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ABSTRACT            

The changing hierarchical structure of the applied heterogeneous Cu/ZnO/Al2O3 material 

during methanol synthesis reactions hinders an efficient engineered process condition 

optimization, causing sub-optimal functional performance. A robust literature comparison is 

conducted to determine that activity is tightly coupled with Cu–Zn interactions. In order to 

investigate this physical behaviour further, characteristic experimental data is acquired 

through the catalytic reactor tests with an activated commercial catalyst, aged at different 

input measurements, monitored and characterized by the Brunauer–Emmett–Teller (BET), X-

ray diffraction (XRD), scanning transmission electron microscopy (STEM) with energy 

dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), H2 transient 

adsorption (TA) and N2O pulsed surface oxidation (PSO) methodologies. It is shown that 

apparent rate law, exponents and activation energies do not vary significantly by increasing 

the ZnOX coverage from 7% to 23%, while not all of ZnOX over-layer is catalytically active. 

For Cu/ZnO/Al2O3 with ZnOX over 7%, a highly-dispersed Al2O3 decreases the measured 

intrinsic kinetics of the Cu–Zn site, implying a steric hindrance effect. Finally, building on 

unveiled chemical relations, a thorough multisite system micro-kinetic model, based on 

systematic contribution analysis, mechanisms and quantitative density functional theory 

(DFT) constants is developed. Values were optimized using the sequential screening results 

for an industrially relevant application (the temperatures of 160–260 °C, 50 bar pressure, 

12,000–200,000 h–1 gas hourly space velocity (GHSV) flow and relative feed compositions).  

Designed mathematical relationships can therefore be utilised to accurately predict the 

turnover, selectivity and stability/deactivation in correspondence to ZnOX over Cu. 
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1. Introduction 

In the recent decades, the global concentrations of greenhouse gases have increased 

significantly, posing a serious threat to the human society. The major actors in this regard are 

CH4 and CO2, and unfortunately their emissions don’t seem to be declining. On the contrary, 

as the population grows and humanities’ energy needs are increasing, it would seem naive to 

expect the emissions to significantly drop in the near future. For this reason, appropriate 

technologies for the capture and utilization of the emitted gases, either at the source or from 

the atmosphere, are highly sought-after, and there has been a significant increase in research 

focus related to them. Catalytic conversion of carbon dioxide into value added products is an 

example of such a promising technology. Specifically, methanol synthesis can be incorporated 

as a tool for utilization of CO2 emissions on a large scale,[1] in particular, by using renewable 

or surplus electricity for hydrogen generation. 

The methanol synthesis reaction is generally performed at high pressures (>20 bar) and 

moderate temperatures (180-300 °C), due to the methanol being thermodynamically favorited 

at these conditions. As with most industrially relevant gas-phase processes, methanol 

hydrogenation requires a catalyst to achieve sufficient efficiency. Different metal-based 

catalysts were studied for this process, including Cu[2], Pd[3] and Au[4]. The most 

appropriate seem to be catalysts derived from the CuZnAl system (Cu/ZnO/Al2O3) due to its 

welcome combination of low price, high activity and high stability at the aforementioned 

conditions. That’s why the CuZnAl catalyst is used in the typical commercial methanol 

synthesis plant. CuZnAl has been extensively studied by investigation of catalyst synthesis 

methods[5–12], model catalytic systems[13–18] and advanced characterization methods[19–

22]. Ab initio methods were applied to extend the knowledge about the reaction 

mechanism.[13,23–29] Furthermore, selectivity toward CO, MeOH, CH4 or even EtOH can 



be extracted from scaling relations of binding energies of intermediates to select optimal 

catalytic system for the direct conversion of CO [30,31] or CO2.[32]  

Efficient optimization or modification of the process is achieved on the basis of detailed 

understanding of the interaction between catalyst material and reaction species. In particular 

for the CuZnAl case, the intimate contact of Cu and ZnO phases is responsible for the major 

part of methanol synthesis. The most linear relationship between measured number of active 

sites and activity is achieved by using N2O decomposition methods, where we measure not 

only surface copper sites but also partially reduced ZnO. Cu/ZnO catalysts can form the Cu-

Zn alloy during exposure to reductive conditions, although the exact structure of actively 

present Zn during catalysis is still debatable.[13] The condition-sensitive nature of the Cu-Zn 

contact is responsible for the growth of separate Cu and ZnO regions in oxidative 

environment[33,34] and an increase in Cu-Zn contact under reductive conditions[20,35]. 

Long-term exposure of the catalyst to the reaction conditions leads to ZnOX overlapping over 

Cu NPs, causing partial deactivation.[21,36] The activity for methanol synthesis increases 

with increasing Zn coverage over Cu to a point, as identified by testing Zn decorated Cu 

single crystal planes[13,14] and industrial CuZnAl catalyst.[37] The amount of Zn in close 

contact with copper atoms on the surface is therefore an important factor and is pointing to the 

synergy of the system between the ability of the Cu phase to activate H2 and of the Zn phase 

to increase the stability of reaction intermediates and promote the subsequent hydrogenation 

to produce methanol. 

In present work, we focus on the identification of important parameters affecting the catalytic 

activity of commercial CuZnAl catalysts by means of structure (and composition)-activity 

relations connecting the catalyst’s features with functions. The behaviour of catalysts with 

different ZnOX morphologies, prepared by exposing them to different gas compositions and 

investigated in detail in our previous work,[33] is compared and used to prepare an adequate 



model for practical applications. Furthermore, the multisite microkinetic model, defined by 

integrating the structure-activity relationships with the reaction mechanism obtained from ab 

initio calculations, is refined using the results of industrial CuZnAl catalysts and validated by 

comparing its output with the results of Zn coverage variation experiments and published 

catalytic tests at various conditions, indicating a high predictive power. 

2. Methods 

2.1. Experimental 

2.1.1. Materials 

The catalytic material used was a commercial CuZnAl catalyst (HiFuel W230, Alfa Aesar) 

with particle size between 240 and 400 μm. The catalyst contained 50.2 wt % of CuO, 30.8 wt 

% of ZnO, and 18.7 wt% of Al2O3 and graphite as a binder. The CuZnAl catalyst was aged 

and extensively characterized in our previous work.[33] Aging was performed in various gas 

compositions including pure H2, H2/CO2 mixture at low, medium and equilibrium conversion, 

H2/H2O mixture and H2/CO2/H2O mixture. The gases used for catalytic testing were pure H2 

(99.999%, Messer), CO2 (99.999%, Messer) and CO (99.999%, Messer). 

2.1.2. Catalytic reaction testing 

In this work we performed two sets of catalytic testing. The first was used to compare the 

activity trends of the samples with low Zn coverage (R4, aged at low conversion[33]) and 

high Zn coverage (R3, aged at equilibrium conversion[33]). To obtain apparent reaction 

orders and apparent activation of relevant reactions energies for both samples, we varied inlet 

gas composition (at 240°C, 20 bar) and temperature (at one gas composition). The catalytic 

tests were performed in a parallel packed bed reactor, with tube diameter 6.35 mm, connected 

via heated line to gas chromatograph (Agilent 490 Micro GC, TCD detectors equipped with 



CP-Molsieve and PoraPlot U columns.). Various gas compositions were attained by mixing 

the aforementioned pure gases.  

The second set is a conditions screening for the modelling purposes. Before the testing, the 

CuZnAl catalyst was reduced at 300 °C for 12 h in H2 at 1 bar and aged at 260 °C, 50 bar, 

H2/CO2=3 for 12 h, at equilibrium conversion to obtain stable and consistently active catalyst 

with high Zn coverage to imitate catalyst in long term methanol synthesis campaign (sample 

designated as R9). Catalytic testing was performed at a high pressure of 50 bar using 57 

different sets of conditions varying in temperature (160 °C-260 °C), inlet gas compositions 

(various ratios of H2, CO2 and CO), and three different gas flow rates. The table of the 

reaction conditions can be found in Supporting Information, Table S1. Additionally, various 

tests with different catalyst particle sizes and different flow rates were conducted to show the 

absence of any mass transport limitations. Isothermal reactor behaviour was also 

demonstrated by measuring the temperature at different points the catalyst bed. These results 

are included and discussed in Supporting Information, Chapter S11. 

2.1.3. Characterization 

N2O pulse chemisorption was performed using Micromeritics Autochem II 2920 with 100 mg 

of catalyst sample. Firstly, the samples were purged in 5% H2/Ar at 240 °C for 30 min, 

followed by N2O pulse chemisorption at 50 °C. The N2O gas (Messer) decomposition was 

monitored with a daily calibrated mass spectrometer Pfeiffer Vacuum Thermostar (m/z = 28 

and 30). The method is used to measure the number of Cu surface atoms and was validated by 

H2 transient adsorption.[33] The catalysts samples (R1-R8) were previously analysed by 

XRD, H2 transient adsorption, STEM, XPS, N2 physisorption which are described in detail in 

our previous study.[33]  

 



2.2. Theoretical methods 

2.2.1. Multisite microkinetic modelling 

The reaction model was based on DFT reaction rate constants by Kattel et al.[13] for 

Zn/Cu(211) surface and the measured kinetics of H2 adsorption and desorption on Cu.[38] 

The full reaction network is included in Supporting information, Table S2. The reaction rate 

for each pathway and the total species consumption/generation were computed as shown in 

equations 1 and 2. 
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In equations 1 and 2, rn is the rate of the n-th reaction, kforward and kreverse are the forward and 

reverse reaction rate constants, θi is the surface coverage of species i (dimensionless), 

Si,n,forward and Si,n,reverse are the stoichiometric amounts of the species in the reaction, I and N 

are the number of species and reactions, respectively. 

For the reactor transport model, two different models were compared: Ideally mixed 

continuous stirred-tank reactor (CSTR) model and a plug flow reactor (PFR) model which 

included both convective and dispersive (molecular diffusion) mass transport. The overall 

mass balance equations for both reactor types are shown below (Eq. 3 and 4). 
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In equations 3 and 4, t and x represent the temporal and lateral dimensions of the reactor, 

respectively, while i denote the species. vax. is the superficial gas velocity in the axial (length-

wise) direction of the reactor, L is the reactor length, Ci and Ci,inlet are the gas phase and inlet 

concentrations of species i, Ri is the sum of all reaction terms for species i. Di is the diffusivity 

of species i, τ is the tortuosity factor with the assumed value of 1.5, as seen often in 

literature[39,40], and ε is the void fraction assumed to be 0.4.[39,40] C* is the total 

concentration of active sites per volume of the catalyst. 

As the calculated Péclet number was approximately 1 for our system, it would seem the axial 

diffusion would provide adequate mixing for any axial gradient to be negligible. This was 

confirmed by comparing the reactor models in the range of operating conditions, as seen in 

Supporting information (Section 8), which yielded nearly identical results. Therefore, the 

CSTR model was used for all the modelling in this study in order to achieve faster computing 

times. Furthermore, both intra- and extra-particle mass transport limitations were neglected in 

the model. This was previously confirmed by calculations for our testing rig for methanol 

synthesis.[41] Furthermore, we’ve conducted thorough tests for both types of mass transport 

as well as for the isothermal behaviour of the reactor (Supporting Information, Chapter S11), 

which prove that these simplifications can be applied. 

All the reactor modelling, parameter optimization and sensitivity analysis calculations were 

performed using the CERRES software.[42] Other areas of model development are discussed 

in Section “3.2 Multisite microkinetic model definition”. 

 

  



3. Results and discussion 

3.1. Composition-activity relations 

Typical methanol synthesis catalyst consists of Cu, Zn and Al forming different compounds, 

depending on the preparation and treatment. To obtain the knowledge about structural and 

compositional effect in a holistic manner we first review turnover frequencies (TOF) of 

catalyst activities with different compositions (CuxZnyAl zSi1-x-y-z) for MeOH synthesis and 

present them as TOF ratios (Table 1) between catalysts reported in each study.[5–7,9,10,43–

45] The comparison of TOF(MeOH) ratios between samples reported in a single study 

provides maximally consistent results, robust in terms of the characterization conditions 

changes between different works. Reaction temperature, proximity to chemical equilibrium, 

copper surface area determination and other relevant parameters for TOF ratios calculations 

can be found in Supporting Information, Table S3. 

Table 1: The comparison of TOF ratios of Cu-Zn-Al-Si systems obtained from different studies. 

Source 

TOF (MeOH) ratio [/] 

CuZn
CuSi  

CuZnAl
CuSi  

CuAl
CuSi 

CuZnAl
CuAl  

CuZn
CuAl  

CuZnAl
CuZn  

Van den Berg [5] 10 - - - - - 

Fujitani et al.[6] 16-27 - - - - - 

Günther et al. [7] >10 - - - - - 

Fujitani et al. [43] 4 3.4-4.5 2.7 1.3-1.6 1.5 0.97 

Kurtz et al. [10] - - - 1.9-2.8 1.5-1.7 1.5 

Saito et al. [44] 8.1 - 3 2.7 - - 

Schumann et al.[9] - - - - - 1.3 

Behrens et al.[45] - - - - - 0.95 

 



Composition severely affects the activity as can be seen from Table 1. The TOF ratios 

between different studies also vary to some extent. To obtain a direct comparison between 

intrinsic activities of all investigated catalysts, we performed a regression constrained by the 

TOF ratios as an output. In this manner we present intrinsic activities for MeOH synthesis of 

all materials on the same scale. The average relative TOF(MeOH) can be found in Figure 1. 

Error bars represent the largest deviations of TOF ratios from the average relative TOF value, 

caused by different preparation, testing conditions and characterization methods. Additional 

information about relative TOF(MeOH) and error bar estimation can be found in Supporting 

Information, Section 4. In spite of different conditions, we can still clearly observe that the 

activity normalized to the copper surface increases in following order: 

CuSi<CuAl<CuZn≈CuZnAl. 

 

Figure 1: The overview of TOF relations obtained for synthesis of MeOH from CO2/CO/H2 mixtures between 

200°C -260 °C. The error bars represents the largest deviations from the ratio of optimized TOF. 

 

Copper deposited on SiO2 catalyses the reaction very poorly. Al2O3 increases the relative 

intrinsic activity between 1.6 to 6.7 times compared to pure copper (Cu/SiO2). All of the 

catalysts in this study were synthesized by co-precipitation of Cu and Al phases which means 

that Al2O3 is finely dispersed over the Cu surface and can therefore increase the activation of 



CO2.[43] The intrinsic activity of the bimetallic Cu/ZnO catalyst is larger by a factor of 3.5 to 

22 compared to the activity of copper surface (Cu/SiO2). As evidenced by several studies, the 

Cu-ZnO catalyst forms a Cu-Zn surface alloy, evidenced by STM, XRD and XPS 

studies,[17,34,46] enabling high utilization of the copper phase due to good Cu-Zn contact. 

The unit cell size of Cu crystallite found in Figure 2 is also an evidence of the CuZn alloy. By 

adding the complexity of the industrial catalyst, we observe that the copper surface of the 

CuZnAl catalyst is 4-25 times more active than pure copper nanoparticles, although a 14% 

higher average activity compared to copper on CuZn is insignificant. The most important role 

of the Al2O3 phase is that it acts as a refractory material which separates Cu and ZnO particles 

and provides a high surface area catalyst.[10,33] Higher Zn coverage over Cu is obtained 

using smaller ZnO NPs, and subsequently a higher apparent TOF. Additionally, an increase in 

absolute activity was observed previously when small amounts of Al was added, which was 

caused by the doping of ZnO and the subsequent higher Zn coverage over Cu surface[9]. As 

observed for the CuAl catalyst, the addition of Al2O3 also increases the activity of the copper 

surface, although it can stabilize Zn in a form of ZnAl2O4, reducing the availability for the 

reaction catalysis as in the case of Zn-silicate[5]. As seen from this overview, the CuZn 

synergy and Al2O3 contribution play a highly significant role. Furthermore, the activity is also 

dependent on the phase structures and distribution, which is covered in the next section. 

 

3.2. Structure-activity relations 

3.2.1. Cu/ZnO interphase or Zn/Cu as a model structure 

Two types of CuZn model catalyst activities were reported which present two extremes of Cu-

Zn contact; Cu/ZnO(0001)[13,15] and an inverse catalyst Zn/Cu(111)[13,14]. Identification 



of the appropriate system is crucial for the microkinetic model definition. This is tackled 

below by a description of Zn dynamic behaviour and catalytic tests. 

Zn in CZA catalyst is in the form of ZnO after calcination. During reduction it can be partially 

reduced and migrate over Cu[37]. After a long term exposure to reaction conditions, the ZnO 

forms an overlayer and decreases the activity.[36] Additionally, STM study observed 

agglomeration of Zn deposited on Cu(111) after oxidation.[34] The catalyst's activity is 

generally correlated by the quantity of the consumed N2O[10,47,48], which corresponds to the 

copper surface and oxygen vacancies due to Zn surface atoms. The fact that a structure-

activity relation is observed is due to the same prereduction and similar catalyst morphology, 

which could provide consistent Zn distribution over Cu NPs.[37] Normalization of the 

catalyst’s activity to purely copper surface does not provide such structure activity 

correlations for CuZn catalysts, since Zn atoms replace copper atoms on the surface[49] and 

are also the sites which facilitate the conversion of surface-bound carbonaceous intermediates. 

The changing nature of ZnOX morphology during a shift in environmental conditions hinders 

a more detailed knowledge about the active site, which is crucial for the selection of a model 

structure. 

In the work by Fujitani et al.[50] it was observed by that adding ZnO/SiO2 to Cu/SiO2 by 

physical mixing, the catalyst becomes up to 4-times more active after reduction and the 

activity stays the same after Zn/SiO2 is removed. The lattice constant of copper increases due 

to incorporation of up to 13% Zn into Cu NPs, leading to brass formation. In our previous 

work,[33] we modified a highly active CZA catalyst by exposure to various gas mixtures and 

observed that CO/MeOH causes ZnO overgrowth over Cu while H2O causes separate growth 

of ZnO and Cu NPs. Copper unit cell size was additionally determined by the examination of 

XRD diffractograms and presented as Zn content in Cu NPs using correlation [51](Figure 2). 

We found out that after reduction at 300 °C/12 h (1 bar H2), the Cu phase contains on the 



average 8% of Zn in the Cu crystallite, while further aging in gas mixture with a high H2O/H2 

ratio causes the migration of Zn to the surface, leaving only 3% of Zn in Cu. The surface Zn is 

stabilized by the CuZn alloy found in oxidative environment[18] as well as by the reaction 

intermediates in methanol synthesis.[14] The reaction intermediates are unable to decrease the 

Zn content inside the Cu NPs despite the fact that they stabilize it on the surface. H2O 

promotes ZnO particle growth[33] and could increase mobility of surface Zn from the Cu 

onto the ZnO phase, resulting in a Zn free copper surface. CO and/or MeOH act in contrary 

fashion; increasing the Cu-Zn contact causes Zn migration from ZnO to Cu.[33] The Zn 

surface concentration on Cu therefore increases with proximity to the ZnO NPs due to two 

competing processes during reaction conditions. The question is whether a lower activity of 

Zn sites with smaller number of neighbouring Cu atoms could be observed. If the activity of 

separated Zn atoms with Cu atoms is indeed much higher than the activity of aggregated Zn 

atoms, it is therefore more suitable to use Zn/Cu(111) as the model structure instead of 

Cu/ZnO(0001). 

 

Figure 2: The Zn content in the bulk Cu NPs in dependence of H2O/H2 ratio in the aging composition. The Cu 

unit cell size of sample R6 is equal to 0.3632 nm while 0.3615 nm is the pure Cu unit cell size. 

 



The activities of Cu/ZnO(0001)[13,15] and Zn/Cu(111)[13,14] model catalyst systems at 550 

K, p(H2)=4.5 bar and p(CO2)=0.5 bar are compared. Since the intrinsic activities of CuZn 

catalysts are generally higher than those of Cu catalysts by a factor of 10 (Figure 1), the active 

sites are here normalized to Zn sites which are in close contact with Cu. This is 

straightforward for the Zn/Cu(111) catalyst, where Zn coverage (5% coverage) is used, while 

for the Cu/ZnO(0001) catalyst (10% Cu coverage) we use the area fraction of single row Zn 

atoms around Cu NPs. Study by Koplitz using STM[52] indicated 1.5-2.5 nm Cu NPs for 

10% Cu coverage on ZnO(0001). At those conditions between 21-24% of the whole surface is 

represented by the interphase between Zn and the Cu/ZnO(0001) catalyst. The activities are 

presented in Figure 3 (blue columns present the activity normalized to Zn sites, reference grey 

columns present absolute activities). It is observed that the Zn sites are 3.7 times more active 

on Zn/Cu(111) than on Cu/ZnO(0001) at 550 K. For the reference, the activity of Cu(111) at 

the same conditions is significantly lower. Higher normalized activity of highly Cu-

coordinated Zn atoms and high Zn distribution over Cu NPs points to the fact that Zn-Cu 

patterns represent the most important active sites for methanol synthesis. Similar decrease of 

activity normalized to Zn sites was also observed in a commercial catalyst, as discussed in the 

following section where it’s also verified if the nature (reaction orders, apparent activation 

energy) of the active sites changes significantly.  



 

Figure 3: Comparison of model catalyst’s MeOH activity[13,18] to inspect an effect of Zn-Cu structure. The 

error bars represent the variation of Cu NP on ZnO(0001) from 1.5 to 2.5 nm. 

 

3.2.2. Does the behaviour of catalytic sites change significantly with morphology 

change? 

The morphological implications on catalysis were identified on two CuZnAl catalysts which 

are relevant to the methanol synthesis; R4 (aged at low conversion) and R3 (aged at eq. 

conversion). The catalysts exhibit large differences in structure, particularly in the value of 

ECSFCu (exposed crystallite surface fraction of Cu) as observed in our previous work.[33] 

Firstly, we use ECSFCu to estimate the ZnOX coverage on the copper surface of R3 and R4. 

The exposed Cu surface fraction is equal to 53% in the case of sample R4 and decreases 

mainly due to ZnO overlaying to 37%. As a reference we use the amount of Zn in bulk Cu of 

the sample after reduction (sample R7) which is 8.1% and equalize it with the amount of Zn 

on Cu at the ECSFCu =52%. In this way, the calculated ZnOx coverage is 7.1% and 23% for 

the samples R4 and R3 respectively. The number of ZnOX sites was approximated by using 

ZnOX coverage and concentration of Cu sites as shown in equation below (Eq. 5): 



KL�M2 = KNO
PQR? KS1T�UVT

1 − PQR? KS1T�UVT 
 (5) 

A similar approach of Zn coverage estimation was used by Kuld et al. [37] which is here 

upgraded to account for the sintering of copper particles. The catalysts with low (R4) and high 

(R3) ZnOX coverage were tested at different H2/CO2/CO gas mixtures to obtain the reaction 

rate coefficients and orders of reactions using a power law model. For each change in reaction 

conditions, we performed a reaction step at standard conditions 20 bar, H2/CO2=3, 240 °C for 

2 h to minimize any effect of structural change on the observed catalytic performance. All 

catalytic activities were normalized to the average of activities at standard conditions. The 

overall activity decreased only by 1.8% for R3 and 3.5% for R4 and the selectivity increased 

only by 1.4% for R3 and 1.3% for R4 during those tests, meaning that the surface of the 

samples did not change significantly. First, the coefficients for CO2 hydrogenation were 

obtained for reverse gas shift reaction and methanol synthesis by using the data of CO2/H2 gas 

mixtures. Next, the coefficients for the reaction of CO to MeOH were obtained by using the 

data of CO2/CO/H2 mixtures, while using the previously determined coefficients for CO2 

hydrogenation. We found out that methanol is formed almost exclusively from CO2 at 240 °C 

on CuZnAl catalysts as can be observed by comparing the values of reaction rate coefficients 

of the CO2 to MeOH (6.3⸱10-4, 3.8⸱10-4) and CO to MeOH (0 and 8.5⸱10-6) reactions. Due to a 

decreased water production rate when a large fraction of CO was present, we also added the 

water gas shift reaction and determined its coefficients. In addition, the approach to 

equilibrium[53] was calculated and determined that it has insignificant effect on apparent 

reaction coefficient determination. All the comparisons between experimental and model data 

along with approach to equilibrium calculations can be found in Supporting Information in 

Section 5. Intriguingly, all reactions could be modelled by the same reaction orders for both of 

the catalysts with satisfactory accuracy despite the differences in ZnO coverage and 

morphology, pointing to the fact that there is no significant difference in the supply of H2 or 



CO2 to the catalytic site for CO or MeOH formation. There is, however, a difference in the 

reaction rate coefficients between the two catalysts as expected due to different TOF 

activities. Apparent activation energies decreased slightly, although the changes in MeOH 

synthesis are insignificant. 

Table 2: Comparison of the apparent catalytic parameters of catalysts with high and low ZnOX coverages. 

Reaction Expression ai bi 

k 

[mol/(mol Cu⸱s⸱bara+b)]
i 

Ea 

[kJ/mol]
j 

R4-7.1% 
ZnOX 
cov. 

R3-23% 
ZnOX 
cov. 

R4-7.1% 
ZnOX cov. 

R3-23% 
ZnOX cov. 

CO2 to 
MeOH 

� WNMX
	 WYX

Z 0.057 1.2 6.3⸱10-4 3.8⸱10-4 52.8 ± 4.3 47.5 ± 5.3 

RWGS � WNMX
	 WYX

Z 0.16 0.069 1.3⸱10-2 1.0⸱10-2 
138.4 ± 

3.2 
126.2 ± 

2.7 

CO to 
MeOH 

� WNM	  WYX
Z 0.74 1.4 <5⸱10-6 8.5⸱10-6 

n.a. 

WGS � WNM	  WYXMZ 1.1 0.45 1.7⸱10-2 1.1⸱10-2 
i Measured at 20 bar, 240 °C at various gas compositions.  

j Measured at 50 bar 180-240 °C, p(H2)/p(CO2)=2.5, GHSV 40,000 h-1 

 

The results of kinetic analysis for MeOH and CO formation from Table 2 are used to evaluate 

the effect of ZnOX coverage. The reaction rates of methanol synthesis and RWGS reaction are 

normalized to the concentration of copper sites and ZnOX sites and presented in Figure 4.  



 

Figure 4: TOF for MeOH and CO obtained from the model at 240 °C, 20 bar, H2/CO2=3. For the TOF 

calculation, reaction rates are normalized to Cu sites and ZnOX sites. The inset pictures are STEM-EDS 

micrographs, where green represents Cu and red ZnOX. Full EDS images are in the Supporting Information, 

Section S12. 

 

We can observe that the activity normalized to Cu sites increases with higher coverage of 

ZnOX, while the activity normalized to ZnOX sites decreases with increasing ZnOX coverage. 

The increase in Cu normalized activity is assigned to a larger amount of ZnOX on the copper 

surface. The decrease of ZnOX-normalized activity is due to the agglomeration of ZnO, since 

all ZnO is not in close enough contact with Cu (the source of hydrogen) to proceed with 

hydrogenation. The deactivation by ZnO overlayer was also observed by Lunkenbein et 

al.[36] The long-term impact of ZnO overgrowth by assessment of a 148 day stability 

study[36] is discussed in Supporting Information, Section 6, where we observe constant 

copper normalized activity between day 50 and day 148, while exposed copper surface 

continually decreases. This observation additionally points to the fact that the separated Zn 

active sites on Cu NPs are not significantly affected by ZnO overgrowth over Cu near ZnO 

NPs. Due to a large difference in ZnOX-normalized activity in the definition and use of the 



microkinetic model the exclusion of inactive Zn is necessary. However, to avoid the wrong 

conclusion of the lower intrinsic activity being caused just by the lower apparent number of 

active Zn sites, Cu sites need to be included in the microkinetic model as well, in order to 

account for the actual hydrogen activation capability. The ZnOX distribution over Cu does not 

significantly effect on the nature of catalysis (reaction orders and activation energy). The 

question of the effect of other phases present in the catalyst is addressed in the next section. 

 

3.2.3.  Is Zn coverage and distribution the only important factor determining the 

intrinsic activity in commercial CuZnAl catalysts? 

The ZnOX-Cu contact can be altered by the presence of Al2O3 in commercial catalysts, 

influencing the activity. As it is observed in Table 1 and Figure 1, the CuAl catalysts are 1.6 

to 6.7 times more active than CuSi ones and the intrinsic activity of CuZnAl samples was 

measured to be 0.95 to 1.5 of the CuZn samples, although the boundaries of ratios are not 

definite. We investigated how changing the surface composition impacts the intrinsic activity 

(normalized to copper surface) of samples R1-R7[33] by structure-activity relations. TOF 

variation was connected to the difference of the (Zn/Cu)XPS surface composition ratio, the 

(Al/Cu)XPS surface composition ratio and the weight percentage of ZnAl2O4. Additional 

information about the calculation of TOF breakdown can be found in Supporting Information, 

Section 7. As expected, we observed that the main contributor is the Zn/Cu ratio, while the 

Al/Cu ratio and the weight fraction of ZnAl2O4 had a negative contribution to the activity 

(Figure 5). The Al2O3 coverage over active sites can be expected since in our case Al2O3 

covers around 50% of the CuZnAl catalyst.[33] We imagine that the Cu-Zn atom pattern is 

next to the Al2O3 cluster which limits the supply of the adsorbed hydrogen for continuing the 

hydrogenation of reaction intermediates. The negative effect of ZnAl2O4 can be explained by 

the same reason as in the case of CuZn/SiO2 where Zn is stabilized in zinc 



hydroxy(phyllo)silicate and cannot bind the reaction intermediates in the same manner.[5] 

Al 2O3 phase can have a negative impact on the activity of CuZn active sites, however it is in 

the end beneficial since it prevents sintering. The higher TOF values of CuZnAl catalysts 

compared to the CuZn catalyst are highly likely measured due to smaller ZnO NPs, allowing 

greater Zn coverage over Cu. 

 

Figure 5: Contributions to the TOF by change of (Zn/Cu)-XPS, (Al/Cu)-XPS and weight percentage of spinel 

relative to sample R8. Error bars represent the results of parameter variation where the relative average error of 

TOF estimation increased from the original 4.7% to 10%. All samples are the same CuZnAl catalyst aged at 

different conditions. No change of TOF is attributed to the change of Zn/Cu ratio in the case catalyst aging in 

H2+6% H2O, since the ratio remains constant. 

 

3.3. Multisite microkinetic model definition 

Based on the observed structure activity relations, the most influential variable for methanol 

synthesis is the Zn coverage on Cu surface. As observed from the apparent reaction orders 

and activation energies in Table 2, the ZnOX morphology does not significantly affect the 

nature of the active sites. The property that influences the activity of a CuZn catalyst the most 

is the catalytic availability of Zn, dispersed over Cu, as observed on Figure 4.  



In this work, a multisite microkinetic model with Cu and Zn catalytic sites was developed 

based on the DFT reaction rate constants by Kattel et al.[13] for the Zn/Cu(211) surface, 

experimentally measured kinetics of H2 adsorption and desorption,[54] catalyst 

characterization and catalytic conditions screening. The catalyst structure used in the DFT 

model[13] is consistent with observed structure-activity relations, where Zn atoms are 

dispersed over Cu crystal surface. Fujitani et al. performed catalytic test using Zn/Cu(111) 

model catalyst [14] and showed using XPS that the binding energy of Zn 2p3/2 at 0.19 ML Zn 

coverage is lower than binding energy at higher Zn coverage after reaction, pointing to the 

fact the Zn is not fully oxidized. Additional information about model structure selection and 

DFT model development can be found in Supporting Information, Section S2. 

The site adsorption preference is developed based on the fact that H2 is activated on Cu sites, 

while the carbon reaction intermediates typically occupy neighbouring Zn and Cu sites due to 

bidentate binding or steric hindrance.[13] All oxygen based species (O, H2O, OH) adsorb on 

Zn sites due to a higher binding energy than on Cu sites.[24] Due to a higher binding energy 

of carbon reaction intermediates (binding energy of bidentate formate: -3.41 eV) in 

comparison with CO (-1.02 eV) on Zn sites and similar adsorption energy of CO on Zn (-1.02 

eV) and Cu(111) (-0.99 eV[26]) sites, the adsorption of CO is limited to Cu sites. As observed 

in Table 2, CO conversion to MeOH is negligible, while the rate of WGS is important, where 

CO can react with hydroxyl species on Zn sites. The catalyst surface and binding species are 

drawn in Figure 6. 

 

Figure 6: Adsorption of reactants and intermediates. Cu: orange, Zn: blue, O: red, C: black, H: white. 



The concentration of Cu sites is obtained by N2O pulse adsorption by prereduction at 240 °C, 

0.1 bar H2 for 1 h where ZnO reduction is negligible as proven by H2-TA.[33] Determination 

of the concentration of Zn sites is more complex due to agglomeration of Zn atoms. Sample 

R4 is taken as a standard because of a small Zn coverage (7.1%) where Zn atoms are assumed 

to be completely dispersed over Cu and are therefore completely catalytically accessible. The 

reaction rate constants of the individual reactions are influenced by several factors which limit 

direct ab initio reaction constants application. This involves exposure of different crystal 

planes with different activity [13,14,55],  catalyst surface morphology and composition  

change according to the environmental conditions resulting in changing Zn coverage[37] and 

the effect of adsorbate coverage on activation energy of elementary reaction steps[56].  For 

those reasons the parameters determined by DFT are not final and need to be optimized. We 

tackle this challenge by taking into account Zn coverage over Cu NPs, since is the most 

important variable which has not been previously implemented in any microkinetic model. 

Still however, the effects of the intermediate coverage on the activation energy[57] and the 

preexponential factor should be in the future included to obtain accurate results for high Zn 

coverage over Cu. Original and optimized reaction rate constants can be found in Supporting 

Information, Table S2. 

 

  



3.4. Model validation 

By initial inspection of the ZnCu(211) model of MeOH synthesis[13] using sensitivity 

analysis at industrially relevant conditions (240 °C, 20 bar, CO2/CO/H2 mixture), we observed 

that MeOH can be formed through the formate pathway (path rp1, Figure 7) faster than 

through the CO-hydro pathway (paths rp3+rp2). However, CO is likely being formed through 

the CO-hydro pathway (path rp3) rather than through the direct redox mechanism (path rp4). 

This observation is consistent with the fact that MeOH is largely formed from CO2 on CuZn 

catalysts (Table 2). For this reasons we focused on the rate constant optimization for pathways 

rp1 and rp3. 

 

Figure 7: Reaction scheme used in our study. Black arrows represent the elementary reaction steps and blue 

arrows the reaction pathways. Reaction species in black squares without “(g)” are adsorbed on the catalyst’s 

surface. 

The comparison between the results of the optimized model and experimental data can be 

found in Figure 8 and the corresponding concentration of active sites is in Table 3. Parity 

plots can be found in Supporting Information Section 9. Sensitivity analysis shows a higher 

than linear dependence of methoxy hydrogenation (Supporting Information, Section 10). In 

addition, good match of model results with 118 experimental points by Park et al[58] was 

obtained for CuZnAl catalyst (Supporting Information, Section 13). The model constants were 



optimized to describe the behaviour of catalytic tests of samples R9 and R4 at the measured 

concentration of Cu sites by N2O PSO and Zn sites for the sample at low coverage R4 (7.1% 

Zn). The concentration of Zn sites on sample R9 was obtained by comparing the activity with 

the R4 sample, since the concentration of active Zn sites cannot be determined accurately for 

the catalyst aged at equilibrium condition due to Zn phase agglomeration. Also the Zn 

concentration of the R3 sample with observed high coverage was fitted due to an observed 

activity which was lower than expected for 23% coverage and it was computed that the 

copper surface is covered by 13.1% of active Zn. As mentioned before, we observed that the 

morphology difference between the catalysts R3 and R4 does not significantly affect the 

apparent reaction orders and activation energies (Table 2). Additionally, it was observed that 

the catalyst aging at 240 °C and 260 °C at equilibrium conversion at 50 bar results in a higher 

active Zn coverage, 13.1% and 19.9% respectively, highly likely due to a higher CO fraction 

during catalyst aging.  

 

 

Figure 8: Parity plots for MeOH and CO molar fraction for all used catalysts. Circles represent experimental data 

and dashed lines the model results. 

Table 3: Concentrations of active sites on CuZnAl catalysts. 

 

c (Cu) 

[mol/L] 1 

c (Zn) 

[mol/L] 
coverage (Zn) [%] 



R3 0.1387 0.02092 13.12 (observed 233) 

R4 0.2999 0.02293 7.13 

R9 0.0966 0.0242 19.92 
1obtained by N2O PSO, 2 fitted concentration, 3 obtained from ECSFCu 

To demonstrate the effect of the active Zn coverage on catalysis we calculated the activity at 

the same conditions as were used for the catalytic tests using a commercial CuZnAl catalyst 

by Kuld et al.[37] (130 °C, 1 bar, H2/CO2/CO=64/18/18, differential conditions) for the 

catalyst at constant total number of active sites (Cu+Zn) and different Zn coverage (Figure 

9a). We observed that MeOH synthesis parabolically increases up to 0.4 Zn coverage and then 

starts to decline, similarly as is observed in the reference case. The temperature increase from 

130 °C to 240 °C results in a shift of the maximum activity to 0.1 Zn coverage and a less 

steep decrease of activity, due to lower occupation of Cu sites by reaction intermediates, 

leaving free sites for H2 activation. By increasing the pressure from 1 bar to 20 bar at 240 °C 

the optimal Zn coverage shifts to 0.3, which is a result of the higher rate of H2 activation due 

to increased H2 partial pressure, leading to a better utilization of active Zn sites. Figure 9b 

depicts the temperature dependence of reaction intermediates’ coverages at 20 bar and 

H2/CO2/CO=64/18/18. We can observe that the most abundant carbon based reaction 

intermediates are methoxy and formate which are in line with the fact that formate species are 

regularly found as the most abundant reaction intermediates on CuZn systems.[17,59] 

  

Figure 9: a) Effect of the Zn coverage on the catalytic activity (blue line), model correction by accounting 

aggregation of Zn atoms (red line) and reference activity of the CZA catalyst Kuld et al. b) Zn active sites  



(labeled by *) are almost entirely covered by reaction intermediates at various temperatures (20 bar, H2/CO2=3, 

GHSV 40.000 h-1). 

 

We can observe that the activity of reference case in Figure 9a at zero Zn coverage does not 

converge to 0 activity but to around the third of the maximum activity. The high activity at 

low coverage can be attributed to two different accounts. The first is that the contact between 

the Cu and ZnO phases is also active as seen with the model Cu/ZnO(0001) catalyst. Indeed, 

the results from the model catalyst by comparing Cu/ZnO(0001) and Zn/Cu(111) show that 

the normalized activities are in the same order of the activity (Figure 3). The second is the 

contribution of the Al2O3 phase, where CuAl can on the average reach 41% of the activity of 

the CuZnAl catalyst (Figure 1). We dismiss the activity of pure Cu as a relevant contribution, 

since it contributes on the average only 7% to the activity. Such low Zn coverages are 

however not relevant to the industrial systems and the two site model can adequately describe 

the catalytic interplay between Cu and Zn abundance of the commercial system. 

  



4. Conclusions 

In this study we systematically and quantitively determine the various contributions to the 

CuZnAl catalyst activity and use the obtained knowledge to prepare a multisite microkinetic 

model for CO2 reduction. The amount of catalytically active ZnOX on copper surface has the 

highest influence on the activity. On the commercial CuZnAl catalyst, the CO and/or MeOH 

increase the ZnOX coverage while H2O promotes ZnO particle growth resulting in a partially 

inactive ZnOX layer near the ZnO particles, while the nature of active sites remains almost 

unchanged when comparing apparent reaction orders and activation energies. We observed an 

increased methanol synthesis activity (normalized to Cu surface sites) with the uncovering of 

Al 2O3 from Cu, indicating a steric hindrance of Cu-Zn active sites. Based on the fact that the 

catalytic active Zn sites need to be surrounded by Cu atoms, which are necessary for H2 

activation, we developed a multisite microkinetic model with Cu and Zn active sites. The 

model is based on experimentally measured H2 activation kinetics and reaction rate constants 

obtained by DFT for the Zn/Cu(211) surface, and was optimized using the results of 

experiments at industrially relevant conditions. The activity trends of ZnOX coverage 

variation match those of experimentally measured values providing us with a useful model, 

which can be further upgraded by reaction condition dependant Zn coverage as well as by 

incorporating Cu particle growth and Zn overgrowth during deactivation or adding other 

active sites due to the catalyst modification. 
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