BNl  ORCA - Online Research @ Cardiff

PRIFYSGOL

CARDYB

This is an Open Access document downloaded from ORCA, Cardiff University's
institutional repository:https://orca.cardiff.ac.uk/id/eprint/98223/

This is the author’s version of a work that was submitted to / accepted for
publication.

Citation for final published version:

Bahruji, H., Bowker, M. , Jones, W., Hayward, J., Ruiz Esquius, J.,, Morgan, D. J. and
Hutchings, G. J. 2017. PdZn catalysts for CO2 hydrogenation to methanol using
chemical vapour impregnation (CVI). Faraday Discussions 197 , pp. 309-324.
10.1039/C6FD00189K

Publishers page: http://dx.doi.org/10.1039/C6FD00189K

Please note:
Changes made as a result of publishing processes such as copy-editing, formatting
and page numbers may not be reflected in this version. For the definitive version of
this publication, please refer to the published source. You are advised to consult the
publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for
publications made available in ORCA are retained by the copyright holders.




PdZn catalysts for CO, hydrogenation to methanol using chemical
vapour impregnation (CVI)

H. Bahruji,® M. Bowker,*®* W. Jones®, J. Hayward, ?J. Ruiz Esquius,®D. J. Morgan®and G. J. Hutchings?

Abstract
The formation of PdZn bimetallic alloys on ZnO, TiO2 and Al.0s supports was investigated,
together with the effect of the alloy formation on the CO: hydrogenation reaction. The
chemical vapour impregnation (CVI) method produced PdZn nanoparticles with diameters
of 3-6 nm. X-ray photoelectron spectroscopy and X-ray diffraction revealed the changes in
structure of the PdZn alloy that helps stabilise formate intermediates during methanol
synthesis. PdZn supported on TiO2 exhibits high methanol productivity of 1730 mmol kgcat”
'h-lthat is associated with the high dispersion of the supported Pdzn alloy.
Introduction
In recent years the effects of global warming have attracted efforts to tackle the rising level of CO2 in the atmosphere by the
capture, storage and utilisation of this abundant carbon source. One such effort is the transformation of CO2 into methanol.
Olah et al. introduced the anthropogenic carbon cycle concept for utilising carbon dioxide for synthetic hydrocarbon products®.
In this concept methanol is used as a green starting chemical for the synthesis of fuels and various of synthetic hydrocarbon
products, and therefore CO, conversion to methanol is a crucial initial step®. However, the thermodynamic stability of CO:
means that significant amounts of energy are required for activation and conversion into value-added products. The choice of
catalysts is important to provide active sites for C-O bond dissociation and H-insertion in order to ensure high yields of
methanol. For the methanol synthesis to be considered green, the captured CO2 has to combine with Hz2 produced from a
sustainable source.
The first commercial methanol synthesis have been carried out since 1920s using ZnO/Cr,0s3 catalyst?. Cr.03 was added to ZnO
to improve catalytic activity and prolong the life of the catalyst. Currently Cu/ZnO/Al,Os catalyst developed by ICl have been
used for methanol synthesis using a mixture of CO2, CO and H:as feedstock® 3. The reaction was carried out at 50 - 100 bar and
200-300 °C. Studies on Cu catalysts concluded that the methanol productivity was strongly correlated with the specific surface
area of Cu® with Cu oxidation states® and the Cu-Zn interface® 7 also being significant factors. Cu-Zn species possess a
bifunctional catalytic property which is created through interaction between Cu and ZnO in close proximity®. Deactivation over
time is observed mainly due to the sintering of Cu metal®. Among the catalysts that have the potential for CO2 hydrogenation,
Pd has attracted interest due to the property malleability derived from the presence of a nearly full d-band. Pd/ZnO has higher
stability than Cu catalysts for the methanol steam reforming reaction® !, We previously found that Pd/ZnO catalysts can be
active for CO2 hydrogenation to methanol with the choice of preparation method and Pd precursor affecting the selectivity of
the products 2. The catalytic activity of Pd is strongly associated with the type of metal oxide support including ZnO3-%,
Ce02and Ga20s'"'°. Pd has a strong inclination to form intermetallic species with the ZnO when exposed at high temperature
under a reducing environment?’. Pd/ZnO transformed into Pdzn alloy under a reducing environment which subsequently
altered the course of catalytic reaction to favour methanol production over the reverse water gas shift reaction'?. For the CO>
hydrogenation reactions, the proximity between metal and substrate stabilized the intermediate formate species, which is
reported as the intermediate on Cu-Zn?! and PdZn alloy*2. In Cu-Zn systems, the formate intermediate can only be effectively
converted to methanol on Cu-Zn surface but not on Cu alone?2. The hydrogenation of formate occurs at temperature below its
decomposition which subsequently allows for complete hydrogenation to methanol?.

As in many heterogeneous catalytic systems, the dispersion of metal nanoparticles is important for enhancing the number
of active sites. The prevention of highly dispersed catalysts from area loss by sintering is a challenging task, and researchers
are conducting investigations into new catalytic preparation methods that improve nanoparticle dispersion and stability. The
chemical vaporimpregnation (CVI) method has been previously studied for nanoparticle deposition and can produce high metal



dispersion on support materials?#2®. In this method an organometallic precursor is heated under reduced pressure to induce
sublimation, but not at sufficient temperatures to cause decomposition. In this manner the organometallic is introduced from
the gas phase and is adsorbed on the metal oxide support and tends to form highly isolated metal nuclei. This method also
has the potential to enable the tailoring of the composition and morphology of supported nanoparticles in an easily accessible
and scalable manner 28, In the CVI method, the precursor sublimation step and deposition onto the support are not spatially
separated since the precursor and support are in intimate contact during the sublimation—deposition step. Studies previously
reported on Pd and Pt nanoparticles deposited via the CVI method onto TiO2 reveals narrow particle size distributions of 1.5-
2.8 nm?% 26,

Previous investigations into the reactivity of Pd/ZnO catalysts for CO2 hydrogenation reaction found that the activity of the
catalyst is strongly influenced by the method of catalyst preparation, the type of palladium precursor, and the annealing
treatment of the catalyst!2. In that work we compared the behavior of materials produced by incipient wetness impregnation
and sol immobilization methods. Here we report the activity of Pd catalysts on ZnO, TiO2 and Al.Os supports to clarify the
importance of the formation of the Pd-Zn alloy and the catalysts were synthesized using the CVI method with non-chloride
palladium precursors. This is important to eliminate the chlorine poisoning which can occur®. Chloride poisoning has been
shown to promote particle agglomeration and shift the products towards a reverse water gas shift reaction??.

Experimental
Chemical Vapour Impregnation (CVI) preparation

Catalysts were prepared using a CVI method based on previous work by Forde et al?°. This method was chosen in part
to avoid the use of solvents and chloride precursors, and in part for the highly dispersed metal species it produces. For 5% Pd
catalysts, ZnO, TiO2 or Al203 and palladium acetylacetonate (Pd(acac):) were placed into glass vial and mixed thoroughly. This
mixture was then transferred to a 50 ml Schlenk flask with the tube sealed. The tube was connected to a Schlenk line and was
evacuated at room temperature (~10% mbar). The mixture was heated at 145 °C for 1 hour. For PdZn catalysts, zinc
acetylacetonate (Zn(acac)z) was added to the initial precursor mixture at Pd:Zn atomic ratios of 1:1 to 1:10, followed by a
similar procedure. The sample was calcined in air at 500 °C for 16 hours to decompose the acetylacetonate precursors.

Catalyst Characterisation

The characterisation of the samples was performed using a range of techniques. Powder X-ray diffraction (PXRD)
patterns were obtained at room temperature with an Enraf Nonus FR590 diffractometer fitted with a hemispherical analyzer,
using Cu Ka radiation (A=1.54 A). X-ray photoelectron spectra (XPS) were recorded on a Kratos Axis Ultra-DLD XPS spectrometer
with a monochromatic Al ka source (75-150 W) and analyser pass energies of 160 eV (for survey scans) or 40 eV (for detailed
scans). Samples were mounted using a double-sided adhesive tape and binding energies referenced to the C (1s) binding energy
of adventitious carbon contamination which was taken to be 284.7 eV. Data were analyzed using Casa XPS software 7.

To provide detailed morphological and compositional information at micro and nano-scales, high-resolution
transmission electron microscope (HRTEM) system JEOL 2100 (LaB6) is employed. For the analysis, the material was ground
and mixed with water was placed on the TEM grid and dried. The instrument is equipped with a high-resolution Gatan digital
camera (2k x 2k) with a maximum resolution of 0.2 A giving us the ability to see crystal lattices, to obtain diffraction patterns
and giving accurate measurement of the lattice d spacing utilising Digital Micrograph software. In scanning transmission
electron microscopy (STEM) mode, dark field a HAADF/Z-contrast detector was used to provide excellent compositional
contrast. An energy dispersive X-ray spectrometer (EDS) system (Oxford Instruments), was equipped with a large-area 80 mm?
SDD (Silicon Drift Detector). X-MaxN 80 T was employed for the elemental analysis in line scans, and elemental mapping modes.

Catalytic testing
The catalytic performance of the catalysts for CO2 hydrogenation was determined in a fixed-bed continuous-flow reactor. A
catalyst (0.5 g, 425-500 um) was placed in a stainless tube reactor with i.d. of 0.5 cm and length 50 cm with the catalysts packed



in the middle of the tube, occupying a length of ~ 10 cm. Prior to the reaction, catalysts were pre-reduced in a flow of 5 % Ha/Ar
gas (30mL/min) for 1 h at 400°C under atmospheric pressure. The reactor was cooled to 250 °C and a mixture of CO; and H:
gases, (1 CO2: 3 H2 molar ratios) was introduced with a flow rate of 30 mL mint. The pressure was increased to 20 bar using a
back-pressure valve. All the post-reactor lines and valves were heated at 130 °C to avoid product condensation. The gas
products were analysed via online gas chromatography using an Agilent 7890 system with an FID and TCD. Nitrogen was used
as an internal standard. Reported values are given after 3 h of reaction under steady state unless otherwise stated.

Results

Catalyst characterization
XRD analysis

Catalysts were primarily characterized using X-ray diffraction (XRD) analysis to gain information about PdZn formation.
Previous studies on Pd/ZnO catalysts revealed that PdZn alloy was formed under H; at 200 °C but achieved high methanol
productivity when pre-reduced at 400 °C*2. Figure S1-S3 shows (supplementary) the XRD patterns of 5% Pd/Zn0O, 5% Pd:Zn
(1:10)/TiO2 and 5% Pd:Zn (1:10)/Al,03. Maud analysis software?® has been used to resolve the XRD peak into different
components. Detailed characterisation of the catalysts using XRD reveals that the tetragonal B-PdZn phase alloy was formed
on ZnO and TiO: as seen by the peaks appearing at 41° and 44°, and only B-PdZn (111) was clearly seen on Al20s. The intensity
of the peak varied on the different supports. The peaks corresponding to ZnO and the PdZn alloy were observed on 5% Pd:Zn
(1:10)/TiO2 and 5% Pd:Zn (1:10)/Al20s catalysts, implying that some of the Zn precursor was reduced to form the alloy
meanwhile some of the Zn was oxidised to ZnO during calcination. Based on the intensity of the ZnO peaks at 31.7, 34.4, 36.2,
47.5, 66, 68 and 69°, 5% Pd:Zn (1:10)/TiO2 shows less crystalline ZnO in the structure in comparison to 5% Pd:Zn (1:10)/Al20s.
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Fig 1. X-ray diffraction pattern for a. 5% Pd:Zn (1:1)/TiO2, b. 5% Pd:Zn (1:2)/TiO2; c. 5% Pd:Zn (1:5)/TiO2 ; d. 5% Pd:Zn (1:10)/TiO2
and e. 5% Pd:Zn (1:10)/Al20s. All the catalysts were calcined in air at 500°C for 16h followed by reduction in 5% Hz/Ar at 400°C

Figure 1 shows XRD patterns for the PdZn catalysts on TiO2 with varied Pd:Zn molar ratios (a-d) and 5% Pd:Zn
(1:10)/Al20s3 (e) at diffraction angles of 30° — 46°. For all of the catalysts, the PdZn peak at 41° (111) was clearly visible, but the

peak at 44° (200) was only apparent for PdZn on the TiO2 support, but not on Al203. At low Pd:Zn molar ratios (1:1 and 1:2),

Intensity, a.u

no peaks corresponding to ZnO were observed, indicating that the ZnO precursor was reduced to form PdZn alloy. For high
Pd:Zn ratios (1:5 and 1:10) the ZnO peaks were observed at diffraction angles of 32° and 34°.

XPS and XAES
XPS analysis was used to investigate the formation of the PdZn alloy and the level of carbon impurities on the catalyst
surface. In what follows it’s important to note that the samples have been exposed to air prior to XPS analysis. As is well known



this can lead to surface contamination by carbonaceous species, and may lead to oxidation of reduced species, and we will
consider these effects below.

Annealing the as-synthesised catalyst in air or hydrogen significantly affects catalytic activity, as reported below. The 5%
Pd/ZnO catalyst was separately treated in air and in hydrogen and was characterised using XPS analysis. The carbon 1s spectra
were used to determine the level of carbon contamination from acetylacetonate decomposition on the surface. Figure 2(i)
reveals the effect of two different treatments on the level of surface carbon in the 5% Pd/ZnO catalyst. A significant decrease
in the intensity of the C 1s signal was observed when the catalyst was first subjected to air calcination at 500 °C, followed by
reduction when compared to treatment in hydrogen alone. The observation was also supported by the carbon content from
wide survey XPS analysis (supporting information fig S4). The quantification of the C 1s peak shows 73 % of carbon on the
catalysts that was only subjected to reduction at 400 °C, compared to only 37 % of on the catalysts that were calcined at 500
°C. Whilst carbon contamination is inevitable after exposure of such samples to air, it is clear that calcination in static air
managed to remove a significant amount of the carbon. This has an effect on the activity of 5 % Pd/ZnO catalysts as discussed
below. Figure 2(ii) also shows the XPS O 1s spectra of the catalysts. The O 1s signal shows peaks at 531 eV and 532.5 eV that
corresponded to ZnO and ZnOH respectively. However, for 5% Pd/ZnO that has only been subjected to reduction in Hz at 400°C,
it shows a significant broadening of ZnOH peak ~ 532.5 to high binding energy. This is probably due to the formation of
carbonate species on the surface during acetylacetonate decomposition that has not completely removed during the annealing
treatment.
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Fig. 2. (i) XPS C 1s spectra and (ii) O 1s spectra of a. 5% Pd/ZnO that was only treated under 5% Hz/argon at 400°C for 3 hours;
and b. 5% Pd/ZnO that was calcined in air at 500°C for 16 h followed by reduction at 400°C for 1h
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Fig. 3: XPS Pd 3d spectra of a. 5% Pd:Zn (1:1)/TiO2, b. 5% Pd:Zn (1:2)/TiO2; c. 5% Pd:Zn (1:5)/TiO2 ; d. 5% Pd:Zn (1:10)/TiO2 and
e. 5% Pd:Zn (1:10)/Al20s. All the catalysts were calcined in air at 500°C for 16h followed by reduction in 5% Hz/Ar at 400°C.

Tabulated Pd 3d XPS data were given in Table S1.
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Fig. 4. (i) XPS Zn LMM auger electron spectra and (ii) XPS Zn 2ps/2 spectra of a. 5% Pd:Zn (1:5)/TiOz2 and b. 5% Pd:Zn (1:10)/Al;0s.
All the catalysts were calcined in air at 500°C for 16h followed by reduction in 5% Hz/Ar at 400°C

The influence of Pd:Zn molar ratios on the formation of the PdZn alloy on TiO2 support was investigated. Figure 3 shows XPS
Pd 3d spectra of these materials. These catalysts were air calcined first, followed by reduction at 400 °C and revealed a peak at
335.0 eV binding energy, corresponding to Pd® with a shoulder peak at ~336.0 eV?°. The peak at 336.0 eV corresponds to the
formation of the PdZn alloy on the catalyst following reductive transfer of Zn from Zn0?°, although the Pd peak is still a
dominant species for the 5% Pd:Zn (1:1)/TiO2 sample. These shifts are probably caused by Pd (4d) = Zn (4p) charge transfer
and a Pd (4d) = Pd (5s, 5p) rehybridization3®. Further increasing the Pd:Zn ratios to 1:2, the intensity of PdZn peak at 336.1
eV is enhanced and becomes dominant at Pd:Zn 1:5. Although the XRD analysis confirmed the presence of the B-PdZn alloy in



PdzZn deposited on TiO: catalysts, the alloy is formed when the Zn mole fraction is within the range of 0.4-0.6%1. These results
suggest that increasing the ratio of Pd:Zn in the preparation increases the amount of Zn that is incorporated into the Pd lattice
and so may simultaneously enhance the amount of PdZn alloy on the surface.

In order to try to learn more about the alloying process we examined the Zn Auger spectra, since these may show changes in
level structure better than the core levels of Zn. We have also measured the spectra of Zn metal, partially oxidised Zn metal in
air at 80 °C and ZnO powder as reference. It is possible that the surface of the samples may become oxidised when exposed to
air, especially when the surface has highly oxidisable species such as Zn°. The Zn LsM2sM2a Auger electron spectra of these
samples are shown in Fig. S5. For Zn metal it was reported that there are peak positions of 992 (major) and 996 (minor) 32,
while for the oxide they are 988 and 991 respectively33. Zn metal shows major peaks at kinetic energy of 996 eV and 992.5 eV
and minor peaks at 989.3 eV and 986 eV (fig. S5a). Apart from peaks at 996 eV and 992.5 eV that correspond to Zn metallic
state, the presence of peaks at 998.9 eV and 986 eV implies a thin layer of oxidised Zn occurs on the metal surface. On partially
oxidised Zn (fig. S5b), the metal peaks still visible at 996 eV and 992.5 eV meanwhile oxidised peak at 998.5 becomes broader.
Analysis on ZnO powder reveals peak at 988 eV and a shoulder at 991 eV. The shoulder peak at 991 eV was suggested previously
by Li et al as interstitial Zn present as defect sites in the ZnO lattice33. These changes between metallic and oxidised states are
thus much clearer in the Auger spectra than in the core level spectra and reflect changes in the M (valence) levels of Zn.

As mentioned above, due to Zn is a highly oxidisable species, the only cases for these samples where we could definitely identify
the presence of the Zn metal was for the 5% Pd:Zn (1:5)/TiO2 and 5% Pd:Zn (1:10)/Al.03 and these are shown in Fig 4(i). The
equivalent core level Zn 2ps/2 XPS is shown in Fig 4(ii), revealing a similar binding energy of ~ 1022 eV for these samples. This is
not surprising since the Zn 2p is less sensitive towards small ZnO reduction changes with only a small possible binding energy
shift between Zn metal and ZnO 3* 3, Significant shifts in Zn metal and ZnO positions can, however, be expected between the
metal and oxide in the Auger LMM. The Auger indicates that most of the Zn in the structure exists as Zn?* which most likely to
be Zn03¢, but there is a shoulder peak at 992 eV, together with the fingerprint for the presence of the metal at 996 eV32.
Besides that, the changes of shoulder peak in Zn Auger profile could be either due to the oxygen vacancies in ZnO or from
metallic Zn3"- 38, Similar observation are seen on Cu/ZnO/Al20s catalysts, which show increasing intensity of the 996 eV peak
when the catalysts are reduced in H>*’. Studied by Deroubaix and Marcus on Zn L3sM2sM.4 Auger electron spectra of CuZn alloy
showed a 0.3eV shift towards higher kinetic energy from Zn metal which less than the shift observed for ZnO — 3.9 eV32, We
can conclude here that the 996 eV peak is from the metallic PdZn alloy whose presence is confirmed by the XRD shown above.
It is very likely that a significant fraction of the Zn at the surface of these alloy nanoparticles is oxidised during transfer into the
XP spectrometer, and hence the large signal seen for ZnO. It is interesting to note that though this is the case, there is little
evidence for Pd oxidation, presumably due to protection from the Zn/ZnO at the surface. Indeed, maybe it is protected by a
covering layer.

H2-TPR analysis

The interactions between Pd, Zn and the oxide support were probed using H2-TPR analysis (Fig 5). The catalysts were oxidised
in air at 500 °C prior to the TPR experiment. The H>-TPR analysis was also compared to 5% Pd/TiO2 and 5% Pd/Al,Os catalyst.
The profile of 5% Pd/TiO2 shows a negative peak at 107°C due to decomposition of the B-Pd hydride species ¥. However, 5%
Pd/Al20s only shows reduction peak of PdO at ~ 150°C. The B-Pd hydride species formed through hydrogen adsorption or
diffusion in the Pd® crystallite®. This is a common feature of Pd/TiO2 and the decomposition B-Pd hydride proves that the
reduction of PdO occurred at temperature below this, probably before the temperature ramp. It has been reported that PdO
reduces at 20°C-50°C and can occur during the initial flushing of the system 3%,

The reduction of 5% Pd/ZnO and 5% Pd:Zn (1:10)/TiO2 catalysts started at a similar temperature ~ 50 °C. The peak for 5% PdZn
(1:10)/TiO2 however centred at much lower temperature (~ 90 °C) than 5% Pd/ZnO. In contrast 5% Pd/ZnO shows two peaks
centred at 90 and 140 °C, which suggest the presence of two different Pd species with different environments and interaction
with the ZnO support. 5% Pd:Zn (1:10)/TiO: also shows a reduction peak at ~90 °C; significantly lower than 5% Pd/ZnO and 5%
PdZn (1:10)/Al20s catalyst. It also loses its negative B-Pd hydride as shown in 5% Pd/TiO2 catalyst. These suggest interaction
between Zn and Pd on TiO2 catalyst which may influence the catalytic performance. 5% Pd:Zn (1:10)/TiO2 shows the most
activity for CO2 hydrogenation which suggests that Pd on this catalyst was in a close proximity with defect ZnO sites.
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Fig. 5. H2 TPR analysis of a. 5% Pd/ZnO; b. 5% Pd/TiO2; c. 5% Pd:Zn (1:10)/TiOz; d. 5% Pd/Al20s, and e. 5% Pd:Zn (1:10)/Al20s.
All the catalysts were calcined in air at 500 °C before measurement.
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Fig. 6. TEM analysis and particle size distribution of a. 5% Pd/ZnO reduced in 5% H2/Ar at 400°C, b. 5% Pd/ZnO that was calcined
at 500°C followed by reduction in 5% H2/Ar at 400°C, c. 5% Pd:Zn (1:10) /TiO2 that was calcined at 500°C followed by reduction
in 5% H2/Ar at 400°C and d. 5% Pd:Zn(1:10)/Al.0s that was calcined at 500°C followed by reduction in 5% H2/Ar at 400°C.

TEM analysis

Analysis of particle size distribution was carried out using TEM measurement. Fig 6a shows the TEM image of 5 %
Pd/ZnO that was only reduced in Hz at 400 °C with the histogram of PdZn diameter distribution. The average particle diameter
is ~ 6.1 nm. For 5 % Pd/ZnO catalyst that was calcined at 500 °C followed by reduction at 400 °C, the average PdZn diameter
obtained was ~ 5.7 nm (Fig 6b). So these catalysts appear to be rather thermally stable. Since the specific surface area of ZnO
support that was used is ~ 11 m? g, the dispersion of metal nanoparticles is limited. TiO, and Al>O3 possess surface areas of
52 m? gt and 100 m? g'respectively, therefore better Pd and Zn nanoparticle distribution should be achieved. TEM images and
particle size distribution analysis of 5 % Pd:Zn (1:10)/TiO2 catalyst are shown in Fig 6¢c. The catalysts were calcined at 500 °C,
followed by reduction at 400 °C. The average diameter is 3.9 nm, which is significantly smaller than for the 5 % Pd/ZnO catalyst.
Again these particles appear to be thermally stable. Fig 6d reveals the distribution of PdZn alloy on 5 % Pd:Zn (1:10)/Al.0z3 with
the average particle diameter of 4.9 nm.
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Fig. 7. TPD of a. 5% PdZn/ZnO and b. 5% Pd/TiO2 saturated with methanol at room temperature. 2 is corresponded to
Hz, 18 is corresponded to H20, 28 is corresponded to CO, 31 is corresponded to methanol and 44 is corresponded to
co.

TPD studies of methanol on catalyst

In attempt to understand the influence of the PdZn alloy on methanol synthesis, we carried out methanol decomposition
studies on 5% Pd/Zn0 and 5% Pd/TiO: catalysts. The 5% Pd/ZnO catalysts was reduced at 400 °C to form the PdZn alloy. All the
catalysts were treated with He at 400°C before dosing with methanol. Fig 7a shows the TPR profiles of methanol decomposition
on 5% Pd/ZnO. The catalyst shows coincident CO2 and Hz desorption peaks at ~ 280 °C which indicates the decomposition of
formate species on the surface. This feature however was negligible on 5% Pd/TiO: catalyst (fig.7b).

Catalytic activity

The activity of 5% Pd/ZnO catalysts for CO2 hydrogenation reaction was investigated and is given in Table 1. The
reaction was carried out at 20 bar of pressure and at 250 °C reaction temperature. The catalytic activity of 5 % Pd/ZnO that
was only reduced at 400 °C shows ~ 6.7 % conversion of CO2 to CO at three hours of reaction with ~ 97 % of CO selectivity. The
catalyst activity exhibits significant improvement for methanol production when treated in static air for 16 hours at 500 °C
before Hz reduction at 400 °C. The COz conversion increases to 8.7 % and methanol selectivity to 31 % to give 1070 mmol kgcat
'h"l of methanol productivity.
Since it has been established that air-calcination of the catalyst to remove the carbon precursor is crucial for high methanol
production, a similar annealing procedure was applied to all the catalysts. Table 1 lists the catalytic activity of the catalysts
after 3 h of CO2 hydrogenation reaction at 250 °C and 20 bar. Catalytic activity of the catalyst was also compared to 5 % Pd/TiO2
and 5 % Pd/Al20s. 5 % Pd/TiO: catalyst gives 6.8 % of CO2 conversion with 96 % selectivity towards CO. The addition of Zn
significantly enhances methanol productivity as was observed on 5% Pd:Zn (1:1)/TiO2(Table 1). CO2 conversion increased with
increasing zinc content up to Pd:Zn ratio of 1:5 before exhibiting slight reduction at higher Pd:Zn ratios. Similar trends can be
seen on 5 % Pd/Al203 and 5 % Pd:Zn (1:10)/Al;0s catalysts with the addition of Zn significantly improving catalyst activity and
methanol yield. CO2 conversion increases from 0.8 % on 5 % Pd/Al20s3 to 8.6 % on 5 % Pd:Zn (1:10)/Al203 with methanol yield
increases from 27.7 mmol kgec'h to 635 mmol kgeat*h™? respectively. It is clear that that Zn plays the role of promoter,
presumably by producing PdZn active sites to initiate methanol formation. PdZn alloy deposited on TiO2 showed superior
catalytic activity for methanol production from CO2 hydrogenation.



Effect of reaction temperatures

Further investigation on the activity of the catalyst at lower reaction temperatures was carried out at the range of 200 - 250 °C
using the 5% Pd:Zn (1:10)/TiO: catalyst. The thermodynamic rules of CO. hydrogenation states that increased methanol
productivity requires reaction at lower temperature or a higher pressure. It was shown that the selectivity of methanol is higher
(~ 94 %) when the reaction was carried out at 200 °C. At this temperature the reaction has 4.2 % CO2 conversion. The conversion
slowly improves with the temperatures up to 250 °C. Methanol productivity is hampered at high reaction temperatures when
the rWGS reaction to form CO is favoured. The 5 % Pd:Zn (1:10)/TiO:z catalyst achieved optimum catalytic activity to methanol
at 210 -220 °C to give the highest methanol yield of ~ 1700 mmol kgeat*h™.

Table 1: Catalytic activity of palladium catalysts on ZnO, TiO2 and Al.O3 support.

Catalyst CO:2 conv, % CHsOH sel, % COsel, % CHsOH productivity
mmol kgcatht

5% Pd/Zn0O? 6.7 2 97 88.20
5% Pd/ZnO 8.2 32 68 1070
5% Pd/TiO2 6.8 3 96 80.4
5% Pd/Al>0O3 0.8 7 93 27.7
5% Pd:Zn(1:1)/ TiO2 7.6 44 55 1420
5% Pd:Zn (1:2)/TiO2 9.6 38 61 1560
5% Pd:Zn(1:5) /TiO2 10.1 40 59 1730
5% Pd:Zn(1:10)/TiO2

6.7 53 46 1510
5% Pd:Zn (1:1) /Al.Os
5% Pd:Zn (1:5) /Al,O3 2.4 4 95 38.6
5% Pd:Zn (1:10) /Al,0s 3.5 16 83 229

8.6 19 80 635

a Catalyst was only reduced at 400 °C for 3 h without calcination. All the reactions were carried out at 250 °C and 20
bar. 0.5 g of catalysts was used. Data given were measured at 3 hours of reaction.

Discussion
PdZn alloy catalysts with narrow particle size distributions were synthesised using the CVI method. We have modified

1?6 and Sivakumar et.al?* which showed that the CVI method can generate nanoparticles with

the work of Forde et.a
narrow diameters due to the intimate contact between the precursor and support during the sublimation-deposition
step. Itis likely that the bulky structure of the acetylacetonate ion creates an isolated metal units on the oxide support.
As a result, sintering during calcination is reduced and small nanoparticles are produced. Detailed analysis using TEM
shows the presence of PdZn nanoparticles with diameters between 1-3 nm on 5 % Pd:Zn (1:10)/TiO2. The 5 % Pd:Zn
(1:10)/TiO2 catalyst was shown to retain these small nanoparticles despite calcination at 500 °C followed by reduction
at 400 °C. It has been reported that catalysts with only of a few metal clusters consisting a 1-10 atoms can dominate
the catalytic activity regardless of how big the mean diameter of the metal particles*" %2, Studies on Pd metal clusters
for CO oxidation reactions showed that clusters containing only 2 Pd atoms increase the CO oxidation dramatically
from a monoatomic Pd, but showed a significant drop in activity for 7 Pd atoms catalyst*3. Studies by Rogers et al. on
Au nanoparticle catalysts highlighted that the average diameter of metal particles alone does not correlate with
catalytic activity; instead, the presence of isolated Au clusters with 1-5 atoms plays a significant role in the catalytic
activity for glycerol oxidation*!. These highlighted that it is important to make a very small alloy particles and CVl is
one method to achieve this. The presence of the smallest PdZn alloy with diameter between 1-3 nm could be the

most active PdZn alloy in the particle distribution.



Table 2: Catalytic activity of 5 % Pd:Zn (1:10)/TiO: at a temperature range of 200 °C to 250 °C.

Reaction temperatures, °C COzconv, CH3OHsel,% COsel, CH3OH productivity CO productivity
% % mmol kgca:th? mmol kgca: th™?
200 4.2 94 5 1620 94.2
210 5.4 80 19 1777 425
220 5.2 80 19 1700 423
230 5.1 78 22 1630 459
240 5.8 63 36 1500 871
250 6.9 53 46 1510 1300

All the reactions were carried out at 250 °C, 20 bar using 0.5 g of catalyst and were pre-treated in 5 % Hz/Ar at 400 °C
prior to reaction. Data given were measured at 2 h of reaction.

XPS C 1s analysis and catalytic studies revealed the importance of evacuating most of the carbon from the catalysts
structure in order to obtain high activity catalyst for methanol production. In these studies, we introduced Zn during
the synthesis in attempt to form PdZn alloy nanoparticles. Introducing Zn with molar ratios of 1Pd:1Zn and upwards
on to the Pd/TiO2 catalyst significantly enhanced methanol productivity from 80.4 mmol kgeat*th™t to 1730 mmol/ kgeat’
'h'1, which is also more active than the 5 % Pd/ZnO catalyst. The nature of the active sites in the Pd catalyst for CO:
hydrogenation provides an insight into the mechanism of the reaction. The Pd catalyst appears to transform into a
PdZn alloy under a reductive atmosphere. The PdZn alloy can exist in different compositions with a broader stability
region3!, with unique alteration of Pd electronic charges. Rehybridisation of Pd(4d) —Pd(5s,5p) and a charge transfer
between Pd(4d) - (Zn(4p) during the formation of Pd-Zn bonds increase the binding energy of the core and valence
levels of Pd3% 44, This simultaneously reduces the binding energy of core and valence levels of Zn. Pd on TiO2 and Alz203,
for which alloying is unlikely at these treatment temperatures, has been shown to be unreactive for CO:
hydrogenation to methanol. The insertion of Zn into the Pd lattice creates PdZn alloy, which improves catalyst activity
significantly, regardless of the type of metal oxide support used. We believe that the electronic structure alteration
of PdZn bimetallic alloy is responsible for its catalytic performance. TPD studies of methanol on 5% Pd/ZnO catalyst
(Fig 7a) show the presence of a formate intermediate on the surface by the coincident evolution of CO2 and H: at
about 280 °C, whereas without formation of the alloy on 5% Pd/TiO2 (Fig 7b) this is not evident. It has been shown in
the past that formate is the pivotal intermediate which is central to efficient methanol synthesis3% %>47, In turn this
implies that changes in the Pd electron density in PdZn, prevents initial C=0 bond breakage to make CO and enables
the production and stabilisation of the formate intermediate from CO2 hydrogenation.

The electron perturbation in PdZn alloy exhibits similar electron density of states as metallic Cu*®. Studies by Neyman
et.al indicates that the surface reactivity of PdZn for methanol decomposition was similar to a Cu surface**. Formate
decomposition on Pd revealed that the formate is very unstable on the Pd surface, decomposing at low temperatures
of about -50 °C*. In contrast, Cu stabilises the formate up to 200 °C before decomposition to CO2 and H2"°. All the
evidence here suggests that the PdZn alloys which are formed improve CO: conversion and methanol selectivity.
Although the mechanism of the reaction is not fully understood, we believe that the PdZn alloy is able to generate
and stabilise the formate intermediate species during CO2 hydrogenation reaction.

Conclusions

A series of PdZn alloy catalysts were synthesised using chemical vapour impregnation (CVI) to investigate their activity in the
CO2 hydrogenation reaction. Pd on ZnO, TiO2 and Al.0s has low methanol productivity, though the productivity of the first of
these increased enormously upon pre-reduction at high temperature due to the formation of a PdZn alloy. Hence we then
produced a series of catalysts in which Pd and Zn were deposited by CVI. The CVI method produced highly dispersed PdZn
particles with a mean diameter of 3.9 nm when deposited on TiO2. The bulky structures of acetylacetonate ion is believed to



be responsible for creating highly isolated Pd and Zn metal species that in turn form the PdZn alloy nanoparticles with a narrow
size distribution. Catalytic activity tests revealed the importance of the PdZn alloy phase for stabilizing the formate
intermediate and hence a giving high activity for methanol formation from the CO2 hydrogenation reaction.
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