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Negative Charging of Au Nanoparticles during Methanol Synthesis 

from CO2/H2 on a Au/ZnO Catalyst: Insights from Operando 

Infrared and Near-ambient Pressure XPS and XAS 

Ali M. Abdel-Mageed,a,# Alexander Klyushin,b,c Azita Rezvani,a Axel Knop-Gericke,b Robert Schlögl,b 

and R. Jürgen Behma* 

 

Abstract: Kinetic measurements in combination with time resolved 

operando infrared (DRIFTS), in situ near ambient pressure X-ray 

photoelectron spectroscopy (NAP-XPS) and X-ray absorption near 

edge spectroscopy (XANES) measurements at the O K-edge together 

with high resolution electron microscopy were applied to evaluate the 

electronic and structural properties of Au/ZnO under industrial and 

idealized methanol synthesis conditions. CO adsorption during the 

reaction revealed the presence of negatively charged Au 

nanoparticles / Au sites under reaction conditions, which are formed 

during the initial phase of the reaction. Near ambient pressure XPS 

and XANES demonstrate the build-up of O-vacancies during the 

reaction, which goes along with a substantial increase in the methanol 

formation rate. The results are discussed in comparison with previous 

findings for Cu/ZnO and Au/ZnO catalysts. 

Supported Au catalysts have attracted considerable interest 

due to their high activity at rather mild conditions in a number of 

reactions,[1] including the hydrogenation of CO2 to methanol.[2;3] 

For the latter reaction, supported gold catalysts, in particular 

Au/ZnO, were found to be at least as active as commercial 

Cu/ZnO catalysts.[4] In addition, they showed a higher selectivity 

for methanol formation relative to the competing reverse water 

gas shift (RWGS) reaction at pressures up to 50 bar.[3;4] To better 

understand the origin of the high activity and selectivity of these 

catalysts, a detailed knowledge of their electronic and geometric 

structure under reaction conditions is required. 

First of all this requires reliable information on the oxidation 

state of the active Au species and of the oxide support during 

reaction. We had recently shown for Au/TiO2 catalysts in the CO 

oxidation reaction[5;6] that the number of surface oxygen vacan- 

cies on the TiO2 support depends sensitively on the composition 

of the gas phase, specifically on the CO : O2 ratio.[7] In the same 

way one might expect that a reductive reaction atmosphere, as 

encountered for a CO2 / H2 methanol synthesis mixture, will lead 

to a partial reduction of the ZnO support in the Au/ZnO catalysts. 

Similar reduction effects have been debated controversially for 

Cu/ZnO catalysts.[8-12] Some of those authors had suggested that 

the Cu crystallites are overgrown by a metastable layer of partially 

reduced ZnOx during reaction.[10;13] It can also be envisaged that 

the electronic properties of the metal nanoparticles (NPs) are 

modified by such changes in the ZnO support. Therefore, 

scrutinizing the electronic properties of the Au NPs and of the ZnO 

support and their mutual interactions under reaction conditions is 

a prerequisite for the detailed understanding of their catalytic 

performance.  

In this work, we employed kinetic measurements as well as 

time resolved operando diffuse reflectance FTIR spectroscopy 

(DRIFTS) in the pressure range of up to industrial methanol 

synthesis conditions (up to 50 bar, 240°C), together with in situ 

near-ambient pressure X-ray photoelectron spectroscopy (NAP-

XPS) and X-ray absorption near edge spectroscopy (XANES) to 

i) probe the changes in the electronic state of Au during methanol 

synthesis and to ii) inspect how the changes in the (defect) 

structure of ZnO can induce or be related to changes in the 

electronic state of the Au NPs. In addition, we make use of 

information on the Au particle size, obtained from transmission 

electron microscopy (TEM), and of results on the atomic Au:Zn 

surface ratios derived from quasi in situ laboratory XPS 

measurements. Based on these data we will discuss changes in 

the electronic / geometric structure of the Au/ZnO catalyst during 

time on stream and their effect on the activity for methanol 

formation. The trends mapped out for Au/ZnO are expected to 

provide insight also for the more complex Cu/ZnO system. 

First, we monitored possible changes in the electronic state of 

the Au NPs during reaction, following the vibrational properties of 

CO adsorbed on the Au/ZnO catalyst by operando DRIFTS 

measurements at 240°C and pressures from 1 to 50 bar. Here, 

we make use of the ongoing CO formation during methanol syn-

thesis via the competing RWGS reaction. Representative spectra, 

recorded under steady-state conditions at different pressures, are 

displayed in Figure 1a. Under these conditions, there is 

essentially no CO adsorption detectable at 1 bar. A COad related 

band centered at 2078 cm-1 appears at 5 bar and increases in 

intensity with increasing pressure. Starting at 20 bar, a broad 

band evolves, ranging from 2050 – 2130 cm-1, and at 40 - 50 bar, 

distinct maxima appear at 2109 cm-1 as well as at 2018, 2068, 

and 2094 cm-1, respectively. Bands in these ranges are 

characteristic for CO adsorption on small metallic Au NPs (Au0, 
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2100 - 2130 cm-1), and on negatively charged Au NPs/sites (Auᵟ-

-CO: 2020 – 2100 cm-1).[14;15]  

Independent of the pressure, there are no bands charac-

teristic for CO adsorption on cationic species such as Zn2+ 

(typically at 2170-2190 cm-1 [16]) or oxidized Au+ species (Au2O3: 

2156 cm-1 [17]). Significant CO adsorption on uncharged, metallic 

NPs or sites can only be detected at pressures ≥ 20 bar, while the 

Auᵟ--CO species was observed at significantly lower pressures. 

Considering that there is little change in the CO formation rate (via 

the RWGS) at pressures between 20 and 50 bar (see Figure S1, 

Supporting Information (SI)), the increase in COad band intensity 

and thus in COad coverage with increasing total pressure is not 

due to changes in the CO formation rates, but mainly caused by 

an increase in CO adsorption strength or an increase in active Au 

surface area. It also fits well with the trend in the methanol 

formation rate (Figure 1b). 

 

Figure 1. (a) Operando DRIFTS spectra in CO2/H2 (1:3) recorded under steady-

state conditions at 240°C and pressures from 5 to 50 bar (bottom to top: 5, 10, 

20, 40 and 50 bar, intensities in Kubelka-Munk (KMU) units, see experimental 

part in SI)). (b) Time sequence of spectra recorded at 20 bar under otherwise 

similar reaction conditions (bottom to top: after 15, 30, 45, 75, 105, 135,165, 

195, 255, 375, 495, 615, 715, 735 min). (c) Steady-state methanol formation 

rate in TOFs (right scale) and steady-state Au-CO band intensity (peak height 

at 2078 cm-1,in KMUs, left scale) as a function of reaction gas pressure. (d) Time 

evolution of the Au mass normalized methanol formation rate (), the Au-CO 

band peak intensity at 2078 cm-1 (, intensity multiplied by 10) and of the OH 

stretch vibration in adsorbed methanol at 3567 cm-1 at 20 bar (⧫ data from 

spectra like those in b) and Figure S6). Reaction rates in micro-reactor and 

DRIFTS cell are compared in Figure S2, SI. 

In a similar way we followed the build-up of the COad@Auᵟ- 

species with time at a constant pressure of 20 bar (CO2:H2 = 1: 3) 

by recording time resolved DRIFTS spectra (see Figure 1c). The 

evolution of the COad band intensity around 2078 cm-1 (peak 

height), which is representative for CO adsorption on negatively 

charged Au- species, is plotted in Figure 1d, together with the Au 

mass-normalized methanol formation rate. Qualitatively, this 

shows a rather good agreement between the time evolution of the 

methanol formation rate and the COad band intensity and thus, in 

a first order approximation, with the COad coverage on these sites. 

During the initial phase of the reaction, both the methanol 

formation rate and the coverage of the COad@Auᵟ- species 

increase steadily, while at longer times they both remain stable. 

These observations are in good agreement with previous findings 

of negligible catalyst deactivation.[3;4] Interestingly, this activation 

period takes about 50 – 70 min for the methanol formation rate, 

while the COad band intensity increases for up to ~150 min. These 

activation periods are reversible, upon subsequent re-calcination 

(10% O2/Ar, 400°C) we found a similar activation behavior (see 

Figure S3 - SI). 

 

Figure 2 (a) Normalized XANES spectra of the oxygen K-edge recorded in 0.3 

mbar Ar at 400°C (spectrum 1), in 0.3 mbar O2/Ar (1:1) at 400°C (spectrum 2) 

and at 240°C (spectrum 3), and during methanol synthesis in CO2 : H2 (1:3, 0.3 

mbar) recorded at different times on stream (13, 90, 230 and 309 min; spectra 

4 -7). (b) Normalized intensity of the features B, C in the XANES spectra 

(intensity ratio of reaction spectra (4-7) with respect to spectrum (3)), integrated 

over the peak area from 530.5 to 540 eV. (c) Atomic Zn : O surface ratio during 

reaction based on the Zn 2p and the O 1s peak intensities (spectra in SI, Figure 

S7).  

Comparing similar measurements at different pressures, it turned 

out that the duration of the activation period in the methanol 

formation rate decreases with increasing pressure, from about 

100 min at 5 bar to 50 min at 50 bar (Figure S4b, SI), while the 

build-up of COad@ Auᵟ- species takes 100 – 150 min, independent 

of the total pressure (Figure S4a, SI). Note that the slow increase 

in COad coverage with time cannot be related to changes in the 

CO formation rate, since the trends in both features are opposite 

(initial increase in COad intensity, initial decrease in COad 

formation rate, see Figure S5, SI). Thus, these activation periods 

must result from modifications of the adsorption properties of the 

Au NPs during time on stream, either directly by charging of the 

Au NPs or by an increase of the active Au surface area due to 

surface de-encapsulation. This is accompanied by an increase in 

the methanol formation rate. While qualitatively closely related, a 

quantitative comparison shows differences in how these 
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modifications affect the CO adsorption and the methanol 

formation rate. 

Finally, to ensure that the initial activation period is 

characteristic for Au/ZnO and changes therein, we examined the 

initial stages of the MeOH formation reaction on 3 related 

catalysts of different composition (5 bar, 240°C, see Figure S8 

and Table S1 – SI). For a Au/Al2O3 catalyst, we found a much 

lower activity and essentially no activation period, Au/CeO2 with a 

more reducible support showed the highest activity and a 

relatively fast activation (13 min), while an activation period of ~30 

min was observed for a commercial Cu/ZnO catalyst. Hence, the 

extended activation period is characteristic for the Au/ZnO 

catalyst and points to a pronounced influence of the support 

reducibility on both activity and activation behavior. 

In total, these results clearly indicate that the interaction of the 

calcined Au/ZnO catalyst with the methanol synthesis gas mixture 

results in the formation of negatively charged Au sites / NPs, 

which may affect different reaction steps such as H2 activation or 

the dissociation of a C-O bond. This goes along with an increase 

in the methanol formation rate and in CO adsorption. Based on 

the IR results, these trends apply over a wide pressure range. 

To directly probe the electronic properties of ZnO during 

methanol synthesis, we first explored changes in the near edge 

region of the oxygen K-edge upon exposure to different gas 

mixtures and temperatures, using pressures in the mbar range. A 

series of XANES spectra is presented in Figure 2a. The features 

B and C in the spectra are characteristic for the excitation of O1s 

electrons into the unoccupied O 2p states, and their intensity is 

about proportional to the density of unoccupied states (UDOS).[18] 

Comparing the first spectrum (spectrum 1, Figure 2a), which was 

recorded during exposure to an Ar atmosphere (0.3 mbar) at 

400°C, with the spectra taken in O2/Ar (1:1) at 400°C and at 240°C 

(spectra 2 and 3, Figure 2a), we find significant differences in the 

normalized intensities of these features. The much higher 

intensity of the features B and C in spectra 2 and 3 compared to 

spectrum 1 can be explained by the replenishment of O vacancies 

in the ZnO lattice during exposure to O2/Ar, which had been 

created before by heating in Ar. Filling the oxygen vacancies 

results in an increased UDOS above EF. Integration of the 

intensity in the range between 530.4 eV and 540.0 eV (features 

B, C) during methanol synthesis at 240°C (spectra 4 – 7 in Figure 

2a) shows a decrease of the intensity of these features by roughly 

18 ± 5 % relative to the spectrum recorded after oxidation of the 

catalyst at 400°C (spectrum 3 in Figure 2a, intensity ratio in Figure 

2b). Furthermore, the pre-edge feature A at around 528 - 530 eV, 

which was not present in the first spectrum, evolved once O2/Ar 

was admitted. This feature had been attributed earlier to an 

excitation from the O 1s state into unoccupied, hybridized O 2p 

and Zn 4s / Zn 3d states,[19] which is less efficient in the presence 

of oxygen vacancies. Overall, the XANES data indicate 

considerable oxygen vacancy formation upon annealing in Ar 

atmosphere, and their replenishment upon exposure to 0.3 mbar 

O2/Ar. This is supported also by the changes in the DRIFTS 

spectra, which show a drastically lower reflected intensity after 

heating in Ar to 400°C (1 bar) as compared to  a fully oxidized 

sample (Figure S9, SI). The lower IR intensity of the partly 

reduced sample was explained by an increase in the charge 

carrier density upon oxygen vacancy formation.[20]  

During subsequent exposure to a methanol synthesis atmo-

sphere the intensity of the features B and C decreased signi-

ficantly already after 2 min on stream, and the pre-edge feature A 

almost vanished. Both changes point to the re-formation of O-

vacancies in the ZnO support, in good agreement with the drastic 

increase in IR absorption observed in the DRIFTS spectra (Figure 

S10, SI). With longer time on stream, the general shape of the 

XANES spectra did not change any more. 

For further information on the creation and relative 

concentration of O-vacancies we followed the intensities of the Zn 

2p and O1s XP signals, which were recorded after calcination and 

at different times during reaction in a 1:3 mixture of CO2 and H2, 

also at 0.3 mbar. Here we used the integrated intensities of the 

Zn 2p3/2 peak at 1022.3 ± 0.1 eV and of the lower binding energy 

(BE) contribution of the O 1s peak at 530.3 ± 0.1 eV (see the peak 

deconvolution in Figure S7, SI). The latter peak contribution is 

characteristic for the O2− ions of the wurtzite structure of ZnO (for 

the other peaks see caption of Figure S7, SI).[21;22] From the 

intensities of the respective Zn 2p and O1s signals we obtained 

an atomic Zn: O ratio of slightly above the stoichiometric value of 

1 for the calcined sample (for details see the SI, section 4). Using 

this intensity ratio for normalization, the Zn : O atomic ratio then 

increases gradually during reaction from 1 to a value of ~1.17 after 

268 min of reaction (Figure 2c). The depletion of O in the ZnO 

support surface reflects the creation of O-vacancies. The resulting 

intensity ratio roughly corresponds to an O-vacancy concentration 

of ~13.2 % in the surface region, which is much more than the 

amount of lattice oxygen at Au-ZnO perimeter sites (0.044 x 1015 

Oatom cm-2). Even when considering the error range, this clearly 

supports our claim of significant O-vacancy formation during the 

reaction. This value is compatible also with the (lower) amount of 

removable surface oxygen determined recently by TAP reactor 

measurements upon CO2/H2 pulsing on the same Au/ZnO 

catalyst.[23] Slight differences in the time scales in the XANES and 

NAP-XPS measurements may result from differences in the 

surface sensitivities of the electrons used for detection (see 

Tables S2 and S3, SI). Overall, the changes in the XANES and 

NAP-XPS data, which were recorded in the mbar regime, fit well 

with the distinct increase of the methanol formation activity and 

the increasing formation of the COads@Auᵟ- species, which were 

detected in high pressure kinetic and DRIFTS measurements. 

The changes in the support (O–vacancy formation) are induced 

already at pressures in the mbar regime and persist also at the 

realistic higher reaction pressures. Most likely, the concentration 

of O-vacancies is governed by a competition of vacancy formation 

(by reaction with H2, CO) and vacancy replenishment (by reaction 

with CO2, H2O), and hence by the ratio between CO2 and H2 partial 

pressures. 

A significant change in the reactivity upon formation of surface 

oxygen defects was reported earlier by Yoon et al., who showed 

that small Au8 clusters deposited on O-vacancies on MgO(001) 

are very active for CO oxidation, while on a defect free MgO 

substrate they are inactive.[14] In addition, these authors also 

observed a distinct red-shift of the CO vibrational band from 2109 

to 2055 cm-1, which they interpreted as due to the formation of 

negatively charged Au clusters. Those results clearly 

demonstrate the influence the formation of these Au- sites can 

exert on the reactivity of Au catalysts.  
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Next, we characterized the electronic properties of the 

Au/ZnO catalyst, in particular of the Au NPs, both after oxidative 

pretreatment (O400: 1 h in 10% O2/Ar at 400°C, 1 atm) and after 

an additional reaction step for 1000 min at 5 bar in a CO2/H2 (1:3) 

mixture, using laboratory based quasi-in situ XPS measurements, 

without exposure of the sample to air between pretreatment / 

reaction and XPS measurements (see Figures S11, S12 – SI). 

The binding energies (BEs) of the Au 4 f7/2 state after pretreatment 

and subsequent methanol synthesis were essentially identical, 

with 83.8 and 83.7 eV, respectively, close to the typical BE of 

metallic Au.[24] Furthermore, analysis of the atomic surface 

concentrations of Zn and Au indicated a slight increase of the Zn : 

Au intensity ratio during reaction, from 78 after O400 pretreatment 

to 84 after reaction, which points to a slight increase of the Zn 

surface concentration during the reaction. At the same time, the 

Zn : O intensity ratio increased from 0.8 (after O400) to 0.89 after 

reaction. These results obtained after reaction at 5 bar are in good 

agreement with those obtained at 0.3 mbar using NAP-XPS. 

Apparently, the formation of surface O-vacancies is accompanied 

by a slight structural rearrangement during time on stream, e.g., 

due to subtle changes in the Au particle shape such as a flattening 

of the Au NPs, induced by O-vacancy formation. Alternatively, this 

may be caused by de-encapsulation of the Au NPs, as it had been 

suggested by Liu et al. for reduction of a pre-oxidized Au/ZnO 

catalyst in H2 (see below).[25] Comparison of the quasi-in situ XP 

spectra showed that the C1s intensity is unchanged (Figure S12 

- SI). Hence, the change in the Zn : O or Zn : Au ratio is not related 

to the buildup of carbon containing species. 

In addition, we characterized the particle size distribution of 

the Au NPs after pretreatment and after subsequent reaction at 5 

bar by HR-TEM. The TEM images revealed a homogeneous 

distribution of the Au NPs on the ZnO surface both before and 

after the reaction, while the particle sizes did not change much 

(Figure 3). After the reaction, the Au particle size distribution is 

slightly broader than before reaction, in particular the fraction of 

particles with sizes below 2.0 nm (Figure 3), but there is no 

evidence for significant changes in the Au NP size. 

 

Figure 3 TEM micrographs of the Au/ZnO catalyst and Au particle size 

distribution after O400 pretreatment (a) and after subsequent reaction at 240°C 

/ 5 bar for 1000 min in a CO2/H2 (1:3) gas mixture (b). 

It is interesting to compare these results with related findings 

for Cu/ZnO catalysts, where several groups reported a partial 

overgrowth of the Cu NPs by a reduced ZnOx layer upon exposure 

to a methanol reaction mixture.[10] This would be consistent with 

the increasing Zn surface concentration observed by XPS in our 

experiments. It would be, however, in direct contrast to the 

activation in the initial stage of the reaction and the constant COad 

coverage after the initial activation period (Figure 1d). If there 

were a slow overgrowth of the Au NPs by a ZnOx layer, we would 

expect that the COad coverage decreases with time and possibly 

also the MeOH formation rate. On the other hand, Nakamura, 

Chorkendorff and coworkers had concluded that under reaction 

conditions metallic Zn is formed and incorporated into the Cu 

surface, forming the active phase responsible for the promoted 

synthesis of methanol.[8;12;26] 

Returning to Au/ZnO catalysts, Liu et al reported that an 

oxidative pre-treatment of Au/ZnO results in an electron transfer 

from Au NPs to the ZnO (positive charging of the Au NPs) and 

claimed a (partial) encapsulation of the Au NPs by a ZnO layer, 

while reduction in H2 leads to charge transfer from ZnOx to Au, 

de-encapsulation of the Au NPs and formation of AuZn alloys.[25] 

After reduction in H2, these authors observed also the formation 

of COad bands at 2048 cm-1, representative for COad on negatively 

charged Au sites. In the present work, where the reaction gas 

mixture is strongly reductive, we suggest a similar scenario. The 

formation of O-vacancies goes along with the formation of 

negatively charged Au NPs / Au sites, reflecting pronounced 

electronic metal-support interactions, as well as a drastic increase 

of CO adsorption and of the activity for methanol formation during 

the initial activation period. The changes in CO adsorption 

behavior may either be directly caused by the electronic 

modification of the Au NPs, or by a partial de-encapsulation of the 

Au NPs as a result of O-vacancy formation. Finally, we postulate 

that similar to findings for reduction by CO,[5] the surface reduction 

of the ZnO support by the H2/CO2 reaction gas is enhanced by the 

Au NPs, taking place at the perimeter sites of the Au-ZnO 

interface. 

In summary, we have investigated changes in the electronic 

and geometric structure of Au/ZnO catalyst under up to industrial 

synthesis conditions as a first step towards a more compre-

hensive mechanistic understanding of the methanol synthesis by 

hydrogenation of CO2 over Au/ZnO catalysts. Employing 

operando DRIFTS as well as in situ XANES and NAP-XPS and 

quasi in situ XPS together with kinetic measurements, we find a 

rapid formation of O-vacancies in the ZnO surface region in the 

initial stages of the reaction (first 1-2 h). This goes along with the 

formation of negatively charged Au- sites, as evidenced by the 

formation of Au--CO species with vibrational frequencies well 

below 2100 cm-1, and a pronounced increase in CO adsorption 

and in the methanol formation activity during the initial activation 

period. The results underline the importance of a partial reduction 

of the ZnO support under reaction conditions for its activity for 

methanol formation, which is considered to play an important role 

also for Cu/ZnO catalysts. 

Experimental Section 

The experimental details are described in the Supporting 
Information. 
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Methanol synthesis activity goes along with the formation of O-vacancies during the 

initial activation period, which as consequence results in a negative charging of Au 

nanoparticles during reaction. 
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