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ABSTRACT  

The catalytic hydrogenation of CO2 to methanol depends significantly on the structures of metal-

oxide interfaces. We show that doping a high-valency metal, viz. tungsten, to CeO2 could render 

improved catalytic activity for the hydrogenation of CO2 on a Cu/CeW0.25Ox catalyst, whilst 

making it more selective towards methanol than the undoped Cu/CeO2. We experimentally 

investigated and elucidated the structural-functional relationship of the Cu/CeO2 interface for CO2 

hydrogenation. The promotional effects are attributed to the irreversible reduction of Ce4+ to Ce3+ 

by W-doping, the suppression of the formation of redox-active oxygen vacancies on CeO2, and the 

activation of the formate pathway for CO2 hydrogenation. This catalyst design strategy differs 

fundamentally from those commonly used for CeO2-supported catalysts, in which oxygen 

vacancies with high redox activity are considered desirable. 

1. INTRODUCTION 
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Carbon capture, storage and utilisation (CCSU) is a scheme that complements the transition to 

renewable energies and electrification towards building a low-carbon economy.1–4 An important 

aspect of CCSU is to synthesize, at large scale, chemicals and fuels from captured CO2.
5,6 Amongst 

the various CO2-derived products, methanol is a highly attractive target, owing to  its versatile 

roles as a gateway molecule and a liquid fuel substitute.7–10 Recent analyses have shown that 

methanol synthesised from captured CO2 and renewable hydrogen has a significantly lower 

environmental impact than that produced from natural gas or coal.11 Furthermore, the use of 

methanol as a fuel additive could substantially reduce CO2 emission from vehicle exhaust.12 

To date, there is limited commercial processes that produces methanol from CO2,
13,14 partly 

because the commercial Cu/ZnO/Al2O3 methanol synthesis catalysts are insufficiently stable under 

the CO2 hydrogenation conditions.15,16 Meanwhile, several catalysts with promising performance 

have been developed and evaluated at pilot scales.17–23 Significant experimental and theoretical 

research have been conducted to establish reaction pathways of methanol synthesis. It is generally 

understood that the activation of CO2 is the first rate-limiting step. Depending on the nature of the 

active sites, CO2 may form formate (HCOO*), carboxyl (*COOH), carbonate (*CO3), bicarbonate 

(*HCO3), or a surface carbonyl (*CO) upon adsorption.24,25 The further hydrogenation of the 

surface intermediates; e.g. HCOO* and *CO, is regarded as the second rate-limiting step.25,26 This 

is followed by the successive hydrogenation to form *CH3O, the hydrogenation and desorption of 

which is the final step to methanol production. According to the second rate-limiting step, the 

reaction mechanisms are classified as (i) the formate pathway, where HCOO* is a key reaction 

intermediate, or (ii) the reverse water-gas-shift (RWGS) pathway, where *COOH or *CO are key 

reaction intermediates.25 However, the identities of the active sites of many high-performing 

catalysts remain debatable and the structural-functional relationships at the metal-oxide interfaces 
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are yet to be fully understood.13,16,27–29 For any metal/oxide interface catalysts, closing these 

knowledge gaps will enable the rapid improvement of catalyst design. 

Amongst the various Cu-based catalysts, Cu/CeO2 is known to catalyse methanol synthesis via 

the RWGS pathway, where CO is produced as a reaction intermediate as well as a byproduct. 

However, unmodified Cu/CeO2 shows relatively low activity (space time yield, STY < 2 

molMeOH·kgcat
-1·h-1) and moderate selectivity (~50%).30,31 Attempts to improve the activities of 

CeO2-based catalysts often evolve around promoting their redox activity, e.g. by preparing 

morphologically well-defined CeO2 supports with high redox activities32,33 or doping lower-

valency cations (e.g. Co3+ and Pr3+) to generate additional oxygen vacancies.34–38 These 

approaches invariably promote RWGS and the formation of CO, whose adsorption on Cu is weak, 

therefore limiting the overall methanol productivity and selectivity.39–41  

According to recent studies,35,42 doping high-valency metals such as Mo and W will reduce CeO2 

as the dopants donate electrons to adjacent Ce4+. Such reduction does not involve the generation 

of additional oxygen vacancies and is therefore fundamentally different from the conventional 

reduction by lattice oxygen removal. Therefore, this doping effect offers an alternative approach 

to modify the activity of Cu/CeO2 without generating additional oxygen vacancies.43 Here, we 

successfully prepared a W-doped Cu/CeO2 catalyst, viz. Cu/CeW0.25Ox, which shows a 

substantially enhanced methanol activity (CO2 conversion = 13%, STY = 12.32 molMeOH·kgcat
-1·h-

1) over unmodified Cu/CeO2 (CO2 conversion = 1.3%, STY = 1.26 molMeOH·kgcat
-1·h-1) at 250 °C, 

35 bar total pressure and a weight hourly space velocity (WHSV) of 15000 mL gcat
-1 h-1. The 

Cu/CeW0.25Ox catalyst is also significantly more selective towards methanol (87% vs. 51%) than 

the undoped Cu/CeO2. In fact, the activity of Cu/CeW0.25Ox is on par with some of the best 

performing Cu-based CO2-to-methanol catalysts reported in the literature.44–51 In situ vibrational 
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spectroscopy and in situ X-ray scattering experiments were conducted to elucidate the roles of 

different types of Ce3+ sites and oxygen vacancies during methanol synthesis. 

2. EXPERIMENTAL 

2.1. Catalyst preparation 

All chemicals were purchased from Sigma Aldrich and used as received without further 

purification. To prepare W-doped CeO2, urea was added into an aqueous Ce(NO3)3 solution (0.005 

M) at a urea : Ce3+ ratio of 10 : 1. Then, (NH4)6H2W12O40·xH2O (at a W : Ce ratio of 1 : 4), together 

with equal mass of H2C2O4·2H2O, was dissolved in the same solution. Subsequently, the solution 

was transferred into an autoclave, which was sealed and heated to 150 °C to react for 12 h. The 

resulting precipitate was filtered and washed with deionized water, dried at 100 °C overnight, and 

calcined at 500 °C for 1 h in air. Undoped CeO2 was prepared by a similar procedure, but without 

(NH4)6H2W12O40·xH2O and H2C2O4·2H2O. 

Supported Cu catalysts were prepared by wet impregnation. In a typical preparation, the support 

material (CeO2 or W-doped CeO2) was added to an aqueous solution containing required amount 

of Cu(NO3)2 under rigorous stirring. The targeted Cu loading was 10 wt%. After impregnation, 

the excess water was removed in a rotary evaporator at 80 °C. The catalysts were obtained by 

drying the resulting solid at 80 °C in air for 12 h, followed by calcination at 500 °C in air for 2 h. 

2.2. Ex situ sample characterization 

The crystalline structural information was investigated by powder X-ray diffraction (XRD) on a 

Bruker AXS D8 diffractometer with Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 40 mA. The 

morphology of the catalysts was examined by high-resolution transmission electron microscopy 

(HRTEM) using a JEOL JEM 2100F TEM, working at an accelerating voltage of 200 kV. The N2 

adsorption-desorption isotherms were measured on a Micromeritics 3 flex instrument at -196 °C. 
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Prior to N2 physisorption, all samples were degassed at 180 °C for 5 h in vacuum. The specific 

surface areas were calculated according to the Brunauer-Emmet-Teller (BET) equation using the 

data over the P/P0 range from 0.05 to 0.35. The X-ray photoelectron spectra (XPS) of the catalysts 

were acquired on a Kratos Axis Supra spectrophotometer with a dual anode monochromatic Kα 

excitation source. All binding energies were calibrated against the adventitious carbon C 1s peak 

at 284.8 eV. Cu speciation was determined from the Auger electron spectroscopy with XPS.52,53  

Inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent 5100 VDV) was 

used to quantify the mass fractions of Cu, Ce, and W elements in the catalysts. 

H2 temperature-programmed reduction (H2-TPR) measurements were carried out on a 

Micromeritics Autochem II 2920 instrument. Firstly, the catalysts were loaded into a quartz U-

tube reactor and pretreated under an air flow (50 mL min-1) at 500 °C for 60 min, followed by 

cooling to 35 °C in He. After 30 min, 5% H2/N2 (50 mL min-1) was passed through the catalyst 

bed until a stable thermal conductivity detector (TCD) signal was observed. Subsequently, the 

temperature was increased from 35 °C to 1000 °C at a constant rate of 10 °C min-1 in 5% H2/N2. 

The outlet gas, after H2O removal, was analyzed by the TCD to quantify the consumption of H2 

during the TPR. 

CO2 temperature-programmed desorption (CO2-TPD) was performed on the same Autochem II 

2920 instrument equipped with a MKS Cirrus II mass spectrometer (MS). The total gas flow rate 

through the catalyst bed was kept constant at 50 mL/min. Prior to each TPD experiment, the sample 

(~100 mg) was pretreated in 5% H2/N2 at 500 °C for 60 min and cooled to 35 °C in He. At 35 °C, 

the sample was exposed to 10% CO2/He for 60 min, followed by He purging for 30 min. Then, the 

temperature was raised to 500 °C at a ramping rate of 10 °C min-1, whilst the mass spectrometer 

analysed the outlet gas and recorded the signals of CO (m/z = 28) and CO2 (m/z = 44).  
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The surface dispersion of Cu metals was quantified by N2O chemisorption measurements on a 

Micromeritics Autochem II 2920 instrument. In a typical measurement, Cu was first reduced in 

10% H2/Ar prior to N2O chemisorption, followed by a second H2 reduction step to remove the 

chemisorbed oxygen. H2 reduction was first performed at 300 °C for 60 min. After cooling to room 

temperature, 10% N2O/He was introduced to the sample until N2O consumption was no longer 

observed. Hydrogen reduction, following the H2-TPR program described above, was then 

conducted to quantify the amount of surface Cu atom based on the amount of H2 consumed. 

2.3. CO2 hydrogenation to methanol 

The performance of the catalyst was examined in a fixed-bed reactor. Before CO2 hydrogenation, 

the loaded catalysts were reduced in situ in 50 mL min-1 of 10% H2/He at 500 °C and 10 bar for 

60 min. In each experiment, 200 mg of catalyst was used to convert a 23:69:8 mixture of CO2, H2 

and N2, with a total flow rate of 50 mL min-1 (STP) at 250 °C and 35 bar total pressure. Using N2 

as an internal standard, the composition of outlet gas was analyzed by online gas chromatography 

(Agilent 7890B) equipped with both flame ionization detector (FID) detector and TCD detector. 

Condensation of the liquid products was avoided by trace heating the gas sampling line to 90 °C. 

Kinetics data were collected by measuring the rate when the CO2 conversion was below 10%.  

2.4. In situ catalyst characterization 

In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was carried out on 

a Bruker Tensor II FTIR spectrometer. The FTIR was equipped with a liquid-N2 cooled MCT/A 

detector, a Pike DiffuseIR accessory, and a high-pressure reaction cell. Prior to each experiment, 

the sample was reduced in 50 mL min-1 of 10% H2/He at 500 °C for 60 min and cooled in He to 

the desired reaction temperature (250 °C). The background spectrum was collected in He, at the 
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reaction temperature. Each spectrum was obtained by averaging over 100 consecutive scans, each 

with a spectral resolution of 4 cm-1. 

In situ X-ray absorption spectra (XAS) were measured using wafer samples (I.D. 10 mm pellets) 

in a customized high pressure reaction cell equipped with two beryllium windows at the XAFCA 

beamline of Singapore Synchrotron Light Source (SSLS). The beamline has a flux of 1.6 × 

1010 photons per second at 7 keV. A Si(111) crystal was used as the monochromator for the energy 

range from 2.1 to 12.8 keV. The typical scan time was about 20 min. The data were processed 

using IFEFFIT software packages. XAS of the as-prepared samples were measured at RT under 

He purging. The spectra of the reduced samples were collected after reduction in 10% H2/He at 

500 °C, 10 bar total pressure, for 60 min. In situ measurements were carried out when the samples 

were exposed to a 3:1 mixture of H2 and CO2 at 250 °C and 10 bar.  

Near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) experiments were 

performed in a multichambered Specs system equipped with an Al/Mg twin anode X-ray source 

and a Phoibos hemispherical energy analyzer. A residual gas analyzer (RGA) was connected to 

the NAP lens chamber, which was exposed to 0.1 – 1 mbar of reaction gas, supplied through a 

300 μm nozzle. The NAP cell was degassed before each experiment by heating to 627 °C under 

vacuum until the chamber pressure fell below 1 × 10−9 mbar. In each NAP-XPS experiment, the 

catalyst was first reduced in 0.4 mbar H2 at 500 °C, followed by oxidation in 0.5 mbar CO2 at RT. 

Then, 0.3 mbar CO2 and 0.9 mbar H2 were fed into the measurement chamber at 250 °C to simulate 

a CO2 hydrogenation environment. Finally, the samples were oxidised in 0.4 mbar O2 at 500 °C. 

NAP-XPS spectra were collected at each segment of the experiment, when the samples were 

believed to have reached steady state. 

3. RESULTS AND DICUSSION 
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3.1. Characterization of the as-prepared catalysts 

Figure 1 presents the characterisation of the as-synthesised CeO2 supports and the Cu/CeO2 

catalysts, with and without W-doping. Prior to Cu loading, the X-ray diffraction (XRD) patterns 

of both the unmodified and the W-doped CeO2 can be fully indexed by the fluorite-structured CeO2 

phase (Figure S1). After Cu loading, the freshly calcined catalysts show diffraction peaks of CuO, 

which changed to Cu after H2 reduction (Figures 1a). In all cases, the absence of any diffraction 

peak associated with WOx species suggests that W atoms are finely dispersed on and, or in the 

CeO2 support. In addition, the samples containing W-doped CeO2 show greater extent of peak 

broadening than the samples without W. This additional peak broadening effect is attributed to the 

additional microstrain (e.g. the presence of defects) that is commonly observed in metal-doped 

CeO2.
54–58 The lattice parameters of CeO2 in the oxidized Cu/CeO2 and Cu/CeW0.25Ox catalysts 

were estimated by Rietveld refinement of the diffraction patterns to be 5.41±0.01 and 5.44±0.01 

Å, respectively. The increase in the lattice parameter of CeO2 upon W-doping signifies the 

reduction of Ce4+ to Ce3+.59 In fact, both the reduced and oxidised forms of Cu/CeW0.25Ox show 

larger CeO2 lattices than the Cu/CeO2 sample, suggesting the reduction of Ce4+ to Ce3+ by W 

doping is ubiquitous in all the chemical environments of interest. The HRTEM images, depicted 

in Figures 1b and 1c, show that both catalysts consist of grains of Cu and CeO2 of ~ 4 nm and ~5 

nm in size, respectively. The HRTEM observations further support the conclusion that the 

additional peak broadening of the W-doped CeO2 observed in Figure 1a is due to increased 

microstrain rather than decreased grain sizes of CeO2. The lattice fringes of 0.18 nm and 0.31 nm 

observed in the HRTEM images correspond to the Cu(200) and CeO2(111) planes, respectively. 

Supplementary HRTEM images, including lower magnification ones, are provided in Figure S2 of 

Supporting Information. The identification of the CeO2 grains were further confirmed by selected 
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area electron diffraction (SAED) analysis, as shown Figures S2c and S2d. It should be noted that 

the resolution of the present HRTEM analysis is not sufficiently high to verify the lattice expansion 

due to W-doping (as suggested by the XRD results). The actual Cu loadings on Cu/CeO2 and 

Cu/CeW0.25Ox, as determined by ICP-OES (Table S1), are 9.8 wt% and 10.9 wt%, respectively. 

The specific surface areas of the Cu/CeO2 and Cu/CeW0.25Ox catalysts, as determined by the BET 

analysis of the N2 adsorption-desorption isotherms, are 105 and 84 m2g-1, respectively. Given the 

lack of contrast of Cu on CeO2 in TEM, the dispersion of Cu on the Cu/CeO2 and Cu/CeW0.25Ox 

catalysts is estimated by N2O chemisorption (results shown in Figure S3), to be around 16.8 % and 

16.9 %, respectively. Care is taken to discriminate the chemisorption signals associated with Cu 

and CeO2. These dispersion values translate to mean Cu particle sizes of ~4.3 nm, assuming 

uniform particle sizes and spherical particle shape. The estimated particle sizes agree with the 

HRTEM (Figure 1b and 1c), which show Cu particles of 4-5 nm in size. Therefore, despite the 

marginal increase in Cu loading and decrease in BET surface area, W-doping appears to have 

negligible effect on the morphology and dispersion of the supported Cu particles.  

The chemical states of the surface regions of the catalysts were probed by XPS. The Ce 3d XPS 

spectra, shown in Figure 1d, reflect the ratio of Ce3+ to Ce4+ in the surface region of the catalysts. 

On Cu/CeO2, the major XPS peaks are assigned to a doublet of Ce4+ with an orbital splitting of 

~18.6 eV, accompanied by the shakedown features of one or two electron transfer from a filled O 

2p orbital to an empty Ce 4f orbital.60 The doublet corresponding to Ce3+ is significantly more 

intense in the spectra of the Cu/CeW0.25Ox than that of Cu/CeO2, indicating that the reduction of 

Ce4+ by W was not only a bulk phenomenon, but also profound near the surface. The consequence 

of W-doping on the states of Cu at the Cu/oxide interfaces is analysed by Cu AES, as shown in 

Figure S4a. Looking at the quantitative analyses of the fitted Cu Auger peaks, as shown in Figure 
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S4b, W-doping does not cause any significant change to the amount of Cu+ in the surface region, 

where Cu+ is regarded as the Cu species at the Cu/oxide interfaces.52 

 

Figure 1. Ex situ characterisation of the as-prepared supports and Cu-loaded catalysts. (a): XRD 

patterns of the reduced and the oxidised catalysts. (b) and (c): HRTEM images of Cu/CeO2 and 

Cu/CeW0.25Ox, respectively. (d) High-resolution XPS spectra of Ce 3d. (e) H2-TPR profiles of the 

air-calcined bare catalyst supports and the Cu loaded catalysts. 

The reducibility of the air-calcined CeO2 support and the Cu-loaded catalysts are investigated 

by H2-TPR, as shown in Figure 1e. Three types of TPR peaks can be seen. Firstly, the low 

temperature peaks (≤ 200 °C) correspond to the reduction of CuO to metallic Cu.61 Secondly, the 

intermediate temperature (200 – 600 °C) peaks are assigned to the removal of oxygen from the 

surface of the CeO2 supports.62 Lastly, the high temperature peaks (> 600 °C) can be assigned to 
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the removal of bulk lattice oxygen from CeO2.
63 After Cu loading, the intermediate-temperature 

TPR peaks (350 – 530 °C) associated with the reduction of surface CeO2 shift to lower 

temperatures, showing intense peaks around 227 – 245 °C, probably because Cu catalyses the 

reduction of CeO2 by facilitating hydrogen spill-over. Upon W-doping, the main TPR peak 

associated with the removal of lattice oxygen from the surface of the fully oxidised CeO2, shifts 

from 245 °C (in the case of Cu/CeO2) to 227 °C (for Cu/CeW0.25Ox), suggesting that the addition 

of W might have promoted the catalyst’s ability to activate H2. Although Cu/CeW0.25Ox has 

substantially higher Ce3+ concentration, its overall reducibility, as shown by the total areas of the 

TPR peaks, does not appear significantly different from Cu/CeO2; this observation agrees with the 

catalyst design hypothesis outlined in the Introduction. 

3.2. CO2 hydrogenation performance and mechanism 

As shown in Figure 2, the CO2 hydrogenation activity of Cu/CeW0.25Ox, evaluated at 250 °C and 

35 bar, in a 23:69:8 mixture of CO2:H2:N2, was substantially higher and more selective towards 

methanol than the unmodified Cu/CeO2. On average, the unmodified Cu/CeO2 showed a space-

time yield (STY) of 1.26 molMeOH·kgcat
-1·h-1, a CO2 conversion of 1.3% and a methanol selectivity 

of 51%. The STY of the Cu/CeO2 catalyst is comparable to the other Cu/CeO2-type catalysts 

reported in the literature (i.e. with STY varying in the range of 0.6 – 2.9 molMeOH·kgcat
-1·h-1), as 

shown in Table S2. In contrast, the Cu/CeW0.25Ox catalysts exhibited a one order of magnitude 

increase in STY (12.3 molMeOH·kgcat
-1·h-1), as well as significantly improved CO2 conversion and 

methanol selectivity of 13% and 87%, respectively. The standard errors of the mean STY and 

mean selectivity, estimated over 72 h time-on-stream (TOS, see Figure S5) were both well below 

1%. Given that Cu/CeO2 and Cu/CeW0.25Ox have comparable specific surface areas (105 and 84 

m2 g-1, respectively), Cu loadings (9.8 wt% and 10.9 wt%, respectively), Cu chemical states (see 
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AES in Figure S4), Cu dispersion (see Table S1), and Cu particle sizes, such significant 

improvement in methanol synthesis activity of the Cu/CeW0.25Ox catalyst over Cu/CeO2 can only 

be explained by changes in the catalytic structure and, or possibly a change in the dominating 

reaction pathway. Additionally, the Cu/CeO2 and Cu/CeW0.25Ox catalysts showed stable 

performances over 72 h TOS (Figure S5), suggesting satisfactory stabilities. In comparison, we 

note that a Cu/WO3 catalyst (results not shown) prepared by impregnating 10 wt% Cu on WO3 

showed no detectable CO2 hydrogenation activity at 250 C and 35 bar, suggesting that the 

Cu/WO3 interfaces, even if it was present on Cu/CeW0.25Ox, was not responsible for the observed 

catalytic enhancement. 

 

Figure 2. (a) Methanol STY and CO2 conversion over Cu/CeO2, and Cu/CeW0.25Ox in a 23:69:8 

mixture of CO2/H2/N2 at 250 C, 35 bar total pressure, with WHSV of 15000 mL gcat
-1 h-1. The 

error bars for methanol selectivity, calculated based on the data variability during the 72 h TOS 

experiments, are too small to be shown. (b) Arrhenius plots of the rate of CO and methanol 

formation over the Cu/CeO2 and Cu/CeW0.25Ox catalysts under the same operating conditions as 

(a), except the varied reaction temperatures. 
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Arrhenius analyses of the apparent rates of formation of methanol and CO are shown in Figure 

2b. All rate measurements were taken under differential reactor conditions, in which the catalyst 

weight and total flow rate were adjusted accordingly to keep the CO2 conversion below 10%. For 

Cu/CeO2, the apparent activation energies of the formation of CO and methanol are similar, i.e. 

~55 kJ ± 5 mol-1 (see Table S3, Supporting Information); this agrees with the understanding that 

methanol is formed, on Cu/CeO2, via the RWGS pathway, with CO being a key intermediate.30 

Desorption of CO competes with its further hydrogenation, resulting in low methanol selectivity. 

For Cu/CeW0.25Ox, the apparent activation energies of methanol formation and CO formation are 

38 ± 2 and 58 ± 2 kJ mol-1, respectively (Table S3, Supporting Information). This disparity in 

activation energy suggests that RWGS is unlikely to be the rate-controlling step for methanol 

formation on Cu/CeW0.25Ox. 

The catalytic mechanism of CO2 hydrogenation was investigated by in situ DRIFTS, the results 

of which are shown in Figure 3. After 30 min of CO2 hydrogenation at 250 C, 35 bar, the surface 

of Cu/CeW0.25Ox showed adsorbates including adsorbed CO (2077 cm-1), formate (the peaks at 

1601, 1378, 1078 and 2842 cm-1 correspond to the symmetric vibration of v(OCO), the asymmetric 

vibration vs(OCO), the stretching vibration of -OCH and the stretching of -CH, respectively), 

carbonates (1432 cm-1), HOCO (~1580 cm-1) and possibly trace amount of HCO3 (1622 and 1222 

cm-1).64 The low intensity of the CO peak at 2077 cm-1 suggests that CO adsorption on Cu is indeed 

weak.65,66 After purging the reaction cell with He for 120 min, the adsorption peaks of CO and 

HCO3
- disappeared owing to their weak adsorption. Then, H2 was supplied to the purged reaction 

cell to hydrogenate the remaining adsorbates. From the time-resolved DRIFTS spectra, it can be 

seen that the intensity of the formate peaks decreased gradually over time, accompanied by the 

emergence of characteristic peaks corresponding to surface methoxy species at 2924 cm-1, 2796 
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cm-1 and 1064 cm-1.21 The observation of the methoxy group as a surface-significant species, in 

conjunction with the increase in methanol yield, suggests that methoxy is a key intermediate for 

methanol formation, in agreement with the literature.52 The dynamic spectral changes indicate that 

methanol is formed via the formate pathway on Cu/CeW0.25Ox. 

On Cu/CeO2, the same surface adsorbates were observed during steady-state hydrogenation (viz. 

CO, HCOO and HCO3). After purging with He, HCOO is the main surface-significant species, as 

shown in Figure S6. However, the formate peaks remained largely unchanged over 300 min of 

continuous H2 treatment at 250 C, 35 bar. Therefore, formate appears to act as a spectator on 

undoped Cu/CeO2, a phenomenon that has been previously reported in the literature.30  

 

Figure 3. DRIFTS spectra recorded over Cu/CeW0.25Ox when the catalyst was exposed to CO2 

hydrogenation conditions for 30 min, followed by He purging for 120 min, and then treated with 

H2 only. All measurements were performed at 35 bar total pressure at 250 C. 

3.3. The roles of oxygen vacancies and Ce3+ sites 
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On undoped CeO2, the presence of Ce3+ is often associated with the presence of oxygen 

vacancies, which in turn, is correlated to the redox activity of CeO2 or the metal/CeO2 interface. 

This is not the case for Cu/CeW0.25Ox. In the following, we experimentally verify the lack of 

correlation between Ce3+, oxygen vacancies and redox activity on Cu/CeW0.25Ox. First, CO2-TPD 

was performed to probe the CO2 affinity and the redox activity of the catalysts, as shown in Figure 

4. Over the unmodified CeO2 support, a CO2 desorption peak at 140 °C, with a shoulder at ~240 

°C was observed, whereas a second CO2 desorption peak can be seen ~760 °C. Upon W-doping, 

the shoulder peak ~240 °C shifted to ~320 °C, suggesting stronger CO2 adsorption. The high 

temperature CO2 desorption peaks (m/z = 44) above 700 °C are accompanied by CO desorption 

peaks (m/z = 28, after correcting for the m/z = 28 contribution by CO2 fragmentation). The CO 

produced is attributed to the dissociative adsorption of CO2 at an oxygen vacancy site.67 Therefore, 

the amount of CO produced is indicative of the amount of redox-active oxygen vacancies (i.e. the 

oxygen vacancies that could reversibly form and disappear upon reduction and oxidation, 

respectively) present in the surface-region of the catalyst. To complement, we define the non-

redox-active oxygen vacancies to be those originating from the inherent defects of the structures 

of the metal oxides. Therefore, the amount of non-redox-active oxygen vacancies would remain 

largely unchanged over varying redox environments. Accordingly, the quantifications of the 

redox-active oxygen vacancies are shown in Table S4. The fact that Cu/CeW0.25Ox and CeW0.25Ox 

produced less CO than Cu/CeO2 and CeO2 suggests W-doping suppresses the redox activity of 

CeO2, with or without Cu loading. This also agrees well with the O2-TPO results, as shown in 

Figure S7, i.e. pre-reduced CeO2 consumes more O2 (452 mol/g) and is more redox-active than 

the pre-reduced CeW0.25Ox (with an oxygen consumption of 283 mol/g).  
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Figure 4. CO2-TPD profiles of the CeO2-based supports and the Cu loaded catalysts. The vertical 

blue lines indicate the shift of the CO2 desorption peak. 

 

Figure 5. In situ XANES spectra of Ce LIII edge of the catalysts when freshly calcined (“as 

received”, green line), after reduction in 10% H2/He at 500 °C, 10 bar for 30 min (“reduced”, blue 

line), and during CO2 hydrogenation in a 23:69:8 mixture of CO2/H2/N2 at 250 °C, 10 bar, after 30 
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min TOS (“reaction”, red line). The purple and orange dash-dot line refer to Ce3+ (CeCl3) and Ce4+ 

(CeO2) references, respectively. 

The relative concentrations of Ce3+ and Ce4+ under pressurised CO2 hydrogenation conditions 

were studied by in situ XANES, the results of which are shown in Figure 5. By performing linear 

combination fitting (LCF) of the XANES data, the mole fraction of Ce3+ (balanced by Ce4+) in the 

catalysts can be estimated. The results of the LCF analyses are shown in Table S5 and discussed 

below. The air calcined CuO/CeO2 catalyst precursor exhibits a typical Ce-LIII edge matching that 

of the reference CeO2, showing 0% Ce3+. H2 treatment at 500 C resulted in the formation of 

oxygen vacancies and 17% Ce3+, as Ce-LIII edge of the reduced Cu/CeO2 catalyst moved to a 

lower energy. Under in situ CO2 hydrogenation conditions at 250 C and 10 bar total pressure, the 

reduced CeO2 was slightly oxidised by the adsorbed CO2 to produce CO,39,40 accompanied by the 

elimination of a small fraction of oxygen vacancies and a slight decrease in the mole fraction of 

Ce3+ from 17% to 15%.  

Compared to Cu/CeO2, the Ce-LIII edge of Cu/CeW0.25Ox responds to changes in the gas 

environment differently. The CuO/CeW0.25Ox catalyst precursor, after calcination in air, already 

contains 49% Ce3+. The Ce3+ content in air-calcined CuO/CeW0.25Ox corresponds well to the Ce:W 

ratio of 4:1 and the fact that each W6+ could reduce two adjacent Ce4+ to Ce3+. H2 reduction at 500 

C and CO2 hydrogenation reaction at 250 C further increased the mole fraction of Ce3+ to 69% 

and 59%, respectively, whilst creating additional oxygen vacancies in the catalysts. Here, the 

changes in the amount of Ce3+ under varying gas environments characterize the redox activity of 

the catalyst, subject to practical limitations: (i) XANES is not a surface-sensitive technique and 
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(ii) the measurements may not capture all the transient redox processes taking place.68 Based on 

the trends observed, the bulk redox activities of Cu/CeO2 and Cu/CeW0.25Oi appears similar. 

The in situ EXAFS data of the Cu-K edge of both catalysts are carefully fitted by a single Cu-

Cu shell (see Figure S8, Supporting Information). The fitting results suggest average Cu-Cu first 

shell coordination numbers of 9.1 and 9.5 for Cu/CeO2 and Cu/CeW0.25Ox, respectively (Table S6, 

Supporting Information), with mean Cu particle sizes of 3.2 nm and 3.5 nm, respectively, assuming 

spherical particle shapes.69 The particle sizes estimated by EXAFS are close to the size estimates 

by HRTEM and N2O chemisorption analyses (i.e. ~ 4 nm). 

The chemical states of the surface regions of the catalysts were probed in situ by NAP-XPS. The 

signal-to-noise ratio in the C 1s region of the measured XPS spectra was too low to perform any 

meaningful interpretation, whereas the Cu 2p, Ce 3d, O 1s and W 4f regions, shown in Figure 6, 

were analysed in detail. The Cu 2p spectra of both Cu/CeO2 and Cu/CeW0.25Ox, when (i) freshly 

reduced, (ii) oxidised by CO2 at RT and (iii) under CO2 hydrogenation conditions at 250 °C 

(Figures 6a and 6b), show the predominance of Cu0 species in the surface regions of the catalysts 

under CO2 hydrogenation conditions at 1.2 mbar, 250 °C. Given the similarity of the positions of 

the Cu0 peaks (933 eV) of the two catalyst samples, it is plausible that W-doping does not have a 

notable influence on the chemical state of the Cu0 sites; this agrees with the similar Cu Auger 

spectra of the two catalysts (Figure S4). After O2 treatment, the surface regions (and quite possibly 

the bulk) of the Cu particles were oxidised to Cu2+ for both Cu/CeO2 and Cu/CeW0.25Ox, as shown 

in Figure 6c. Likewise, the similar Cu 2p peaks of the oxidised Cu/CeO2 and Cu/CeW0.25Ox are in 

line with the complementary experimental observations that W-doped does not have a significant 

effect on the chemical state of Cu. 
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The Ce 3d XPS spectra, plotted in Figures 6d and 6e, show trends agreeing well with the in situ 

XANES results, i.e., the surface region of the W-doped catalyst contains significantly more Ce3+, 

with only a small fraction of Ce3+ oxidisable by CO2 (viz. in CO2 at RT and CO2 + H2 at 250 C). 

In all NAP-XPS measurements, the surface region of Cu/CeW0.25Ox consistently contained more 

Ce3+ than that of Cu/CeO2, signifying the reduction of Ce4+ to Ce3+ and the stabilisation of the Ce3+ 

by W-doping. On the other hand, the surface region of the reduced Cu/CeO2 appears more redox 

active (the Ce3+ content changes from 28.2% to 15.6% by CO2 oxidation) than that of 

Cu/CeW0.25Ox (the Ce3+ content changes from 40.8% to 38.3%). Therefore, although 

Cu/CeW0.25Ox has more Ce3+ in its surface region than Cu/CeO2, the majority of the Ce3+ species 

are not redox-active. It is plausible that these non-redox-active Ce3+ are responsible for the 

significantly enhanced methanol synthesis activity of Cu/CeW0.25Ox. 

The XPS in the O 2p region also correlates well with the Ce 3d spectra. For Cu/CeO2 (Figure 

6f), the peak at 529.3 eV (denoted as Oβ) can be assigned to O2- located near the Ce4+ ions,70 

whereas the peak at 531.5 eV (denoted as Oα) is assigned to the carbonate-like and hydroxy 

adsorbates on the oxygen vacancy sites.71 For Cu/CeW0.25Ox (Figure 6g), the peak at 530.5 eV (Oβ) 

is assigned to O2- located near the Ce3+ ions,70,72 accompanied by the small peak at 532.6 eV (Oα), 

which is characteristic of the adsorbate-related contribution associated with oxygen vacancies. 

Therefore, the apparent shifts in the binding energies of the O 1s XPS upon W-doping can be 

explained by the change from the Ce4+-rich surface of the CeO2 support to one that is rich in Ce3+. 

Additionally, the ratio of Oα/Oβ is indicative of the activity of the oxygen vacancy sites, which 

could adsorptively activate CO2 and H2O. Upon the introduction of CO2 at RT, the Oα/Oβ ratio 

increases from 0.54 to 0.82 on Cu/CeO2, accompanied by the emergence of a peak at 536.3 eV, 

which corresponds to gaseous CO2 molecules (Figure 6d). In contrast, the Oα/Oβ ratio on the 
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reduced Cu/CeW0.25Ox hardly changes (~0.07) upon exposure to CO2, suggesting that the oxygen 

vacancies on Cu/CeW0.25Ox have rather lower activity; this is in good agreement with its low CO 

selectivity observed during CO2 hydrogenation experiment (Figure 1) and the low redox activity 

observed by CO2-TPD (Figure 4) and NAP-XPS of the Ce 3d region (Figure 6e). Figure 6h plots 

the W 4f XPS of the Cu/CeW0.25Ox catalyst at various stages of the NAP-XPS experiment. With 

the exception of the fully oxidised Cu/CeW0.25Ox (after exposure to O2 at 500 °C), the catalyst 

under otherwise reduced or partially reduced states exhibits W 4f XPS peaks that are shifted to 

higher binding energies relative to the WO3
 reference. This observation is in agreement with the 

theoretical study by Hu and Metiu, who concluded that the W dopant in CeO2 would donate 

electrons to neighbouring Ce4+ species, forming Ce3+ sites.42 The charge transfer from W6+ to Ce3+ 

also corroborated by the NAP-XPS data of the Ce 3d region(Figure 6d). In addition, the effect of 

W dopant on the charge transfer mechanism is supported by H2-TPR (Figure 1e), which portrays 

a negative shift in H2 reduction temperature of CeW0.25Ox after air calcination, indicating higher 

reducibility of CeW0.25Ox as compared to CeO2.  
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Figure 6. High-resolution XPS spectra obtained during the NAP-XPS experiments. (a) and (b) 

show the Cu 2p region. (c) shows the close inspection of the Cu 2p spectra after oxidation. (d) and 

(e) show the Ce 3d region, with the fractions of Ce3+ in the surface regions of the catalysts labelled 

on the right of each spectrum. (f) and (g) show the O 1s region. (h) shows the W 4f region; the 

dashed vertical line denotes the reference binding energy of WO3. XPS measurements were taken 

when each sample was subjected to the following environments, in chronological order, 1) 
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“reduced”: 0.4 mbar H2 at 500 °C, 2) “CO2 RT”: 0.5 mbar CO2 at RT, 3) “CO2+H2 @250”: 0.3 

mbar CO2 and 0.9 mbar H2 at 250 °C and 4) “oxidised”: 0.4 mbar O2 at 500 °C. 

Based on the experimental results discussed above, the catalytic consequences of W-doping are 

summarized in the following: (i) reducing Ce4+ to Ce3+ and stabilising Ce3+ both in the surface 

region and the bulk of the Cu/CeW0.25Ox catalyst, (ii) suppressing the redox activity of the 

Cu/CeW0.25Ox catalyst, (iii) promoting the formate pathway for CO2 hydrogenation to methanol, 

and (iv) improving both CO2 activation and selectivity towards methanol. Accordingly, the 

structural-functional relationship of the W-doped Cu/CeW0.25Ox catalyst, is depicted in Scheme 1 

and elaborated below.  

During CO2 hydrogenation on unmodified Cu/CeO2, the Cu nanoparticles facilitate hydrogen 

activation (including H2 spill-over, Scheme 1a), whilst the redox-active oxygen vacancies formed 

on CeO2 promote the dissociative activation of CO2 to CO, i.e., RWGS via the Mars-van Krevelen 

(MvK) mechanism (Scheme 1b). Concomitantly, a fraction of the catalyst surface (possibly on the 

Cu and at the Cu/CeO2 interfaces30,73–75) is covered by formate spectators (Scheme 1a). As such, 

the formation of CO, with an apparent activation energy of 55 kJ mol-1, is the rate limiting step for 

methanol formation on unmodified Cu/CeO2. While the hydrogen of adsorbed CO produces 

methanol (Scheme 1c-e) The weak adsorption of CO on Cu results in low methanol selectivity and 

productivity.  

For Cu/CeW0.25Ox, the W dopants donate electrons to the neighbouring Ce4+, generating and 

stabilising substantial amount of non-redox-active Ce3+ (Scheme 1f). The lack of reducibility of 

Ce3+ and W6+, as shown by the NAP-XPS spectra in Figures 6e and 6h, hinders the ability of 

Cu/CeW0.25Ox to lose lattice oxygen and create redox-active oxygen vacancies under CO2 
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hydrogenation conditions, thus suppressing its redox activity. Consequently, RWGS and CO 

selectivity are effectively suppressed. Furthermore, the presence of the W-stabilised, non-redox-

active Ce3+ species in the Cu/CeW0.25Ox catalyst promote the hydrogenation of the surface formate 

species (Scheme 1g), activating the formate pathway to become the dominant reaction pathway 

(Scheme 1h-i) with a significantly reduced apparent activation energy of 38 kJ mol-1 and a 10-fold 

increase in methanol STY.  

  

Scheme 1. Proposed reaction mechanisms for CO2 hydrogenation on (a – e) unmodified Cu/CeO2 

and (f – i) Cu/CeW0.25Ox and. The key steps on Cu/CeO2 include: (a) activation of H2 on Cu with 

hydrogen spillover across the Cu/CeO2 interface, activation of CO2 at the Cu/CeO2 interface, and 

activation of CO2 on an oxygen vacancy (Ov) of CeO2; (b) desorption of CO produced by the 

dissociative adsorption of CO2 at an oxygen vacancy, leaving behind formate spectators; (c) 

successive hydrogenation of adsorbed *CO species to form methoxy; (d) hydrogenation of surface 

methoxy species forming methanol; (e) desorption of methanol, leaving behind surface formate 

spectators. The key steps on Cu/CeW0.25Ox include: (f) activation of H2 on Cu with hydrogen 

spillover across the Cu/CeO2 interface and activation of CO2 at the Cu/CeW0.25Ox interface; (g) 

Ov

W

Ce3+

Ce4+

O

C

H

Cu

(a) (b) (c) (d) (e)

(f) (g) (h) (i)
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successive hydrogenation of formate species at the Cu/CeW0.25Ox interface to form surface 

methoxy species; (h) hydrogenation of surface methoxy species to form methanol; (i) desorption 

of methanol. 

The proposed structural-functional relationship is in line with the study by Senanayake et al,76 

who correlated the surface concentration of stable Ce3+ to the apparent rate of methanol formation. 

The improved CO2 conversion with increasing Ce3+ is also corroborated by previous studies 

reporting that the Ce3+ sites on CeO2 are responsible for the adsorptive activation of CO2.
77–79 

However, the mechanistic function of the W-stabilised Ce3+ during the Cu-catalysed CO2 

hydrogenation is not fully understood and merits in-depth investigations in future studies, 

preferably with the help of theoretical tools such as density-functional theory calculations. 

4. CONCLUSIONS 

We prepared a Cu/CeW0.25Ox catalyst for CO2 hydrogenation to produce methanol. W-doping 

increases and stabilises the concentration of non-redox-active Ce3+ on Cu/CeW0.25Ox, resulting in 

significantly enhanced methanol productivity and selectivity. The W-induced reduction of Ce4+ 

also uncouples the catalytic roles of oxygen vacancies and that of the Ce3+ species. On unmodified 

Cu/CeO2, CO2 is activated either (i) dissociatively at a redox-active oxygen vacancy on CeO2, 

forming a weakly adsorbing *CO or (ii) forming a stable formate spectator. Subsequently, CO2 is 

hydrogenated via the RWGS pathway with inherently low methanol selectivity. In comparison, 

W-doping resulted in a considerably reduced CeO2 surface having low redox activity and 

suppressed CO selectivity. This is achieved by W donating electrons to neighboring Ce4+, reducing 

them to Ce3+ without generating additional oxygen vacancies. The abundant non-redox-active Ce3+ 

species on Cu/CeW0.25Ox promote the hydrogenation of formate to produce methanol at a rate that 

is 10 times faster than undoped Cu/CeO2. Beyond CO2 hydrogenation, high-valency cation doping 
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may be further exploited as a means to tune the catalytic activity of CeO2 for reactions where high 

redox activity is undesired. 
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