
U.S. Department of Energy

Brookhaven National Laboratory 

BNL-222366-2021-JAAM

Selective Methane Oxidation to Methanol on ZnO/Cu2O/Cu(111) Catalysts:
Multiple  Site-dependent Behaviors

E. Huang, J. A. Rodriguez

To be published in "Journal of the American Chemical Society"

November 2021

Chemistry Department

USDOE Office of Science (SC), Basic Energy Sciences (BES) (SC-22)

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under
Contract No. DE-SC0012704 with the U.S. Department of Energy. The publisher by accepting the
manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-
up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow
others to do so, for United States Government purposes.



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government.  Neither the United States Government nor any 
agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or any 
third party’s use or the results of such use of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service 
by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof or its contractors or subcontractors. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof.  



1 

 

Selective Methane Oxidation to Methanol on ZnO/Cu2O/Cu(111) 

Catalysts:  Multiple  Site-dependent Behaviors 

 

Erwei Huang1,+, Ivan Orozco1,+, Pedro J. Ramírez2,3, Zongyuan Liu4, Feng Zhang5, Mausumi 

Mahapatra4, Slavomír Nemšák6, Sanjaya D. Senanayake4, *, José A. Rodriguez1,4,5, *, and Ping 

Liu1,4*  

 

1 Department of Chemistry, Stony Brook University, Stony Brook, NY 11794, (USA) 

2 Facultad de Ciencias, Universidad Central de Venezuela, Caracas 1020-A (Venezuela) 

3 Zoneca-CENEX, R&D Laboratories, Alta Vista, 64770 Monterrey (México) 

4 Chemistry Division, Brookhaven National Laboratory, Upton, NY 11973, (USA) 

5 Department of Materials Science and Engineering, Stony Brook University, Stony Brook, NY 

11794, (USA) 

6 Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, (USA) 

 

+ Co-first authors 

*  Corresponding authors: pingliu3@bnl.gov (P. L.), ssenanay@bnl.gov (S.D.S.) 

rodrigez@bnl.gov (J.A.R) 

 

  

mailto:pingliu3@bnl.gov
mailto:ssenanay@bnl.gov
mailto:rodrigez@bnl.gov


2 

 

Abstract: 

Due to the abundance of natural gas in our planet, a major goal is to achieve a direct 

methane to methanol conversion at medium to low temperatures using mixtures of methane and 

oxygen. Here, we report an efficient catalyst, ZnO/Cu2O/Cu(111), for this process investigated 

using a combination of reactor testing, scanning tunneling microscopy, ambient-pressure x-ray 

photoemission spectroscopy, density functional calculations, and kinetic Monte Carlo simulations. 

The catalyst is capable of methane activation at room temperature and transforms mixtures of 

methane and oxygen to methanol at 450 K with a selectivity of ~30%. This performance is not 

seen for other heterogenous catalysts which usually require the addition of water to enable a 

significant conversion of methane to methanol. The unique coarse structure of the ZnO islands 

supported on a Cu2O/Cu(111) substrate provides a collection of multiple centers that display 

different catalytic activity during the reaction. ZnO-Cu2O step sites are active centers for methanol 

synthesis when exposed to CH4 and O2 due to an effective O-O bond dissociation, which enables 

a methane-to-methanol conversion with a reasonable selectivity. Upon addition of water, the 

defected O-rich ZnO sites, introduced by Zn vacancies, show superior behavior towards methane 

conversion and enhance the overall methanol selectivity to over 80%. Thus, in this case, the surface 

sites involved in a direct CH4 → CH3OH conversion are different from those engaged in methanol 

formation without water. The identification of the site-dependent behavior of ZnO/Cu2O/Cu(111) 

opens a design strategy for guiding efficient methane reforming with high methanol selectivity.  
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1. Introduction 

The high abundance of natural gas on the planet, with methane (CH4) as its main component, 

has led to a strong interest in using this light alkane as a starting point or building block to produce 

high value chemicals1-3. In addition, since CH4 is a potent greenhouse gas, there is a clear need to 

remove it or prevent its evolution into the atmosphere. The activation of CH4 can be challenging 

due to the non-polar character of the molecule and the strength of its C-H bonds. Recent studies 

have shown advances in this direction when oxides, metal-oxide and metal-carbide interfaces are 

used for binding the light alkane and producing adsorbed CH3 and CH2 species at temperatures 

between 150 and 300 K4-8. Development of a catalyst for a direct conversion of CH4 to methanol 

(CH3OH) at medium to low temperatures using mixtures of methane and oxygen (O2) can lead to 

a major commercial breakthrough in the utilization of the light alkane1, 2, 9. A limited oxidation of 

CH4 to CH3OH is difficult to achieve because the reaction has a thermodynamic tendency to yield 

carbon monoxide (CO) and/or carbon dioxide (CO2) as final products10.  

To extract methanol in significant amounts, one needs materials that can activate CH4 in an 

efficient way at temperatures below 500 K without decomposing CH3O or other CHxO 

intermediates10. A delicate balance involving  the rates of reactions (1) and (2) is the key to achieve 

a selective conversion of methane to methanol10. 

                                          CH4 + 0.5O2 →  CH3OH         (1) 

                                          CH4 + 0.5O2 →  CO + 3H2      (2) 

The enzyme methane monooxygenase transforms CH4 into CH3OH, working at 300 K and 

under limited or low concentrations of the reactants, but it cannot be employed for industrial-scale 

operations11, 12. In the enzyme, the synthesis of methanol is carried out by a set of three copper 

cations12. This fact has motivated many studies examining the performance of copper cations 
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presented in oxide lattices or dispersed inside zeolite frameworks13-19. Several of these systems 

produce methanol but only when water is used for extraction of the alcohol or when it is added to 

the reaction feed (CH4/O2/H2O)13-19. In the case of Cu-exchanged zeolites, the process involves 

sequential steps of treatment in O2, exposure to CH4, and extraction with H2O
13, 15-17, 20, 21. On 

CeOx/Cu2O/Cu(111) surfaces, a very good catalytic conversion of  methane to methanol has been 

observed (~ 60% selectivity) in a single batch mode, but when water is removed from the reaction 

feed, the selectivity towards methanol formation is below 5%18, 19. Thus, there is a clear need to 

identify catalysts that can achieve the direct conversion of methane and O2 to methanol.  

In principle, the chemical environment around the copper cations can determine the relative 

rates of reactions (1) and (2). In this study, to enhance the performance of the Cu2O/Cu(111) 

substrate, we have switched from a CeOx to a ZnO overlayer. Copper/zinc/aluminum oxide 

(Cu/ZnO/Al2O3) catalysts are widely used in the industry for methanol synthesis from CO and/or 

CO2 hydrogenation22. Extensive studies have focused on understanding the nature of the active 

sites in Cu/ZnO/Al2O3 catalysts which in some cases seem to involve ZnO aggregates dispersed 

over particles of Cu or CuOx 
23-28. These ZnO/Cu systems are not very aggressive towards CH3O 

and CH3OH species22, 27, 29-31. If these oxygenates form on top of ZnO/Cu surfaces, they should 

desorb as seen during CO2 hydrogenation22, 27, 31. Besides CO/CO2 hydrogenation to CH3OH, Cu-

ZnO interfaces are typically used for the water-gas shift29 and CO oxidation reactions30. By 

comparison, the activation of CH4 is more difficult due to the high stability of the alkane molecule8.  

The catalyst investigated in this study consists of large rough islands of ZnO dispersed on a 

Cu2O/Cu(111) substrate {ZnO/Cu2O/Cu(111), Figure 1}31-33. The ZnO islands have sizes in the 

range of 300-500 nm and expose surfaces which are rich in steps and contain either O or Zn 

vacancies. Thus, they offer different types of atomic arrays for the activation of small molecules. 
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31-33 The behavior of these ZnO/Cu2O/Cu(111) systems and the reaction mechanism associated 

with CH3OH synthesis were examined using scanning tunneling microscopy (STM), reactor 

testing, synchrotron-based ambient-pressure x-ray photoemission spectroscopy (AP-XPS), density 

functional theory (DFT) calculations, and kinetic Monte Carlo (KMC) simulations. Our objective 

is to present a detailed mechanistic study on a heterogenous catalyst that can selectively convert 

CH4 to CH3OH, which activates methane at room temperature, and achieves the transformation of 

the alkane into an alcohol under mild conditions (400-500 K). Indeed, the ZnO/Cu2O/Cu(111) 

surfaces display an activity  for the direct CH4 → CH3OH process not seen for other heterogeneous 

catalysts reported in the literature15-19, 34. Overall, the superior catalytic performance of 

ZnO/Cu2O/Cu(111) originates in the roughness of the ZnO islands and strong ZnO-Cu2O 

interactions at the interface. Surface sites involved in the direct CH4 → CH3OH conversion are 

different from those engaged in methanol formation under the presence of water. Our study points 

to the role of new types of active sites and thus new ways in which the widely used Cu-ZnO 

catalysts could go beyond conventional CO2 hydrogenation and perform a more challenging 

selective conversion of CH4 to CH3OH.  
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Figure 1. Three-Dimensional (3D) view of ZnO islands deposited on a CuxO/Cu(111) substrate. 

The scale is 2500 nm2 on the left (a) and 1000 nm2 on the right (b). The images were collected 

using a tunneling current It= 0.13 nA and a sample bias V tip = 1.3 V.  
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2. Results and discussion: 

2.1 Methane activation and production of methanol on ZnO/Cu2O/Cu(111) surfaces under 

CH4/O2 mixtures.  

2.1.1 Catalytic studies 

In the first set of experiments, we investigated the conversion of CH4 to CH3OH on 

ZnO/Cu2O/Cu(111) surfaces using a reaction mixture of CH4/O2 in a batch reactor. The products 

of the reaction were CO, CO2, H2O, H2 and CH3OH. The temperature of the system was maintained 

at 450 K to avoid the further oxidation of CH3OH into CO/CO2. The top panel in Figure 2 shows 

the evolution of the C-containing products as a function of the content of ZnO in the 

ZnO/Cu2O/Cu(111) catalysts. Without the addition of ZnO, the Cu2O/Cu(111) system was not 

catalytically active for the conversion of CH4 to CH3OH and only produced traces of CO, CO2, H2 

and H2O when exposed to a mixture of CH4/O2. The addition of ZnO to Cu2O/Cu(111) led to an 

increase in the conversion rate of CH4, and CH3OH appeared as a significant product. The best 

catalytic performance was seen when the copper oxide substrate was 30% covered by zinc oxide. 

In these experiments, post-reaction characterization with XPS indicated that there was not 

reduction of the zinc or the copper oxides under reaction conditions and the O2 in the reaction feed 

was necessary for the steady-state production of CH3OH, CO, CO2 and H2. Methane alone could 

reduce the copper oxide in the catalysts at 450 K, but its reducing power was lower than the 

oxidative power of O2.   

In the bottom of Figure 2, the maximum selectivity of the ZnO/Cu2O/Cu(111) catalyst towards 

the production of CH3OH is plotted together with values reported before for Ni/CeO2(111) and 

CeO2/CuOx/Cu(111) catalysts19, 34, systems which were also able to transform methane into 

methanol in the absence of water. The performance of the ZnO/Cu2O/Cu(111) surfaces is clearly 
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superior with a selectivity towards methanol production in the range of  23-30%. In order to 

achieve a comparable selectivity in the case of Ni/CeO2(111), water must be added to the reaction 

feed34.  
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Figure 2. (Top) Variation in the activities of ZnO/Cu2O/Cu(111) surfaces as a function of ZnO 

coverage. (Bottom) Comparison of the selectivities for methanol formation of ZnO/CuOx/Cu(111), 

CeO2/CuOx/Cu(111) {reproduced from Ref. 19. Copyright 2016 American Chemical Society}, 

Ni/CeO2(111) {reproduced from Ref. 34. Copyright 2018 American Chemical Society}. All the 
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experiments were done in a batch reactor at 450 K with pressures of 1 Torr of CH4 and 0.5 Torr of 

O2.  

 

2.1.2 AP-XPS studies 

First, it is important to establish the reactivity of ZnO/Cu2O/Cu(111) towards methane. Figure 

3 displays C 1s XPS spectra acquired while exposing a ZnO/Cu2O/Cu(111) surface to different 

pressures of methane at 300 K. Methane exposure leads to three observable peaks at 284.4 eV, 

286.3 eV, and 288.3 eV that increase in concentration with pressure. Methane undergoes 

dissociative adsorption (*CH4 → *CHx + (4-x) *H) at room temperature, as evidenced by the CHx 

features present at a binding energy of 284.4 eV.18, 34 Adsorbed *H species are likely stabilized on  
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Figure 3:  A ZnO/Cu2O/Cu(111) surface exposed to methane at room temperature (300 K). The 

evolution of the CHx peak is shown under increasing methane pressure.  Approximately one third 

of the copper oxide surface was covered by zinc oxide.  

 

the surface in the form of OH, as shown in the corresponding O 1s spectra (Figure S1). Increasing 

the pressure from 1 to 10, 20, and 50 mTorr allows for a clear distinction between the bound 

hydrocarbon products and the spectral fingerprint for CH4 gas, assigned here to the peak at 286.3 

eV.  

In Figure 3, a peak at 288.4 eV, labeled as COx, is most probably coming from the reaction 

of oxygen from the surface and C atoms produced by the complete dissociation of methane (*CH4 

→ *C + 4*H). This feature is smaller than the corresponding features observed in AP-XPS after 

exposing Ni/CeO2(111) and CeO2/Cu2O/Cu(111) to methane18, 34. This indicates that the 

ZnO/Cu2O/Cu(111) system is not very aggressive for the full decomposition of hydrocarbon 

fragments and helps to explain the substantial selectivity towards methanol formation seen in 

Figure 2. The intensity of the COx peak increased when the ZnO/Cu2O/Cu(111) surface was 

exposed to a mixture of CH4/O2, Figure 4a.  

The addition of O2 to CH4 led to distinct changes in the species present on the surface as 

seen by AP-XPS.  Beginning at 300 K and under an atmosphere of 10 mTorr O2 and 20 mTorr 

CH4, i.e., a stoichiometric ratio for the CH4 + 
1

2
O2 → CH3OH reaction, the associated surface 

chemistry is distinct from that of pure CH4 in that there are now oxidation products on the surface 

(Figure 4b). Upon deconvolution, a feature is seen near 285.4 eV which likely comes from CH3O 

bound to copper oxide.35  CH3O groups bound to ZnO are expected at 286.3 eV,35, 36 and the feature 

will overlap with the peak for CH4 gas. The existence of CH3O in Figure 4b is consistent with the 
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production of CH3OH on ZnO/Cu2O/Cu(111) after exposing the surface to a CH4/O2 mixture 

(Figure 2). In accordance with the DFT results to be described below, O-O bond cleavage can 

readily occur on this surface and further oxidize CH4 or other carbon products present; this is the 

direct oxidation pathway for CH3OH production on Zn-O-Cu. 

  

Figure 4. (a) C 1s XPS spectra collected while exposing a ZnO/Cu2O/Cu(111) surface at 300 K to 

20 mTorr of CH4 (bottom) and  20 mTorr of CH4  plus 10 mTorr of O2 (top). (b) ZnO/Cu2O/ 

Cu(111) exposed to a gas mixture of 20 mTorr CH4 and 10 mTorr O2 at 300, 400, and 450 K. Open 

circles represent the raw data points and the solid black lines are the fitted peaks and their sum. 

The red peak in (b) is assigned to CH3O. Approximately one third of the copper oxide surface was 

covered by zinc oxide.  

 

2.1.3 DFT and KMC studies  
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To gain a better understanding of the catalytic behavior of ZnO/Cu2O/Cu(111), DFT 

calculations together with KMC simulations were performed. The STM images in Figure 1 show 

complex structures for the rough ZnO islands dispersed on the Cu2O/Cu(111) substrate. It was 

found that the ZnO islands exposed surfaces which were rich in steps and contained either O or Zn 

vacancies.31-33 Thus, the systems under study in the catalytic tests and AP-XPS measurements  

offered different types of adsorption sites for the activation of methane and molecular oxygen. 

Three different models, including a stoichiometric ZnO flat overlayer, a step-rich Zn3O3 cluster, 

and a defected O-rich ZnO overlayer (Figure S4), were used to describe high-coordinated 

stoichiometric ZnO sites and low-coordinated edge and defect (Zn vacancy or Znv in this case) 

sites of the rough triangular ZnO nanostructures present at the ZnO-Cu2O interface (Figure 1 and 

see SI for more details on the models).  

Upon exposure to CH4, the molecule interacted weakly with the stoichiometric ZnO flat 

overlayer and the step-rich Zn3O3 cluster (adsorption energy, Eads = -0.46 kcal/mol, Figures 5a,S5). 

The corresponding dissociation was very high in both cases (barrier, Ea, of 35.28, 28.82 kcal/mol). 

In contrast, the O-rich ZnO overlayer exhibited a strong binding at the low-coordinated O site (Eads 

= -3.00 kcal/mol, Figure 5b) and exhibited a higher activity toward CH4 dissociation to *CH3 (Ea 

= 10.84 kcal/mol), which was comparable to the CeO2/Cu2O/Cu(111) system for the first C-H 

bond scission (Ea = 11.76 kcal/mol)18. By comparison, the dissociation to directly produce 

*CH3OH and an oxygen vacancy (Ov) (Ea = 18.68 kcal/mol) was less favorable (Figure S6). 

According to the calculated partial density of states (PDOSs), the presence of a Znv in the O-rich 

ZnO overlayer rendered neighboring low-coordinated oxygen species the higher-lying O 2p states 

than that of the low-coordinated O at the step-rich Zn3O3 cluster and the high-coordinated O at the 

stoichiometric ZnO flat overlayer, thus contributing to the higher catalytic behaviors toward CH4 
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adsorption and dissociation (Figure 5c). The *CH3 fragment could further dissociate to *CH2 (Ea 

= 14.07 kcal/mol) and *CH (Ea = 17.52 kcal/mol, Figures S7,8), together with the formation of 

H2O and Ov. Given that, among the three types of sites studied, only the O-rich defect of ZnO is 

active enough to enable facile CH4 dissociation to *CHx at room temperature and is therefore the 

likely site responsible for CH4 activation observed in AP-XPS (Figure 3). 

 

 

Figure 5: (a) DFT-calculated potential energy diagram for CH4 dissociation on the stoichiometric 

ZnO flat overlayer, step-rich Zn3O3 cluster and O-rich ZnO overlayer models; (b) Optimized 

structures of intermediates and transition states (TS) for CH4 dissociation process on the O-rich 

ZnO overlayer model; Detailed top and side view structures for all three models were shown in 

Figure S5. Violet: Zn; brown: Cu; red: O in ZnO/Cu2O/Cu(111); gray: C; white: H; (c) O 2p partial 

density of states (PDOS) of for lattice O (the one with dashed circle in Figure S4) associated with 
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CH4 dissociation on the stoichiometric ZnO flat overlayer, step-rich Zn3O3 cluster and O-rich ZnO 

overlayer models. 

            Upon exposure of both CH4 and O2, the two gases could compete for active sites. Here, for 

each intermediate, the multiple competing steps for the sequential reaction were included in the 

DFT calculations and KMC simulation to confirm the operational reaction sequence. However, 

this was not the case for the stoichiometric and O-rich ZnO overlayers, where O2 was only weakly 

bound (Eads= -0.46 kcal/mol) and the dissociation was less favorable than that of CH4 (Figure 

S9a,b). Yet, over the O-rich ZnO overlayer, O2 helped to fill the Ov produced by CH4 dissociation 

and enable a highly exothermic combustion to form CO2 with energy release of -175.72 kcal/mol, 

with the highest barrier of 17.52 kcal/mol corresponding to *CH2 dehydrogenation (Figures S7,S8). 

Due to the synergy between low-coordinated Zn sites and Cu sites of Cu2O at the ZnO-Cu2O 

interface, the step-rich Zn3O3 cluster displayed a more favorable O2 adsorption and dissociation at 

the Zn-Cu bridge (Eads=-5.77 kcal/mol) than the other two systems (Ea=10.61 kcal/mol, Figure 

S9c). More importantly, the formed low-coordinated O at the step via a bridging Zn-O-Cu motif 

(Figures 6a,S10) helped in stabilizing *CH4 (Eads = -0.92 kcal/mol) and facilitating conversion to 

*CH3O and *CH3OH, where *CH3O formation is slightly more favorable (Ea =14.07 kcal/mol) 

than that of *CH3OH (Ea = 20.29 kcal/mol). Once *CH3O was formed, the subsequent oxidative 

dehydrogenation to *CO2 via *CH2O, *CHO and *HCOO intermediates was highly exothermic 

with energy release of 141.13 kcal/mol and the highest barrier of 11.30 kcal/mol corresponding to 

*H2CO dehydrogenation (Figure 6a). During this process, O2 not only generated the active site to 

oxidize CH4 to *CH3O, but also stabilized ZnO by rapidly filling the Ov (Ea = 10.38 kcal/mol) 

induced by the surface-bound *H, a species formed during CH4 reforming process.  
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According to the KMC simulations based on the DFT calculated barriers and prefactors 

(see SI for detail, Figure S11, Tables S1-S6), both O-rich ZnO overlayer and step-rich Zn3O3 

cluster contributed on exposure to a mixture of CH4 and O2 (CH4: O2 ratio of 2:1 at 450 K); while 

the reaction was limited on the stoichiometric ZnO flat overlayer (Figure 6). For O-rich ZnO 

overlayer, a CH3OH selectivity of only 0.02% and a production rate of 3.761013 molec cm-2s-1 

was observed (Figures 6b,c); the majority of CH4 underwent complete combustion to CO2 with 

selectivity of 99.98% and production rate of 1.621017 molec cm-2s-1 due to the preferential *CH4 

dissociation to *CH3 (Ea = 10.84 kcal/mol) over the oxidative dissociation to *CH3OH (Ea = 18.68  
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Figure 6 (a) DFT-calculated potential energy diagram for reaction network of CH4 oxidation by 

O2 at ZnO-Cu2O step of step-rich Zn3O3 cluster model. Inset: Structures for selected intermediates, 

also see Figure S10. Violet: Zn; brown: Cu; red: O in ZnO/Cu2O/Cu(111); Green: O from O2; gray: 

C; white: H. KMC-simulated reaction rates of CH4 reforming and CH3OH production (b), products 

selectivity (c) over stoichiometric ZnO flat overlayer, step-rich Zn3O3 cluster and O-rich ZnO 

overlayer models on exposure to CH4 and O2 with a pressure ratio of 2:1at 450 K. 
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kcal/mol). That is, O-rich ZnO overlayer is too active to enable the mild oxidation of CH4 to 

CH3OH. Upon going to step-rich Zn3O3 cluster, an increase in CH3OH selectivity to 58.74% and 

production rate of 1.781014 molec cm-2s-1 was achieved (Figures 6b,c). At steady states during 

KMC simulations, only small amount of *CHx and *OH was observed on O-rich ZnO overlayer 

(Figures S12a,b), in accordance with experimental observations by AP-XPS (Figure 4).  

Therefore, the combined DFT and KMC simulations revealed that upon exposure to CH4 and 

O2 the CH3OH selectivity and production on ZnO/Cu2O/Cu(111) strongly depended on the local 

structure of ZnO sites. Under a mixture of CH4 : O2 at a ratio of 2:1 at 450K, the step-rich Zn3O3 

cluster sites dominated the CH3OH production, which was about ten times higher than that of the 

O-rich ZnO overlayer sites. CO2 was the major product which originated mainly from the defect 

O-rich ZnO sites. While the stoichiometric ZnO flat overlayer sites barely produced the CH3OH 

products.   

The observed enhancement of CH3OH selectivity at the step-rich Zn3O3 cluster site was not 

seen on the step-rich Ce3O6 cluster site on the CeO2/Cu2O/Cu(111) system18, which only exhibited 

a CH3OH selectivity less than 0.1 % and CH3OH production rate of 1.40 1012 molec cm-2s-1 under 

the same conditions (Figure 7). This could be ascribed to the weakened binding of CH3OH (Eads = 

-11.76 kcal/mol) as compared to CeO2/Cu2O/Cu(111) (Eads = -20.06 kcal/mol)18. As a result, the 

desorption of as-formed *CH3OH species at ZnO-Cu2O step site was facilitated and able to 

compete with the dissociation process to *CH3O + *H, that led to a full combustion to CO2 (Figure 

6a). In addition, the recombination of *CH3O and surface *H species to *CH3OH was also 

competitive (Ea = 8.30 kcal/mol) at the ZnO-Cu2O step with the dissociation of *CH3O to *CH2O 

(Ea = 6.69 kcal/mol), which enabled the high production of CH3OH. This was demonstrated by the 

observed soaring operation times for forward and reverse reaction, *CH3OH  *CH3O + *H, 
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during KMC simulations, a phenomenon that was not presented by the CeO2/Cu2O/Cu(111) 

system due to the faster *CH3O to *CH2O conversion process (Ea = 7.15 kcal/mol) with an 

eventually full combustion and slower *CH3O recombination with surface *H to *CH3OH (Ea = 

14.53 kcal/mol)18.  

Overall, multiple factors contributed to the observed high CH3OH product selectivity and rate 

on ZnO/Cu2O/Cu(111) by reforming CH4 under the O2 environment. First, an active center (in this 

case, bridging Zn-O-Cu motif at step-rich Zn3O3 cluster) should be formed to address the well-

known critical step that directly activates CH4 to *CH3OH. Second, with the formation of *CH3OH 

species, the subsequent desorption of *CH3OH should not be an obstacle. Third, a faster 

recombination of *CH3O and *H species and a slower *CH3O decomposition serves as another 

key factor for achieving high CH3OH selectivity.  

 

 

Figure 7: Comparison of KMC-simulated CH3OH production rate (a) and selectivity (b) on step-

rich Zn3O3 cluster and step-rich Ce3O6 cluster supported by Cu2O/Cu(111) surface on exposure 

to CH4 and O2 mixture with a pressure ratio of 2:1 at 450K.  
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2.2 Methane activation and production of methanol on ZnO/Cu2O/Cu(111) surfaces under 

CH4/O2/H2O mixtures.  

2.2.1 Catalytic studies 

Water plays an essential role in the conversion of methane to methanol on Cu-exchanged 

zeolites15-17. A minor amount of water (< 0.1 Torr) was formed during the experiments of Figure 

2. This small amount of water is not able to switch the selectivity towards methanol formation 

(Figure S13). However, we found that the addition of large amounts of water (2-4 Torr, Figure 

S13) to the CH4/O2 reaction feed substantially enhanced the selectivity towards methanol 

production (Figure 8).  Under a CH4/O2/H2O reaction mixture (Figure 8a), a Cu2O/Cu(111) surface 

covered ~ 25% by ZnO displays a selectivity of 84% for CH3OH production, a selectivity which 

is much greater than those reported for other heterogeneous catalysts under similar reaction 

conditions15-18, 34.  The large H2O/CH4 ratio that is necessary to induce the shift in selectivity 

towards methanol production suggests that a new surface configuration determined by 

hydroxylation or a different reaction path involving OH groups are responsible for the generation 

of the alcohol in the presence of water. These two possibilities will be examined below using AP-

XPS, DFT calculations and KMC simulations.   

In Figure 8b, there is a strong effect of the ZnO coverage on the catalytic activity of the 

ZnO/Cu2O/Cu(111) surfaces. For surfaces with a ZnO coverage above 35%, there is a substantial 

drop in the production of methanol. This trend of decreasing activity was also seen when working 

with a CH4/O2 reaction feed (Figure 2). For the large coverages of ZnO, STM images showed the 

formation of large islands of the oxide overlayer with a decrease in the fraction of the area occupied 

by the ZnO-Cu2O interface31, where the CH4→CH3OH conversion likely takes place.  
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Figure 8. (a) Activities of a ZnO/Cu2O/Cu(111) surface exposed to reaction mixtures of CH4/O2 

and CH4/O2/H2O. 25% of the copper oxide was covered by ZnO. (b) Variation in the activities of 

ZnO/Cu2O/Cu(111) surfaces as a function of ZnO coverage. All the experiments were done in a 

batch reactor at 450 K with pressures of 1 Torr of CH4 and 0.5 Torr of O2. In the case of 

CH4/O2/H2O reaction mixtures, 2 Torr of H2O were added.   

 

2.2.2 AP-XPS studies 
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The results of AP-XPS show a distinct chemistry when a ZnO/Cu2O/Cu(111) surface is exposed 

to a mixture of CH4/O2/H2O at 300 K, Figure 9a. At room temperature, we detected that water 

enhances the amount of CHx (B.E 284.4 - 284.5 eV) present by a factor of 1.5.  A comparison 

between the reaction mixtures with and without the addition of water (“wet” and “dry” conditions, 

respectively) are shown in Figure S2 where the difference in adsorbed species is further discussed. 

There are also clear peaks for COx and CH3O species. In Figure 9b, in contrast to the dry reaction 

mixture (Figure 4b), heating under a CH4/O2/H2O environment to 400 K induced a growth of the 

CH3O peak, which is now well defined and present at 285.3 eV. Zn-bound CH3O exhibits a higher 

energy than Cu-bound methoxy, appearing at 286.3 eV35, 36 under the CH4 gas peak. AP-XPS 

experiments with ZnO/Cu2O under CH3OH gas have shown that CH3O binds to both Cu and Zn 

sites35. According to the DFT calculations, the bindings of CH3O on Cu2O/Cu(111) (-29.98 

kcal/mol) and  the step-rich Zn3O3 cluster (-33.90 kcal/mol) are stronger than on overlayers of 

stoichiometric ZnO (-20.75 kcal/mol) and the O-rich ZnO (-11.99 kcal/mol). The mobility of the 

adsorbed CH3O species can be high under a reaction temperature of 450 K, going from the O-rich 

ZnO overlayer to the step-rich Zn3O3 cluster site for further combustion to CO2 or hydrogenation 

to *CH3OH, which were found as fairly facile steps with relatively low barriers (< 12.5 kcal/mol, 

Figure 6a, Tables S1 and S5). Alternatively, the adsorbed *CH3O can diffuse to the stoichiometric 

ZnO flat overlayer or to the Cu2O layer as observed experimentally (Figure 9), which is less 

favorable than to the step-rich Zn3O3 cluster sites. However, the ZnO flat overlayer and Cu2O layer 

were found to be inactive for the reaction. When going from a reaction feed of CH4/O2 (Figure 4b) 

to CH4/O2/H2O (Figure 9b), the enhancement in the concentration of CH3O on the catalyst surface 

is clear at 400 and 450 K.  
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At a reaction temperature of 450 K, the contrast between the wet and dry reaction is most 

pronounced; while the dry reaction mixture contains very little besides COx products, the wet 

reaction has additional surface intermediates of CH3O, CHx, and surface carbon. A comparison of 

the CH3O peak area in these two reaction mixtures at 450 K is displayed in Figure S3, which shows 

an increase by a factor ~10.  

The relative amounts of CH3O seen in the AP-XPS data of Figure 9 are consistent with the 

kinetic results in Figure 8 where the addition of water to the reaction feed enhances the conversion 

of CH4 and substantially improves the selectivity towards CH3OH production. As we will see 

below, the photoemission results also agree with results of KMC simulations in which adsorbed 

OH groups facilitate CH4 dissociation, participate in the formation of CH3O, and help in its 

desorption from the catalyst surface.  

 

Figure 9. (a) C 1s XPS spectra collected while exposing a ZnO/Cu2O/Cu(111) surface at 300 K 

to 20 mTorr of CH4 (bottom) and  20 mTorr of CH4  plus 10 mTorr of O2 and 80 mTorr of H2O 
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(top). (b) ZnO/Cu2O/Cu(111) exposed to a gas mixture of 80 mTorr H2O, 20 mTorr CH4 and 10 

mTorr O2 at 300, 400, and 450 K. Open circles represent the raw data points and the solid black 

lines are the fitted peaks and their sum. The red peak in (b) is assigned to CH3O.  Approximately 

one third of the copper oxide surface was covered by zinc oxide.  

 

    The DFT results described below show a water-mediated CH3O extraction pathway. This 

extraction mechanism was explored in a set of AP-XPS experiments. In a sequence of experiments, 

10 mTorr of CH3OH gas was exposed to two different coverages of ZnO/Cu2O/Cu(111) (θ = 0.2 

ML and 0.4 ML),  producing CH3O fragments bound to the surface that  remained adsorbed upon 

evacuation of the CH3OH gas, see Figure 10. It is clear that on the ZnO/Cu2O/Cu(111) surfaces 

the fraction of CH3O groups that undergo full decomposition to yield C and COx species is minor. 

Secondary products of the adsorption of CH3OH are C (284.4 eV), CO or H2CO (287.8 eV), and 

CO2 or CO3 (289.3 eV)35. We explored how difficult it is to remove the adsorbed CH3O groups. 

Onto these methanol exposed systems, a small amount of water (2×10-6 Torr) was dosed at room 

temperature. It induced a desorption of most of the CH3O bound to ZnO and Cu2O sites. Thus, the 

XPS results in Figures 9 and 10 indicate that water facilitates both the formation and extraction of 

CH3O from the ZnO/Cu2O/Cu(111) catalyst. This helps to explain the improvement in CH3OH 

selectivity seen in Figure 8. 
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Figure 10. ZnO/Cu2O/Cu(111) surfaces exposed to 10 mTorr of methanol followed by 

evacuation and exposure to 2 x 10-6 Torr H2O. The ZnO coverages are 0.2 ML (left, a) and 0.4 

ML (right, b). The Zn-bound methoxy (blue) and Cu-bound methoxy (red) are labeled for 

clarity 

 

2.2.3 DFT and KMC studies  

  Our DFT calculations showed that the addition of H2O to CH4 and O2 altered the reaction 

network significantly due to the preferential dissociative adsorption of H2O over CH4 and O2 on 

all three models (Figure S9). It resulted in the formation of *OH species at the Zn site, which 

hindered the O2/CH4 dissociation. More importantly, *OH (bound to Zn) acted as the new active 

site. Specifically, the *OH species at O-rich ZnO overlayer was the most active to enable the direct 
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CH4 to CH3OH reforming (Ea = 16.60 kcal/mol) due to the higher-lying O 2p states of *OH species 

than those top *OH species at step-rich Zn3O3 cluster and stoichiometric ZnO flat overlayer 

(Figures 11,S14,S15).  

The formed *CH3OH could undergo either a direct desorption (Ea = 6.00 kcal/mol) or 

dissociation to *CH3O species (Ea = 2.08 kcal/mol). Consistent with AP-XPS results (Figure 10), 

the DFT calculations showed that the facile extraction of *CH3O by H2O, due to the preferential 

*CH3O···HOH interaction via hydrogen bonding. It produced *CH3OH at the binding site (Ea = 

11.99 kcal/mol, Figures 11,S16), which was replaced by *OH sequentially and released to gas 

phase as a product (Ea= 9.46 kcal/mol). Furthermore, H2O also helped with the removal of surface 

-bound *H species in the form H2O by forming a *HOH···OH structure via hydrogen bonds 

(Figures 11a,S15). In addition, the presence of O2 was necessary to assure the stability of ZnO 

nanostructures under reaction conditions by filling Ov generated during the *H removal. By 

comparison, higher activation energies for *OH-activated CH4→CH3OH reforming were required  
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Figure 11: (a) DFT-calculated potential energy diagram for reaction networks of CH4 oxidation by 

O2 + H2O at defect site of O-rich ZnO overlayer. (b) Top and side views for selected intermediates 

and transition states (TS) (also see Figures S15). Violet: Zn; brown: Cu; red: O in 

ZnO/Cu2O/Cu(111); Purple: O from H2O; gray: C; white: H.  

 

to overcome (Ea = 26.06 kcal/mol, 28.13 kcal/mol) on step-rich Zn3O3 cluster and stoichiometric 

ZnO flat overlayer (Figures S17-S20), though a similar pathway was adopted.  

Under the KMC-simulated steady state reaction with a mixture of CH4 : O2 : H2O at a ratio 

of 2:1:8, respectively, and 450K, a similar situation as in the case without H2O was observed, 

where the step-rich Zn3O3 cluster sites showed a CH3OH production rate (~2.75×1015 molec cm-2 

s-1) about two orders of magnitude lower than on the  O-rich ZnO overlayer sites (~7.02×1017 

molec cm-2 s-1). The stoichiometric ZnO flat overlayer sites remained inactive for CH3OH 

production. 

The *OH species at the stoichiometric ZnO flat overlayer surface were barely observed 

(Figure S21), due to its preferential recombination with *H to form *H2O (Ea = 2.77 kcal/mol) 

over the reaction with CH4 (Ea = 28.13 kcal/mol). The weakly bound *OH species led to low CH4 

conversion rate and no CH3OH produced (Figure 12a), as seen for the case without H2O (Figure 

6b,c).  

On the O-rich ZnO overlayer, instead, the defect sites were steadily occupied by *OH 

(Figure S21) due to the addition of H2O, enabling a significant increase in CH4 reforming rate 

(8.051017 molec cm-2 s-1), CH3OH selectivity (87.50%), and CH3OH production rate (7.021017 

molec cm-2 s-1) (Figures 12a,b). Such an enhancement strongly depended on the presence of H2O, 

via providing enough active *OH species to enable the CH4 to CH3OH conversion (Figure 11), 
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hindering the sites for the direct CH4 dissociation forming CO2 (Figure S7) and promoting 

extraction of *CH3O in the form of CH3OH products (Figure S16).  

      The H2O-promoted CH4 reforming rate (2.761015 molec cm-2 s-1), CH3OH selectivity 

(99.98%) and CH3OH production rate (2.751015 molec cm-2 s-1) were also observed on step-rich 

Zn3O3 cluster surfaces (Figures 12a,b). Wherein, the CH3OH selectivity was the highest among 

the three systems studied, due to the barrierless dissociative H2O adsorption which blocked the 

active Zn-Cu bridge at the step, preventing O2 dissociation and thus production of CO2 (Figure 6a). 

While the rates of CH4 reforming and CH3OH production were lower than that of O-rich ZnO 

overlayer due to its higher barrier for *OH-activated CH4 to CH3OH conversion (Ea: 28.13 vs. 

16.60 kcal/mol).  

At steady state, the accumulation of *CH3O and *OH were observed (Figure 12c,S21) mainly 

on the ZnO-Cu2O step and O-rich ZnO defect sites. Compared to the case without H2O (Figure 

S12), the enhanced stability of *CH3O, as observed by AP-XPS (Figure 9b vs 4b), was mainly 

attributed to the interplay between the negligible-barrier (~ 2 kcal/mol) O-H bond cleavage of 

*CH3OH and the facile extraction of *CH3O by H2O (~ 12 kcal/mol).  

Thus, with addition of H2O, both the CH4 conversion rate and CH3OH selectivity were greatly 

promoted due to the facile H2O dissociation and generation of active *OH species to enable direct 

CH4 to CH3OH conversion,  a similar process that was also observed on CeO2/Cu2O/Cu(111)18. 

For the enhanced CH4 conversion and CH3OH production rates, the O-rich defect sites 

outperformed the ZnO-Cu2O step sites, while the contribution from the stoichiometric ZnO sites 

was subtle and the ZnO-Cu2O step sites were more active than the O-rich defect sites in promoting 

CH3OH selectivity. Consistent with the experiment shown above, the CH4 conversion rate at the 

O-rich ZnO defect sites of ZnO/Cu2O/Cu(111) was higher than CeO2/Cu2O/Cu(111) by a factor 
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of ~2 according to the KMC results, due to its relative lower barrier in CH4 oxidation to CH3OH 

by *OH (Ea: 16.60 vs. 22.37 kcal/mol). The CH3OH selectivity at the ZnO-Cu2O step sites was a 

slightly higher by a factor of ~1.02 than that of CeO2/Cu2O/Cu(111) due to the weaker binding 

and thus easier *CH3OH removal (Eads: 11.76 vs. 20.06 kcal/mol). AP-XPS results readily 

converge with DFT observations at higher temperatures (500 K); Figure S22 compares the wet 

and dry reaction over ZnO/Cu2O/Cu(111) at this temperature. Gas phase CH4 is present in both 

spectra, but the dry reaction mixture shows virtually no other carbonaceous species. Consistent 

with DFT results (Figure 6a), the reaction pathway to further oxidation (CH4 + 2O2 → CO2 + 2H2O) 

is complete and no longer solely energetically favorable but also kinetically dominant at 500 K. In 

comparison, the wet mixture shows a clear peak for CH3O, the species in the deepest potential 

energy reaction coordinate in Figure 11 (-72.18 kcal/mol).  Note that the relative amount of H2O 

present also plays an essential role during the process. Upon exposure to CH4 and O2, although 

H2O is not added in this case, it is formed during the CH4 → CH3OH conversion, which is produced 

due to the reduction of ZnO and accompanied with the formation of Ov on the surface. However, 

the amount of H2O produced is much less than the exposed O2, which acts as the major oxidizing 

agent for CH4 conversion according to the DFT and KMC simulation. The addition of H2O to the 

mixture of CH4 and O2 makes H2O dissociative adsorption more competitive with respect to O2 

adsorption, and the deposited *OH occupies the active sites and enables the oxidation of CH4 to 

*CH3OH (Figures 11 and S17). In both cases, the presence of O2 is necessary to fill the Ov and 

maintain the stability of the catalyst. The overdose of H2O can hinder the O2 dissociation at the Ov 

site and lower the conversion of CH4, as observed in the catalytic reactor tests (5 Torr in Figure 

S13). 
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Overall, due to the formation of unique rough ZnO 2D islands at the ZnO-Cu2O interface, the 

catalytic behavior of ZnO/Cu2O/Cu(111) involved multiple types of sites, which functioned 

differently depending on the exposed reactive gases. The interplay among these active sites 

enabled an enhanced CH4 conversion or CH3OH selectivity as compared to Ni/CeO2(111)34 and 

CeO2/Cu2O/Cu(111)18, 19. Particularly, the over-oxidation of formed *CH3OH to CO2 can be 

effectively hindered over the ZnO/Cu2O/Cu(111) catalyst via different ways to ensure high 

selectivity to CH3OH (Figures 6a, 11a, and S17). Upon exposure to CH4+O2, the step-rich Zn3O3 

cluster sites produces *CH3OH at the Zn site, where the binding is not strong (11.76 kcal/mol), 

and the desorption instead of further dissociation to *CH3O and eventually to CO2 (Figure 6a). 

With the addition of H2O, *CH3OH is formed on both step-rich Zn3O3 cluster and O-rich ZnO 

overlayer sites (Figures 11a and S17). Again, the relatively weak interaction of CH3OH at the step-

rich Zn3O3 cluster sites favor the desorption as seen for the case without H2O. Even if *CH3OH 

dissociates, the existence of H2O in the surroundings populates the surface with a substantial 

amount of *OH species, which hinder the further decomposition of *CH3O species. Moreover, 

H2O can also hydrogenate *CH3O to *CH3OH through a facile extraction process (Ea=12.45 

kcal/mol, Figure S17), which is also observed at O-rich ZnO overlayer sites (Figure 11a). With the 

initial increase of ZnO coverage, the concentrations of both step-rich Zn3O3 and O-rich ZnO 

overlayer sites rises until reaching a maximum at ~ 0.25 ML (Figures 2 and 8). After that point, 

there is a coalescence of ZnO islands at higher coverages,31  a phenomenon  which removes defects 

from the oxide overlayer and reduces the concentration of all active sites. 
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Figure 12: KMC-simulated reaction rates of CH4 reforming and CH3OH production (a), product 

selectivity (b) over stoichiometric ZnO flat overlayer, O-rich ZnO overlayer and step-rich Zn3O3 
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cluster models; (c) Relative concentrations of surface species on ZnO/Cu2O/Cu(111) catalyst at 

steady states of on exposure to CH4, O2 and H2O with a gas partial pressure ratio of 2:1:8 at 450K.  

 

3. Conclusions 

 
With a combination of experimental and theoretical studies, it was found that 

ZnO/Cu2O/Cu(111) is an active and selective catalysts for the conversion of methane to methanol 

without water in the feed. The catalyst is multifunctional, thus capable of activating methane at 

room temperature and transforms methane and oxygen mixtures into methanol at 450 K with a 

selectivity of ~30%. Upon addition of water, both the methane conversion and methanol selectivity 

improve, reaching a value higher than 80%. The results of AP-XPS indicate that water facilitates 

the formation and extraction of CH3O from the ZnO/Cu2O/Cu(111) catalyst.  

According to the DFT and KMC studies, the superior methane activation and methanol 

selectivity of ZnO/Cu2O/Cu(111) are associated with multiple centers, provided by the coarse 

structures of the supported ZnO islands and strong ZnO-Cu2O interactions at the interface, which 

display different catalytic activity during the reaction. The O-rich defect ZnO sites were identified 

as the most active for performing the CH4 conversion on exposure to CH4, CH4/O2 and 

CH4/O2/H2O. Methanol production, instead, was only observed on the ZnO-Cu2O step sites upon 

exposure to CH4/O2; while the O-rich defect ZnO sites were found to be too active to enable 

selective oxidation of methane to methanol and further oxidation to CO2 was the reaction product 

for this active site. The addition of water to the CH4/O2 mixture greatly enhanced both the methane 

conversion rate and methanol selectivity due to the facile H2O dissociation and generation of active 

*OH species to enable direct CH4 to CH3OH conversion. Yet, the O-rich ZnO defect sites showed 

a more significant promoting effect than the ZnO-Cu2O step sites, being able to enable the 
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methanol selectivity over 80%. Under all three conditions studied the contribution from the 

stoichiometric ZnO sites remained subtle. Our study points to a new application of the widely used 

Cu-ZnO catalysts, going beyond conventional CO2 hydrogenation to a more challenging selective 

CH4 to CH3OH conversion. More importantly, the reported site-dependent behavior opens a new 

design strategy for guiding selective CH4 reforming. 

 

4. Experimental and Computational Methods: 

4.1 Catalytic tests: 

 The catalytic activity of the Cu2O/Cu(111) and ZnO/Cu2O/Cu(111) surfaces was examined 

using an instrument which combines an ultrahigh vacuum (UHV) chamber for surface 

characterization with different techniques (XPS, Auger electron spectroscopy, low-energy electron 

diffraction, and ion scattering spectroscopy) with a small batch reactor.18, 19, 27, 30, 31 The 

Cu2O/Cu(111) and ZnO/Cu2O/Cu(111) surfaces were prepared following the methodology  

described in previous studies.30, 31 The Cu(111) single crystal (Goodfellow, 99.999%) on which 

ZnO was deposited was cleaned by successive Ar+ ion sputtering (1.5 kV, 30 min) and annealing 

(850 K, 10 min) until deemed sufficiently clean by XPS in the C 1s and O 1s regions. The Zn was 

vapor-deposited on the Cu(111) crystal at a temperature of 600 K under a O2 pressure of 5 x 10-7 

Torr, resulting in large triangular islands described in detail previously31 (see Figure 1). 

The Cu2O/Cu(111) and ZnO/Cu2O/Cu(111) surfaces were introduced in the reactor at 300 

K and exposed to reactant feeds of pure CH4, CH4/O2 or CH4/O2/H2O. The pressures of methane 

and O2 were 1 and 0.5 Torr, respectively, as expected for a stochiometric conversion of methane 

into methanol (equation 1). The pressure of water was varied in a range from 0 to 4 Torr.  For the 

catalytic tests, the reactor temperature was raised from 300 to 450 K where the measurements were 
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done. The generation of methanol, CO, CO2, H2O and H2 was followed by a combination of gas 

chromatography and gas spectroscopy.18, 19 The kinetic studies were done always under a low 

conversion of methane (< 5%). Steady-state was reached after 2-3 minutes of reaction and, under 

the mixtures of CH4/O2 or CH4/O2/H2O, no signs of catalyst deactivation were found in a period 

of two hours when the measurements ended.   

4.2 Ambient Pressure XPS Experiments: 

 AP-XPS experiments were performed at beamline 9.3.2 of the Advanced Light Source of 

Lawrence Berkeley National Laboratory. The binding energy scale was referenced to the Cu 3p 

core level peak. Photon energies of 380 eV and 650 eV were used to collect the C 1s, Cu 3p, Zn 

3p and the O 1s, Cu 3p, and Zn 3p, respectively. A step size of 0.1 eV was used to collect C 1s and 

O 1s data, resulting in a resolution of ~0.2 eV. XPS data were fitted with a series of Voigt functions 

with a linear background for C 1s data and Shirley type background for the O 1s data. The fitting 

was optimized using a least squares fitting optimization. The ZnO/Cu2O/Cu(111) surfaces were 

prepared using the methodology described in the previous section which should lead to the 

morphology seen in Figure 131. 

4.3 Density Functional Theory (DFT) Calculations: 

 A spin polarized density functional theory (DFT)37, 38 implemented in Vienna ab initio 

simulation package (VASP)39 was used to perform all the calculations. A 400eV kinetic energy 
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cutoff and the projector augmented wave method (PAW)40, 41 together with GGA exchange-

correlation functional plus the PBE functional42 were employed. Monkhorst-Pack43 meshes with 

3×3×1 were used to sample the Brillouin zone for all the surface calculations while gamma point 

were employed for all gas-phase species. The nudged elastic band method (NEB)44 for each 

elementary reaction intermediates were performed to derive the transition states. The criteria for 

total energies and forces on all atoms were set as 10−5 eV and 0.02 eV Å−1 for convergence, 

respectively. Gaussian smearing with width 0.05 eV was used to improve the convergence. The 

Cu (3p, 3d, 4s), Zn (3d, 4s), C (2s, 2p), O (2s, 2p) and H (1s) electrons were treated as valence 

states, while the remaining electrons were kept frozen as core states. The dispersion forces were 

not considered here due to the overestimation the strong interactions, e.g., water and oxygen, which 

represent a major part of the reaction network and thus the activity/selectivity, according to our 

previous studies18, 19. 

 ZnO/Cu2O/Cu(111) catalyst was simulated with three different models to address the 

observed rough triangular ZnO nanostructures in STM29, 31, also shown in Figure 1. One is modeled 

with 3 layer of 4×4 Cu(111) surface and one monolayer of CuxO (x ≈ 1.13) with Zn3O3 cluster for 

ZnO-Cu2O step, labeled as step-rich Zn3O3 cluster; Another is constructed by one full layer via 

ZnO(0001
_

)-like motif deposited on top of Cu2O/Cu(111) for ZnO island terrace, labeled as 

stoichiometric ZnO flat overlayer; The third model is built by removing one Zn vacancy from the 

stoichiometric ZnO flat overlayer for ZnO island roughness, labeled as O-rich ZnO overlayer 

(Figure S4). Note that different from the O-rich defect resulted from Zn vacancy (Znv), the Zn-rich 

defect resulted from O vacancy (Ov) is not stable, where the Ov was likely to be filled under the 

oxidizing conditions studied here. The Hubbard-like U term45 was considered to address Cu 3d 
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electrons for the CuxO surface (Ueff = 5.2), in which the Coulomb U and exchange J parameters 

were combined into a single parameter Ueff = U - J. During DFT optimizations, bottom two layers 

were fixed while the rest were allowed to relax with adsorbates. The optimized structure of 

stoichiometric ZnO flat overlayer showed a non-polar graphite-like structure instead of the polar 

wurtzite structure, which is in consistent with recent reports that ZnO graphitic structures were 

observed experimentally or calculated theoretically when only thin layers (⩽ 4) of ZnO grown on 

metal supports23, 46-48.  

 Overall, the adsorption energy of adsorbate on the ZnO/Cu2O/Cu(111) model surface was 

calculated as: 

Eads = E(Adsorbate/Surface) − E(Surface) − E(Adsorbate)  

where E is the total energy obtained from DFT calculations incorporated with zero-point energy 

(ZPE) correction EZPE: 

𝐸𝑍𝑃𝐸 = ∑
1

2
ℎ𝑣𝑖

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑑𝑒𝑠

𝑖

 

where vi is DFT calculated vibrational frequency by harmonic normal mode approximation for 

each intermediate. 

4.4 Kinetic Monte Carlo (KMC) Simulations: 

 In KMC simulations, to fully describe the characters of STM observed rough triangular 

ZnO nanostructures (Figure 1), large ZnO triangle islands were randomly distributed on a Cu2O 

layer supported by a 128  128 matrix of Cu(111), corresponding to 0.24 monolayer (ML) of 

coverage with respect to Cu on Cu(111) (Figure S11), which led to the peak rate (Figures 2 and 8).  

Such KMC matrix enabled a qualitative description of the experimental measurements; yet 
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quantitative comparisons were very difficult due to the limitation in atomic-level characterization 

and the high computational cost for modeling the complex catalysts. The step between the ZnO 

triangle islands and Cu2O/Cu(111) surface were conducted with the inputs from DFT results on 

step-rich Zn3O3 cluster model; the defect sites on top of ZnO triangle islands were conducted with 

the inputs from DFT results on O-rich ZnO overlayer; while the rest part of the ZnO triangle islands 

were considered as stoichiometric ZnO flat overlayer for simulations, as shown in Figure S11.  

 All elementary steps involved in the KMC simulations were listed in Figures 6a, 11a and 

S6, S7, S17, S18 and Tables S1, S2, S3, S4, S5 and S6. Pressures in KMC simulations for CH4, 

O2, and H2O were set as 100 Torr, 50 Torr and 400 Torr, respectively.  

 The elementary reactions rate constant k was calculated by Arrhenius equation given by:  

𝑘 =  𝐴0 ∗ 𝑒𝑥𝑝 (−
𝐸𝑎

𝑘𝐵𝑇
) 

in which, Ea is the activation energy with ZPE-correction from DFT calculations for each 

elementary reaction; kB is the Boltzmann constant and the T stands for the absolute temperature 

implemented in KMC simulations. A0 represents pre-exponential factor, a constant for each 

elementary reaction which may vary by several orders of magnitude for different elementary 

reactions49. In the present work, A0 was calculated by50:  

𝐴0 =
𝑘𝐵𝑇

ℎ
𝑒𝑥𝑝 (

∆𝑆

𝑘𝐵
) 

in which, h is Planck’s constant. ∆S is the entropy change from initial state to transition state for 

each elementary reaction. The entropy (S) for each intermediate was estimated with their 

corresponding DFT calculated vibrational frequency: 

𝑆 = 𝑘𝐵 ∑ {

ℎ𝑣𝑖
𝑘𝐵𝑇⁄

𝑒𝑥𝑝 (
ℎ𝑣𝑖

𝑘𝐵𝑇⁄ ) − 1
− ln [1 − 𝑒𝑥𝑝 (−

ℎ𝑣𝑖
𝑘𝐵𝑇⁄ )]}

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑑𝑒𝑠

𝑖=1
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where vi is the above DFT obtained vibrational frequency for each intermediate during the 

vibrational frequency calculations. 

 The entropy for gas phase molecules involving in the elementary steps was taken from 

NIST Computational Chemistry Comparison and Benchmark Database (CCCBDB)51. The 

calculated pre-exponential factor for each step was listed in Tables S2, S4 and S6. 

Furthermore, the adsorption coefficient for gas phase molecules was calculated as52: 

𝑘𝑎𝑑𝑠 =  
𝑃𝐴𝑠𝑖𝑡𝑒𝜎

√2𝜋𝑚𝑘𝐵𝑇
 

where P is the pressure of the adsorption gas, Asite is the area of a single site (a Zn-centered triangle 

with three neighbor-O as vertices), 𝜎 is the sticking coefficient, and m is the mass of adsorption 

gas. The sticking coefficients for CH4, O2 and H2O are all set to 1 in our KMC model, the coverage 

of adsorbed molecules on the surface, which is catalytically interesting, strongly depends on the 

desorption rate or the binding energy of each molecule. 

 The reaction rate was calculated with respect to the area of the Cu(111) substrate via the 

following equation53:  

𝑅𝑎𝑡𝑒 =  
𝑁

(𝑆𝑖𝑡𝑒𝑠 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝐶𝑢(111) 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) × (𝑡𝑖𝑚𝑒 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛) × (𝐴𝐶𝑢)
 

N is the net operating times for corresponding steps during KMC simulations over different 

ZnO/Cu2O/Cu(111) model sites with normalized Zn-site concentration. To make the rates among 

different sites comparable, N is normalized by the number of Zn involved in each kind of active 

sites of the ZnO island (i.e., stoichiometric ZnO flat overlayer, O-rich ZnO overlayer, step-rich 

Zn3O3 cluster). ACu is the area for a single Cu site on the Cu(111) substrate.  

 The products selectivity was calculated as: 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝐴) =
𝑅𝑎𝑡𝑒(𝐴)

𝑅𝑎𝑡𝑒(𝑃)
× 100% 
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Where Rate (A) stands for the reaction rate for production A and Rate (P) stands for the overall 

reaction rate for all the productions. Here we note that the differences in catalyst structures studied 

(Figures 1 and S11) and the systematic errors that existed between measurements and calculations 

make the quantitative comparison between KMC-estimated rates and the experimentally measured 

values very difficult. Instead, the difference from one type of site to another can be more reliable, 

which enables the qualitative comparison in trend with the experiment and is the focus of current 

study.  
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