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Abstract

Sub-nanometer  metal  oxide  clusters  are  very  important  materials,  widely

used for example in catalysis or electronic devices such as sensors. Hence, it

is  critical  to  understand  the  atomic  structures  and  properties  of  sub-

nanometer metal oxide clusters under a reactive gas environment, such as

O2. We consider here experimentally-accessible precise-size Cu clusters (Cu4)

supported on partial hydroxylated amorphous alumina and show that such

clusters  can  access,  in  catalytic  conditions  at  high  temperature  under  a

pressure of O2, a large ensemble of oxidized structures, representing a large

variety of  oxygen content,  of  geometries in  link with the support,  and of

catalytic activities for oxidation reactions, as seen from their reducibilities. A

1

mailto:ana@chem.ucla.edu
mailto:sautet@ucla.edu


grand  canonical  basin  hopping  method  based  on  first-principles  energy,

reveals an ensemble of 24 configurations for the Cu4Ox cluster of low free

energy, less than 0.8 eV above the global minimum. The low free energy

ensemble consists of clusters of different stoichiometries, which are mainly

Cu4O3 and  Cu4O4  in  the  temperature  range  of  200−400℃ and  under  a

pressure of 0.5 bar of O2. The presence of several competitive isomers at

each  composition  implies  that  cluster  fluxionality  impacts  the  phase

diagram, which should be ensemble-averaged. In terms of catalytic oxidation

activity,  Cu4O3 isomers  present  highly  variable  O abstraction  energy:  the

most stable isomers are inactive for alkane oxidative dehydrogenation, but

isomerization to metastable isomers, that proceed with low barrier, enable to

create active configurations with low O abstraction energy.  O atoms with

lowest anionic character, and thus of more electrophilic nature, present the

best  oxidation  capability.  In  contrast,  all  Cu4O4 isomers  show  a  low  O

abstraction energy and a high potential catalytic  activity.  This manuscript

demonstrates the unique structural and electronic properties of sub-nano Cu

oxides clusters and illustrates the critical roles of configuration ensembles

and  rearrangement  to  highly  reactive  metastable  cluster  isomers  in

nanocatalysis.

Keywords:  grand  canonical  Basin  Hopping,  copper  oxide,  reconstruction,

oxidative dehydrogenation, fluxionality

1 Introduction

Sub-nanometer  (or  sub-nano)  clusters  recently  became  very  popular  in

heterogeneous catalysis studies because of their novel catalytic properties in

many important  reactions.1-5 Similar  to single  atom catalysts  (SACs),  sub-

nano clusters provide an alternative way to efficiently utilize the catalytic

atoms  to  reduce  the  high  cost  of  precious  metals.  In  addition,  in  some

reactions such as alkane isomerization6, formaldehyde oxidation7, sub-nano

clusters, which consist of several active atoms, are found to be more reactive
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than  single-atom  catalysts.6,  8-9 Small  nanoclusters  are  very  attractive

because of their specific structural and electronic properties,10-11 which are

important  factors  to  understand  their  catalytic  properties.  However,  an

additional  key  characteristics  of  nanoclusters  is  the  fluxionality,  implying

their ability to restructure in reaction conditions, and to access not one but

an  ensemble  of  low  free  energy  structures.  Under  reaction  conditions,

especially at high reaction temperatures, nanoclusters are able to populate

less stable configurations. Hence, nanocluster catalysts are better described

as an ensemble of dynamically connected isomers rather than a single static

global minimum (GM),12-15 as seen in previous theoretical and experimental

studies.13-14,  16-19 In  some  cases,  a  metastable  isomer  can  completely

dominate the catalytic reaction rate, even though it shows a much smaller

population than the GM structure.15 

Nano  copper  oxide  clusters  are  particularly  interesting  because  of  their

catalytic activities in a wide range of applications, such as NO reduction,20

CO2  reduction21 and especially the selective oxidation of small alkanes. One

example is the selective methane oxidation to methanol 22-24 by Sebastian et

al., who found that a tri-nuclear Cu3O3
2+ species can uniformly disperse on

the side-pocket positions of a mordenite zeolite and efficiently catalyze the

reaction with one order of magnitude higher activity than that of previously

reported catalysts.22 Similar catalysts can be also prepared as Cu in ZSM-5.23-

24 Besides zeolites,25 CeO2 has also been reported to be an efficient support.

Another example of selective oxidation is alkene epoxidation.26-28 Compared

with commercialized Ag-based catalyst, Cu-based catalysts are both efficient

and cheap.29 The active sites of epoxidation reaction are still in debate30, and

in some experiments,  the Cu(I) phase is proposed to be responsible for the

activity  of  selective  oxidation.28,  31 A  third  example  is  oxidative

dehydrogenation (ODH) of alkane. For example, Cu clusters are much more

selective  for  dehydrogenation  of  cyclohexane to  cyclohexene  or  benzene

versus CoOx, PdOx, as well as bulk Cu oxide catalysts17, 32-33. Partial reduction
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and structural changes when bound to reaction intermediate were recently

underlined as important to differentiate Cu and Pd cluster selectivity.31 

The  soft-landing  of  size-selected  clusters  has  been  successfully  used  for

synthesizing  single-size  Cu4 clusters  on  various  model  supports,  such  as

planar  amorphous  alumina  and  ultrananocrystalline  diamond.1,  34-35

Considering the small size of the Cu4 oxide clusters and the low surface area

of the support, characterization is very challenging. Although it is known that

the  oxygen  contents  of  oxide  clusters  are  variable  under  reaction

conditions,17, 36 the roles of those changes in the mechanism are unclear. In

addition,  if  minority  cluster states with highly-specific oxygen content are

mechanistically-relevant, they might remain undetected in the experiment

(e.g. X-ray absorption near edge structure), which measured an ensemble-

average  signal.  Therefore,  first-principles  simulations  provide  a  powerful

access to investigate the properties of these Cu4 subnano clusters and to

generate insights for understanding their catalytic properties. 

In this study, we exploited density functional  theory (DFT) and the grand

canonical  basin hopping method (GCBH)37-38 to explore the structures and

reducibility of Cu4 oxide clusters deposited on amorphous alumina (a-Al2O3).

Structure explorations with GCBH were performed with an oxygen chemical

potential  corresponding to an oxygen reservoir  at  0.5 bar and 200 °C, a

temperature at which oxidized Cu clusters are active for selective oxidation

reactions.17 The  GCBH  method  generates  a  large  number  of  Cu4Ox

configurations and their free energies was compared on a larger range of

temperature (150-500 °C was used here). Grand canonical methods39-40 have

been used in catalysis modelling, mainly using force fields for diffusion in

porous materials41-42 or for the oxidation of Pt or Pd nanoparticles43-44. More

computational  intensive  simulations  using  first  principles  grand  canonical

approaches have recently appeared to model supported clusters in catalytic

conditions45-46. We show that the clusters can access an ensemble of low free

energy configurations,  corresponding  to  various  O content  (from 2 to  5),
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different  structures  and  interaction  modes  with  the  support.  These  low

energy  configurations  present  markedly  variable  reducibilities,  and  thus

activities for catalytic oxidation reactions. The most stable Cu4O3 isomer is

difficult to reduce, representing a difficult step in the catalytic loop. However,

metastable isomers of Cu4O3 are much more reducible than the most stable

structure,  and can be kinetically  accessed at  reaction  temperatures,  thus

providing  facile  pathways  for  high  catalytic  activity.  To  calculate  the

electronic energy of each configuration of Cu4Ox on the support, we rely on

DFT. However, the widely used GGA functionals, such as PBE, suffer from the

so-called  self-interaction  error  in  predicting  semi-localized  d orbital  of  Cu

atoms, causing inaccuracy in the Cu oxide formation energy, and they also

fail to predict the bond energy of O2. The range separated hybrid functional

HSE06  (Heyd–Scuseria–Ernzerhof),47-48 though  still  failing  to  capture  a

possible multi-reference character in Cu systems, has been demonstrated to

be more accurate in the prediction of thermodynamics properties such as the

Cu oxide phase diagram49 and O2 bond energy (Supporting Information Table

S1). Considering that the huge computational cost hampers exploiting multi-

references  method  for  such  a  large  system,  and  that  there  exist  good

agreement between experiments and simulations using hybrid functionals

for  similar  system50-51,  we  resort  to  the  HSE06  functional  as  a  baseline

method in the present paper. In addition,  to carry out structure sampling

more  efficiently,  we  optimize  the  Hubbard  U  and  chemical  potential  of

oxygen according to the HSE06 results of the current system, to avoid the

intensive HSE06 calculations in the sampling. The details are described in

the  Supporting  Information.  In  the  following,  we  first  discuss  the  diverse

structures and compositions of the low free energy Cu4Ox clusters. Then the

impact of cluster fluxionality on the oxidation reaction activities is presented

and analyzed in terms of the local coordination and electronic structure of

the Cu atoms.
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2  Structural and stoichiometric diversity of low

free energy Cu4Ox clusters.

Figure 1 (a) Relative free energies (ΔG) of Cu4Ox isomers on amorphous alumina as a function of the
numbers of the oxygen atoms at three temperatures 25, 200 and 400 ℃. At each temperature, the

ΔG are calculated using the relevant GM structure as a reference. The horizontal dash line is placed
at 0.8 eV. (b) Occurrence probabilities of different isomers as a function of temperature estimated by
the Boltzmann distribution  normalized by the total  occurrence;  Background green (resp blue,  red)
colors  indicate  temperature  regions  where  Cu4O4 (resp  Cu4O3,  Cu4O2)  compositions  dominate  the
ensemble; (c) Free energy of the most stable isomer for each stoichiometry and each cluster type as a
function of temperature; (d) Location on the support for each isomer in the low free energy ensemble,
shown by the projected positions of the four Cu atoms.

Because of the high potential diversity of geometries and stoichiometries of

the clusters, the grand canonical basin hopping (GCBH) method is used to

explore the configuration space and globally optimize the geometries and

stoichiometry of Cu4Ox clusters. The number of oxygen atoms are optimized

in equilibrium with an O2 reservoir at 200  ℃ and 0.5 bar O2. Basin hoping

moves consist of either a change of the coordinates of the cluster, or in a
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variation of the O content by addition or removal of an O atom (or an O2

molecule).  This  GCBH  sampling  results  in  a  large  diversity  of  structural

isomers and stoichiometries, with 24 configurations in an interval of [0-0.8]

eV  from  the  GM,  defined  here  as  the  low  free  energy  ensemble  (LFEE)

(Figure  1(a)  and  Figure  2).  Although  diverse  surface  binding  sites  are

available  for  grafting  Cu4Ox cluster  on  the  amorphous  alumina  model

support, low free energy configurations are bound in the vicinity of a specific

surfaces site (Figure 1(d)).  This suggests that cluster mobility is difficult on

the oxide support, in link with the experimental evidence that clusters do not

sinter in the considered oxidative conditions.34, 52-53

The GCBH approach generated a wide range of stoichiometries from Cu4O2 to

Cu4O5, Cu4O2 to Cu4O4 being present in the LFEE in catalysis conditions (150-

500 °C and 0.5 bar of O2) with reasonable populations (Figure 1(b)). Cu4O5 is

unstable under the considered conditions while Cu4O2 is only accessible at

the high temperature end of our interval.  Geometries of the Cu4Ox clusters

are open, with Cu atoms interacting with each other, or with the Al cations

through oxygen and hydroxyl bridges (Figure 2). Cu-Cu coordination ranges

on  average  from  1.5  to  2,  compared  to  CuO  bulk  oxide  (having  Cu-Cu

coordination  of  12)  and  to  a  supposedly  compact  tetrahedron  Cu4  core

bridged  by  oxygen  atoms  (Cu-Cu  coordination  3).  Two  main  types  of

structures can be distinguished (Figure S2 and Figure S3): type 1 have all Cu

atoms above the supporting surface, and type 2 have one Cu atom intruding

into  the  plane  of  the  alumina  surface,  bearing  high  Cu-O  coordination

numbers (4 or 5 oxygen neighbors, Figure S4(d)), and featuring long Cu-O

distances  (mostly  ¿2.0 Å,  Figure  S4(b))  as  well  as  long  Cu-Cu  distances

(mostly ¿3.5 Å, Figure S5(b)) with the other three Cu atoms. All the low free-

energy  isomers  in  Figure  2 contain  hydroxyls,  on  the  cluster  or  at  its

interface with the oxide, which come from the partially hydroxylated surface

during the global optimization. 
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Considering that the diverse isomers are close in free energies, not only the

most stable structure but also metastable ones could be populated at finite

temperatures. Indeed, Figure 1(b) shows that several isomers, depending on

the temperatures, can show a reasonable probability of presence. This is the

case especially at temperatures in the range of  350 450℃ where at least

two Cu4O3 isomers, one Cu4O4 and two Cu4O2 isomers show an occurrence

probability  larger  than  10%.  Hence,  the  catalyst  is  more  appropriately

represented  by  a  mixture  of  several  different  Cu4Ox  isomers  than  by  a

stepwise reduction of single optimal isomer from Cu4O4 to Cu4O2, considering

that  isomerization  is  generally  faster  than  the  ODH  reactions  under

considered conditions.54-56 

The  presence  of  several  competitive  Cu4O3 isomers  not  only  results  in  a

multiple-configuration  catalyst  at  high  temperature,  but  also  alters  the

preferable  stoichiometry  of  Cu4Ox clusters  as  a  function  of  temperature.

Figure 1(b) shows that the phase transition temperature between Cu4O3 and

Cu4O4 is  T opt=380℃,  if  only  the  optimal  isomer  of  each  stoichiometry  is

considered. However, the transition temperature that accounts for the sum

of all  isomers between Cu4O3 and Cu4O4 occurs earlier  at  T ensemble=354℃.

Similarly, the transition between Cu4O3 and Cu4O2 stability is shifted from 408

°C  to  421  ℃ from  the  presence  of  several  competitive  Cu4O3 isomers.

Though the precise agreement between such a prediction and experimental

measurement  is  still  challenging  due  to  the  approximate  nature  of  the

density functional, the impacts of clusters’ 
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Figure 2 The structures of low free energy Cu4Ox  isomers of type 1 (noted as T1) or type 2 (noted as
T2). The relative free energies of different isomers (G) as well as their stoichiometries (x, number of
oxygen in the formula Cu4Ox) are also indicated in the inserts (by the label of G:Tn:Ox). The brown balls
are Cu atoms, The oxygen atoms, who contact with at least one Cu atom,  are colored by the oxygen

abstraction energy ΔG|¿
O|¿

 if ΔG|¿
O|<3.0eV ¿

 (see text). 

structural fluxionality on the description of the phase diagram is however an

intrinsic  property  that  must  be  taken  into  account  for  investigating  the

stabilities of similar system.57
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If we consider type 1 and type 2 clusters separately, and assume that isomer

equilibrium  is  seen  only  within  the  same  type  of  isomers,  the  optimal

stoichiometries of clusters of each type change with a similar trend, but the

two types  of  Cu4Ox clusters  show different  phase transition  temperatures

(Figure 1(c)). The transition from Cu4O4 to Cu4O3 takes place at 375  ℃ for

type2, but at lower temperature of 301  ℃ for type1. On the other hand,

type1 Cu4O3 get further reduced to Cu4O2 at around 376 ℃, but type2 Cu4O3

remains  stable  up to  500  ℃.  Therefore,  in  cases  where  one Cu atom is

inserted  in  the  alumina  plane,  the  cluster  is  generally  more  difficult  to

reduce.  In  this  discussion on phase transformation,  we assume,  as so-far

usually done, a complete thermodynamic equilibrium between the various

configurations and composition, so that for example the Boltzmann weighted

distribution of most stable Cu4O3 configurations transforms into that of Cu4O2

without any kinetic hindering. 

3 Reducibilities  of  the  Cu4Ox clusters  and  their

potential  catalytic  performance  in  selective

oxidation reactions

To investigate the potential catalytic performances of the Cu4Ox clusters in

oxidation reactions,  in which an oxygen atom will  be abstracted from the

Cu4Ox cluster resulting in a reduced Cu4Ox-1 species, we calculated the free

energy cost (ΔG|¿
O|¿ to remove an oxygen atom from the cluster, at 200  ℃

and 0.5 bar O2. The reduced Cu4Ox-1 species is here only optimized to the

nearest local minimum after O removal, as a way to model the structure of

the  catalyst  after  the  oxidation  reactions,  which  is  not  the  optimal

configuration  of  Cu4Ox-1.  Hence  we  do  not  consider  only  the  low  energy

structures, as in the previous section, but also the intermediate structure for

the reduced Cu4Ox-1 cluster along the reaction pathway, which might be high

in  energy  and  thus  difficult  to  access.  The  O  abstraction  free  energy  is

indicated by the color range on all  structures (Figure 2) and the smallest
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value (among different oxygen atoms of the same cluster) is  shown as a

function of cluster stability in Figure 3.

Figure 3: The smallest oxygen abstraction energy from each cluster versus the stability of the cluster.
The left panel shows the results from clusters of type 1, and the right panel shows the results from
clusters of type 2. The stabilities are illustrated by the relative free energies of each cluster using the
GM as the reference. The two blue slanted dash lines in each panel show the boundary that separates
clusters  that  would  perform  the  specified  oxidation  reaction  (propane  oxidative  dehydrogenation
(ODH) or propene epoxidation (EPO)) exergonically (below the line) or endergonically (above) (See text
and Supporting Information Table S2). The vertical green dash lines show the free energy of the GM.

The Cu4Ox clusters on alumina present an extreme diversity in O abstraction

energy values ranging from -1.2 to 5.1 eV depending on the isomer structure

and stoichiometry.  They first  can strongly  vary  within  a  cluster  and only

those within  ΔG|¿
O|<3.0eV ¿ are shown in  Figure 2. The minimal value on each

cluster can also be very different among the isomers, as shown in Figure 3.

Hence, the various isomers clearly present very different catalytic activities

in oxidation. Generally, the Cu4O4 clusters show at least one O atom that is

easy to abstract and they provide exergonic steps for propene epoxidation

and propane ODH, used here as test reactions (Table S2). The first question

is  what  is  the formula  of  Cu4Ox in  the catalytic  cycles:  Cu4O3↔Cu4O5 or

Cu4O2↔Cu4O4. This is indicated by the relative free energies of Cu4Ox. All the
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Cu4O5 clusters, which can be written as Cu4O3(O2) since all of them bear an

O2 dimer,  are not  stable  with respect  to  O2 desorption  in  the considered

conditions (SI Section S3 and Figure S 6). Thus, the formation of Cu4O5 from

Cu4O3 is difficult. This implies that the loop Cu4O4→Cu4O3→Cu4O2 →Cu4O4is

the most promising catalytic cycle combining reduction of the Cu4Ox cluster

from the reaction and its further re-oxidation with O2. 

The reduction of Cu4O4 clusters is generally easy with a rather small G|¿
O|¿. The

removal of oxygen from the low free-energy Cu4O4 isomers also result in the

formation of stable Cu4O3 isomers (shown in Figure S7). Especially for type 1

isomers, the reduction of the first four most stable Cu4O4 isomers produces

the optimal Cu4O3 structure (C1 in Figure 3). 

In contrast,  the reducibility  of  Cu4O3 clusters is  extremely isomer-specific.

The  lowest  energy  type  1  isomer  (C1  in  Figure  3(a))  shows  large  O

abstraction energies (> 2.3 eV), and is unable to perform a step of propane

ODH or propene epoxidation in an exergonic way. This most stable Cu4O3

isomer is a poor catalyst for oxidation, because upon O removal it produces a

high-energy isomer of Cu4O2. However, low energy metastable isomers for

Cu4O3,  only  0.1-0.3  eV less  stable  than the  GM,  can provide  much more

reactive O atoms, with abstraction energy lowered to 1.0 eV (C2 in Figure 3)

or even 0.14 eV (C3 in Figure 3). A potential rearrangement of the Cu4O3

cluster will produce a feasible oxidation reaction pathway for propane ODH

or propene epoxidation. Considering an oxidation reaction from reactant R to

product  RO and accordingly reducing type1  Cu4O3 to  Cu4O2,  the reaction

could  take place first  by the isomerization of  the most  stable  Cu4O3 (C1)

structure  to  a  metastable  isomer  Cu4O3 (C2) (Figure  3(a))  which  is  more

reducible and reacts with  R forming the reduced structure  Cu4O2 and the

product RO. The overall reaction thermodynamics can be decomposed in the

steps as shown below.

Reaction 1 Cu4O3 (C1)→Cu4O3 (C2 ) ΔGiso
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Reaction 2 Cu4O3 (C2)→Cu4O2+O ΔG|¿
O|¿

Reaction 3 R+O→RO ΔGoxd

The condition that the overall reaction is exergonic writes:

ΔGiso+ΔG|¿
O|+ΔGoxd<0.0¿ (1)

In which,  ΔGoxd is fixed by the type of oxidation reaction, such as ODH of

propane  (ODH,  -1.83  eV)  or  propene  epoxidation  (EPO,  -0.81  eV)  (see

Supporting Information Table S2). Only those metastable isomers that satisfy

Equation (1) will induce an exergonic reaction and they are located below the

blue dashed boundary on Figure 3. 

Hence, the selected promising type 1 candidates, which are able to provide

an  exothermic  reaction  step  and  also  have  a  reasonable  stability,  are

structure C2 and C3 in  Figure  3(a). C2 can provide an exergonic oxidation

reaction step for ODH and C3 can even provide an exergonic step for EPO.

We investigated the pathways connecting C1 to C2 and C1 to C3 (Figure 4).

Rearrangement proceeds with barriers of 0.58 eV and 1.36 eV, respectively,

which can be overcome at a reasonable rate constant considering the high

temperature of the reaction. The isomerization to C3 is slower, with a rate

constant of 15 s-1, using a standard prefactor, which is similar to the typical

rate constant for the oxidation reaction step.58 Therefore, the rearrangement

between different Cu4O3 isomers provide an essential step for completing the

catalytic cycles. This analysis is limited to type 1 isomers of Cu4O3,  but a

similar effect can be seen for Cu4O3 type 2 (Figure 3(b), blue points), where a

weakly active most stable isomer bears a high O abstraction energy but a

low  energy  metastable  configuration  is  more  active.  However,  the  low

energy  type  2  Cu4O3 isomers  are  globally  less  reactive  that  the  type  1

isomers, such as C3, for example.

We  should  note  that  in  this  analysis,  O-removal  barriers  and  associated

kinetic effects are not considered. Reaction barriers depend on the specific

reactant to be oxidized. Our reaction thermodynamics analysis clarifies the

driving forces for exergonic reactions, which determines whether a reaction
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could  take place  or  not  and setups  the  baseline  to  analyze  the  reaction

mechanism.

Figure  4 Pathways and transition state structures for the isomerization of Cu4Ox from the stable but
poorly reactive C1 to the reactive C2 and C3 configurations (Figure 3a).       

4 Novel Cu environments in small Cu4Ox clusters.

The analysis  of  the geometric  and electronic  structures  of  the  supported

Cu4Ox clusters provides insight into their  unique character compared with

their bulk counterparts. The Cu-O bond lengths for the clusters are in the

range  1.8 2.2Å (Figure S4), which is close to the first-neighbor Cu-O bond

lengths  in  the  bulk  Cu2O (1.85  Å)  and  CuO (1.96  Å).  However,  the  first-

neighbor Cu-Cu bond lengths are quite diverse in the Cu4Ox clusters (Figure

S5),  especially  in  the  Cu4O3 clusters  of  type 1.  The shortest  Cu-Cu bond

lengths in Cu4O3 of type 1 are around 2.25 Å, which is much smaller than that

in the bulk CuO (3.08 Å) and Cu2O (3.02 Å), or even in the Cu metal (2.55 Å)

(Figure S5). In addition, the short Cu-Cu separations are accompanied by an

‘abnormal’  intermediate  Bader  charges  on  Cu in  the  range of  0.6 0.8|e|,

which is very different from that of the Cu atoms in Cu2O (0.54 |e|) and CuO
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(0.99  |e|)  (Figure  S8-10).  Those specific Bader  charges and bond lengths

imply very unique electronic properties of supported Cu4Ox clusters. 

Oxygen atoms present a diverse anionic nature in the cluster isomers. In the

Cu3O4 clusters,  nucleophilic  O  atoms  with  marked  ionic  character  are

characterized by very large abstraction energies, and thus, a poor catalytic

activity  for  oxidation,  while  electrophilic  O  atoms  with  small  charge  are

highly active (Figure 5). These electrophilic O atoms showing small oxygen

abstraction energies are also bonded with Cu neighbors with intermediate

charge, i.e. in a mixed-valence state. Such electrophilic O atoms are not seen

in the bulk or at the surface of Cu oxides, explaining the specific reactivity of

nano-size clusters. 

Figure 5: Abstraction energies for O atoms on Cu4O3 isomers, shown as the

color scale, as a function of charge on the O atom and average charge on the

neighboring Cu centers.

5 Conclusion

Small partially oxides Cu clusters, the size 4 being studied here, present a

variety of  oxidation  levels  depending on the oxygen partial  pressure and
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temperature,  a  result  which  is  fully  expected.  In  the  reaction  conditions

(P(O2)  =  0.5  bar,  T=200-400  °C)  Cu4O4 and  Cu4O3 are  the  most  stable

compositions.  However, each composition is not associated with one well-

defined structure but with an ensemble of low energy isomers, accessible at

the high temperature of the reaction. More surprisingly,  these low energy

isomers  can present  significantly  different  catalytic  activities  in  catalyzed

reactions of oxidation. This is especially the case for the Cu4O3 composition,

where the most stable isomers are inactive for oxidation, as judged by the

oxygen  abstraction  energies,  while  low  energy  metastable  isomers  can

contain O atoms with an abstraction energy reduced by more than 2 eV, and

are much more active for oxidation. Pathways with sizeable but reasonable

barriers,  considering  the  reaction  temperature,  connect  the  inactive  low

energy  and  the  active  metastable  isomers.  Oxygen  atoms  of  less  ionic

nature, bound the mixed-valence Cu atoms, generally present the smallest

abstraction energies. 

Cu4O4 clusters are reactive for oxidation, even in their most stable isomer.

The  loop  Cu4O4→Cu4O3→Cu4O2 →Cu4O4 appears  as  the  most  efficient

catalytically, as judged from its thermodynamics. All low energy isomers of

Cu4O4 of  type 1 connect after  reduction  to the most stable C1 isomer of

Cu4O3. However, this isomer is inactive for oxidation, because upon losing O

it would produce a high-energy isomer of Cu4O2. Therefore, isomerization to

a metastable configuration of Cu4O3, such as C2 or C3, is a key part of the

mechanism,  enabling  to  perform  the  second  oxidation  step.  The  Cu4O2

cluster is  then re-oxidized by O2 is  an exothermic step at the considered

temperature.

Reorganization of the structure of the Cu4Ox cluster during catalytic oxidation

cycle is concluded to be crucial for the reaction, and a static cluster would

not be active. Compared to the case of metallic clusters (such as Pt clusters),

the barriers for isomerization are significantly higher, since the O atoms in

the cluster make them more rigid.14 These barriers remain smaller than, or
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comparable to the typical ODH barrier on oxides ( ~1.6 eV).58 Thus, it cannot

be excluded, that in some cases, this reorganization event could be involved

as the rate-limiting step in the reaction.

6 Methods:

6.1 Grand Canonical Basin Hopping

The  GCBH  explorations  are  carried  out  by  an  in-house  code,  which  is

developed based on Atomic Simulation Environment (ASE) package.59 GCBH

explores  the  configuration  and  composition  space  simultaneously  to

minimize following targeted function, which is the free energy (or formation

energy) of the supported Cu4Ox cluster at specific condition of O2

G (Cu4Ox@a−Al2O3 )=E (Cu4Ox@a−Al2O3)− ∑
j=1

Mspecies

μ jN j (2)

 In Equation (2) , E (Cu4Ox@a−Al2O3 ) is the DFT calculated electronic energy

of  the  system  which  is  approximated  as  the  free  energy  of  the  slab.

Therefore,  the  vibrational  contributions  are  ignored  for  slab  systems

considering that those contributions are small.60 μ j is the chemical potential

of element type j and N j is the number of element type j in the system. In

this work, only NOxygen is variable. The oxygen is assumed in equilibrium with

the O2 gas at 200 ℃ and a partial pressure of 0.5 bar.

15  amorphous  alumina  supported  Cu4Ox are  used  as  initial  inputs.  x is

randomly  chosen  from 2  to  5  and  the  locations  of  the  clusters  are  also

randomly  selected.  15  GCBHs  explorations  are  launched  in  parallel  to

minimize the free energies supported clusters by a series of basin hopping

steps. Each GCBH step consists of three steps: (a) generating new structure

from the previous local minimum, (b) local optimization, and (c) the rule to

accept or reject new structure. The method to generate new structures uses

one of the four approaches:  1) randomly displacing the Cartesian positions

of  the atoms within  the  Cu4Ox cluster  by  a  small  distance;  2)  adding an

oxygen atom near the randomly selected Cu atom; 3) adding an O2 molecule
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near the randomly selected Cu site; 4) randomly removing an oxygen atom

from  the  Cu4Ox cluster.  Note  that  we  did  not  implement  the  systematic

exploration  of  the  support  reconstruction,  though  the  top  layers  of  the

support  are allowed to relax along with  the configuration  changes of  the

Cu4Ox clusters (Figure S11). With this choice, the surface mounted cluster

configurations are extensively sampled, while structures where Cu4Ox may

intrude  into  the  support  receive  a  smaller  focus.  The  new  generated

structure is then optimized in step (b) by BFGS algorithm implemented in

ASE until the maximum force exerted on atoms is below 0.03 eV/Angstrom.

Finally, in step (c) the probability to accept the new structure is determined

by  Metropolis  algorithm,  i.e.  the  acceptance  probability  is

p=min[1.0 ,exp(
−Gi+1−Gi

kBT )], in which Gi+1 and Gi are the free energies of new

and  old  optimized  structures.  The  temperature  T=1500K  is  used  as  a

parameter throughout this work. Note that the high T(=1500 K) here is only

used for calculating BH acceptance probability ensuring that the sampling

will not converge too quickly, hence being different from the temperature of

the  O2 reservoir.  A  prototype  example  for  the  efficiency  of  implemented

GCBH is demonstrated in Figure S12.

6.2 DFT Calculation Details 

DFT  calculations  are  carried  out  using  VASP  package.61-64 For  VASP

calculations,  the  projector  augmented  wave  (PAW)  pseudopotentials  are

used for describing the core electrons. Valence orbitals are expanded with

plane wave basis sets up to 400 eV.65 Spin polarized calculations are always

used to  take into  account  the  spin  multiplicities.  Perdew–Burke–Ernzerhof

(PBE) functional is exploited to calculate the electronic exchange correlation

energies.66 It is known that the d orbitals of Cu present so-called strong self-

interaction, hence the on-site coulomb interaction is introduced by Hubbard

model67 with  U=7.0  eV  for  the  d orbitals  of  Cu  (see  benchmark  in  the
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Supporting information). The PBE-induced binding energy error for O2 is also

accounted for, by treating the chemical potential of oxygen as a parameter

that  is  fitted  against  the  hybrid  functional,  HSE06  (See  supporting

information).  The  amorphous  alumina  model  is  from a  previous  paper  of

Cheng  et  al68,  which  exploits  force-field  based  molecular  dynamics

simulations.69-70 The slab is orthogonal with dimension of 15.56×15.56Å2, and

it has a formula of H16Al68O110. Transition states are firstly located by NEB71

method  and  then  refined  by  DIMER72 method  until  the  maximum  force

residue is smaller than 0.03 eV/Å. TSs are finally confirmed to present only

one imaginary frequency.

7 Supporting information

This information is available free of charge on the ACS Publications website. 

Computational details, Experimental thermodynamics values, Classification 

of Cu4Ox clusters by grafting site, Analysis of the Cu’s coordination with O 

atoms for Cu4Ox clusters, Analysis of the Cu-Cu distance distribution, Bader 

charges and geometries, Oxygen abstracting energies of low free energy 

ensemble of Cu4Ox clusters, sideview of slab model, prototype example for 

GCBH, atomic coordinates for the 24 LFEE structures.
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