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Abstract

PdZn/TiO2 catalysts have been investigated for the hydrogenation of  CO2 to methanol. Varying the ratio of Pd and Zn using 

 TiO2 as a support has a dramatic effect on catalytic performance. Chemical vapour impregnation was used to produce PdZn 

alloys on  TiO2 and X-ray diffraction, X-ray photoelectron spectroscopy, and scanning transmission electron microscopy 

revealed changes in the structure at varying total PdZn molar ratios. Compared to monometallic Pd/TiO2, introducing a low 

loading of Zn drastically changes product selectivity. When Pd is alloyed with Zn above a total Zn/Pd = 1 molar ratio, metha-

nol selectivity is improved. Therefore, for enhanced methanol productivity, it is crucial for the Zn loading to be higher than 

that required for the stoichiometric formation of the 1:1 β-PdZn alloy.
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1 Introduction

Interest in the catalytic hydrogenation of  CO2 in a renewable 

manner has accelerated in recent years due to the impact of 

climate change. This is especially so for industrial methanol 

synthesis because the source of carbon and hydrogen is usu-

ally natural gas, and considerable energy input is required 

to obtain the hydrogen for the reaction by the endothermic 

steam reforming of methane. Hence there is a need to find 
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a lower  CO2 emission route to methanol, using hydrogen 

produced from renewable energy and  CO2 obtained either 

from the atmosphere or from anthropogenic sources. Many 

researchers are investigating traditional and novel catalysts 

for this conversion [1, 2]. The reaction of  CO2 (Eq. 1) is 

intrinsically different from the current anhydrous industrial 

reaction (Eq. 2). The industrially used Cu/ZnO/Al2O3 (CZA) 

catalyst has been shown to deactivate when in the presence 

of high water content, presenting challenges for catalyst 

design [3–5].

Whilst supported Pd catalysts are often reported as excel-

lent RWGS catalysts (Eq. 3), studies have shown that Pd/

ZnO reduced above 300 °C result in increased methanol 

productivity, attributed to the formation of PdZn bimetallic 

nanoparticles [6]. The PdZn alloy has been found to sup-

press methanation (Eq. 4) when investigating Pd catalysts 

for methanol synthesis from  CO2 [6–8]. Methane can be 

detrimental during an industrial process as it accumulates 

in the recycle loop leading to frequent and costly purges [9], 

and so reducing methanation activity to low levels is impor-

tant. Interestingly, the effect of different catalytic prepara-

tion methods, including chemical vapour impregnation, co-

precipitation, and deposition–precipitation were investigated 

for  CO2 hydrogenation to methanol [7]. A linear relation-

ship between  CO2 conversion and methanol selectivity was 

observed for the varying Pd/ZnO catalysts and the authors 

credited this to the 1:1 β-PdZn alloy formation.

We have examined the effect of varying ZnO loading on 

forming the alloy, by utilising  TiO2 as a support [8, 10], 

and so, more recently have Quilis et al. [11]. However, the 

preceding work used a limited range of Zn loading, only 

investigating loadings at and above that required for the stoi-

chiometric formation of the 1:1 β-PdZn alloy. Furthermore, 

van Bokhoven and co-workers indicated the importance of 

ZnO in addition to the β-PdZn alloy, whereby ZnO facili-

tates  CO2 adsorption, and the alloy can enable hydrogen 

spillover [12]. Considering the importance of alloy forma-

tion, the critical question about catalyst performance at low 

Zn loadings remains unanswered. We have now addressed 

this important question and here we report results for lower 

amounts of Zn, including those below that needed for the 

complete formation of the 1:1 β-PdZn alloy, and show that 

this affects the selectivity in a rather remarkable way.

(1)

CO2 + 3H ⇄ CH3OH + H2O;ΔH
o

r
= −49.5 kJ mol

−1

(2)CO + 2H2 ⇄ CH3OH;ΔH
o

r
= −90.6 kJ mol

−1

(3)CO2 + H2 ⇄ CO + H2O;ΔH
o

r
= 41.2 kJ mol

−1

(4)CO2 + 4H2 ⇄ CH4 + 2H2O;ΔH
o

r
= −252.9 kJ mol

−1

2  Experimental Section

2.1  Materials

The following chemicals and reagents were purchased 

from Sigma Aldrich; palladium acetylacetonate (Pd(acac)2, 

99%), zinc acetylacetonate (Zn(acac)2, 99%), ZnO (99.9%, 

nanopowder, < 100 nm particle size),  TiO2 (P25, Evonik). 

The chemicals were used as provided without further 

purification.

2.2  Chemical Vapour Impregnation (CVI) Synthesis

Catalysts were prepared using CVI with a fixed Pd loading 

of 5 wt%. The procedure for preparing 2 g of 5 wt% PdZn/

TiO2 (Zn/Pd molar ratio of 0.5) Pd(acac)2 (9.4 ×  10–4 mol), 

Zn(acac)2 (4.7 ×  10–4 mol) and  TiO2 (1.87 g) 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 Schlenk line and evacuated (~  10–3 mbar). The tube was 

lowered into an oil bath preheated to 80 °C and the tem-

perature was increased to 133 °C and maintained for 1 h. 

The material was then recovered and calcined in static air 

(500 °C, 5 °C  min−1, 16 h). For PdZn/TiO2, various ratios of 

Pd:Zn are denoted  PdxZny/TiO2, referring to a Zn/Pd molar 

ratio of y/x.

2.3  CO2 Hydrogenation Catalyst Testing

Catalytic testing for  CO2 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, was used 

to operate the reactor, and was automated using Siemens 

Win CC software. The high throughput reactor operates 

all beds under the same reaction conditions and has a fixed 

bed, continuous flow design. Equilibar back pressure regu-

lators controlled the pressure in each bed, and gases were 

fed through a capillary distribution system. To control and 

measure the reaction temperature, a thermocouple was posi-

tioned inside each of the four heating blocks, containing 

four beds each. Stainless steel reactor tubes with an inter-

nal diameter of 4.57 mm were used. Catalysts were pelleted 

(0.5 g, 425–600 µm), mixed with F80 silicon carbide (mean 

particle size 190 µm) and were supported on a bed of F24 

silicon carbide (particle size 750 µm) to limit mass transfer 

and to ensure the sample was in the centre of the isothermal 

zone. Prior to testing, the catalysts were reduced in situ in 

a flow of 5%  H2/N2 gas (400 °C, 1 h, 5 °C  min−1) and sub-

sequently cooled to 125 °C under  N2. The gas composition 

was switched to the reactant gas (22%  CO2, 54%  H2, 5% Ar, 
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19%  N2), with a flow rate of 30 mL  min−1 at atmospheric 

pressure. The system was then pressurised to 20 bar using 

the gas feed pressure over the Equilibar back pressure regu-

lator and left to stabilise for 4 h. Reaction was conducted 

at 230 °C, and to stop any products condensing in the reac-

tor lines, the downstream oven was set to 120 °C. To limit 

product build-up in the downstream reactor lines, a purge 

feed of nitrogen, equivalent to the reaction, feed was used. 

The gaseous products were analysed via online gas chroma-

tography (Agilent 7890B system with two flame ionisation 

detectors and a thermal conductivity detector). Argon was 

used as an internal standard. Four injections were taken at 

each temperature per reactor, and the Vici stream selection 

valve was switched between the beds to allow sampling of 

the products. From the moles of  CO2 in the calibration at 

125 °C compared to the moles of  CO2 at each temperature 

for each bed,  CO2 conversion was calculated. Methanol, 

methane, and CO were the main products observed. The car-

bon balance was calculated using the sum of carbon contain-

ing 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/Al2O3 (CZA) standards using conditions stated.

2.4  Catalyst Characterisation

Powder X-ray diffraction (XRD) patterns were measured on 

a PANalytical X’pert Pro powder diffractometer operating 

at 40 kV, 40 mA using Cu Kα radiation (λ = 1.54 ×  10–10 m) 

with a Ge (111) single crystal monochromator. The Inter-

national Centre for Diffraction Data database was used as a 

reference to assign phases present.

Inductively coupled plasma mass spectroscopy (ICP-MS) 

was performed to quantify total metal loading. The metal 

catalysts were digested (10 mg of catalyst, 1 mL of aqua 

regia, 24 h), filtered and diluted to a metal concentration of 

about 10 ppm. Metal concentrations were determined using 

an Agilent 7900 ICP-MS with an I-AS autosampler.

X-ray photoelectron spectra (XPS) were recorded on a 

Kratos Axis Ultra-DLD photoelectron spectrometer, uti-

lising monochromatic Al Kα radiation operating at 150 W 

power (10 mA × 15 kV). All spectra were recorded using a 

pass energy of 40 eV and step size of 0.1 eV for high reso-

lution spectra, whilst survey spectra were recorded using a 

pass energy of 160 eV. All samples were mounted for analy-

sis by pressing onto silicone free double sided adhesive tape 

attached to a glass slide to allow isolation from the spec-

trometer. All data were acquired using a magnetically con-

fined electron only charge compensation system and charge 

corrected to the C 1 s signal at 284.8 eV. Transmission cor-

rected XPS data were analysed using Casa XPS software 

(v2.3.26 PR1.0N) after subtraction of Shirley background 

and using modified Wagner sensitivity factors as supplied 

by the instrument manufacturer [13].

Transmission electron microscopy (TEM) and scanning 

transmission electron microscopy (STEM) were performed 

on a JEOL JEM-2100 operating at 200 kV. Energy disper-

sive X-ray analysis (EDX) was done using an Oxford Instru-

ments X-MaxN 80 detector and the data analysed using the 

Aztec software. Samples were deposited on 300 mesh cop-

per grids coated with holey carbon film. TEM and STEM 

were also performed on a TF Spectra 200 operating with an 

acceleration voltage of 200 kV. STEM was also performed 

using a JEOL ARM200F microscope at the electron Physi-

cal Sciences Imaging Centre 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. EDX 

spectrum imaging was performed using a JEOL Centurio 

dual detector. Samples were subsequently also imaged using 

a probe-corrected 200 kV Thermo-Scientific Spectra 200 

Scanning Transmission Electron Microscope, at an acceler-

ating voltage of 200 kV and with a convergence semi-angle 

of 30 mrad. The HAADF detector had an inner collection 

angle of approximately 56 mrad (outer angle approximately 

200 mrad). EDX spectrum images were acquired on a Super-

X detector using all four detectors.

3  Results and Discussion

3.1  Catalytic Activity

We have investigated methanol synthesis from  CO2 hydro-

genation on Pd and PdZn alloy catalysts supported on 

 TiO2. The catalysts were made by a solvent free deposition 

technique, referred to as chemical vapour impregnation 

(CVI), and calcined, followed by a reduction step prior 

to catalytic testing. Bowker et al. has shown previously 

that CVI is an excellent method for making small, stable 

PdZn nanoparticles [7]. Figure 1a shows the overall trend 

of methanol productivity at 230 °C with increasing Zn 

content. Interestingly, methanol productivity decreases at 

low Zn/Pd ratios, but once the equimolar ratio is exceeded, 

a sharp rise in methanol productivity is observed at Zn/Pd 

ratios of 1.5 and 2.0. As Fig. 1b illustrates, when there is 

no Zn added to the system, the Pd/TiO2 catalyst produces 

three dominant products and these are, in order of abun-

dance, CO >  CH4 >  CH3OH (54%, 26%, 20%, respectively), 

see Table 1. However, as the loading of Zn in the system 

increases, the pattern of reactivity changes considerably. 

It has previously been shown that Pd can alloy with Zn to 

make a 1:1 β-PdZn alloy [6, 7, 14–16]. However, even with 

insufficient Zn to complete this alloy, at 0.1 ratios of Zn/

Pd, the methanation selectivity has dropped considerably 
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from 26% down to 11%, and for the 0.5 ratio it decreases to 

3%. Methanol formation similarly diminishes at low ratios 

of Zn/Pd, from around 20% selectivity with no Zn present 

to a minimum of around 5%, but then increases again at 

higher Zn/Pd ratios to a maximum of ~ 55%. Of course, the 

corollary of this is that CO increases to a maximum selec-

tivity of 92% at a 0.5 ratio. It is likely that CO is the source 

of methanation, as at low Zn ratios, a decrease in methane 

is accompanied by increasing CO selectivity. It is known 

from the literature to be methanated at these temperatures 

[17–20], and  CO2 itself is only weakly bound on Pd, much 

more weakly than CO [12]. Above a Zn/Pd ratio of 0.5, 

methanol increases with increasing Zn, and CO diminishes 

to 44% at Zn/Pd ratio of 2. CO is the main product until the 

Zn/Pd ratio exceeds 1, and it is likely to be formed on the 

metal, and then desorb as part of the RWGS reaction [18, 

21]. CO, however, can further hydrogenate and produce 

methane [18], as seen with Pd/TiO2. But when Zn is incor-

porated, CO dissociation appears to be blocked, and we 

observe a decrease in methane selectivity on all  PdxZny/

TiO2 catalysts (Table 1). Gallagher et al. [22] proposed 

that the size reduction of the Pd ensemble affects the bind-

ing strength of CO and a shift from bridge binding to ter-

minal binding is observed, therefore CO is more likely to 

desorb rather than further hydrogenate. During all these 

changes, although there is significant selectivity variation, 

there is relatively little variation in conversion, starting at 

7.7(± 0.7)% with no Zn present, reducing to 5.5(± 0.7)% 

at a Zn/Pd ratio of 1, then rising again to 9.1(± 1.0)% at 

the highest ratio of Zn/Pd = 2. The decrease up to a ratio 

of 1 may be due to the presence of Zn at the surface of the 

Pd nanoparticles, whereas the increase above that ratio is 

due to the presence of ZnO in the sample.

3.2  Elemental Analysis

The content of Pd and Zn in the catalysts were determined 

by ICP-MS, as presented in Table 2. The catalyst weight 

loadings are generally close to that expected, except for the 

highest loading which had a little more Zn than aimed for.

Fig. 1  a Methanol productivity as a function of varying Zn/Pd ratios 

supported on  TiO2 for  CO2 hydrogenation. b  CO2 conversion and 

product selectivity to  CH3OH as a function of varying Zn/Pd ratios 

supported on  TiO2. 0.5  g catalyst, pre-reduced in  situ (5%  H2/Ar, 

400 oC, 1 h, 5 °C  min−1) and run at 230 °C, 20 bar, 30 mL  min−1. Pd 

loading fixed at 5 wt%

Table 1  Product selectivity at 230 °C

Catalyst supported on 

 TiO2

Product selectivity/%

CH3OH CO CH4

Pd 20 54 26

Pd1Zn0.1 12 77 11

Pd1Zn0.5 5 92 3

Pd1Zn1 9 89 2

Pd1Zn1.5 38 60 2

Pd1Zn2 55 44 1

Table 2  Elemental analysis by ICP-MS

Catalyst Intended 

Pd loading/

wt%

Actual Pd 

loading/

wt%

Intended 

Zn loading/

wt%

Actual Zn 

loading/

wt%

Pd/TiO2 5 5.0 0 0

Pd1Zn0.1/TiO2 5 5.2 n.a n.a

Pd1Zn0.5/TiO2 5 5.3 1.54 1.5

Pd1Zn1/TiO2 5 5.7 3.07 3.3

Pd1Zn1.5/TiO2 5 5.8 4.61 4.4

Pd1Zn2/TiO2 5 5.7 6.14 7.2
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3.3  Electron Microscopy

HAADF STEM images and EDX elemental maps were used 

to indicate the extent of alloying over the PdZn samples in 

this study (Fig. 2). Formation of the 1:1 PdZn alloy was 

expected for the higher ratios, as shown in previous work 

whereby Zn reacts with Pd during reduction to form the 

1:1 β-PdZn alloy [6]. It has also been shown by Bowker 

et al. that PdZn nanoparticles formed on Pd/ZnO are stable 

post reaction: the PdZn average particle size was 3.5 nm 

and within experimental error no change was seen in size 

distribution after  CO2 hydrogenation [7]. Even though at 

low ratios (< 1:1) the Pd nanoparticles cannot be saturated 

with Zn, nonetheless it is clear from Fig. 2a that there is 

preferential location of the Zn at the Pd particles. The alloy 

is essentially complete by Zn/Pd = 1 (Fig. 2c).

Particle sizes of Pd and PdZn nanoparticles were meas-

ured using a combination of TEM and HAADF-STEM 

images. Fig. S1 shows the TEM, HAADF-STEM images, 

and particle size distribution histograms for reduced Pd/TiO2 

and  PdxZny/TiO2 catalysts. It has previously been reported 

that Pd nanoparticles via CVI result in narrow particle 

sizes and distributions [9, 23]. We observe average particle 

sizes ranging from 4.3 to 7.5 nm but there is no clear trend 

relative to change in composition, the mode usually being 

around 6 nm. Within experimental certainty, variations in 

methanol productivity are not related to changes in particle 

size, and hence changes in metal surface area. This implies 

the amount of available ZnO, rather than metallic Zn in the 

alloy, is the key factor for the observed shift from the RWGS 

reaction to methanol formation.

3.4  X-ray Diffraction

The formation of PdZn has been investigated by XRD, as 

seen in Fig. 3. The samples were analysed after reduction 

at 400 °C. For Pd/TiO2, Pd metal is observed at 40.2° in 

addition to  TiO2 reflections. At the 0.5 ratio, a significant 

reduction in the Pd peak at 40.2° is observed. The PdZn 

peaks at 41.3° and 44.3° are unfortunately obscured by rutile 

 TiO2 peaks, but by Zn/Pd = 1.5 and above, they are clearly 

present. However, when comparing the  TiO2 reflections, at 

Fig. 2  HAADF-STEM imaging 

and EDX elemental map-

ping for a  Pd1Zn0.1/TiO2, b 

 Pd1Zn0.5/TiO2, c  Pd1Zn1/TiO2, 

d  Pd1Zn1.5/TiO2 and e  Pd1Zn2/

TiO2 after reduction at 400 °C, 

5%  H2/Ar. Each scale bar in 

HAADF imaging represents 

20 nm



 N. Lawes et al.

1 3

Zn/Pd = 0.5, the ratio of the 41.3° peak to the main  TiO2 

peak at 37.8° has increased by approximately a factor of 

two, indicating PdZn presence is likely even at this ratio. 

Furthermore, the PdZn peak does not measurably shift with 

increasing Zn loading, showing it remains the 1:1 β-PdZn 

alloy. At these ratios, ZnO reflections are not expected to be 

observable, however, it is expected that ZnO will be present, 

as at Zn/Pd 1.5 and 2, the loadings are above that required 

for the stoichiometric formation of the 1:1 β-PdZn alloy. 

However, it is difficult to observe a thin layer of ZnO by 

XRD. Further, we cannot rule out that there may be dilute 

amorphous alloy phases.

3.5  X-ray Photoelectron Spectroscopy

To further investigate the formation of the PdZn alloy nano-

particles, XPS was used to allow for surface-specific analysis 

(Fig. 4). PdZn/TiO2 at Zn/Pd ratios 0.1, 0.5, 1, and 1.5, were 

reduced in 5%  H2 at 400 °C for 1 h prior to analysis. Pres-

ence of both Pd metal and Pd alloy were observed, similar to 

that seen in XRD. The Pd 3d peak was measured at 334.9 eV, 

corresponding to Pd metal, and at 335.9 eV for the PdZn 

alloy. Even at a low Zn/Pd ratio of 0.1, some PdZn alloy is 

starting to be formed. The PdZn peak intensity increases as 

the loading of Zn increases. The alloy binding energy is in 

line with the 1:1 β-PdZn alloy, and so we conclude that the 

alloy forms as a two-phase system of Pd and 1:1 PdZn, with 

the latter increasing as Zn loading increases. Since there is 

already a dramatic reduction in methane production at this 

low loading, we also conclude that there is preferential seg-

regation of Zn to the surface region. Segregation is related to 

a number of factors, but surface energy is perhaps the most 

Fig. 3  X-ray diffraction patterns of P25  TiO2, Pd/TiO2, and varying Zn/Pd ratios of PdZn/TiO2 samples. All catalysts were reduced prior to char-

acterisation (400 °C, 1 h, 5%  H2/Ar). The right hand panel is an expanded version of the shaded area in the left panel

Fig. 4  Pd 3d XPS spectra for the catalysts with varying Pd ratio. Zn/

Pd ratios are a 0.1, b 0.5, c 1, d 1.5. Pd and PdZn in the peak fitting 

are represented by the red and blue lines, respectively, and the black 

solid line represents the recorded spectra
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important. Since the surface energy of Zn (0.32 J  m−2) is so 

low compared with Pd (1.51), then it will tend to segregate 

to the surface region [24]. Further confirmation of the pres-

ence of Zn metal is given in the X-ray Auger electron spectra 

(XAES) in the supporting information, Fig. S2.

4  Conclusions

Studying low loadings of Zn in a PdZn/TiO2 catalyst indi-

cates that when varying Zn loading, from Zn/Pd ratios of 

0.1 up to 2, a dramatic effect on catalytic performance is 

observed. Monometallic Pd supported on  TiO2 is a RWGS 

catalyst with significant methane production (25% selec-

tivity), but  Pd1Zn2/TiO2, has < 0.8% methane selectivity 

and methanol selectivity of 55%. The presence of the 1:1 

β-PdZn alloy begins to form at a Zn/Pd ratio as low as 0.1. 

Interestingly,  Pd1Zn1/TiO2 shows the highest levels of CO, 

but above this ratio of Zn to Pd greatly increased methanol 

selectivity is observed due to the presence of ZnO. Clearly 

an excess of ZnO is important for methanol synthesis.
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