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Abstract

Methanol synthesis is one of the landmarks of heterogeneous catalysis due to the great industrial

significance of methanol as a clean liquid fuel and as a raw material for industry. Understanding

in atomistic detail the properties of the underlying metal/oxide catalyst materials as a function of

temperature and composition of the reactive gas phase is of utmost importance in order to even-

tually improve the production process. By performing extensive density functional theory based

slab calculations in combination with a thermodynamic formalism we establish an atomistic un-

derstanding of gas phase-induced changes of surface morphology, redox properties and reactivity

of ZnO supported Cu nanocatalysts. Extending our recent insights [PRL 110, 086108 (2013)], we

explore surface stabilization mechanisms and site-dependent redox states of both catalyst com-

ponents as well as the pronounced electronic charge transfer processes across the metal-support

interface. Moreover, ab initio molecular dynamics simulations unveil the vital role played by dy-

namical shape fluctuations of the deposited Cu8 cluster. The pronounced structural flexibility of

the metal nanoparticle is found to enhance CO2 activation over Cu8 at the elevated temperature

conditions of the industrial methanol synthesis process, in addition to activation of CO2 via elec-

tronic charge transfer from the ZnO support.

Keywords: oxide supported metal nanoparticles, strong metal–support interaction, surface ther-

modynamics, electron density of states, adsorbate structure, and ab initio molecular dynamics.
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I. INTRODUCTION7

Heterogeneous catalysis represents a vital prerequisite for industrial production of all8

types of substances and materials. It thus comes as no surprise that about 90% of all9

chemical manufacturing processes rely on this technology.1 Development of more efficient10

catalysts, however, poses great challenges to scientific research. Pivotal to advances in cat-11

alyst materials design is a fundamental understanding of structure–activity relationships12

because modern heterogeneous catalyst systems typically consist of multi-component ma-13

terials which develop their active morphologies only under reaction conditions.1,2 Unique14

properties of nanoparticles not only arise in catalysis due to their size and structure, but15

also from their interactions with the supporting material.3–8 Beyond the relevance to cataly-16

sis in the strict sense,9 the general concept of ”Strong Metal–Support Interactions” (SMSI)17

has been introduced9,10 to describe structural and electronic properties which only arise from18

a synergistic combination of individual materials in direct contact, thus being not present19

in the separate materials.20

One important example that brings these intricacies to light, in particular the SMSI21

effect, is the Cu/ZnO catalyst with Al2O3 serving as a stabilizer, which allows for effi-22

cient and highly selective synthesis of the very important bulk chemical methanol11–13 in23

the so-called low-temperature “ICI process”.14 During the ICI process, methanol is mainly24

synthesized from CO2 as the carbon source15,16 by channeling a highly reactive syngas at-25

mosphere (i.e. a mixture of H2, CO and CO2) over the catalyst while applying elevated26

temperatures and pressures of about 520 K and 5–10 MPa.17 The catalyst itself typically27

consists of Cu nanoparticles (between 4 and 10 nm) separated by ZnO and the promoter ma-28

terial Al2O3.
18,19 Moreover, under these thermodynamic conditions the high concentrations29

of CO2 and H2 give rise to increased CO production via the reverse water-gas shift-reaction30

and decrease the selectivity of CO2 over Cu/ZnO. Although both isolated components of31

the catalyst material, i.e. Cu and ZnO, are able to catalyze methanol synthesis themselves,32

there clearly exist synergistic effects between nanodispersed Cu and ZnO.20–23 Presumably33

as a result of SMSI these effects lead to a much higher activity or to less drastic reaction con-34

ditions compared to, for instance, Cu surfaces24,25, Cu clusters supported on other oxides,2635

or bare ZnO.27 Note that a bare zinc oxide catalyst was industrially used in the well-known36

“BASF process”, where CO is the carbon source.2837
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Several mechanistic reasons have been proposed to explain this improved catalytic activ-38

ity of the combined system in terms of morphological changes of the catalyst surface,27,29–3139

which strongly depend on the environmental conditions applied.32–35 It is now agreed that40

the particularly active morphology is generated under the elevated temperature and pres-41

sure conditions of the industrial process.36,37 Moreover, it was shown that under conditions42

of methanol synthesis the overall activity of Cu/ZnO relates linearly to the specific Cu43

area.23,27,38 In addition, fully reduced metal atoms with zero-valent redox state are present44

in methanol synthesis at atmospheric pressures,26 while fixation of Cu in its monovalent45

oxidation state was shown to cause a decrease of the catalyst production rate.23 Only very46

recently it was suggested that the active sites are located at the Cu0/ZnOx interface but47

no relation was found between the Cu0 surface area and methanol synthesis rate using N2O48

chemisorption.39 Formerly, it had been proposed that the active site may consist of isolated49

cationic Cu atoms dispersed in the ZnO matrix, which itself should not be part of the active50

site but rather improve catalyst stability and Cu dispersion.11 In contrast, more active roles51

of ZnO, which directly link to the reaction mechanism, have been proposed, e. g., the creation52

of Cu–Zn active sites19,30,40 by alloying31,33,36,41,42 or spillover of atomic H to Cu at low hydro-53

gen partial pressures.43,44 Furthermore, the specific reducible nature of the oxide substrate54

has been demonstrated45 by separating the effects of structural and “synergistic” promotion,55

i. e., tuning of a preferential reaction path by tailored substrate materials. In addition, ZnOx56

overlayers19,26,46 were associated with a profound increase in the catalytic performance only57

recently,45 while no Zn adspecies on Cu nanoparticles were found at reaction conditions33,3558

or could be associated with changes in the catalytic performance.35 On the contrary, mi-59

gration of reduced Zn atoms from the ZnO support to Cu was suggested to influence the60

morphology of the nanoparticles and to decrease the Cu surface area.26 The existence of61

strain in the Cu/ZnO interface of the catalyst27,36,37,47 was correlated with the methanol62

production rates18,19,36 albeit other groups could not find a relation of microstructural strain63

and turnover frequency of methanol synthesis.48 Ultimately, charge transfer effects taking64

place at the Cu/ZnO interface have been discussed to facilitate catalytic activity toward65

methanol synthesis from CO2 being the source.49 Indeed, in a recent study experimental66

evidence for strong electronic promotion via charge transfer from high-lying ZnO electronic67

states to the Cu Fermi level has been reported.5068

Despite intense research, no consensus has been obtained yet on the active site or the69
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actual reaction mechanism of methanol synthesis over Cu/ZnO. The reasons for the often70

conflicting mechanisms proposed could be caused by the concurrent presence of multiple71

effects being at work and, therefore, giving rise to a myriad of catalyst morphologies in72

addition to the ones caused by SMSI.73

More recently, however, significant progress has been made to disentangle reactivity and74

selectivity of Cu nanoparticles supported on different ZnO low-index faces. For instance,75

a synergy between Cu and ZnO was found to substantially improve selectivity of CO2 ac-76

tivation and hydrogenation towards methanol production when the synthesis is conducted77

over metal nanoparticles supported on the polar surfaces of ZnO.22 These faces are the pre-78

dominantly active ones in methanol synthesis over the Cu-free, bare ZnO catalyst.28,31,51,5279

Being of Tasker-type-3, the ideal polar ZnO surfaces are fundamentally unstable due to an80

intrinsic dipole moment.53 In this situation, the surface energy diverges toward infinity in the81

macroscopic limit and, therefore, polar surfaces cannot exist in nature without undergoing82

stabilizing electronic and/or morphological changes to achieve ideal charge neutrality.53,5483

In principle, there are three possible stabilization scenarios that quench the surface dipole84

moment to eventually reach ideal charge compensation: (I) The ionic charge on surface85

ions may be reduced to avoid ”metallization of the polar surfaces” by partially filled O and86

Zn electronic bands;54 (II) 1/4 of the surface ions may be removed from the surface, thus87

creating vacancies; (III) charged species may be adsorbed to reduce the oxidation state of88

the surface ions, e. g., H+ and OH–.55 The interplay between all these possible stabilization89

mechanisms is intimately dependent on the thermodynamic conditions of the gas phase in90

contact with the polar ZnO surfaces.54–56 The construction of thermodynamic surface struc-91

tural phase diagrams revealed that the polar O–terminated ZnO(0001) surface is covered92

by 1/2 monolayer (ML) of hydrogen within a wide range of oxygen and hydrogen partial93

pressures, which also includes catalytic conditions of methanol synthesis.55 Recently, this94

was confirmed by extended phase diagrams which were based on larger surfaces slabs and95

moreover considered hexagonal and mulit-layer reconstructions in addition to adatoms on96

the ZnO(0001) surface.57,58 We note that at catalytic conditions of methanol synthesis the97

preferred stabilization mechanisms for the polar Zn-terminated ZnO(0001) is not ideal (as98

often used by ad hoc assumptions to study methanol plain ZnO or Cu/ZnO systems) or99

reconstructed but covered by 1/2 ML of OH.56,59–61 After having established the basic sta-100

bilization properties, the reactivity of various bare ZnO surfaces was investigated by using a101

4
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sizable set of catalytically relevant probe molecules.55,62–74 Subsequently, oxygen vacancies,102

i. e., various F centers, where identified as putative active sites on the ZnO(0001) surface103

acting as BASF catalyst material.27,75,76 The dominating types and charge states of these104

defects were determined by the calculation of surface structural phase diagrams.77 Further-105

more, the calculation of the thermochemistry of methanol formation and oxidation on the106

defective ZnO(0001) surface revealed that several key species have a similar stability.73,78107

Thus, already at the level of the simple Cu–free ZnO catalyst, this leads to a highly intercon-108

nected reaction network as it is typical in heterogeneous catalysis. This complex network109

was successfully generated and explored by using advanced ab initio molecular dynamics110

sampling techniques.79–81111

In the context of methanol synthesis on the more complex Cu/ZnO catalysts, the ad-112

ditional stabilization mechanisms due to the presence of Cu being a co-adsorbate must be113

considered as well82–84. Ultimately the strength of the adsorption of individual Cu atoms,114

monolayers and thin films has been shown to directly depend on the electronic structure115

of the particular oxide surface.82 Ideal charge compensation and therefore structural stabi-116

lization of ZnO(0001) is achieved as soon as the surface bands are filled. At this point, the117

Cu–Cu cohesion energy dominates over the Cu−ZnO adhesion energy82 and multi–layers or118

three–dimensional nanoparticles start to grow instead of two-dimensional deposition.82,85–87119

Based on this background and using well-tested methodologies we started to explore the120

structure and composition of nanodispersed Cu on ZnO.88 In this recent letter, a model121

system consisting of a Cu8 cluster deposited on the O–terminated ZnO(0001) surface in con-122

junction with DFT calculations was used to establish a preliminary thermodynamic surface123

phase diagram (see Fig. 2 for an extended version calculated within the present work) un-124

veiling the relative energetics and the properties arising from SMSI in response to the redox125

properties of the gas phase. Depending on the chosen O and H chemical potentials of the126

gas phase we found that the interplay between ZnO surface stabilization and maximizing Cu127

cohesion energy within the nanoparticle determines distinct changes in surface morphology128

and oxidation state, and thus affects the overall reactivity of the catalyst. Under the H–rich129

environment of industrial methanol synthesis the ZnO surface is in a reduced state and the130

reactivity of the metal cluster towards CO2 is enhanced by electronic charge transfer via the131

Cu/ZnO interface. In contrast, Cu−Zn surface alloying sets in only under severely reducing132

conditions while O vacancies, which are often discussed as pinning centers for supported133

5
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metal clusters,89–91 are not stable given the compositions of the gas phase in the relevant134

pressure and temperature range.135

In this paper, we provide detailed insights into the gas phase-induced changes of the136

morphology, electronic structure, and redox state of ZnO(0001) supported Cu nanoparticles137

depending on the thermodynamic conditions of the gas phase. The details of the methods,138

the Cu8/ZnO(0001) model systems and the computational parameters are provided in Sec. II.139

Using this approach, we prepared and studied a large set of model systems consisting of140

eight Cu atoms interacting with an O-terminated polar ZnO slab in order to model the141

more complex industrial catalysts, which usually consist of much larger Cu particles being142

separated by smaller ZnO nanoparticles or supported on ZnO surfaces92–95. As a first step,143

we have performed DFT calculations in conjunction with an atomistic thermodynamics144

approach to extend our preliminary structural surface phase diagram.88 In a second step,145

we performed an extensive electronic structure analysis of our Cu8/ZnO(0001) nanocatalyst146

models to obtain a spatially resolved picture of local redox states of both the Cu nanoparticle147

and the ZnO(0001) surface with a focus on the industrially relevant phases as determined by148

temperature and pressure conditions. Having analyzed the catalyst models in such detail, in149

the third step we selected five distinctly different nanocatalyst structures and probed their150

reactivity toward activation of CO2 which is the first step of industrial methanol synthesis151

relying on Cu/ZnO-based catalysts. We conclude with Sec. IV by summarizing our main152

results and putting them in a broader context.153

II. COMPUTATIONAL METHODS154

The ZnO slab structures were modeled using 4 × 4 lateral extended surface unit cells155

which are periodically repeated and consisted of four double layers of ZnO. The slabs156

were separated by a vacuum region with a thickness of ≈ 15 Å in the crystallographic ~c157

direction (see Fig. 1). The copper clusters containing eight atoms were deposited on the158

polar oxygen-terminated ZnO(0001) surface. The different oxidation states of our catalyst159

models were adjusted by adding H atoms to the metal nanoparticles or to bare O atoms of the160

ZnO(0001) surfaces (see e.g. the 1/2–H–sym case depicted in Fig. 1), creation of O–vacancies161

by removing O atoms, alloying by adding a Zn atom to the cluster or overgrowing of the162

support by adding ZnO dimers on top of it, as well as combination of all these possibilities. In163

6
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simulations the size of our models is certainly at the edge of what is nowadays affordable with181

respect to accessible computer time. Nonetheless, we have demonstrated previously that Cu182

clusters consisting of eight atoms properly capture the cohesive properties while variations in183

shape and size of the cluster will affect the position of the phase boundaries only slightly.88184

Moreover, electronic charge distribution at the metal/oxide interface, being important for the185

activation of adsorbed reactant molecules, was demonstrated to be essentially independent186

of cluster size and shape for a closely related metal/oxide system, namely Aun clusters with187

n = 11, . . . , 16 on TiO2.
97

188

Static DFT calculations98,99 and dynamic AIMD simulations100 were carried out using189

the Quantum Espresso98 and CPMD99 program packages, respectively, employing the PBE190

generalized gradient approximation101 (GGA) to account for the exchange–correlation con-191

tributions to the DFT total energy. Reference calculations using the Hubbard U approach102
192

demonstrate the reliability of our results for the present Cu/ZnO model systems when used193

in conjunction with this semilocal functional, i. e.,PBE+U (see Sec. 7 of the Supporting Ma-194

terial). A plane wave basis was used to describe the wave functions of the valence electrons195

up to 25Ry of kinetic energy. The zinc 3d semicore electrons were explicitly treated as196

valence states for all single-point electronic structure analyses such as calculations of band197

structures and local oxidation states. In order to reduce the computational cost at virtually198

no loss in accuracy, these states were included in the pseudopotential for the two Zn layers at199

the bottom of the slab in all structure optimizations and AIMD simulations. The interaction200

of core and valence electrons was represented by Vanderbilt ultra–soft pseudopotentials103.201

Converged values of total energies and other properties required an integration of the Bril-202

louin zone employing a dense 4 × 4 × 1 k–point mesh which was constructed following the203

algorithm of Monkhorst-Pack.104 Γ–point only calculations were sufficient to relax the po-204

sitions of the nuclei until the largest component of the residual forces was below 6meV/Å.205

Having obtained the surface energies with an increased k-point sampling and using the same206

atomistic ab initio thermodynamics approach55,105–109 as before, we calculated a refined and207

extended structural surface diagram compared to the preliminary one.88 Short AIMD runs208

were carried out to determine structural stability of the surface structures up to temperatures209

of 800K which are above the 600K applied during industrial catalyst activation procedures210

but below the temperatures at which the catalyst undergoes major decomposition as seen211

in temperature programmed reduction experiments.22 These simulations were carried out212

8
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within the canonical ensemble with temperature control by Nosè-Hoover chains110 and ther-213

mostatting separately all degrees of freedom of the nuclei.214

Starting from the self-consistent electronic density obtained with the 4×4×1 k point grid215

we calculated the electronic band structure (BS) of the surface structures along the special216

k-path from Γ to M . This part of the Brillouin zone is found to cover the important features217

of the complete BSs. The electronic density of states (DOS) is calculated from the same218

self-consistent electronic density but for this purpose a 12× 12× 1 Monkhorst-Pack mesh104
219

was used for Brillouin zone integration. By expanding in terms of an atom-centered basis220

in conjunction with Löwdin population analysis111 we obtained the projected DOS (pDOS);221

the states have been broadened using Gaussian functions of 0.05 eV width.222

The thermodynamic stability of CO2 molecules on the different Cu8/ZnO(0001) models223

is quantified by the adsorption energy, E
CO

2

ads , which is calculated as usual from224

E
CO

2

ads = EKS+vdW
CO

2
@cat − (EKS+vdW

CO
2

+ EKS+vdW
cat ) , (1)

with EKS+vdW corresponding to the Kohn–Sham total energies using the extended k-point225

sampling scheme plus energetic contributions from a dispersion correction112 to account for226

van der Waals interactions. The latter might become important for describing adsorption227

and desorption processes on/from the catalyst surface via AIMD, which previously turned228

out to be key to the reaction mechanism of methanol synthesis over bare ZnO.81 However, in229

view of our computational approach to heterogeneous catalysis employing AIMD80 we are230

restricted to using parameterized semiempirical approaches due to their low computational231

demands. Nonetheless, these approaches were demonstrated to reasonably describe disper-232

sion interactions of molecules on coinage metal surfaces if only the low-coordinated atoms of233

the metal surfaces are considered in evaluating the correction.113,114 This naturally applies to234

our Cu8 clusters given their small size and thus low-coordination numbers. Negative values235

of E
CO

2

ads indicate thermodynamically stable adsorption.236

In order to characterize the redistribution of electronic charge ∆qX between different237

parts X of two different surface structures (e. g., ZnO support, Cu cluster, and adatoms), we238

projected111 the electronic charge density onto atom-centered electronic populations yielding239

partial charges qi, ∀i ∈ X. For example the transfer from or onto the ZnO substrate (i.e.240

9
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X = ZnO) is calculated following241

∆qX=ZnO =
∑

i∈O,Zn

(

qcati − qrefi

)

, (2)

where qcati is the electronic population of atom i of the ZnO support of the catalyst model of242

interest and qrefi is that of the corresponding atom i of another of our calculated structures243

acting as reference. When analyzing bare catalyst Cu/ZnO surface structures the 3/8–H–244

flat model is used exclusively as reference, while in the case of CO2 adsorption the latter is245

always represented by the isolated structures of molecular CO2 and the corresponding free246

catalyst.247

Thermodynamically most favorable adsorption sites of four Cu8/ZnO(0001) catalyst248

structures (i. e., 1/2–H–sym, 3/8–H–surf, and Zn–ad+1/4–H) have been determined by a hi-249

erarchical scheme for mapping the PES of adsorption of CO2 while increasing the accuracy250

of the calculation. The starting points of this exploration procedure where the optimized251

structures of the bare catalyst and the CO2 molecule. The CO2 molecule is placed over the252

surface in three different orientational arrangements with respect to the surface plane, i. e.,253

one perpendicular and two different parallel ones, and in each of these configurations the254

molecule is placed with the carbon atom down at the vertices of regular grids positioned255

at different heights over the catalyst surface. The same procedure was applied in regions256

around the Cu cluster itself using a distribution of points on half spheres around the cluster.257

In the first step and using these initial structures, optimizations were performed allowing258

only the oxygens of CO2 to relax their position, which effectively would allow to activate259

CO2 via bending of the linear molecule. Selecting all bent structures plus those near to the260

ZnO and Cu surface atoms, in a second step we refined the PES by full optimization of CO2261

molecules. Eventually, we used the results of both optimization steps to compile the final262

PESs of adsorption of CO2 at the three catalyst surface structures 1/2–H–sym, 3/8–H–surf,263

and Zn–ad+1/4–H (see Fig. S1 in the Supplementary Material).264

In the final step the structures corresponding to the most stable local minima were se-265

lected and subjected to full optimizations of the positions of the atomic nuclei of CO2 and266

Cu/ZnO (except for the bottom layers of the slab that are kept frozen in our slab model267

as defined in Fig. 1). Furthermore, we calculated adsorption sites of CO2 on two more268

Cu8/ZnO(0001) catalyst structures, 1/2–H–top and ZnO–ad+1/2–H–b. Instead of carrying269

out the full preliminary exploration procedure for these structures we assumed similar local270

10
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ture of in total 52 Cu8/ZnO(0001) structures.279

These structures model possible surface chemical processes present in a wide range of280

oxygen and hydrogen partial pressures from the UHV regime up to the high pressure / tem-281

perature conditions of the industrial process of methanol synthesis which is carried out282

over the much larger nanostructures of the industrial catalyst. In particular, the pro-283

cesses of adsorption of H atoms on Cu atoms or O atoms on the support, migration of284

Zn atoms or ZnO dimers onto the metal cluster, creation of O vacancies and combinations285

of these processes were considered thus yielding 16 phases of Cu8/ZnO(0001): adsorbate–286

free, 1/8–H, 1/4–H, 3/8–H, 1/2–H, O–vac, O–vac+1/8–H, O–vac+1/4–H, O–vac+3/8–H, Zn–287

ad+1/8–H, Zn–ad+1/4–H, Zn–ad+3/8–H, ZnO–ad+1/8–H, ZnO–ad+1/4–H, ZnO–ad+1/2–288

H, Zn–ad+O–vac+1/8–H. In total, we have calculated the thermodynamic stability, surface289

structural phase diagrams for different temperatures (see Fig. 2) and electronic BS of 52290

Cu8/ZnO(0001) structures. The complete set of data is gathered in Table S-1, Table S-2 and291

Table S-9 of the Supplemental Material.292

The diagram in Fig. 3 visualizes the flow of presentation and, thus, may be used as a293

guide through the subsequent discussion of our results in various subsections. In particular,294

we focus only on those structures which have their phase stability in regions relevant to295

technological application, i. e., not only the reducing conditions applied to perform industrial296

methanol synthesis over Cu/ZnO but also conditions relevant to catalyst pre-treatment and297

re-reduction. In addition, fully oxidized phases will be discussed as they resemble potential298

product states in our AIMD approach that is able to disclose the entire reaction network for299

methanol synthesis from CO2 over Cu/ZnO akin to bare ZnO.79–81300

1. Fully oxidized bare ZnO(0001)301

In Fig. 4 the calculated BS and pDOS of seven selected Cu/ZnO structures are shown302

which is supplemented by the ”ideal” Cu-free 1/2 ML hydrogen saturated ZnO(0001) sur-303

face (1/2–H ZnO(0001)). Being exposed to elevated temperatures and pressures as well as304

reducing conditions of the surrounding gas phase applied in methanol synthesis, the 1/2 ML305

hydrogen coverage has been identified as the thermodynamically preferred surface termi-306

nation of this polar O terminated face of ZnO(0001).54,55 Importantly, this 1/2 ML of H307

atoms ensures the filling of surface dangling bonds of this Tasker-type-3 unstable surface308
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Cu
8
/ZnO(0001)

Cu free ZnO

Cu/ZnO:

oxidized ZnO

Cu/ZnO:

reduced ZnO

CO
2
@Cu

8
/ZnO(0001)

exploration of CO
2

adsorption sites

CO
2
activation:

• structure and thermodynamic stability

• charge transfer

• electronic structure

Figure 3. Flowchart visualizing the organization of presentation of the results.

and thereby provides charge neutrality and the characteristic band gap.55 The additional309

electrons of the H adatoms fill up the only partially occupied surface state of ZnO(0001)310

which is reflected in the BS of 1/2–H ZnO(0001) (see Fig. 4(a)). The valence band (VB)311

builds up from O2p states, while Zn4s states and O2p states add mainly to the conduction312

band (CB) (indicated by the label B1 in Fig. 4(a)). Both are separated by a large band313

gap115 being an indicator of a stable structure.314

2. Cu/ZnO phases with fully oxidized support315

The complexity of surface stabilization of the polar O terminated ZnO(0001) surface is316

found to be largely increased when, in addition, Cu is present in forms of adatoms, clusters317

or layers.82,88 Filling of bands can now occur by 4s electrons of Cu which up to 1/2 ML leads318

to an overall increased binding energy of the adsorbate being similar to the one calculated319

for H adatoms at the same coverage.82 In contrast to this regime, higher coverages of Cu are320

possible due to the cohesion energy in thin films or clusters, but the stabilization via the321

electronic mechanism of filling surface bands by Cu and H co-adsorbates will also add up if322

both species are present on the surface.82 The situation becomes even more involved when we323

have to consider the surface coverage of these adspecies in a real system being governed by324
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temperature, pressure and chemical composition of the surrounding gas phase. In particular,325

for Cu8 nanocatalysts supported on ZnO there exists a subtle interplay of several stabilization326

mechanisms, i. e., H adsorption, O vacancies, adhesion of Cu, Zn-adatoms, as well as the327

gain of cohesion energy by formation of direct Cu-Cu and Zn-Cu interactions, which give rise328

to environmentally-induced changes in composition and morphology of the Cu catalyst.88329

This increased complexity allows for several phases of Cu/ZnO surface structures that share330

similar overall oxidation states of the ZnO support while at the same time these structures331

belong to different stability regions of the phase diagram (see Fig. 2). In the following we332

use this redox state of ZnO as a guide line to disentangle other properties of our supported333

nanocatalysts with the help of the calculated electronic structure.334

a. Structure and phase stability. Here we start with Cu8/ZnO(0001) nanocatalyst335

structures with a fully oxidized support: Zn–ad+1/4–H, 3/8–H–flat, 1/4–H–b, and 1/2–H–a336

(see Fig. 4 and Supplemental Material for the latter two). According to the phase diagram337

of Fig. 2 the region of thermodynamic stability of these fully oxidized structures spans over338

a broad range of elevated chemical potentials ∆µH of about −2.0 eV to −0.5 eV. At low339

oxygen chemical potentials ∆µO below −2. eV Zn–ad+1/4–H is preferred while the pure340

H stabilized phases occur at higher ∆µO. Herein, Zn–ad+1/4–H, 3/8–H–flat, and 1/4–H–b341

are the local minimum structures within their phase, while 1/2–H–a is less stable compared342

to the thermodynamic minimum 1/2–H–top of the 1/2–H phase (see Fig. 4d). The energy343

difference of these two is only 0.1 eV and, therefore, we suspect 1/2–H–a to represent a344

possible transition between 3/8–H–flat and 1/2–H–top phases. Furthermore, the calculated345

phase diagram of Fig. 2 can explain the temperature dependence of the stability of the dif-346

ferent catalyst/surface structures. At high temperatures of about 800 to 1000K, which are347

typically applied during catalyst preparation and re-activation processes, the Zn–ad+1/4–H348

phase will become thermodynamically accessible also at somewhat higher partial pressures349

of O and H compared to the lower temperatures. In contrast, H-rich and O-rich phases are350

preferred at thermodynamic conditions of the methanol synthesis itself over Cu/ZnO, i. e.,351

at about 500K and partial pressures pH from about 103 to 106mbar and pO from ca. 10−12
352

to 10−6mbar the phase stability region has shifted even deeper into the 1/2–H phase and,353

thus, further away from 3/8–H and Zn–ad+1/4–H phases.354

b. Electronic structure. In order to understand the broad phase stability region of355

phases with oxidized support we will now analyse their structures and electronic structure356
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relationship in detail. All four fully oxidized structures share one common stabilization357

pattern of the O-terminated ZnO(0001) surface, i. e., hydroxylation of O atoms of the support358

by 1/4 ML of H atoms; note that our structure labels encode the coverage of the catalyst by359

H atoms in ML units thus including substrate and metal. This fixed concentration delivers360

half of the electrons needed to fill the surface bands of ZnO(0001) and, as such, H atoms are361

the basis for surfaces stabilization in this broad range of ∆µH values. In order to achieve362

full surface oxidation the metal cluster must contribute the remaining electrons which in363

terms of this simple electron counting scheme would require 1/4 ML of Cu bound to surface364

O atoms, vide supra. Comparing the surface structures and calculated BS this threshold365

is exceeded in all four structures as Cu realizes at least a 3/8 ML, i. e., six to seven Cu−O366

bonds. In the calculated BS and pDOS of all four structures (see Fig. 4b and Fig. 4c, as367

well as Table S-9p Table S-9h of the Supplemental Material) we find the O-2p band of ZnO368

to be fully occupied. In addition, the characteristics of the CB, which for this supported369

nanoparticle system is the surface Zn band, is similar to the BS known from the Cu-free370

1/2–H–ZnO(0001) surface (see Fig. 4a), and this is what we obtained for Zn–ad+1/4–H, 3/8–371

H–flat, and 1/2–H–a. Although several Cu states range into the bottom of the gap of the372

bands of ZnO and the VB is a localized state of mainly Cu8, these three structures exhibit373

a relatively wide band gap which is smaller compared to the one of 1/2–H–ZnO(0001). The374

fourth fully oxidized surface structure, 1/4–H, is exceptional. With no adatoms on Cu the BS375

of 1/4–H–b (see Table S-9h) has a much smaller band gap. Both VB and CB are localized at376

the Cu nanocluster, while the separation of ZnO surface bands is largely unaffected. Clearly,377

the pDOS of 1/4–H–b shows a CB being a Cu state, which has been emptied compared to the378

other three models and, thus, indicates oxidation of the metal cluster. When now focusing379

more on regions of higher µH or lower µO values within the phase stability of the fully380

oxidized Cu/ZnO surface structures, empty metal states can be filled by electrons from H381

and Zn adatoms on Cu, i. e., 3/8–H–flat and 1/2–H–a, and Zn–ad+1/4–H, respectively.382

c. Electronic charge transfer. Besides the redox properties of a bare metal cluster the383

concentration of H adatoms on Cu seems to mediate its adhesion to the ZnO substrate,384

i. e., 3/8–H–flat and 1/2–H–a). In contrast, cohesion energy is gained in the creation of385

Cu−Cu and Zn−Cu interactions in the absence of this type of adatoms, i. e., 1/4–H–b386

and Zn–ad+1/4–H, respectively. Moreover, electronic charge transfer through the ZnO/Cu387

interface directly influences the overall oxidation state of substrate and metal particle and,388
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therefore, determine mechanisms of surface stabilization and methanol synthesis.49,50,88 To389

gain further insights into these bi-directional charge transfer effects between metal cluster390

and oxide support and the environmentally-driven interaction with adspecies, we switch391

to a more convenient representation of the electronic structure data. Upon integrating392

the pDOS of the occupied states we obtain a projection of the electronic density to atom-393

centered populations qi that allow for insights into charge redistribution effects ∆qX (see394

Eq. (2)) between distinct parts X of the supported nanocatalyst surface structures.395

Using 3/8–H–flat as reference in Fig. 5 we have plotted ∆qX for the Cu8/ZnO(0001)396

structures of Fig. 4 and its structural parts, i. e., the Cu8 metal cluster (∆qtot Cu) and the397

complete ZnO support (∆qtot ZnO), which is further resolved in terms of distinct layers of O398

and Zn atoms (∆qlayer) as well as individual atoms of the top-most surface layer (O layer).399

We start the discussion with the comparison of Zn–ad+1/4–H and 3/8–H–flat (see Fig. 5a)400

which displays the redistribution of electronic charge upon changing the environment of the401

catalyst from O poor to O rich conditions, i. e., in our model we have to exchange a Zn402

adatom by two H adatoms, respectively. Being incorporated into the metal at the Cu/ZnO403

interface the Zn adatom leads to an increase of electronic charge of the ZnO substrate as well404

as the Cu cluster, with ∆qtot ZnO of 0.34 |e−| and ∆qtot Cu of 0.75 |e−|, respectively. Similarly,405

recent high-pressure CO adsorption experiments point to a strongly reduced state of Zn-406

containing ZnO supported Cu catalysts as monitored by in situ spectroscopy.116 Accordingly,407

analysis of ∆qO of Zn–ad+1/4–H resolves that the larger part of the excess charge is localized408

in the Znad−O bond to one O atom of the first O layer of ZnO(0001). Providing all of the409

excess charge, the Zn-adatom at the Cu/ZnO interface itself becomes more positive, i. e.,410

the absolute electronic charge of the Zn adatom is only slightly less than that of Zn atoms411

of bulk ZnO.412

In stark contrast, in 3/8–H–flat the two H adatoms on Cu are charge neutral and, there-413

fore, might affect the oxidation state of ZnO only marginally (see Fig. 5b) comparing 3/8–414

H–flat to 1/4–H–b). Maintaining the full oxidation state of the ZnO support in 1/4–H–b,415

the Cu cluster must contribute own charge density and therefore undergoes a mild oxidation416

compared to 3/8–H–flat and, therefore, is able to compensate the loss of electronic charge417

by forming additional Cu−Cu contacts as well as de-wetting of ZnO which, however, leads418

to the overall destabilization and emptying of Cu states, vide supra. Along these lines, even419

an increase of H adatom concentration on Cu, e. g., model 1/2–H–a (see Table S-1w of the420
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Figure 5. Change of the oxidation state of ZnO support and Cu nanocatalyst. The difference

of the electron population of individual atoms, ∆qX , between two Cu/ZnO surface structure is

depicted (see Eq. (2)). In all subfigures the same reference structure, 3/8–H–flat, is used. The

spatial resolution of ∆q is provided for the ZnO substrate and the Cu8 nanocatalyst by ∆qtot ZnO

and ∆qtot Cu, respectively. Moreover, ∆qtot ZnO is resolved down to the individual layers of the

surface, i. e., the slabs of O atoms and Zn atoms, i.e. ∆qlayer and ∆qlayer, respectively, as well as

to the O atoms of the surface O layer, i.e. ∆qO atom (bottom right of the subfigures). Positive

values of ∆q (color code: yellow to red) indicate electron accumulation (corresponding chemically

to reduction) compared to the reference, while negative values of ∆q (color code: cyan to blue)

indicate electron depletion (oxidation). The position of atoms of the catalyst structures which are

above the O surface layer are indicated by their atom symbols; the atoms of the reference structure

are not shown.
18

Page 19 of 41 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Supplemental Material) does not influence the oxidation state of the substrate (see Fig. 5c).421

Finally, we will briefly discuss the change of oxidation state when shifting from high to422

low µO value while keeping the window of µH rather small with values between −1.7 eV423

and −1.0 eV, i. e., changing from 1/4–H to Zn–ad+1/4–H phases according to our phase424

diagram (see Fig. 2). Under these extreme reducing conditions, which are the environmental425

conditions in industrial Cu/ZnO catalyst pretreatments, the presence of a Zn adatom on426

Cu leads to an electron-rich metal cluster in Zn–ad+1/4–H (see charge density difference427

plot Fig. S8c of the Supplemental Material). Very similarly, such Zn migration from ZnO428

has been observed experimentally for larger Cu clusters.29,31,33,36,41 These surface science429

studies have been carried out under UHV conditions. Interestingly, the very pressure range430

falls into the phase stability region of the Zn–ad+1/4–H phase thus demonstrating that our431

rather small nanocatalyst structures describe these effects rather well. In contrast, Zn/Cu432

surface alloys have recently been suggested to act as active sites in methanol synthesis,19433

which would contradict our calculated phase diagram. However, in situ X–ray absorption434

fine structure spectroscopy finds the peculiar structure of the nanocatalysts to be maintained435

under process conditions,33 thus supporting our theoretical findings. This was, in addition,436

confirmed by a most recent in situ neutron diffraction study showing alloy formation setting437

in only at temperatures much higher than those applied in industrial methanol synthesis.35438

Given the fully oxidized nanocatalyst, i. e., 1/4 ML of H atoms on the substrate, our439

results of the charge redistribution suggest the following stabilization mechanisms between440

ZnO(0001) surface and Cu8 cluster: At O poor conditions excess charge of a Zn adatom441

allows to form additional Zn−Cu and Cu−Cu contacts leading to an overall gain in cohesion442

energy and partial reduction of the metal cluster. When changing to O rich conditions, i. e.,443

into the phase stability of 3/8–H–flat, flatter metal clusters with H adatoms are preferred.444

Because the Cu8 cluster of 3/8–H–flat must contribute more electronic charge to fill the ZnO445

surface band, the Cu-Cu cohesion energy is decreased compared to the one of Zn–ad+1/4–H.446

The H adatoms on the metal maintain their neutral charge.447

3. Phases with reduced ZnO support448

a. Structure and phase stability. High µH values above roughly −0.6 eV favor Cu/ZnO449

surface phases with an increased coverage of at least 3/8 ML of H atoms on the polar450
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O–terminated ZnO(0001) support surface. This degree of hydroxylation of O atoms in451

addition to electronic charge donated by the Cu cluster guarantees the complete filling of452

ZnO(0001) surface bands of our catalyst structures. More importantly, excess electrons are453

available which can either lead to reduction of oxide support or metal cluster, or both. In the454

surface phase diagram (see Fig. 2) emerge two distinct groups of ”reduced” phases depending455

on whether the Cu cluster was subjected to Zn incorporation or not. The corresponding456

structural patterns are similar to the fully oxidized surface structures being discussed for457

oxidized supports, vide supra. Herein, extremely reducing, oxygen poor conditions with458

µO values below −3.0 eV favor Zn–ad+3/8–H and Zn–ad+1/2–H phases, while 3/8–H and459

1/2–H phases are largely stable in the broad range of µO above −3.0 eV. According to the460

surface phase diagram from Fig. 2, 1/2–H–sym is clearly the thermodynamically favored461

phase at those temperatures and pressures that are typically applied to synthesize methanol462

over Cu/ZnO, i. e., about 500K and pressures ranges of 103 to 106mbar for pH and for pO of463

10−12 to 10−6mbar. At these pressures but higher temperatures of 1000K, the phase stability464

shifts toward 3/8–H and Zn–ad+1/4–H phases, while the extremely reduced Zn–ad+3/8–H465

and Zn–ad+1/2–H phases remain inaccessible at these conditions.466

b. Electronic structure and charge transfer: 1/2–H phases. Starting our discussion with467

the 1/2–H phase, we obtained 1/2–H–top as the thermodynamically most stable surface468

structure with 1/8 ML of H adatoms being located on the Cu cluster. Fig. 4d shows that one469

H atom is adsorbed close to the Cu/ZnO interface while a second one bridges two Cu atoms470

at the top of the metal cluster. This distinct arrangement of the adatoms in conjunction471

with the higher degree of hydroxylation of ZnO(0001), i. e., excess electronic charge, gives472

rise to a complex electronic structure at the Fermi level which is depicted in Fig. 4d. First473

of all, the BS of 1/2–H–top is characterized by a very small band gap. Additional localized474

electronic states of Cu fill the energy gap between ZnO surface bands ranging from −1.5 eV475

to −0.3 eV. Secondly, VB and CB (labeled B2 and B1) share contributions from either states476

of metal cluster or bands of the oxide support. The reduction of 1/2–H–top mainly takes477

place at the metal cluster while the ZnO(0001) surfaces receives a minor part of the excess478

charge (see Fig. 5d). Cu atoms are neutral or, if in contact with more than five other metal479

atoms, can be slightly reduced. The H adatoms on the metal cluster have atomic character.480

More importantly, a reduction of Zn atoms of the substrate takes places in 1/2–H–top which481

affects all layers of Zn, but predominantly the two closest to the surface. In particular, this482
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reduction changes the nature of the VB that becomes delocalized over Zn4s states of mainly483

the oxide surface, but also of the bulk part of the support.484

An even more reduced ZnO(0001) substrate is realized by 1/2–H–sym which energetically485

is about 0.5 eV less favorable compared to 1/2–H–top. The phase 1/2–H–sym solely differs486

in the position of the H adatoms on Cu both being bound to atoms at the metal/support487

interface (see Fig. 4f). This slight change in the position of H adatoms initiates a fundamen-488

tal change in the electronic structure compared to 1/2–H–top! In the BS of 1/2–H–sym (see489

Fig. 4f) the ZnO(0001) surface band B1 is completely filled while band B2 remains empty,490

i. e., corresponding to VB and CB, respectively. Moreover, in the energy gap between the491

states of the ZnO surface from −1.5 eV to −0.5 eV only some localized Cu states appear492

indicating an oxidation of the metal cluster. Taken together, the slight structural change be-493

tween 1/2–H–top and 1/2–H–sym induces a spatial inversion of the electronic charge density494

between metal and support, i. e., qtot ZnO of 0.46 |e−| and ∆qtot Cu of 0.17 |e−|, (see Fig. 5f).495

Interestingly, the neutral character of the H adatom is maintained in 1/2–H–sym while the496

individual Cu atoms become slightly oxidized with respect to 1/2–H–top. The value of497

qZn layers increases to 0.71 |e−| with the largest contribution going into the two topmost lay-498

ers of Zn but distributing in the bulk layers, too. This reduction of the substrate does not499

change the oxidation state of O atoms at the Cu/ZnO interface, whereas this important part500

of the catalyst is slightly reduced within the 1/2–H–top structure.501

c. Electronic structure and charge transfer of 3/8–H phases. Understanding the pro-502

nounced charge transfer between metal and support we investigated the 3/8–H–surf surface503

structure which has no H adatoms at the cluster but 3/8 ML H at ZnO(0001). Belonging504

to the 3/8–H phase this nanocatalyst structure is only 0.2 eV less stable compared to the505

minimum 3/8–H–flat. Analyzing the electronic structure and electronic charge density (see506

Fig. 4e and Fig. 5e, respectively) one can see that 3/8–H–surf might represents a transition507

between 3/8–H–flat and 1/2–H–sym. The electronic properties of 3/8–H–surf nicely demon-508

strate that the transition to a reduced ZnO(0001) surface starts with 3/8 ML of surface509

hydroxylation and an adatom-free Cu cluster. Herein, hydroxylation is the dominant fac-510

tor, which provides additional electrons to the system, while H adatoms on the Cu cluster511

stay neutral and may have only modulating effects on the shape of the metal cluster rather512

than affecting the general oxidation state of either metal or substrate. If H atoms saturate513

dangling bonds of low coordinated metal atoms of the Cu/ZnO interface, 1/2–H–sym, the514
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nanoparticle becomes stabilized. More importantly, in such setup excess charge is able to re-515

duce the ZnO(0001) substrate by filling bands located at Zn atoms of both, surface and bulk.516

In strong contrast, structure 1/2–H–top indicates that a low concentration of H adatoms on517

Cu at the metal/support interfaces is insufficient to maintain a reduced substrate. Instead,518

the excess charge is transferred over the boundary and onto the metal stabilizing its dangling519

bonds, eventually. However, we expect these effects to be less pronounced in larger clusters520

because the ratio of interface to surface Cu atoms will be also smaller.521

d. Electronic structure and charge transfer: Zn–ad phases. Similar to the phases with522

fully oxidized ZnO substrate the incorporation of Zn adatoms into the Cu cluster will favor523

its reduction, but requires highly reducing conditions shifting µH to even more elevated524

values. Our phase diagram (see Fig. 2) shows two phases: Zn–ad+3/8–H and Zn–ad+1/2–H.525

Nonetheless, covering the essential features we will only discuss the first one. In the BS of526

Zn–ad+3/8–H (see Fig. 4g), band B1 belonging to the ZnO(0001) surface is fully occupied527

and energetically stabilized compared to 1/2–H–sym whereas the Cu state B2 stays empty.528

The additional charge of the Zn atom, which herein has the same cationic character as529

Zn–ad+1/4–H, is distributed over the metal cluster as well the O and Zn surface layers of530

the support (see Fig. 5g). Hereby, receiving the major part of the electrons, Cu atoms are531

charge neutral or even slightly reduced if highly coordinated, such as the central atom of532

the cluster.533

e. Structures of ZnO-ad and O–vac phases. Finalizing this section, we will briefly sum-534

marize our results of selected Cu/ZnO catalyst structures which feature a reduced oxide535

substrate, but do not appear in our calculated phase diagram. In several cases these surface536

morphologies are thermodynamically less stable by some tenths of an eV and therefore might537

be (locally) relevant at larger sizes of Cu nanoparticles. Stimulated by recent experimental538

insights, we have investigated the SMSI effect of over-grown support material onto the Cu539

cluster19, which is modeled by a ZnO dimer located at the metal/support interface. Varying540

the concentration of H atoms from 1/8 ML to 1/2 ML (see Fig. 4h and Table S-1W through541

Table S-1Z of the Supplemental Material) we find the ionicity on the ZnO dimer resembling542

that of the bulk material leading to strong O−Cu bonds. The BS and in particular the543

filling of ZnO surface band follows largely the electronic structure of Zn–ad structures given544

the same concentration of H atoms (see Table S-9P through Table S-9S of the Supplemental545

Material). The additional O adatom of the ZnO dimer in all cases leads to a considerable546
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oxidation of the metal cluster with respect to Zn–ad structures, e. g., see Fig. S10 in the547

Supplemental Material showing the charge density difference between ZnO–ad+1/4–H and548

Zn–ad+1/4–H surface structures. Moreover, our calculations did not yield ZnO–adspecies549

with Zn in a less oxidized state compared to ZnO bulk. Only very recently the stabiliza-550

tion of such an intermediate state of Zn (in terms of ZnO thin films on brass surfaces) was551

proposed to be the only role played by ZnO in industrial catalysts.117 Secondly, high H552

concentration on the substrate reduce the ZnO surface in the presence of Zn adatom and553

ZnO addimers on the Cu cluster (see Fig. 5g and Fig. 5h, respectively). Thirdly, the effect554

of O vacancy creation was investigated, which represents an alternative surface stabilization555

mechanism to hydroxylation of ZnO(0001) itself.77,82 Substituting two H atoms, one vacancy556

accounts for the same number of electrons in filling surface states but also causes a defect557

state to appear in the band gap.55,77 This is supported by the electronic structures of catalyst558

models O–vac+1/4–H and O–vac+3/8–H (see Table S-1H and Table S-9A, and Table S-1I and559

Table S-9B in the Supplemental Material, respectively), which, accordingly, feature a very560

similar BS compared to that of 3/8–H–surf and 1/2–H–sym. Moreover, the charge density561

difference plots of Table S-2g and Table S-2h demonstrate that the O vacancies have a local562

impact on the electronic structures only. The oxidation states of the bulk part of the oxide563

substrate and Cu cluster hardly changes while the additional electronic charge is accumu-564

lated at the Zn atoms of the vacancy. Similar redox state dependent charge localization at565

such F–centers have been studied in our recent series of investigations addressing methanol566

synthesis over Cu-free ZnO(0001) surfaces, thus demonstrating the role of such O vacancies567

as potential active sites.77–80568

B. Structural and electronic properties of CO2 on Cu/ZnO nanocatalysts569

After having obtained comprehensive insights into the redox properties of the Cu/ZnO570

system we now focus on its chemical reactivity. The initial step in the heterogeneous catalytic571

process of methanol synthesis over the ICI catalyst is the activation of CO2 which is the main572

source of carbon.15,16 To classify such an activation of CO2 on the catalyst surface, C−O573

bond length, O−C−O bond angle, and atomic charges are commonly used as indicators in574

comparison to the linear configuration in the gas phase.118 Alternatively, the activation of575

molecular CO2 in the presence of charge transfer from the catalyst can be explained based on576
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energy landscape of adsorption of CO2 for the 1/2–H and 3/8–H phases which are rele-591

vant to the conditions of methanol synthesis.88 In addition, the Zn–ad+1/4–H phase was592

included which models the enrichment of Zn atoms in the Cu cluster88 which, earlier, had593

been observed experimentally32 and was proposed as active sites only recently19. In stark594

contrast, most recent in situ neutron diffraction experiments showed the activation of such595

migration process to take place only at significantly higher temperatures than those applied596

in the industrial process of methanol synthesis.35 Yet, this phenomenon might be relevant597

to the catalyst preparation procedure. In particular, we have performed a very extensive598

exploration of the PES for the 1/2–H–sym, 3/8–H–surf, and Zn–ad+1/4–H surface struc-599

tures. After having obtained stable adsorption sites, which include both parts, i.e. metal600

cluster and oxide surface, we probed the stability of CO2 for two more catalyst structures,601

i. e., the 1/2–H–top and ZnO–ad+1/2–H–b models, but using a less elaborate approach (see602

computational methods section). Belonging both to the 1/2–H phase, these two structures603

were considered because 1/2–H–top was identified as the thermodynamic minimum of this604

phase and ZnO–ad+1/2–H–b addresses another aspect of SMSI, namely the overgrowing of605

support material onto the Cu cluster.19606

The local minima resulting from the exploration of CO2 adsorption sites are summarized607

in Table I which groups these most stable sites with respect to the two materials, i. e., Cu608

nanoparticle and ZnO substrate. These two binding modes feature a variety of adsorption609

sites involving Cu atoms of the cluster and unsaturated O atoms of the ZnO support surface,610

respectively, in addition to the formation of hydrogen bonds between CO2 and OH groups611

of the surface (see structures in Fig. 6). The adsorption strength of CO2 on the substrate612

is rather independent on the oxidation state of the support. In contrast, the activity of the613

nanocatalysts strongly depends on the adsorption site, i. e., Cu cluster or ZnO, which we614

communicated only very recently for a limited subset of Cu/ZnO surface structures.88 In615

the following we will extend our insights into the redox process of CO2 activation which,616

besides structural and energetic stability, is determined by the different electronic properties617

and charge transfer mechanisms of metal nanoparticle and oxide substrate in response to618

the thermodynamic temperature and (partial) pressure conditions of the gas phase.619
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2. CO
2
activation on Cu/ZnO620

a. Structure and thermodynamic stability. The preferred adsorption structure of CO2621

on the ZnO support is a carbonate-like arrangement120 for all five nanocatalyst structures.622

Corresponding values of E
CO

2

ads range from −0.82 eV to −1.09 eV with a slight preference of623

Zn–ad+1/4–H and ZnO–ad+1/2–H–b (see Table I). The E
CO

2

ads values of CO2 at 1/2–H–sym624

are slightly increased with respect to calculations using the Γ point approximation88. Along625

with similar adsorption energies, comparable structures have been characterized earlier on626

bare ZnO surfaces.120–124 Nonetheless, here we find that the interaction with the nanoparticle627

enhances the binding energy at the proximity of the Cu/ZnO interface (see Fig. 6g and628

Fig. 6h) or obtain substitutional stabilization via hydrogen bonds to OH groups (see Fig. 6e,629

Fig. 6f, and Table S-7t).630

On the Cu cluster, CO2 adopts a bent adsorption structure which is similar to a CO–
2631

species and is found to be similar for all surface structures, i. e., independent of both the par-632

ticular catalyst model and adsorption site on Cu (see Table I). The values of the adsorption633

energies E
CO

2

ads range from −0.66 eV to −1.41,eV, which is substantially stronger compared634

to single-crystal ZnO and Cu surfaces as well as unsupported Cu clusters.120,121,123,125–136635

Irrespective of the adsorption site and the catalyst model we obtain a bent configuration of636

CO2 with the C−O double bonds being significantly weakened with lengths ranging from637

1.23 Å to 1.34 Å (see Fig. 6 and Table I). These values are much larger than the 1.18 Å which638

we calculated for the isolated CO2 molecule in the gas phase and therefore indicate an acti-639

vation of the adsorbed species. The variation in the values of these bond lengths correlates640

with the increasing coordination number of the O atom of CO2 and atoms of the Cu cluster,641

i. e., causing C−O bond elongation which, however, is less pronounced in the carbonate-like642

species (see Table I). Other than for the carbonate-like adsorption state on the ZnO(0001)643

substrate the direct bonding of CO2 to Zn–ad or ZnO–ad adspecies is thermodynamically644

not preferred. Over ZnO-ad we could only identify shallow van der Waals-like minima of645

linear CO2 species (see Table S-7b on the Supplemental Material).646

The by far thermodynamically most stable adsorption site of CO2 has been found on647

the Cu cluster of 1/2–H–sym with E
CO

2

ads as low as −1.41 eV (see Fig. 6d). This particularly648

stable adsorbate structure has been discovered when using dynamical AIMD simulations that649

originally have been conceived to just double-check the stability of 1/2–H–sym-b (see Table I).650
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The main difference between the two adsorbate structures is the structural distortion of the651

Cu cluster upon CO2 adsorption, which leads to higher stability of the adsorbate. This652

flexibility is immanent to the Cu clusters as such, thus allowing for loosening and formation653

of new Cu−Cu bonds, which is revealed when using AIMD of the CO2 adsorbate surface654

structures. Despite using elevated temperatures of up to 800K in order to accelerate AIMD655

exploration of configuration space, this pronounced flexibility clearly points to a rather flat656

PES that underlies these adsorbate/nanocatalyst complexes. Besides the CO2 activation657

over 1/2–H–sym, the same process is largely enhanced on Zn–ad+1/4–H as a result of the658

flexible nature of the Cu cluster (see Fig. 6a). Although the lowest E
CO

2

ads of CO2 on Zn-659

ad+1/4-H is by about 0.6 eV less stable than the global minimum 1/2–H–sym, the structural660

distortion of the metal cluster of Zn–ad+1/4–H accounts for roughly 0.2 eV of additional661

stabilization (see Table S-8 in the Supplemental Material). These limited insights already662

underscore the importance of dynamical effects which cannot be neglected at the outset when663

studying such processes at elevated temperatures. In particular, at the elevated temperatures664

of the industrial process, such fluctuation effects contribute to the activation of our putative665

CO2 reactant structures despite the fact that they seem to be relatively tightly bound to666

Cu/ZnO according to their E
CO

2

ads values corresponding to 0K. In order to explore the high667

structural flexibility of the CO2 species on the 1/2–H–sym surface model we have carried668

out preliminary AIMD simulations (T = 500K) using metadynamics acceleration.137 In669

these short simulations multiple adsorption modes were explored in addition to adsorption670

and desorption processes which were sampled on all parts over Cu/ZnO. Besides such671

important dynamical effects, we suspect the lattice mismatch of Cu and ZnO causing micro-672

structural strain at the Cu/ZnO interface27,36,47 to be the main driving force that enhances673

CO2 activation over 1/2–H–sym. In addition to these structural and dynamical insights into674

the nature of the supported Cu nanoparticle, our calculations reveal that the Cu cluster675

enhances CO2 activation much more effectively than the ZnO support itself. This becomes676

even more evident when analyzing the electronic charge transfer via the Cu/ZnO interface677

which we will address in the following.678

b. Electronic charge transfer. The changes in electronic population of the C and O679

atoms of CO2 upon adsorption, i. e., ∆qCO
2
(C) and ∆qCO

2
(O), respectively, are summarized680

in Table I. First of all, there exists a net transfer of electrons to CO2 of about 0.5 |e−| for681

all catalyst structures listed. This strong activation of the probe molecule is a particular682
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Figure 7. CO2 activation on the ZnO support (a) and the Cu nanoparticle (b). The difference of

the electron population of the individual O and Zn atoms of the 1/2–H–sym nanocatalyst surface

structure with and without CO2 is shown for the local adsorption minima of CO2 on the support

(a) and the metal cluster (b). Further details are analogous to the presentation in Fig. 5.

property of the combined Cu/ZnO system under H-rich conditions. In comparison, almost683

no CO2 activation by electronic charge transfer was found for ideal low-index polar ZnO684

surfaces.136 Nonetheless, depending on the actual adsorption site, i.e. on the Cu cluster685

or on the ZnO surface, for our systems this excess charge may localize mainly on the C686

atom or on the O atoms, respectively. On ZnO, the charge distribution within CO2 is very687

similar to that of an isolated carbonate species. Upon adsorption, both metal cluster and688

ZnO support, become oxidized as shown in Table I by negative values of ∆qCu and ∆qZnO,689

respectively. Interestingly, for all surfaces forming the carbonate-like species it is the O atom690

of the ZnO which is mainly oxidized, i. e., adopting almost the same electronic population691

as the other two O atoms of the adsorbate (see Fig. 7a for 1/2–H–sym and Fig. S4 for all692

local minima adsorbate structures in the Supplemental Material).693

In stark contrast, O−Cδ−−O species on the metal cluster show an inverted distribution694

of the excess charge. Its major part, about 0.3 |e−|, is being localized on the C atom695

irrespectively of oxidation state of the different catalyst models (see Table I). This reduction696

process involves an orbital which is mainly localized at the C atom (see Fig. 8a/b), but also697

intermixes with occupied electronic states of the Cu cluster close to the Fermi energy (see698

pDOSs shown in Fig. 6a to Fig. 6d).699

In contrast to the spatially rather homogeneous charge depletion found for the carbonate-700

like species, the alternative reduction of CO2 on the metal cluster largely depends on the701

local redox state of the nanocatalyst structure. In Table I as well as in the corresponding702
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state of the ZnO substrate which, in turn, is governed by the redox conditions set by the722

surrounding gas phase as it has been discussed for adsorbate-free catalyst structures (see723

Fig. 4). Herein, localized Cu states and dispersed bands of ZnO determine the BS of the ad-724

sorbate complex surface structures. If very close in energy, these spatially separated bands725

will mix (compare bands labeled B1 and B2) thus allowing for a direct charge transfer726

through the Cu/ZnO interface, via O 2p and Cu 3d orbitals of substrate and cluster, respec-727

tively. This electronic-structure-based mechanism of spatial charge redistribution becomes728

of utmost importance in the activation processes of CO2 over reduced Cu/ZnO catalyst729

surfaces especially when the two components, substrate and metal cluster, exhibit different730

redox states. This is demonstrated by the calculated BSs and pDOSs of CO2 species being731

adsorbed on ZnO or Cu clusters (see Fig. S6 and section 6 of the Supplemental Material for732

a detailed discussion).733

IV. SUMMARY, CONCLUSIONS AND OUTLOOK734

We carried out comprehensive density functional calculations using thermodynamically735

optimized slab models in order to disentangle the complex picture of gas phase induced mor-736

phological changes of ZnO(0001)-surface-supported copper nanocatalyst systems depending737

of temperature and pressure conditions of the gas phase. In a second step, these models are738

used to investigate CO2 activation on such metal/oxide catalysts.739

In-depth analysis of the electronic structure illustrates that even the local redox state740

of one of the two components, i. e., Cu8 cluster and ZnO surface, can be tuned by the741

physical and chemical properties of the gas phase as revealed by the temperature and pressure742

sensitivity of the structural phase diagram. In the fully oxidized state, a combination of743

Cu8 wetting and H adatoms forming hydroxyls is responsible for saturation of more than744

half of all dangling bonds, while excess of these H species starts to reduce the Zn atoms745

of the ZnO surface. Because both components are coupled through the Cu/ZnO interface746

this excess charge can be transferred to the Cu cluster. Cu-Cu cohesion, Zn adatoms,747

overgrown ZnO addimer, and H adatoms of Cu8 results only in small modulations of the748

final surface morphology, while the local redox state rather depends on the chemical nature749

of the adspecies. Independent of other co-adsorbates, H atoms maintain their charge neutral750

nature, i. e., the H0 state, when saturating dangling bonds on the Cu surface and, therefore,751
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should represent an excellent source of hydrogen for methanol synthesis. Slightly more752

reduced Cu particles are formed under highly reducing oxygen-poor conditions of the gas753

phase when strong metal-support interaction sets in. Adopting a similar ionic character754

as Zn in bulk ZnO, Zn adspecies form at the Cu/ZnO interface of the metal cluster. In755

the presence of stoichiometric parts of the support material, charge accumulation within756

the Cu particle is found to be largely canceled and the whole metal cluster will be more757

oxidized, whereas the ZnO adspecies adopt an ionic character similar to bulk ZnO. According758

to our phase diagram, the latter surface morphology, resulting from strong metal-support759

interactions, is thermodynamically disfavored.760

Given the complex morphology and redox state “landscape” of the nanocatalyst, a myr-761

iad of possible active sites is to be expected. A first glimpse into these active sites has been762

obtained using a hierarchical exploration scheme based on five selected Cu/ZnO surfaces763

structures of technological importance. Interestingly, different classes of activated adsorp-764

tion of CO2 are found, giving rise to bent O−Cδ−−O and carbonate-like species on the metal765

clusters and oxide support, respectively, with binding energies being predominantly indepen-766

dent of their oxidation state. Nonetheless, our results point to an increased reactivity toward767

CO2 activation of the Cu nanocatalyst in the presence of reduced Zn in the ZnO substrate.768

The previously proposed role of reduced Zn atoms on the Cu surface being the active sites769

is not confirmed by our investigation. Importantly, employing ab initio molecular dynamics770

simulations reveals a surprisingly dynamical nature of the metal nanoparticle at the elevated771

temperatures relevant to the industrial catalysis process. This generates Cu morphologies772

that reflect epitaxial strain at the Cu/ZnO interface, which at the temperature and pressure773

conditions of industrial methanol synthesis leads to an enhanced structural and electronic774

activation of CO2 over Cu8.775

Even with this rather small nanocatalyst model we were able to characterize many of the776

experimental findings of chemical and electronic strong metal-support interaction. Having777

obtained thermodynamically optimized catalyst structures, i. e., H rich, reduced 1/2–H phase778

with a large Cu area and atomic H atoms present on the metal, we have the crucial prereq-779

uisites at hand to finally start solving the even more complex puzzle of methanol generation780

from syngas over nanodispersed Cu on ZnO at working conditions of the industrial process.781

Herein, the presence of complex electronic charge transfer processes over metal/support in-782

terface governed by dynamical and morphological changes will open up an enormous space783
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of chemical and structural configurations, both of adsorbates and catalyst surface, which784

ultimately is determined by the redox conditions of the surrounding gas phase. Considering785

all these parameters suggests one to use dynamical sampling approaches in future investi-786

gations of metal/oxide catalysts, rather than performing static optimizations of a large set787

of individual structures as done here. Along this line of thought, we recently developed an788

efficient computational protocol for computational heterogeneous catalysis based on molec-789

ular dynamics. Using this approach, we already studied methanol synthesis from CO over790

bare ZnO with F–centers using ab initio molecular dynamics subject to suitable sampling791

acceleration in order to compute high-dimensional free energy landscapes. In particular,792

these finite-temperature simulations resolved the complete reaction network, produced all793

relevant molecular species, and provided important free energy reaction pathways on bare794

ZnO. We are currently investigating CO2 reduction to methanol on Cu/ZnO nanocatalyst795

models such as those discussed here, again using ab initio metadynamics sampling. Interest-796

ingly, not only the formation of CO via different mechanisms of the reverse water-gas shift797

reaction is observed in these simulations, but also side reactions including the production of798

CHn species with n from zero up to three. This will significantly enlarge the complexity of799

the reaction network on the metal/oxide catalyst compared to the one determined previously800

on bare zinc oxide.801
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Phys. Rev. Lett., 2003, 90, 106102.903

63 B. Meyer and D. Marx, J. Phys.: Condens. Matter, 2003, 15, L89–L94.904

36

Page 37 of 41 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



64 S. Shi, C. Shi, K. Fink and V. Staemmler, Chem. Phys., 2003, 287, 183–195.905

65 B. Meyer, D. Marx, O. Dulub, U. Diebold, M. Kunat, D. Langenberg and C. Wöll, Angew.906
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