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Abstract 

The physicochemical properties of hydroxycarbonate-based precipitates [zincian malachite 

(ZM) and aurichalcite precursors], calcined CuO/ZnO precatalysts and finally reduced Cu/ZnO 

catalysts, with several Cu-Zn ratios, have been investigated by different characterization 

techniques. Results from isothermal physisorption of N2 (BET), X-ray Diffraction (XRD), 

Temperature Programmed Reduction (TPR), N2O Reactive Frontal Chromatography (N2O-

RFC), X-ray Photoelectron Spectroscopy (XPS) and Scanning Electron Microscopy (SEM) 

have been correlated with the catalytic activity for the reverse water-gas shift (rWGS) reaction 

in order to provide insight into the controversial nature of active species in carbon dioxide 

activation, respectively the role of Cu and ZnO. Average crystalline domain size of CuO and 

ZnO show a relationship with the amount of each phase in the calcined sample. This is in 

agreement with the TPR profiles, which indicate a better dispersion of Cu for the ZnO-rich 

samples and a shift for the first reduction step to higher temperatures (Tonset  for  CuII to CuI).   

XPS measurements point out the surface enrichment of ZnO is less pronounced with higher 

ZnO/(ZnO+Cu) ratios. Activity results show that catalysts derived from high surface area ex-

aurichalcite (Zn content, 50-70% atom) catalysts are more active in rWGS with lower apparent 

activation energies than ex-ZM catalysts (Zn content, 15-30% atom) with comparable apparent 

Cu surface area /N2O capacity.  Thus, the CO formation rate as function of the apparent Cu 

surface area indicates that the reaction rate is not dependent on the exposed apparent Cu surface, 

but from an adjusted interface composition predetermined by the precursor structure and its 

thermal post-treatment. 

 

Keywords: rWGS reaction, Aurichalcite, Zincian Malachite, Cu/ZnO interface, CO2 activation 
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1. Introduction 

Carbon dioxide has been attributed to be the main human source of the greenhouse effect. 

Nowadays, there are increasing attempts to consider it as a resource, rather than waste, since 

large amounts of low cost and relatively pure carbon dioxide will soon be available from carbon 

sequestration and storage facilities. The actual use of CO2 is limited to a few processes like the 

syntheses of urea, salicylic acid and polycarbonates, but these only correspond to a small 

percentage of the potential CO2 suitable for conversion to chemicals and/or fuels.1  

The catalytic conversion of CO2 with H2, via the reverse water-gas shift (rWGS) reaction, has 

been recognized as one of the most promising processes for CO2 utilization. Synthesis gas could 

be used to produce hydrocarbons or oxygenated hydrocarbons via Fischer-Tropsch reaction, and 

also for the synthesis of methanol, a basic chemical for the production of synthetic fuels and 

polymers. 

Among other formulations, Cu/ZnO based systems are active catalysts for the rWGS (eq. 1) ,2 

and for the synthesis of methanol (eq. 2) 3 at low temperatures (443-523 K).  

            

CO2 + H2  CO + H2O   ΔH298K = 41 kJ/mol    (eq. 1) 

CO2 + 3H2  CH3OH + H2O  ΔH298K = -50 kJ/mol    (eq. 2) 

 

 
Although methanol synthesis, as well as the (r)WGS reaction on Cu/ZnO have been investigated 

for several decades, many controversies still exist about the reaction mechanism and active sites 

of the catalyst.  

A bare copper metal surface is widely regarded as the primary reaction center in the forward, 

the reverse shift and in methanol synthesis. Different and additional phases could have a role in 

the catalytic activity: Cu metal,4 Cu+ in the lattice of ZnO,5, 6 the Schottky barrier at the Cu-ZnO 

interface,7, 8 defects in ZnO (oxygen vacancies) formed on the surface on ZnO crystals,9 active 
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sites for CO and CO2 chemisorption6 or a strong metal-support interaction (SMSI effect) by 

which Cu particles are partially covered or encapsulated by ZnO.10, 11 Additionally, promoters 

like alkali metals and rare earth metals as La etc.12-14 influence the catalysts selectivity and 

activity.  K2O, for example, acts at the interface to Cu by weakening the bonding of surface 

intermediates.12 

Another important issue is the question, whether the rWGS reaction and methanol synthesis go 

through the same intermediate, or even happen at the same active site. According to Behrens et 

al.15, due to a different inverse kinetic isotope effect of H/D substitution, they do not share a 

common intermediate in the rate determining step.  

It is generally accepted, that Zn plays an active role for methanol synthesis,16-18 but for the 

rWGS this is still controversial. Whereas some studies do not show a promotional effect of 

ZnO16, 17, 19 others report that there is a beneficial effect of ZnO.20, 21 However, ZnO/Al2O3 

catalysts are active in high temperature rWGS, where ZnO is seen as the active phase.22 

The role of CO2 in methanol synthesis is ambiguous. On the one hand, it has been shown in 

isotope-labeled experiments under differential conditions, that CO2 is the carbon source of 

methanol.18, 23 It is known as well, that CO2 in the feed prevents the over-reduction of the ZnO 

component.24-26 On the other hand, the formation of water as byproduct of the methanol 

synthesis from CO2 and rWGS has an inhibitory effect on the activity, probably by blocking the 

active sites on the surface.27-29 Further, CO can act as a scavenger for the surface water.30 

However, in order to get better control over the selectivity of the reaction pathway (methanol 

synthesis vs. rWGS reaction), it is necessary to understand both reactions and the role of the 

preparation history of the catalyst. This knowledge enables the design of catalysts with a high 

selectivity to methanol, as one key-compound in a non-fossil fuel based energy scenario. 
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Thus, the focus of this study is the influence of the nominal Cu/Zn ratio on the properties of the 

catalysts and its role in the reactivity in the rWGS reaction, decoupled from other influences like 

electronic and structural promoters.  

Different binary Cu/ZnO catalysts have been prepared by a controlled and automatized co-

precipitation method, which ensures the reproducibility of the catalyst synthesis. Furthermore, 

the influence of the precursor phases zincian malachite [(Cu,Zn)2(OH)2CO3)] and aurichalcite 

[(Cu,Zn)5(OH)6(CO3)2] are analyzed on the microstructure and the resulting activity.  

The different materials obtained during the genesis of the final catalyst samples, like copper and 

zinc hydroxycarbonates (precursors), calcined samples (precatalysts) and reduced samples 

(catalysts) have been thoroughly analyzed by different techniques (BET-SA, XRD, XRF, TPR, 

XPS and SEM). In the second part of the paper, the activities of the catalysts for the production 

of carbon monoxide and their activation energies by the rWGS reaction have been evaluated and 

correlated to their physicochemical properties. Because of the endothermic nature of the 

reaction, a high reaction temperature is favorable in the rWGS reaction to shift the equilibrium 

and generate more CO. However, we have used lower temperatures in the activity tests, since 

one goal of this study is to elucidate the reactivity of CO2 and H2 on Cu-ZnO catalysts for the 

comparison to the methanol synthesis reaction. 

 

2. Experimental Methods 

2.1 Preparation of Cu-Zn catalysts precursors 

As reported in the literature,31 the microstructural arrangement of CuO and ZnO particles in the 

catalyst precursor is determined by the physicochemical properties of the precipitates, that 

strongly depends on small variations in the precipitation and post-precipitation processes. 

Variations of the conditions such as the mode of adding the reactants, precipitation pH, ageing 

time, ageing temperature, washing, etc. are responsible for the so called "chemical memory" of 

the precipitates when they are converted into Cu/ZnO catalysts. According to previous studies, 
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the Cu/Zn-precursors were prepared by a pH-controlled co-precipitation32 in an automated 

reactor (LabMax from Mettler-Toledo). Different phases were systematically prepared: 

aurichalcite (Cu:Zn, 50:50, 40:60 and 30:70, molar ratios) and zincian malachite (Cu:Zn, 85:15, 

80:20, 75:25 and 70:30). The proper amount of Zn(NO3)2  6H2O and Cu(NO3)2·3H2O was 

dissolved in Millipore water and 15 ml of concentrated HNO3 to obtain 600 ml of a 1 M 

solution of the metal salts. This solution was added to the partially filled reactor at a constant 

rate of 20 ml/min. A Na2CO3 solution (1.6 M) was automatically added to keep the pH constant 

at 6.5. The precipitation temperature was adjusted to 338 K. The precipitation process was 

followed by an ageing time of 1 h (338 K, pH=6.5), once the turbidity started to increase. The 

solid was then filter-collected and washed several times by redispersion in water until the 

conductivity of the washing medium was below 0.5 mS/cm. The solid hydroxy-carbonate 

precursors were obtained by spray drying. Calcination of the precursor for 3 h at 603 K yielded 

the CuO-ZnO precatalysts. 

 

2.2 Characterization methods 

XRD data were collected using a Bruker AXS D8 Advance Theta-theta diffractometer in Bragg-

Brentano geometry, equipped with Cu anode, incident beam germanium monochromator (CuK 

radiation) and scintillation counter. Measurements were taken between 4 and 80° 2  with a step 

width of 0.5° and a counting time of 30 s/step. The diffractograms were analyzed by Rietveld 

fitting using the Topas software package33 from Bruker AXS to extract the lattice parameters, 

estimate phase composition and determine the mean crystallite size from the Lvol-IB value. 

BET surface area was calculated from isothermal N2 adsorption (77 K) in a Quantachrome 6 

port BET system. Prior to the measurements the samples were evacuated for 2 h at 373 K. 

Temperature programmed reduction (TPR) studies have been conducted on a TPD/R/O 1100 

instrument (CE Instruments). TPR studies were carried out by passing 5 vol.% H2 (Ar) at a flow 

of 80 mL/min over  a certain amount of the catalyst sample, maintaining the amount of copper 
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oxide constant (25 mg). The temperature was increased to 573 K with a heating ramp of 6 K 

min−1. The TPR data were deconvoluted with three Gauss functions using the software 

OriginPro9G®. The fit results are listed in Table 1 and in the SI (Fig. S3), exemplarily for CZ 

85/15.  

The apparent Cu0 surface area (SA) of the reduced catalysts was measured by nitrous oxide 

(N2O) chemisorption using the Reactive Frontal Chromatography (RFC) method.34 Recent 

results revealed, that N2O-RFC not only reacts with the Cu surface atoms, but also reacts with 

partially reduced ZnOx species.35, 36 Therefore, the Cu-SA was overestimated in samples 

containing ZnO and we will refer to it as the apparent Cu0-SA. Exposed Cu0 and partially 

reduced ZnOx surfaces of a pre-reduced Cu/ZnO catalyst were oxidized by switching the feed 

from an inert He stream to a reactive N2O/He mixture. The N2O capacity of the samples was 

calculated by quantifying the amount of released N2. A detailed description of the experiment 

can be found in the SI. 

X-ray photoelectron spectra were recorded with a VG 200 R electron spectrometer operated in a 

constant pass mode and provided with a non-monochromatic MgKα (hν = 1253.6 eV, 

1 eV = 1.603 × 109 J) X-ray source operated at 10 mA and 12 kV. Prior to the analysis the 

reduced and passivated samples were subjected to reduction (493 K, in H2 flow, for 10 min) in 

the treatment chamber of the spectrometer. The residual pressure in the ion-pumped analysis 

chamber was maintained below 4.2×10−9 mbar during data acquisition. The Cu 2p; Zn 2p; O 1s 

and C 1s energy regions were recorded for each sample and the respective binding energies 

(BE) were calibrated using the C 1s line at 284.9 eV as internal reference. BE values within an 

accuracy of 0.2 eV were obtained. Data processing was performed with the XPS peak program. 

For details see SI.  

X-ray fluorescence spectroscopy (XRF) was performed of the precursor powder in a Bruker S4 

Pioneer X-ray spectrometer. Scanning electron microscopy (SEM) images were taken in a 

Hitachi S-4800 field emission gun (FEG) system. 
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2.3 Activity tests 

Preliminary runs were carried out to determine the proper catalyst particle size and reactant flow 

to avoid internal and external diffusion resistance, respectively.  

Catalytic activity measurements were carried out in an 8-fold parallel reactor setup for rWGS. 

We used tubular quartz glass reactors with an inner diameter of 6 mm. The reactor was placed 

inside a programmable furnace and the temperatures were measured using type K 

thermocouples placed in the catalyst beds. 20 mg catalyst of a defined sieve fraction (0.1-0.2 

mm) was diluted with SiC (140 mg), to improve heat transport and prevent hotspot formation. 

The bed height was 1 cm. Prior to the activity tests, the samples were reduced in situ in a 5% H2 

in N2 flow (30 mL/min) with a heating ramp of 1 K min-1 to 523 K and a holding time of 30 

min. 

For the activity tests, a space velocity of 520 h-1 (GHSV) with respect to the H2/CO2 content 

was adjusted. The gas flows (H2:CO2:N2 1:1:8) were adjusted by mass flow controllers. The 

feed and product gas compositions were determined by online gas chromatography (GC), 

equipped with a thermal conductivity detector (TCD). Helium was used as the carrier gas and 

separation was accomplished using PPQ and mole sieve columns. The product gas composition 

was measured at 473 up to 503 K and reported values are averages from at least 3 consecutive 

analyses. 
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3. Results and Discussion 

3.1 Characterization of the precursors 

The XRD patterns of the co-precipitated precursors show that for high Cu:Zn ratios (Cu content 

≥ 70 at%), the zincian malachite (ZM) [(Cu,Zn)2(CO3)(OH)2]  phase dominates (Figure 1).  

 

 

Figure 1. Powder XRD patterns of the different Cu-rich zincian malachite precursors. 

 

The structure of the ZM phase can be derived from the malachite structure [Cu2CO3(OH)2], by 

replacing some of the Cu2+ ions with Zn2+. This replacement leads to changes in the lattice 

parameters, e.g. contraction of the cell volume, as already noted by Porta et. al.37 The most 

dominant change observed in the XRD pattern is the shift of the d(201) reflection (red line in 

Figure 1 to guide the eye), which scales linearly with the amount of incorporated zinc.38, 39 This 

change is observed for our samples as well (Table 1).  
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Table 1. Chemical composition (XRF), d-spacing of the 201 reflection (XRD), BET surface 
area and selected reduction properties of the precatalysts 

Sample 
Cu:Zn 
(XRF) 

d(20-1) 
[Å] 

BET 
[m2/g] 

Tonset    
[K] 

Tmax   
[K] 

% area    
(1st peak) 

% area (2nd + 
3rd peak) 

CZ 85-15 85:15 2.809 22 417 482 26 74 

CZ 80-20 80:20 2.789 43 410 474 24 76 

CZ 75-25 75:25 2.797 50 420 478 28 72 

CZ 70-30 70:30 2.770 53 414 466 22 78 

CZ 50-50 50:50 2.802 52 410 468 44 56 

CZ 40-60 40:60 - 55 420 471 44 56 

CZ 30-70 31:69 - 64 428 485 43 57 

 

For the precursors CZ 85-15 and CZ 80-20, pure ZM is obtained, while for CZ 75-25 and CZ 

70-30, additionally a minor amount (< 10%) of aurichalcite (AU) is present, seen at the 

additional reflex at 13° 2θ. This also explains the deviation of the d(201) value for CZ 75-25. 

Because of the enrichment of Zn in the AU byphase, a higher d(201) value (corresponding to a 

lower amount of Zn in the ZM structure) than expected is observed. For low Cu:Zn ratios (Cu 

contents ≤ 50 at%), the aurichalcite [(Cu,Zn)5(CO3)2(OH)6] is the main phase, with a minor 

zincian malachite impurity for the CZ 50-50 sample (see Figure 2, red dotted box at 18° 2θ). 
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Figure 2. Powder XRD patterns of the different aurichalcite precursors. 

 
BET surface areas of the precursors decrease with increasing Cu content from 64 m2/g for CZ 

30-70 to 22 m2/g for the copper richest CZ 85-15 sample (Table 1, Figure 3). For the precursors 

with a similar elemental Cu:Zn ratio the BET-SA differences are less pronounced and in the 

range of 50 m2/g. This is in accordance to the literature, which is in general very poor in 

precursor BET-SA values.40, 41  

 
Figure 3. BET-SA of the precursors (triangles, blue), precatalysts (squares, black) and the 
Cu-SA of the reduced catalysts (circles, red). 
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SEM micrographs show different morphologies for different precursor structures (Figure 4). 

Thin platelets were found for the CZ 40-60 [AU, Fig 4 b)] and rod-like particles for the CZ 80-

20 (ZM, Fig 4 a) sample. The platelets of the AU precursors have a thickness in the range of 15 

nm, whereas the thickness of the rods is in the range of 25 nm.  The smaller microstructures 

found in the AU samples are in accordance with the higher surface areas obtained for these 

precursors.  

XRF results show, that the Cu/Zn-ratios in the precursors correspond to their nominal values 

(see Table 1). 

 

  

 

Figure 4. SEM images of the precursors morphology: a) zincian malachite and b) 
aurichalcite . 
 
 
3.2 Characterization of the precatalysts 

After the calcination, the precatalysts were characterized by: (i) X-ray Diffraction to determine 

the phase composition and crystallite size, (ii) by isothermal physisorption of N2 at 77 K, to 

determine the surface area with the BET method and by (iii) temperature programmed reduction 

(TPR), to analyze the composition and interaction between different phases. All samples were 

completely reduced under the applied conditions, following the principles of Monti and 

Baiker.42 A more detailed illustration of the TPR profiles and the normalized analysis is shown 

in the SI (Figure S4 + S5). 
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After the calcination process, all the samples form particles of CuO and ZnO with crystalline 

domains smaller 7 nm (see Figure 5). The results show a progressive growth of the crystallite 

size of the metal oxides with an increase of the corresponding cation ratio. That means for a 

high Cu-content small ZnO particles are obtained and for a high Zn-content small CuO-

particles. Calcination of the precursors leads to an increase of the surface area for all samples 

(Figure 3 and 5), in which the BET-SA decreases systematically with an increasing Cu-content. 

This trend agrees in principal with the precursors BET-SA values. 

 
Figure 5. BET-SAs of the precatalysts (squares, black) and the corresponding crystallite 
domain size of CuO (squares, red) and ZnO (circles, blue). 
 

In accordance with some results reported in the literature for similar precursors, the surface area 

of the precatalysts reach a maximum value for the samples consisting of equal amounts of Cu 

and Zn.41 However, higher Cu content leads to bigger, less dispersed particles with a lower 

surface area. 

The reduction profiles of the precatalysts are displayed in Figure 7 (left). Additionally, to 

monitor the reduction progress as a function of temperature and normalized time fractions, α-

plots (integrated TPR curves, normalized) are shown (Figure 7 a-d). CuO gets step-wise reduced 

from CuII to CuI to Cu0,43, 44 this process is influenced by the reduction conditions (e.g. heating 

rate, here: constant for all samples) and  sample properties (dispersion, particle size).  



14 
 

The Cu-rich samples fit very well with the XRD results of the precursors. The more Zn is incorporated 

into the ZM structure measures by the shift of the d(201) value, the less stable and earlier reducible is the 

resulting sample. This can be observed in the shift of the maximum temperature (Tmax) of the reduction 

profiles of the calcined samples derived from ZM-precursors. Figure 6 shows that the shift of the d(201) 

value correlates linearly with the Tmax temperature of the TPRs, as evidence for a better dispersion and 

accessibility / reducibility of these Cu nanoparticles. The incorporation of Zn in the malachite 

structure provides a homogeneous distribution of Zn on an atomic scale. The more Zn is 

incorporated the better is the CuO separation by ZnO in the precatalyst and the smaller stay the 

CuO particles (see domain sizes Fig. 5).  

 

 

 

Figure 6: The d-value of the 20  reflex is plotted against the Tmax value of the TPR profile 
(see also Table 1), describing a linear correlation of the Zn-content in the zincian 
malachite and the reduction behavior of the samples. 
 

The Zn-rich samples show comparable Tmax values to the CZ 70/30, excluding the CZ 30/70 

sample which is shifted to higher reduction temperatures. The temperature shifts of the 

reduction profiles are visualized in Fig. 7a  [α(normalized) vs.T]. A separation in early (CZ 

80/20, CZ 70/30, CZ 50/50 and CZ 40/60) and late (CZ 85/15, CZ 75/25 and CZ 30/70) 

reducible precatalysts is shown.  

Normalizing the integrated TPR curves to time-fractions (t/tα=0.5) provides additional valuable 

information about the reduction mechanism of the samples. The differences in Fig. 7b are in the 
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range, where the general reduction behavior is identical. Separating the curves in Cu-rich (ZM-

derived, Fig. 7d) and Zn-rich (AU-derived, Fig. 7c) samples show a slight variation until α=0.5. 

The ZM-derived samples match perfectly with the results of the XRD-phase composition of the 

precursors. The temperature shifts in the TPR profiles describe well a particle size and 

dispersion effect of Cu steered by the degree of Zn2+ incorporation.  

According to Table 1, the AU-derived samples show a larger area of the low-temperature 

shoulder, compared to the ZM-derived samples, which indicates that the Cu particles are more 

homogeneously distributed, better dispersed and equally accessible for the reduction process. 

This effect explains the properties of the precatalysts with respect to the trends in particle size 

(smaller), BET-SA (higher) and TPR (earlier). 

 
 
Figure 7: TPR profiles of all precatalysts, the dashed lines highlight the lowest Tonset and  
lowest Tmax temperatures (left). Normalized reduction progress (α) as a function of the 
temperature (a) and normalized time fraction (b). The range until t/t0.5 is shown in 
magnification, separated for ZnO-rich (c) and CuO-rich (d) precatalysts.   
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3.3 Characterization of the catalysts  

The activation treatment in a reductive atmosphere at 523 K, described in the experimental 

section, is sufficient to reduce the CuO crystallites in the precatalysts to Cu metal, evidenced by 

TPR. The reduced samples are characterized by N2O decomposition to determine the apparent 

specific SA of Cu0 and by XPS in order to analyze the surface composition. 

Results obtained by the N2O-RFC (Figure 3 and Table S2 in SI), point out that the apparent Cu-

SAs are close to 19 m2/g for all the reduced samples, except for the sample CZ 30-70 (r), which 

presents a value around 12 m2/g due to the small amount of Cu present in the sample. The 

maximum value of 21 m2/g is found for the catalyst CZ 50-50 with the same ratio of Cu and Zn 

and the highest BET-SA of the precatalysts. Although the amount of Cu is higher in the samples 

derived from ZM precursors, the apparent Cu-SAs are smaller. In these samples the proportion 

of ZnO seems not to be high enough to provide a better dispersion of the Cu phase, as also seen 

in the bigger domain size of CuO in the precatalysts. Additionally a more pronounced sintering 

during the reduction stage is likely.19 As a consequence, the higher Cu loadings lead to bigger 

Cu particles and not to a bigger Cu-SA. The higher apparent Cu-SA of the CZ 50-50 sample, 

could also be originated in the similar particle sizes of ~5 nm for ZnO and CuO in the 

precatalyst, which avoids the sintering of Cu and facilitates a homogeneous distribution.35 

Furthermore, the contribution of the reduced ZnO species to the N2O-RFC values needs to be 

considered. This seems to be higher for the samples with equal Cu and Zn content, leading 

additionally to a higher Cu/ZnO interface. 

XPS measurements provide valuable information about the surface state and composition of the 

freshly reduced catalysts. As the binding energies of both Cu° and Cu+ species are quite similar, 

the modified Auger parameters were calculated to differentiate which of these Cu species are 

present in the reduced catalysts. Typical values of this parameter around 1851.3 and 1849.5 eV 

were found in the literature for Cu° and Cu+ species, respectively.45 The binding energies of the 

core electrons and the modified Auger parameters (αA) were determined for all the catalysts and 
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obtained values are reported in Table S1. As representative spectra, the Cu 2p3/2 photoelectron 

and CuLMM Auger spectra of catalyst CZ 50-50 are shown in Figure S1 (SI). As expected for  lab 

source XPS measurements, the tiny differences in the spectra caused by a possible interface 

Cuδ+ is invisble and only Cu0 is detected. Also, no significant variations in the binding energies 

for the Zn 2p3/2 core level is measured, only ZnO and no direct spectroscopic evidence of a 

partially reduced ZnOx is observed (Table S1).45-47  

The abundance of Zn as ZnO in the surface layer is derived for the integrated XPS data (Table 

2). For all catalysts, an enrichment of Zn at the surface is occurring. This phenomenon is well 

known in the literature and commonly explained by the strong metal support interaction (SMSI) 

of Cu and ZnO.18, 48-51 

  

Table 2. Surface atomic ratios of Cu/ZnO catalysts determined by X-ray Photoelectron 
Spectroscopy 
 

Catalyst 
Nominal 

Zn/(Cu+Zn)
Surface 

Zn/(Cu+Zn) 

CZ 85-15 0.15 0.54 (260 %)* 

CZ 80-20 0.20 0.61 (205 %)* 

CZ 75-25 0.25 0.72 (188 %)* 

CZ 70-30 0.30 0.70 (133 %)* 

CZ 50-50 0.50 0.82 (64 %)* 

CZ 40-60 0.60 0.80 (33 %)* 

CZ 30-70 0.70 0.83 (19 %)* 

*Comparison of the nominal and surface value of Zn/(Cu+Zn) ratio, to quantify the Zn-
enrichment at the surface. 

 

Under reducing conditions ZnOx species partially cover the Cu surface.51, 52 The calculation of 

the relative surface Zn enrichment, comparing the surface Zn/Cu ratios and the nominal 
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counterparts (values in brackets, Table 2 last column), evidences a trend of a lesser Zn surface 

enrichment with an increase of the nominal Zn/Cu ratio. This observation would also fit with 

the consecutive growth of the ZnO particle size in the precatalysts with the increasing Zn/Cu 

ratio (Figure 5).  

 

3.4 Activity tests of the catalysts 

The activity for the rWGS reaction of the catalysts derived from the precursors with different 

Cu:Zn ratios was determined using differential testing conditions, with CO2 conversions below 

4 % in the entire temperature range (Fig. S2 in the SI) The activity per mass of the catalysts at 

503 K and activation energies versus the Cu content are shown in Figure 8. 

 

Figure 8. CO formation rate per mass of the catalysts and activation energies as a function 

of the Cu content. 

These results indicate a better catalytic performance for the catalysts with similar proportions of 

Cu and Zn, derived from the aurichalcite enriched precursors. The most active catalyst is the CZ 

40-60, closely followed by sample CZ 50-50.19 The lowest CO2 conversion values for all the 

reaction temperatures are obtained for the CZ 85-15 catalyst, followed by the catalyst CZ 80-20 

and CZ 75-25, all derived from a ZM phase (see also Fig S2, SI). For the investigated samples 

higher activities correspond to lower apparent activation energies in rWGS reaction. The 

differences in the apparent activation energies are in the same range as reported in a study by 
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Schumann et al. for Cu catalysts supported on differently doped ZnO (undoped 99 kJ/mol vs. 

doped 89 kJ/mol).53  Dopants like Ga3+ and Al3+ are structural and electronic promoters that 

influence e.g. the ZnO band-gap in the Cu/ZnO:M system and finally they facilitate the CO2 

activation (and dissociation) as rate determining step (RDS) of the rWGSR. The same effect is 

observable for the binary Cu/ZnO catalysts, the strongly ZnO enriched AU-derived catalysts 

show apparent activation energy differences of ~10 kJ/mol with respect to the Cu enriched 

samples [CZ 85/15 (103 kJ/mol) vs. CZ 40/60 (94 kJ/mol), see also Table S3]. Due to the fact 

that supported ZnO (ZnO/Al2O3) itself is an active high temperature rWGSR catalyst,22 it seems 

that the proper Cu/ZnO ratio provides an “activated ZnO” respectively an optimized Cu/ZnO 

interface for the CO2 activation. The apparent activation energy and activity trends correlate 

only with the elemental ratios of Cu:Zn (similar ratios lower apparent activation energies, 

higher activities). No other trend is observable, neither the particles size of ZnO or Cu, nor any 

surface quantification. The XPS data give evidence that for an active interface the ZnO 

enrichment on the surface should be in the range of 70-80 % (see Table 2). A ZnO enriched 

surface in the range of 60 % (CZ 80/20 and CZ 85/15) shows a decrease in activity and increase 

in apparent activation energy in the rWGSR.  

Referring to the reaction order of H2 (0.11 - 0.15) and CO2 (0.26 - 0.3) for H2/CO2 ≤ 3 (Table 

S2, SI), the CO2 activation is more critical. That means the rate determining step involves the 

CO2 activation54, and obviously the Zn-richer samples cope better with this, independent from 

their apparent Cu-SA.55 This is shown with a plot of the activity data as a function of the 

apparent Cu-SA values (Figure 9). For similar Cu-SA values (18 - 21 m2/g), the ex-AU samples 

show a higher activity than the corresponding ex-ZM samples. This is a clear indication that the 

Cu/ZnO interface predetermined by the precursor structure is crucial, not the apparent Cu-SA. 

This finding is strongly supported by comparing the CZ 30/70, CZ 75/25 and CZ 40/60 catalysts 

in Figure 9 (see black arrows): with completely different apparent Cu-SA the same activities in 

CO formation rate and almost identical apparent activation energies are observed for the CZ 

30/70 and CZ 75/25 catalysts. A simple geometric argument (see Fig. S6) suggests these 
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catalysts provide potentially the same quantity of Cu/ZnO interface (or ZnO/Cu; particle size 

difference ~3 nm ). Consequently, the catalysts CZ 50/50 and CZ 40/60 with similar particles 

sizes (difference ~1-2 nm) and a potentially higher interface show a much higher activity. Due 

to the non-ideal spherical shape and the surface enrichment in ZnO a reliable quantification is 

not possible and thus the catalysts are separated into three groups according to their rWGS 

activity: I.  >  II.  >  III. , steered by the elemental ratio and the potentially created interface. 

This is in contrast to the results of Stone/Waller and others investigating binary Cu/ZnO 

catalysts for the rWGS reaction.17, 19  

 
Figure 9. Activity per catalyst masses in the rWGS reaction related to the apparent Cu-
SAs. The dashed lines highlight the region of comparable apparent Cu-SA and the 
corresponding activity differences.  

 

These findings support studies in which the rWGS reaction and the methanol synthesis do not 

share a common intermediate15 and the CO2 activation is not the RDS of the methanol synthesis, 

but a consecutive hydrogenation step at a Cu-enriched Cu/ZnO interface from zincian malachite 

derived catalysts.18, 50 The different character of the interface is part of a separated study and 

manuscript, investigated thoroughly by DRIFTS measurements.  

 

Conclusions 

A series of binary Cu/ZnO catalysts was prepared by calcination and reduction of either zincian 

malachite precursors (70 < Cu content < 85, atom %) or aurichalcite precursors (30 < Cu 
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content < 50, atom %). SEM analyses show different morphologies for different precursor 

structures: thin sheets in case of aurichalcite and more massive, column-like rods for zincian 

malachite, which is in accordance with the lower BET surface areas of the precursors with 

increasing Cu content. The calcination of these precursors form a microstructure arrangement of 

CuO and ZnO particles with average crystallite domain sizes smaller 7 nm. The domain sizes of 

the oxides increase with an increase of the respective metal content. The reduction profiles 

suggest a higher, more homogeneous dispersion of CuO particles of precursors with similar 

elemental quantities, leading to an optimized CuO/ZnO contact, respectively a properly 

enriched ZnO surface quantified by XPS. Apparent copper surface areas of the Cu/ZnO 

catalysts are in the range of 19 m2/g (except for CZ 30:70 sample). Activity results of these 

catalysts in the rWGS reaction show that ex-aurichalcite catalysts are more active than ex-

zincian malachite catalysts independent from their apparent Cu-SA. This gives strong evidence 

that the interface between Cu and ZnO determines the catalytic activity. The character of the 

Cu/ZnO interface will be discussed in a separated manuscript. The reaction order of H2 (~0.1) 

and CO2 (~0.3) shows that the activation of CO2 is much more critical and that catalysts with an 

optimized ZnO enriched surface/interface perform much better. This is in accordance with the 

apparent activation energies, showing differences of ~10 kJ/mol for different catalysts. 

Following the interface argumentation, the quantity of the interface is given by the geometric 

perimeter dominated by the particles sizes of Cu and ZnO, the nature of the interface is adjusted 

by the Cu:ZnO ratio (see XPS data and apparent activation energies).  

In summary, catalysts derived from the aurichalcite precursors with similar atomic proportions 

(Cu:Zn ratios 40:60 and 50:50) show homogeneously distributed CuO particles in ZnO, leading 

to higher activities and lower apparent activation energies in the rWGS reaction. This ZnO-

enriched surface provides an optimized Cu/ZnO interface, for the activation and dissociation of 

CO2 as RDS of the rWGS reaction.  
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Figure captions 

Figure 1. XRD patterns of CuO/ZnO precursors (zincian malachite precursors) 

Figure 2. XRD patterns of CuO/ZnO precursors (aurichalcite precursors)  

Figure 3. BET surface areas vs Cu content for zincian malachite and aurichalcite precursors, 

precatalysts and apparent Cu-SA of catalysts  

Figure 4. SEM micrographs for zincian malachite (CZ 80-20) and aurichalcite (CZ 40-60) 

precursors 

Figure 5. Crystallite sizes of CuO and ZnO as a function of Cu content and the BET-SA 

Figure 6. Correlation of the d(20-1) shift and the Tmax in the TPR data 

Figure 7. TPR profiles of the precatalysts 

Figure 8. CO formation rate per catalyst weight and activation energy as a function of Cu 

content for rWGS reaction at 503 K 

Figure 9. CO formation rate as a function of Cu0 surface area 

 

Table captions 

Table 1. Chemical composition (XRF), d-spacing of the 20-1 reflection (XRD), BET surface 

area and reduction properties of the precatalysts 

Table 2. Surface atomic ratios of ZnO/(ZnO+Cu) catalysts determined by X-ray Photoelectron 

Spectroscopy 
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