.1 % methanol yield.
In contrast, Cu/ZnO resulted in only 4.2 % methanol yield [37]. The
authors attributed this to the optimal concentration of Pd"" stabilised by
Ga,Oy, and the mechanism occurring on Ga,O3 is less favourable to the
RWGS reaction, unlike Pd supported on TiO3 or Al;03 which often re-
sults in high CO selectivity. Manrique et al. also attributed enhanced
methanol selectivity for Pd/Gap03 catalysts but attributed this to the
formation of Pd-Ga bimetallic nanoparticles, which reduced RWGS ac-
tivity compared to monometallic Pd nanoparticles supported on SiO5
[38]. The nature of the active sites in Pd-Ga catalysts were studied
further by varying the molar ratio of Pd/Ga in PdGa/SiO» catalysts [39].
Here it was shown that when the Pd/Ga ratio was equimolar, the highest
rate of methanol production was achieved. The Pd;Ga alloy was
observed with small amounts of excess Ga,O3 on the surface. However,
when the Pd/Ga ratio was increased further, a layer of GayO3 covered
the PdyGa active sites which was detrimental to catalytic activity.
Therefore, excess GapO3 showed negative consequences to this system.
EXAFS studies were utilised to show the thin layer of GayO3 over the
Pd,Ga nanoparticles on the SiO, support [40]. However, in contrast to
this, Liu et al. found depositing a thin layer of Ga;O3 over Pd/Gay0s3, via
atomic layer deposition (ALD), aided in the formation of a Ga-rich alloy
post-reduction which enhanced TOF values almost 10-fold [41].

We compare commercial InpO3 and Gap03 supports and their high
surface area versions (prepared by ammonium carbonate precipitation)
for their ability to catalyse the conversion of CO3 and H; into methanol.
We then go on to investigate the influence of adding Pd and Pd+Zn, their
reactive interactions with the support, the influence on their efficacy for
methanol synthesis and the overall mechanism of the reaction.

2. Experimental
2.1. Catalyst synthesis
Two forms of each oxide were used in this work, both commercially

available samples and in-house synthesised oxides. Commercial In,O3
(denoted as InpO3-1, 99.99 %, Sigma Aldrich) and Ga03 (GazOs3-1,
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99.9+ %, Sigma Aldrich) were used, and synthesised In,O3 (Iny03-2)
and Gay03 (Gap03-2) were made to compare with these.

Gay0O3 and Inp,O3 were synthesised via a precipitation method
adapted from a ZnO preparation method reported previously [42,43].
For Gay0s, stock solutions of Ga(NO3)3.xH0 (0.5 M, 99.999 %, Sigma
Aldrich), and (NH4)2CO3 (1 M) were prepared and stirred for 1 h. A
250 ml glass beaker was charged with 50 ml of the nitrate precursor
solution, followed by rapid addition of 50 ml (NH4)2CO3 solution under
vigorous stirring. The mixture was heated in an oil bath to 60 °C and
aged for 3 h. The precipitate was filtered, washed with 2 L deionised
water, and then dried in a conventional oven at 110 °C for 16 h. The
metal carbonate was calcined in air at 500 °C for 3 h. The above method
was also applied for the preparation of InpO3 using an In(NO3)3.xH50
precursor (99.99 %, Sigma Aldrich).

Metal loaded catalysts were prepared using a solvent-free deposition
technique called chemical vapour impregnation (CVI) and the Pd
loading was aimed to be 5 wt%. For the preparation of the Pd catalysts
Pd(acac)s; (99 %, Sigma Aldrich) and the oxide were physically mixed in
a glass vial for 1 min. The mixture was transferred to a Schlenk flask and
sealed. The tube was connected to a vacuum line and evacuated (~10~3
mbar). The tube was lowered into an oil bath preheated to 80 °C and the
temperature was increased to 133 °C and maintained for 1 h. The ma-
terial was then recovered and calcined in static air (500 °C, 5 °C/min,
16 h). The calcined sample was then reduced in 5 % Hy/Ar (400 °C, 5 °C/
min, 1 h). For PdZn catalysts the same procedure was used, mixing in Zn
(acac)y (99 %, Sigma Aldrich) with the Pd(acac), and the oxide, with a
Pd:Zn molar ratio aimed to be 0.2.

2.2. Characterisation

Microwave digestion of catalysts using aqua regia was used, followed
by ICP-MS to quantify total metal loading. The metal catalysts were
digested (10 mg of catalyst, 1 ml of aqua regia, microwave-assisted acid
digestion), filtered and diluted to a metal concentration of 10 ppm.
Metal concentrations were determined using an Agilent 7900 ICP-MS
with an I-AS autosampler.

Surface areas were analysed using a Quantachrome Nova 2200e in-
strument and calculated by the BET method. 5-point analysis was per-
formed at — 196 °C. Prior to BET analysis samples were degassed under
vacuum (150 °C, 3 h).

Powder X-ray diffraction (XRD) patterns were measured on a PAN-
alytical X’pert Pro powder diffractometer operating at 40 kV, 40 mA
using Cu Ka radiation (A = 1.54 x 10 %m) witha Ge (111) single crystal
monochromator.

In situ XRD measurements were recorded on a (6-6) PANalytical
X'pert Pro powder diffractometer. A Cu Ka radiation source (40 kV,
40 mA) was fitted with a position sensitive detector and an Anton Parr
XRK reaction cell. The gas flow was controlled through a Bronkhorst
mass flow controller, set to 30 ml/min (5 % Hy/Ar). The temperature
was ramped from 50 °C - 500 °C, at 40 °C/min, with measurements
conducted at 50 °C intervals.

XPS were recorded on a Kratos Axis Ultra-DLD photoelectron spec-
trometer, utilising monochromatic Al Ka radiation operating at 150 W
power (10 mA x 15 kV). All spectra were recorded using a pass energy of
40 eV and step size of 0.1 eV for high resolution spectra, whilst survey
spectra were recorded using a pass energy of 160 eV. All samples were
mounted for analysis by pressing onto silicone free double-sided adhe-
sive tape attached to a glass slide to allow isolation from the spec-
trometer. All data were acquired using a magnetically confined electron-
only charge compensation system, and the charge was corrected to the C
1 s signal at 284.8 eV. Transmission corrected XPS data were analysed
using Casa XPS software (v2.3.26 PR1.0 N) after subtraction of Shirley
background and using modified Wagner sensitivity factors as supplied
by the instrument manufacturer [44].

Scanning Electron Microscopy was performed on a Tescan MAIA3
Field Emission Gun (FEG - SEM) operating at 15 kV. Sample were
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mounted on adhesive carbon Leit discs and analysed uncoated.

Transmission electron microscopy (TEM) was performed on a JEOL
JEM-2100 operating at 200 kV. Energy dispersive X-ray analysis (EDX)
was performed using an Oxford Instruments X-MaxN 80 detector and the
data was analysed using Aztec software. Samples were prepared by dry
dispersion over 300 mesh copper grids coated with holey carbon film.

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 semi-angle of 23 mrad and a high-
angle annular dark field (HAADF) inner angle of 80 mrad were used
for data collection. Energy dispersive X-ray (EDX) spectrum imaging was
performed using a JEOL Centurio dual detector. Samples were subse-
quently also imaged using a probe-corrected 200 kV Thermo-Scientific
Spectra 200 Scanning Transmission Electron Microscope, at an accel-
erating voltage of 200 kV and with a convergence semi-angle of 30
mrad. The HAADF detector had an inner collection angle of approxi-
mately 56 mrad (outer angle of approximately 200 mrad). EDX spectrum
images were acquired on a Super-X detector using all 4 detectors.

Catalyst Testing. Catalytic testing for CO5 hydrogenation was carried
out using a 16-bed high throughput catalytic reactor, designed, and
manufactured by Integrated Lab Solutions GmbH (ILS). Integrated
Workflow manager, based on LabView software, was used to operate the
reactor with automation controlled by Siemens Win CC software. All
beds in the reactor were operated under the same reaction conditions,
with a fixed bed, continuous flow design. The gas feed was fed through a
capillary distribution system and Equilibar back pressure regulators
were used to control the pressure in each bed. To manage the reaction
temperature, a thermocouple was positioned inside each of the four
heating blocks, containing four beds each. Stainless steel reactor tubes
with an internal diameter of 4.00 mm were used. Pelleted catalysts
(0.5 g, 425-600 pm), mixed with F80 silicon carbide (mean particle size
190 um) were centred in the isothermal zone and supported on a bed of
F24 silicon carbide (particle size 750 um), to limit mass transfer. The
catalysts were reduced in situ in a flow of 5 % Hy/N» gas (400 °C, 1 h, 5°
C/min) prior to testing, and subsequently cooled to 125 °C under Nj.
The reactant gas composition used was 20 % COs, 60 % Ho, 5 % Ar, 15 %
N, with a flow rate of 30 ml min ! at atmospheric pressure. The system
was pressurised to 20 bar and left to stabilise for 4 hrs before beginning
the reaction. The reaction was conducted at 230 °C, 250 °C and 270 °C.
To limit product build-up in the downstream lines, a purge feed of ni-
trogen (30 ml min 1) was used and the downstream oven was set to 120
°C. The products were analysed via online gas chromatography (Agilent
7890B system with two flame ionisation detectors (FID) and a thermal
conductivity detector TCD). Argon was used as an internal standard.
Four injections per bed were taken at each temperature, and the Vici
stream selection valve was switched between the beds to allow sampling
of the products. From the moles of CO; in the calibration at 125 °C
compared to the moles of CO, at each temperature for each bed, CO,
conversion was calculated. Methanol, methane and CO were the main
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. Catalyst testing
errors were calculated by running 12 commercial Cu/ZnO/Al,03 (CZA)
standards using conditions stated.

3. Results and discussion
3.1. Iny0O3 and Gay03 structure

XRD was performed to determine the phase and crystallinity of the
commercial InyOs, and the synthesised InyO3, labelled as InyOs-1, InyO3-
2, respectively (Figure S1 and Table 1). The XRD reflections show a
highly crystalline material for In,O3-1 with a sharp, intense reflection at
30.6°. The diffraction peaks for both are indexed to the diffraction
pattern of cubic InpO3 (JCPDS 00-006-0416), but the synthesised InpO3
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Table 1
Properties of the oxide samples.
Sample Type Phase from XRD Particle Surface?
size/nm area/rnzg’1
In,03- Sigma Aldrich Cubic 56" 25
1 99.99 %
Iny03- Synthesised Cubic 12°¢ 94
2
Gay0;- Sigma Aldrich Monoclinic / 134" 8
1 99.9+ % p-Gaz03
Gay03- Synthesised Rhombohedral / 65 47
2 a-Gay03

2 determined from the (222) plane in XRD using Scherrer equation.
b using the (111) plane.

¢ using the (110) plane.

4 BET method.

shows much broader peaks, suggesting a small crystallite size of In,O3.
Average crystallite sizes were calculated using the Scherrer equation, see
Table 1. IngOs3-1 has a crystallite size of 56 nm, whereas the synthesised
Iny03-2 is much smaller at 12 nm. The specific surface area also reflects
the crystallite size, resulting in an almost 4-fold increase in surface area
for InyO3-2 of 94 m?/g (compared to 25 m2/g for InyO5-1).

For GayOs, again two forms of the material were used, one com-
mercial and one synthesised as described in the experimental section,
labelled as Gap03-1, Gap03-2, respectively. XRD was used to compare
the commercial and synthesised gallium oxide regarding phase, struc-
ture, and crystallite size Figure S2, Table 1. Amongst the five different
polymorphs of Gag0s, a-GazOs3 (rhombohedral) and $-GazOs3 (mono-
clinic) are the most common compared to y-GayO3 (defective spinel),
8-Gay03 (cubic), and e-Gay03 (orthorhombic) [29]. GayO3-1 shows a
monoclinic crystal structure compared to a rhombohedral crystal
structure for synthesised GayOs-2, Figure S2. Monoclinic (p-Gag03) is
the most stable polymorph and above certain conditions (> 600 °C), the
other polymorphs can convert into p-Ga203 [45]. Ga203-2 showed
broader Bragg peaks than GayOs-1, again indicative of smaller nano-
particles [46].

The materials were also characterised by FEG-SEM to explore surface
morphology. The SEM micrograph in Figure S3 for InpOs-1 shows that
platelets are formed, with evidence of some smaller clusters. Figure S4
shows the morphology of the prepared InyOs-2 with increased surface
area, and this shows finer aggregate particles. Commercial Gay03-1
comprises a porous rod-like structure, Figure S5a and b, with a surface
area of 8 m?/g (Table 1). In comparison, synthesised Ga,03-2 showed
much smaller rod-like structures (Figure S6a, b). Through precipitation
using ammonium carbonate, the surface area increased 6-fold to 47 m?/
g, Table 1.

As reported by others [14,15], indium oxide shows good selectivity
and activity to methanol during CO5 hydrogenation, whereas gallium
oxide seems to be inactive [6]. Similar behaviour was found here. The
relevant data for the reactivity of the materials used here is shown in the
next section which considers the effects of Pd addition.

3.2. CO2 hydrogenation on Pd loaded catalysts and the effect of Zn
addition

Table S1 summarises the elemental analysis and the surface areas for
the catalysts used. Pd loadings are synthesised to be 5 wt%, and when Zn
is incorporated, the Zn/Pd molar ratio used is aimed to be 5, equivalent
to ~15 wt% Zn. As can be seen the Pd levels are fairly close to these
values, though the Zn loading is generally somewhat lower, especially
for the commercial PdZn/Gaz03-1, at 10.7 wt%. Regarding surface area,
as shown in Table S1, commercial In,O3 has a surface area of 25 mz/g,
and when Pd is deposited onto InpOs-1, the surface area remains similar
at 22 m2/g, and incorporating Zn then reduced the surface area to
17 mz/g for PdZn/Iny03-1. The surface area of the synthesised InyOs3 is
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much higher than that of the commercial InyO3, with a surface area of
94 m?/g. However, with the addition of Pd and PdZn, the catalyst sur-
face area of InpO3-2 decreased significantly. Therefore, the high surface
area is not sustained during catalyst preparation. The GapO3 samples
also lose their area, but not to such a great extent: the synthesised ver-
sions lose ~ 40 % of their area during CVI and subsequent treatment
(Table S1).

All the catalysts were tested for CO, hydrogenation at three tem-
peratures after pre-reduction in situ in the reactor, and the results are
displayed in Fig. 1, Table S2 and Figs. S7-9. Most oxides we have
examined under these conditions have immeasurable conversion, but
this is not the case for InyOs, as reported by several authors previously
[14,15]. In the current work the conversion for both commercial and
synthesised oxides was significant, with the latter, shown in Fig. 1a,
having a little higher conversion. Commercial InoO3 has higher initial
selectivity, but this declines rapidly with increasing temperature, while
the decline for synthesised In,O3-2 is much less severe. Ga;O3 has no
activity under these conditions. We consider that the main reason for the
difference between the two oxides is reducibility, which in turn, for
these trivalent oxides, reflects their enthalpy of formation. The enthalpy
of reduction for the two oxides is ~80 kJ/mol for In,03 and 235 kJ/mol
for Gay0s.

Generally, when Pd is added to oxide catalysts by CVI small nano-
particles are formed (see electron microscopy below) and then there is a
significant increase in conversion. This is particularly so for ZnO [37,43,
47-50] and GagOs3 [37-41]. This is also true here for Pd/In;03 in Fig. 1,
but to a much lesser extent than with other oxides, since the In,O3 itself
is active. The conversion at 270 °C increases from 4 % to 6 %, while the
selectivity increases from 57 % to 75 %, and at 230 °C it is very high at
~88 % for both Pd/In203 catalysts. The conversion for GazO3 is much
higher than for the In catalysts, being approximately doubled at each
temperature, whereas the selectivity is lower, mainly due to the higher
conversion. Methanol production rates for these materials are shown in
supplementary Table S2 and Figs. S7-9 and in the associated text. The
highest productivities for the In-supported catalysts are achieved with
the Pd-loaded synthesised indium oxide catalyst, Pd/In;03-2, whereas
the opposite is the case for the Ga catalysts — the commercial sample has
the higher overall productivity. In Fig. 1 we have also shown data for
Pd/ZnO, also made by CVI of Pd, which produces a -PdZn 1:1 alloy
[51-54] after reduction. Here it can be seen that the activity is a little
higher than the GayOs materials under the same conditions, and the
selectivity is higher.

When Zn and Pd are co-deposited on InpOj3 catalysts, Fig. 1b and S7-
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S9 and Tables S1 and S2, the effects are slightly negative, both on ac-
tivity and selectivity. On the other hand, when Zn is added to the Pd/
Gay03 samples there is a positive effect, especially on conversion for
sample 2 (conversion at 230 °C increases from 4.5 % to 7 %) and more
for selectivity on sample 1 (increased from 50 % to 67 %). Hence in both
latter cases overall methanol productivity is enhanced by the addition of
Zn (Table S2).

Note that the best catalysts (the Zn based ones) are operating close to
equilibrium at the highest temperature (equilibrium conversion ~ 21 %,
methanol selectivity and yield ~ 19 % and ~4 % [55,56]), but not at
230 °C (see Table 2).

3.3. Catalyst structure and alloy formation

To understand these reactivity patterns characterisation of these
catalysts was needed, and the main techniques used were XRD, XPS and
electron microscopy, as follows.

3.3.1. Pd/Iny03 and PdZn/In,03

XRD patterns are shown in Figs. 2 and S10 for reduced Pd and PdZn-
supported catalysts on InpO3-1 and InyOs3-2. All of the InyO3 patterns
correspond to the cubic phase (JPCS 00-006-0416). PdZn/In,03-1 and
PdZn/Iny03-2 also show the characteristic reflections of ZnO at 31.8°,
34.4° and 36.3°.

Fig. 2 shows the reference pattern of indium oxide together with
those after addition of Pd and Zn. For the Pd/InyO3 samples, there is
clear differentiation of ~ 0.2° between reflections at 39.9 and 40.1°,
which could correspond to Bragg peaks from several contributions,
namely either Pd, PdIn or PdsIns. PdIn(110) may be in this precise re-
gion [51,52]. Additionally, the slight splitting of the reflection, which
could correspond to overlapping (110) and (012) PdaIng reflections at
39.9° and 40.1° could have a contribution from Pd(111), which is also at
40.1°. However, we eliminate the possibility of significant amounts of

Table 2
Equilibrium methanol conversion, selectivity and yields, taken from Zhong et al.
[55] and Shen et al. [56], compared with the best experimental yields.

Temperature/ Selectivity/ Conversion/ Yield/ Best experimental
°C % % % yield/%
230 54 18 10 4.5
250 35 19.5 7 6.0
270 19 21 4 4.5
(B) 100
—8— PdZn/In,0,-1
90+ —@— PdZn/In,0,-2
50 J —A— PdZn/Ga,0,-1
—¥— PdZn/Ga,0,2
< 70 .
= A, #---Pd/Zn0
= R
S 604
=]
[s]
L 504
[}
»
T 404
o
Im
5 304
20
10+
0 T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20

CO,, conversion (%)

Fig. 1. a) CO, conversion vs CH30H selectivity for the catalysts studied here. The three data points for each sample correspond to increasing reaction temperatures,
from left to right, of 230, 250, and 270 °C, also corresponding with increasing conversion. Data for Pd/ZnO are added for comparison. All the metal loaded catalysts
are made by CVI with a nominal 5 % weight loading. b) CO, conversion vs CH3OH selectivity for the catalysts in a) but now with Zn added (Pd:Zn molar ratio 0.2)

and compared with 5 wt% Pd/ZnO.
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Fig. 2. XRD reflections for In,03-1, Pd/In,03-1, PdZn/In,03-1, Pd/In,03-2, and PdZn/In,03-1 catalysts (5 wt% Pd, Zn/Pd = 5), after reduction (400 °C, 1 h, 5 %
H,/Ar).

Pd metal, since the (200) Bragg peak at 48.5° is missing. So, we consider reflections have been much reduced in the Pd pattern (simply due to
the peaks at 39.9 and 40.1° to be from the Pd;Ins alloy. Additionally, at changes in machine intensity), whereas the 57.7° reflection remains at
57.7° a reflection corresponding to PdyIns should also be observed but the same intensity because there are contributions to it from both the
this overlaps with an InyO3 reflection. However, the other Iny,O3 Iny03 and the PdyIng alloy. It is notable also that for Pd/ZnO catalysts
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the B-PdZn alloy (the characteristic 1:1 p-PdZn alloy reflections are at
41.4 and 44.1°) is readily formed upon reduction, but when Zn is added
here (Fig. 2) it does not form. The Pd;Inj alloy is preferred.

Garcia-Trenco et al. attributed enhanced methanol selectivity (>
80 %) to the bimetallic PdIn alloy [8]. Snider et al. also found that a
bimetallic PdIn compound in conjunction with an indium oxide phase
maximised methanol synthesis [53]. Similar catalytic performances to
PdIn were also found in a non-precious metal catalysts containing a
binary system of InNi [53]. However, Frei et al. synthesised a palladium
promoted InyO3 catalyst via coprecipitation and found it to be more
stable with higher methanol selectivity compared to the same catalyst
prepared by dry impregnation [54]. They proposed that PdIn was not
formed, but that palladium was atomically dispersed in the oxide matrix
increasing stability. The number of oxygen vacancies did not increase,
but favourable electronic properties enabled improved H, dissociation,
and the small size of the palladium cluster suppressed the RWGS and
promoted methanol [54].

XPS was employed to further investigate potential PdIn alloying, as
seen in Fig. 3. The binding energies at 334.9 eV indicate Pd metal,
suggesting the presence of Pd on the surface of InyOs3, Fig. 3a [8,9,53,54,
59]. However, a clear shoulder is observed in all of the samples at
335.8 eV, corresponding to a Pd alloy, in accordance with previous re-
ports in literature [8,55]. Some contributions by PdO can be observed in
Pd/Iny03-1 and Pd/Iny03-2 at 337.3 eV, most likely from exposure to air
before conducting the XPS experiments. It is notable that this is not so
obvious for the PdZn materials, implying more resistance to surface
oxidation.

Pd/Iny03-2 displayed the highest catalytic performance in this series,
and superior activity has often been associated with increased oxygen
vacancies [21]. Fig. 3b shows O 1s XPS data for Pd/InyOs-1,
PdZn/Iny03-1, Pd/InyO3-2, PAZn/InyO3-2. The 529.8 eV peak originates
from the oxygen in In-O-In (Ojqattice) [171, and the overlapping peak at
531.2 eV can be assigned to hydroxyl groups (OH) [37]. Table 3 displays
the ratio of the Ojytice and the O associated with hydroxyl groups in the
O 1 s XPS spectra. Pd/Iny03-2 displays fewer OH contributions, which
are commonly associated with OH adsorbing on oxygen vacancies, but
shows the highest catalytic performance in this series, in tentative
agreement with the proposals of Dang et al. [21]. Other than this there
was very little difference observed in XPS between the catalysts pro-
duced on the two different supports.

Previous studies have often utilised O 1 s XPS data to ascribe oxygen
species from the lattice, vacancy sites, defects, or surface hydroxyl
species. Idriss nicely described common misinterpretations in Ols
spectra when discussing oxygen vacancies in metal oxides [19]. It was
proposed that hydroxyl groups are detected in XPS at ambient condi-
tions. Dissociated water on the surface of the oxide may occur from
adsorption at oxygen vacancies. Based upon Idriss’s work, Frankcombe
and Liu employed computational modelling to ascribe appropriate fit-
tings in O 1s spectra from ZnO [18]. Lattice oxygen dominated at
530 eV, in this case, and an increase in binding energy was attributed to
surface water strongly binding, through chemisorption or surface hy-
droxyl groups. This provided critical insight into oxygen vacancy in-
terpretations of XPS data, contradicting many published articles.

Going forward, it seems more in-depth understanding and critically
reviewing data is required for assigning oxygen vacancies. It must be
noted that the work examined ex situ experiments; therefore, the

Table 3

The Ojattice/OH ratio for Pd and PdZn supported on

In;03.
Catalyst Ohattice/OH
Pd/In,05-1 1.2
PdZn/In,03-1 1.2
Pd/In,05-2 1.7
PdZn/Iny03-2 1.3
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importance of in situ characterisation will aid in improving these limi-
tations of surface -OH species. The peaks in the region of ~529.6 eV are
related to the overlapping of the 02 associated in ZnO (previously re-
ported at 529.8 eV) and the O 1 s peak relating to the lattice O in InpO3
[20].

Further support for alloy formation from XPS is given in the sup-
plementary text and Figure S11

To investigate morphological differences and particle sizes after the
addition of Pd and Zn, Fig. 4 displays the micrographs and the corre-
sponding histograms for particle diameter distributions for Pd/In,03-1,
PdZn/Iny03-1, Pd/Iny03-2, PdZn/Iny03-2 post-reduction catalysts (400
°C, 1 h, 5% Hy/Ar). The catalysts contain roughly spherical particles
with an average diameter of ca. 8-11 nm, an average for around 100
particles for each sample.

Interestingly, a rather thick shell-like overlayer, which might tenta-
tively correspond to InyOs, surrounds some particles upon magnification
(Fig. 5). Upon evaluation of the InpO3-1 and In,03-2 support, only Pd/
Iny03-1 and PdZn/Iny03-1 showed the presence of some voids perhaps
corresponding to a smaller Ojuice/OH ratio seen in the XPS O 1s
spectra, and perhaps due to the loss of In/InyO3 from the bulk to form
the alloy and the overlayer.

STEM imaging was utilised to investigate potential alloy formation
further. Bright-field imaging, High angle annular dark filed (HAADF),
and energy dispersive X-ray (EDX) mapping is shown in Fig. 6 for Pd/
Iny0-1 after reduction. A shell around the nanoparticle can be observed
in the BF imaging, similar to the previous TEM images. Nanoparticles
containing palladium can be clearly identified, but it also seems that
indium is incorporated. XPS data suggested Pd alloy formation; there-
fore, it is likely that a Pd-In intermetallic species has formed in the
nanoparticle. However, some presence of oxygen also suggests an In,O3
overlayer, which can be clearly seen in BF imaging due to greater
contrast compared to the HAADF image.

Additionally, Fig. 7 shows another BF image of Pd/InyOs3-1 with
lattice fringing. The d spacing in the nanoparticle is measured to be
0.3 nm, which could be the (011) plane of the Pd,Ing alloy. A shell is also
observed around the nanoparticle, most likely to be InyO3. Furukawa
et al. and Skala et al revealed a core-shell structure of PdIn/SiO,. The
structure comprised a PdIn core with an InpO3 composition shell [57,
58].

The catalytic reactivity between InyOs-1 and Pd/InyOs3-1 doesn’t
differ greatly, which could be attributed to the shell of InpO3 covering
the PdIn nanoparticle. There is some improvement in selectivity for Pd/
Iny03-2, as methanol productivity is improved by a factor of 2 compared
to Inp03-2 at 270 °C, suggesting that, although the oxide dominates
reactivity there are some positive synergistic effects between the metal
nanoparticle and InyO3 despite an observed shell, presumably due to
some electronic interaction with the underlying metal. However,
compared with the effects on performance of the Ga-based catalysts,
these changes are relatively minor, and the catalysts are less active than
the Ga versions.

3.3.2. Pd/Ga;03 and Pd/Zn0O/Gaz03

The series of reduced Pd and PdZn catalysts supported on GayOs3-1
and Gap03-2 were investigated by XRD, Fig. 8 (and supplementary
Figures S12, S13). Pd/Gaz03-1 maintains the monoclinic Ga;03 phase,
and the Pd,Ga alloy is detected at 39.7°, 40.2°, and 41.3°. Previous
studies have reported that a variety of alloys can be present simulta-
neously [6,59,60]. However, no other Pd-Ga intermetallic compositions
could be assigned when investigating the sample by XRD. PdZn/Gas03-1
shows the formation of the PdZn alloy, which seems to be preferred over
other intermetallic compounds, such as PdGa or PdZnGa [10].

With regards to Pd/Gay0s-2 (Fig. 8b), detection of PdyGa is more
challenging due to the overlap of rhombohedral reflections from the
support. The broad reflection around 40.3° might be due to the overlap
of multiple Pd-Ga alloys [61,62] with the GapOs reflection [41]. For
PdZn/Gay03-2, there is an overlap between the PdZn reflections and the
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20 nm
 —

Fig. 5. Examples of particles with an overlayer, a) Pd/In,O3-1, b) PdZn/In;03-1, ¢) Pd/In,03-2 (red circle indicates overlayer), d) PdZn/In,03-2.

Fig. 6. Brightfield and EDX elemental mapping with corresponding HAADF image for Pd/In203-1 after reduction (400 °C, 1 h, 5 % Hy/Ar).

support. However, the broad peaks at 43.9° are due to the (110) plane of
the PdZn alloy, in addition to the main reflection at 41.4°. ZnO re-
flections can be observed, suggesting excess ZnO is substantially avail-
able on the catalyst surface [6]. Interestingly, reflections at 30.4, 37.4,
43.5, and 57.4° are also detected for PdZn/Ga303-2 related to a ZnGa04
structure. Cored et al. found that changing the precipitating reagent to
NaOH in a co-precipitation method for Cu/ZnO/Gaz03, resulted in the

formation of Ga3* doped ZnO, while the utilisation of NH4HCO3 led to
the creation of ZnGas04 [61]. That study found that for CO» hydroge-
nation to methanol, surface enrichment of Ga®* doped into the wurtzite
ZnO lattice stabilised the Cu species and increased surface basic sites for
CO4 adsorption, leading to more favourable CO5 conversion and meth-
anol productivity compared to ZnGapyO4 [63]. However, Liu et al.
showed that the ZnGa;04 species was responsible for the hydrogenation
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Fig. 7. BF image of Pd/In,0Os3-1 after reduction.
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Fig. 8. X-ray diffraction patterns for a) Pd and PdZn supported on Gaz0Os-1, b)
Pd and PdZn supported on GayOs3-2. Catalysts are reduced at 400 °C, 1 h, 5%
Hy/ Ar.

of CO, to methanol due to surface oxygen vacancies providing CO5
activation sites via formate and methoxide species [64]. This perhaps
could correspond to a slight increase in CO; conversion that was
observed in PdZn/Gay03-2. However, CO production dominates over

Applied Catalysis A, General 679 (2024) 119735

PdZn/Gay03-2 (75 % selectivity at 270 °C). Liu et al. also showed that
coupling ZnGay04 with SAPO-34 suppressed the RWGS reaction and
SAPO-34 was responsible for C-C coupling reactions to Cy-C4 olefins
[64]. Meng-Jung Li et al. also showed the beneficial impact of incor-
porating Ga>* in Cu/ZnO due to the formation of ZnGa,04 [65]. They
suggested that the ZnGayO4 structure created an electronic hetero-
junction with an excess ZnO phase to account for the reduction of Zn**
to Zn® to form the active CuZn bimetallic nanoparticle [65].

To further investigate the extent of alloying for Pd and PdZn sup-
ported on synthesised Gay0s3, the samples were characterised by XPS as
shown in Fig. 9, and Figs. S12 and 13, and are compared to the XPS
spectra of Pd/Gay03-1 and PdZn/Gay03-1 after reduction. There is ev-
idence of Pd alloying across all catalysts (340.6 — 341.1 eV); however,
for Pd/Gag03-2 and PdZn/Gay03-2 Pd metal dominates at binding en-
ergies 334.8, 334.6 eV for Pd/Gay03-2, PdZn/Gay03-2, respectively.
From XRD, as discussed previously, the assignment for PdGa or PdZn
alloy formation is challenging due to overlapping reflections from
rhombohedral GayOs; however, XPS was used to gain further insight
into the nature of the metal nanoparticles and indicates formation of the
Pd alloy. Interestingly, it seems that the alloy can form more readily on
Gay0s3-1, compared to Gap0Os-2, as evident by the increased Pd metal
peaks in Fig. 9c and d. The PdZn alloy peaks in the XPS due to the
monoclinic Ga;O3 and the difference in alloy abundance could be
associated with different GasO3 polymorphs facilitating different rates
of hydrogen spillover by the metal nanoparticle under reducing condi-
tions [66,67].

For Pd/Gag0s3-2 it is likely that the peaks at 335.7 and 340.9 eV
correspond to Pd-Ga [10,41]. For PdZn/Ga0s-2 the Pd alloy peak is
similar to that observed in Pd/Gas0s-2, however, from previous in-
vestigations, it is likely that the peaks at 335.6 and 335.3 eV correspond
to PdZn [44] as seen previously with PdZn/Gay0s-1. Studies have shown
that the PdZn alloy is favoured over PdGa intermetallic species, despite
the favourable heat of mixing for PdGa alloys but rather due to the lower
stability of ZnO compared to Gay0s3, in a reducing environment, PdZn
alloy formation is favourable [10]. This highlights the role of the metal
oxide and its reducibility.

Average particle sizes and distributions for the Ga;O3-based catalysts
were evaluated using TEM (Fig. 10). Micrographs were obtained on
samples after reduction (5 % Hs/Ar, 400 °C, 1 h), and particle size his-
tograms were obtained using image J software [68]; 100-200 particles
were analysed for each catalyst to ensure representative particle size
distributions. The morphology differences of the support can be
observed; the higher surface area GayOs, synthesised by ammonium
carbonate precipitation appears more porous. A broad particle size
distribution and a high mean particle size of 12.7 nm is generated when
Pd is supported on GayOs3-1, whereas when incorporating Zn and
forming the PdZn alloy, a lower mean particle size is observed for
PdZn/Gay03-1 at 8.0 nm. As seen with PdZn/TiO,, adding Zn above a
Pd:Zn equimolar ratio increases methanol productivity, due to the
bifunctional mechanism of the formed PdZn alloy and contact with the
ZnO phase [4-6], it is therefore likely that the increase in methanol
selectivity for the PdZn/Gay0s-1 catalyst is due to the formation of the
PdZn alloy in contact with ZnO, rather than a particle size influence.

However, when Pd and PdZn is supported on Ga;0Os3-2, mean particle
sizes are smaller than that of Pd/Ga303-1 and little difference in particle
size is observed between Pd/Ga;0s3-2 and PdZn/Gay03-2, at 5.5 and
5.7 nm, respectively. The particle size distribution is relatively narrow
for Pd and PdZn supported on synthesised Gay0Os-2. However, for
commercial GayOs, it is evident that there is a wider range of particle
sizes. An increase in CO5 conversion is seen from 12 % to 16 % at 270 °C
for Pd/Gaz03-2 to PdZn/Gaz03-2, but the insignificant change in par-
ticle size between the two catalysts suggests that it’s the influence of the
PdZn alloy, ZnO and possibly the formation of the ZnGa04 phase that is
influencing CO, activation.

Scanning transmission electron microscopy (STEM) was used to
verify alloying in Pd/Gay03 and PdZn/Gay03. HAADF-STEM images and
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Fig. 9. Pd 3d XPS for (a) Pd/Ga,0s3-1, (b) PdZn/Gay03-1, (c) Pd/Gax0s3-2, and (d) PdZn/Ga,03-2 after reduction (400 °C, 1 h, 5 % H,/Ar) Pd metal and alloyed Pd in
the peak fitting are represented in green (~334.6 eV), blue (~335.7 eV), respectively.

elemental maps, using energy dispersive X-ray (EDX) spectroscopy of
Pd/Gay03 and PdZn/Gay03 were acquired, where each sample had been
reduced at 400 °C for 1 h in 5 % Hy/Ar (Fig. 11).

The upper panel of Fig. 11 clearly shows alloying between Pd and Ga
in the Pd/Gay0s-1 sample, and Ga is detected in the EDX spectrum
obtained solely from the highlighted metallic nanoparticle. Regarding
the PdZn/GayO3 sample (Fig. 11 lower panels), the STEM-EDX data
supports the preferential formation of the PdZn alloy without the pres-
ence of Ga in the metal particles. The extracted elemental maps show a
clear correlation between Pd and Zn, and the corresponding spectrum
shows a minor level of Ga present, which could arise due to the prox-
imity of the support.

HAADF-STEM was utilised to gain further insight into alloy forma-
tion in the GayO3 samples. Fig. 12 shows HAADF images for the com-
mercial Pd loaded catalysts. Since XRD shows the presence of the Pd;Ga
alloy, the d spacings shown in Fig. 12 are likely to correspond to Pd;Ga.
Due to the addition of ZnO, the lattice fringes were not identifiable for
PdZn/Gay0s-1, therefore d-spacing measurements were not taken.

HAADF-STEM images with corresponding EDX elemental mapping
revealed further information on the nature of the nanoparticle in Pd/
Gay03-2, Fig. 13. Pd and Ga EDX overlap, showing the presence of the
alloy, and according to the lattice spacing of 0.27 and 0.23 nm, a Pd;Ga
alloy can be identified. The Pd;Ga alloy is also supported by XRD where
the (112), (210) and (202) planes are assigned at 35.8, 39.6, and 40.1°.
From Ga EDX mapping, GayOs is at the base of the nanoparticle, as seen
from the oxygen EDX map, showing the interface of the Pd-Ga nano-
particle and the support. EDX mapping also confirms the infiltration of
Ga into the Pd nanoparticle supporting the formation of the Pd-Ga alloy.
However, the PdZn/GayOs3 catalyst, Fig. 13, shows Zn associated with
the Pd nanoparticles and not Ga, again confirming the preference for the
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PdGaZn system to form the PdZn alloy rather than the Pd,Ga alloy.

Fig. 14 shows the HAADF imaging with corresponding Pd, Zn, Ga and
O EDX mapping for PdZn/Ga03-2. Pd metal clearly dominates in the
nanoparticle with some association with Zn, likely corresponding to the
PdZn alloy, as XPS also suggested. ZnO appears also to cover the Ga03
support, because at this ratio of Zn:Pd (~5:1) there is excess Zn above
that required for PdZn alloy formation.

It appears that the PdZn alloy probably forms because of the CVI
process where the Pd and Zn acacs are intimately mixed at the surface of
the Gap03, combined with the difficulty of reducing the Ga oxide. This is
then very different from the InyO3 case, where the PdsIng alloy domi-
nates. As mentioned above the enthalpy of reduction for the two oxides
is ~80 kJ/mol for Iny03 and 235 kJ/mol for Ga03, and presumably this
is the main cause of the difference. InyOs is so easily reduced that it can
form the alloy even in the presence of Zn under the preparation condi-
tions. Note that the enthalpy of reduction of ZnO is similar to that for
Iny03, but much lower than that of Ga;O3. The presence of the Pd,Ga
alloy has a much more beneficial effect on the performance of the
catalyst than the PdyIns, presumably because the former is exposed to
reactants, and hence enhances hydrogen supply, than does the latter
which is coated in an indium oxide layer.

In terms of the mechanism of methanol synthesis, see Fig. 15, it is
apparent that a crucial component is a reducible oxide. This plays the
role of a redox agent, that is, it can oxidise the gas phase (thus forming
oxygen vacancies) and can then be re-oxidised by gas phase CO, (and
thus refilling the anion vacancies). The role of the metal is then to hy-
drogenate the intermediate on the oxide to the formate, which is iden-
tified by many authors as being the crucial intermediate to methanol
production. However, Pd itself is too active, since it strongly adsorbs CO,
and can dissociate it, resulting in both methane formation and CO
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Fig. 10. Representative TEM images at 30 kx and 100 kx, and particle size distributions of Pd/Ga»03-1 (a-c), PdZn/Ga,03-1 (d-f), Pd/Ga,03-2 (g-i), and PdZn/
Gay03-2 (j-1). All catalysts were reduced at 400 °C for 1 h (5 °C min~!) under 5 % Hy/Ar prior to analysis.
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Fig. 12. Representative HAADF-STEM image for (a) Pd/Ga;03-1 (b) PdZn/Ga,0s3-1 after reduction at 400 °C, 1 h, 5 % Hy/Ar.

production [43, 69,70]. Pure Pd is mainly an agent for the reverse water
gas shift reaction but produces significant amounts of methane too’°.
Alloying generally passivates the Pd to weaken the surface binding of
adsorbed CO and to prevent its dissociation, while still permitting
hydrogen dissociation. Indium oxide is a little different since, it appears
to be able to do the hydrogen dissociation quite efficiently, and so go
straight through to methanol. It is also different because when Pd is
present, and notwithstanding that a PdIn alloy is produced after
reduction, it plays little role in the reaction, because it becomes
encapsulated by indium oxide.

4. Conclusions

In 03 and GapO3-based catalysts were synthesised and investigated
for CO, hydrogenation to methanol. InyO3 is a unique material as it can
facilitate CO5 and H; adsorption and activation without promoters and
can produce methanol in high selectivity. There are some differences
between catalysts prepared using synthesised and commercial materials,
with the former having a much higher surface area than the latter.
However, even though the synthesised material has much higher area,
the activity is similar. Catalytic performance for the latter is improved a
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little by adding 5 wt% Pd by CVI, whereas for the commercial catalyst it
has relatively little effect. The high surface area of the synthesised oxide
is lost when adding Pd and subsequent processing. When Zn is added
both catalysts behave similarly, but the synthesised catalysts are slightly
more active. XRD, XPS and TEM all clearly show the formation of the
Pd,Ing alloy in the nanoparticles, but there is also considerable encap-
sulation of the metal nanoparticles by an oxide shell, probably In,O3.
This explains why, overall, there is relatively little change in perfor-
mance when the metal nanoparticles are present. It is to be noted also
that the PdyIng alloy is favoured, even when Zn is added, in contrast to
the GapOs catalysts.

In contrast to InpO3, GapO3 has no activity under these conditions of
synthesis and reaction. However, activity is significantly increased when
Pd nanoparticles are present, and the catalyst is much more active than
the equivalent In-based catalysts, with 34 times increased conversion.
Analysis shows the formation of an alloy after reduction, the Pd;Ga
alloy, but in this case an oxide coating on the metal particles is not so
evident. When Zn is added to the material, now the PdZn alloy is pref-
erentially formed. There is an increase in conversion and selectivity for
both the commercial and synthesised catalysts when Zn is added.
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Fig. 13. Representative HAADF-STEM image and EDX elemental mappings of Pd, Ga and O signals and merged Pd +Ga + O signals for Pd/Ga,03-2 after reduction

(400 °C, 1 h, 5 % Hy/Ar).

Fig. 14. Representative HAADF-STEM image and EDX elemental mappings of Pd, Zn, Ga and O signals PdZn/Ga,03-2 after reduction (400 °C, 1 h, 5 % Hy/Ar).
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Fig. 15. Illustrating the overall mechanism of methanol synthesis on metal/
oxide catalysts. These are a combination of a metal and reducible oxide. Cu is
the commercial catalysts which is not capable of any C-O bond scission. Other
late transition elements can be used, but only if in a passivated state (for
example, as here, by alloy formation} which removes adjacent metal sites/en-
sembles which can dissociate the CO bond and make methane. The role of the
metal is as a hydrogen dissociator to create anion vacancies in the oxide, which
are then annihilated again by removal of an oxygen atom from CO2, which is
then hydrogenated by spillover through to methanol. Yellow spheres —
hydrogen, green — carbon, red — oxygen and the large red sphere is a nano-
particle of the metal component.
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