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Oxidative degradation of copper in aqueous environments is a major concern in areas such as catalysis,
electronics and construction engineering. A particular challenge is to systematically investigate the details of
this process for non-ideal copper surfaces and particles under the conditions found in most real applications.
To this end, we have used hybrid density functional theory to study the oxidation of a Cu; cluster in water
solution. Especially, the role of a large water coverage is explored. This has resulted in the conclusion that,
under atmospheric H, pressures, the thermodynamically most favored state of degradation is achieved upon
the generation of four H, molecules (ie. Cu; + 8H,O — Cu,(OH)g + 4H,) in both condensed and gas
phases. This state corresponds to an average oxidation state below Cu(l). The calculations suggest that the
oxidation reaction is slow at ambient temperatures with the water dissociation as the rate-limiting step. Our
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findings are expected to have implication for, among other areas, the copper catalyzed water-gas shift
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1 Introduction

Despite the large amount of effort that has been invested in
studying the water-copper system over the years, it remains a
subject of active debate and controversy. Some of the unresolved
matters concern the suggested corrosion of copper in anoxic
water, which seemingly contradict the long established thermo-
dynamic bulk properties of copper and its oxidized phases.'”
Other questions are triggered by the catalytic behavior of copper in
e.g. the industrially important water-gas shift reaction (WGSR).'*
Additionally, much attention is motivated by the conceptually
interesting behavior of water at the water-copper interfaces.'” >
The above-mentioned topics have in common their connection to
the surface properties of the copper material.

The interface between water and copper (and other metals)
is rather well-documented,’”° theoretically as well as experi-
mentally, albeit experimentally mainly under low-temperature
high vacuum conditions on ideal mono-crystalline surfaces.
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reaction, and for the general understanding of copper corrosion in agueous environments.

Under the typical conditions in real applications, e.g. rough,
disrupted surfaces at water coverage close to and above one
mono-layer, the available information is sparser and the systems
become much more difficult to model. In the present work we
attempt to shed light on some questions with implications for
the ongoing debate, by using a density functional theory (DFT)
approach and a Cu; cluster model for the non-ideal copper
surface with a high water coverage (for computational reasons
cluster models are advantageous for studying reactions in water
solution¥). Especially, we strive to identify to what extent it is
thermodynamically feasible to oxidize the surface of the copper
cluster by pure water.

It has previously been established that single water molecules
adsorb exothermically on various copper surfaces.'’*>?*?* The
adsorption is (partially) dissociative on the low density copper
[110] crystallographic plane,**”* but molecularly intact on the
denser [100]*® and [111]*® surfaces. To accommodate the wetting
of copper surfaces, adsorbed hydroxyl groups have been found to
play an important role; the Cu[110] surface is hydrophilic while
Cu[111] is hydrophobic due to the lack of the anchoring hydroxyl
groups (formed upon water dissociation) on the latter surface.>®
The water splitting is, moreover, facilitated by assisting water,
driven by the strong OH-H,0 H-bond formed upon dissociation,

+ Partly since cluster model calculations are computationally affordable in general,
but also, and importantly, since the available programs for cluster calculations offer
the possibility of using polarizable continuum models to represent the dielectric
properties of the surrounding solvent.
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and thus more favored at high water coverage, i.e. around one
mono-layer.”*?* In addition, the water dissociation has proven
to be the rate-limiting step in the Cu-catalyzed WGSR.'''®
Activation energies in the gas-phase in the order of 0.62-1.25 eV
(theoretical)'**>*’* and 0.91-1.17 eV (experimental)'”** have
been reported. The values vary, e.g., with the crystallographic
plane, where the denser surfaces typically are associated with a
larger barrier. Similar values have also been determined by cluster
calculations.'”'**® At high water coverage has, nevertheless, a
much lower experimental barrier of 0.53 €V been observed for the
[110] surface,”" an effect which is attributed to the strong H-bond
formed during the dissociation.'**

In order to generate hydrogen gas, a second H, forming step
must follow the dissociation of water. This step is typically
associated with a slightly lower barrier than the water dissociation,
in the order of 0.56-1.07 eV depending on the surface, cluster size
and water coverage. It is usually reported as endothermic (AH® > 0)
but exergonic (AG® < 0) (due to the large translational entropy of
gaseous H,) on both mono- and polycrystalline surfaces as well as
on nano-sized clusters.">!"?830:3435

The non-ideal character of real systems can be approached
by different means: for instance, Tang et al>® revealed that
water adsorbs stronger at stepped surfaces, e.g. [221] or [211],
compared to flat surfaces, e.g. [111]. Another way to study the
influence of surface roughness and defects is by using finite
cluster models. This may, for some systems, be a better
representation, or at least a sufficiently accurate but less
computationally demanding approach for studies of defective
surfaces compared to extended models employing periodic
boundary conditions. However, nanoparticles are not only
interesting as models. Their unique properties compared to
the bulk metals have attracted massive interest during the recent
decades. It should thus be emphasized that the increased activity
of copper nanoparticles in catalysis is sufficient motivation for
investigations of Cu-clusters.

The Cu; cluster model used throughout this study has been
identified as the smallest stable three dimensional copper
cluster by theoretical investigations.** It is also the smallest
three dimensional Cu-cluster to be observed experimentally.§ **°
A particular stability has, furthermore, been assigned to the
cluster, and it may be considered a ‘super-atom’ with the seven
(original) 4s-electrons forming an outer valence-shell in resem-
blance to a halogen atom®’ (and hence allowing for a rich redox
chemistry).

Adsorption of small molecular species on the Cus cluster has
been studied before. Of particular interest to this work, Chen
et al.’® used density functional theory (DFT) methods to model
water adsorption and dissociation on the Cu, cluster in the gas-
phase. Likewise the gas-phase interactions of H,,***>*"** 0,,*3™*°
CO"*® and CO," with Cu, have been explored earlier. In addi-
tion, larger cluster models have been employed to study the water
dissociation'®'***% a5 well as the water catalyzed H, formation
reaction.””> However, to the best of the authors’ knowledge,

§ Howard et al. first assigned their ESR spectra to a bipyramidal Cus but later
reinterpreted it as belonging to Cu,.*”
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none of the earlier theoretical studies of copper clusters or
surfaces have investigated the complete formation of H, gas
from water at large water coverage in the condensed phase, nor
taken the H, generation process as far as this work. The
oxidative reactivity of copper surfaces with water is of funda-
mental interest in corrosion processes and, as such, for, e.g.,
the long term (geological time-scale) application of copper in
nuclear fuel repositories.

The present work is divided into two parts: (i) an adsorption
and properties part where the performance of the hybrid PBE0*
functional is compared to other functionals as well as previous
studies and (ii) the identification of the favored mechanisms for
water dissociation and H,-gas generation, including a study
of the oxidation of Cu, by water up until the formation of five
H, molecules.

2 Computational details

All structures have been fully optimized in both gas and con-
densed phases with the Jaguar 7.9°° or Gaussian 09°" software
packages, using the hybrid DFT functional PBE0* along with
the double zeta effective core potential (Los Alamos) basis
set LACVP*+.>> An unrestricted spin scheme was employed
throughout the study to properly treat the spin-polarization of
Cu,. The reported energies are taken from single-point calcula-
tions on the PBEO/LACV3P**++ level of theory, if not otherwise
specified. Additionally, the water adsorption energies were
evaluated using a set of other functionals: the pure DFT GGA
(general gradient approximation) functional PBE,*® the meta GGA
M06-L>* and the double-hybrid PW6B95 functional.>® Moreover,
dispersive forces were accounted for by adding Grimme and
co-worker’s D3-type corrections®>” on top of some of the afore-
mentioned functionals, see Table 3. For comparison, the water
adsorption structures were also optimized with the meta hybrid
M06°® functional of Zhao and Truhlar, referred to as M06(opt)
in Table 3. Relativistic all-electron calculations with the ZORA
Hamiltonian and spin-orbit coupling were, furthermore, performed
on the optimized adsorption structures within the ADF2012°%%
program suite using the PBE functional and a Slater-type triple-g
quality basis set including two sets of polarization functions aug-
mented with diffuse functions (AUG/ATZ2P).

Frequency calculations were carried out in order to char-
acterize all reported geometries as either minima (no imaginary
frequency) or transition-states (one imaginary frequency). The
calculated Hessian was also used to estimate the thermal correc-
tions to the standard enthalpies and free energies by employing
standard conditions of 298.15 K and 1 bar, and assuming the rigid
rotor, harmonic oscillator and ideal/non-interacting gas approxi-
mations. The condensed phase calculations were performed
using the Poisson-Boltzmann solver®®* in Jaguar 7.9, for the
adsorption calculations, with ¢ = 80.0, and the IEFPCM®**
implementation in Gaussian 09 and ¢ = 78.4 for the remaining
structures. The use of continuum models to represent the water
solvent has previously been successful for studying metal ions
and the hydroxyl anion in aqueous solutions.®®™* It has been
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shown that by using an explicit first solvation shell and
representing long-range effects by PCM, accurate geometries,
hydration energies and reaction barriers can be determined for
aqueous systems. This especially in the case of moderately
charged ions as those encountered in the present study. For the
condensed phase all reported free energies have been recalculated
to a standard state of 55 M water from the programs’ default
concentration of 0.041 M (i.e. 1 bar at 298.15 K) by

AAG° = AG° (55 M) — AG® (1 bar) = — RT In(Ksspm/Kipar) (1)

The Kssy and Kjpar above are equilibrium constants for a
given water adsorption reaction. The correction term, (AAG®),
for a single water adsorption (i.e. Kssm/Kipar = 55/0.041) is
approximately —0.185 eV, which means a stronger adsorption.
Standard states of 1 bar for H, gas and gaseous H,O have been
used throughout this study.

The average standard adsorption enthalpy (AHgg), and standard
Gibbs free energy (AGaq) of water, is defined as (the same defini-
tion for AGaq)¥

AHgyq4 = [H(Cu,(H,0),) — H(Cu;) — nH(H,0)J/n  (2)

where n refers to the number of adsorbed water molecules, and
H(Cu;), H(H,0) and H(Cu,(H,0),) to the calculated enthalpies
(or free energies) of the Cu,, H,O and Cu,(H,O)n species respectively.

Sequential addition of water to Cu; was also considered. The
standard enthalpy is defined as (equivalent definition for the
free energy):

AHgq 5eq = H(Cu;(H,0),) — H(Cu;(H,0),-1) — H(H,0)  (3)

Molecular hyperfine parameters (in particular the Fermi
contact parameter, A;s,) for Cu, were obtained from a spin-
unrestricted, relativistic ZORA calculation at the PBEO level with
(i) the AUG/ATZ2P basis set and (ii) a Slater-type quadruple-g
basis set with four sets of added polarization functions (QZ4P),
as implemented in ADF2012.”" The electrostatic potential surface of
Cu, was calculated with Jaguar 7.9 at the 0.001 electron per bohr®
iso-density surface. The natural bond orbital electron population
and charge analyses were performed using the NBO 3.1 program”>
as implemented in the Gaussian 09 package.

3 Results and discussion
3.1 Cu; properties

3.1.1 General features. The bipyramidal, D5, symmetry
Cu,-cluster consists of a pentagonal ring (equatorial copper)
with capped atoms on both sides of the ring plane (axial copper),
see Fig. 1. From electron spin resonance spectroscopy (ESR)
experiments in inert matrices at low temperature (neon®® and
deuterated cyclohexane®®) it is known that the single unpaired
electron of the doublet (S = 1/2) Cu, is predominantly located on
the axial copper atoms. This has previously been reproduced
with DFT calculations.”"”*’* Calculations performed in this

9 The basis set superposition errors were estimated by the counterpoise procedure
of Boys et al.”® to be ca. 0.06 eV for H,O and ca. 0.01 eV for H, upon adsorption to

Cusy, but are not included in the reported energies.
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-0.45eV 0.90 eV
Fig. 1 Electrostatic potential of Cu; in the gas phase mapped on the
0.001 electron per bohr® iso-density surface. The potential ranges from
—0.45 eV to 0.90 eV. Equatorial copper atoms are negative and electro-
philic while the hollow and bridge sites are positive and nucleophilic.

Table 1 Hyperfine (Fermi contact) parameters of Cu;,

Method Ajso(ax)” Aiso(eq)b Ref.
PBEO/(AUG/ATZ2P) 1690 —68 This work
PBE0/QZ4P 1846 —72 This work
B3LYP/6-31G* 1195 —21 73
B3LYP/6-311+G* 1806 —43 73
B3LYP/6-311+G* ¢ 1787 —53 73
PB3PW91/6-311+G* 1747 —-73 73
DFT—LSDA/AEMBd 1750 —51 74

Exp. (ESR) 1747 54 39

Exp. (ESR)° 1749 43 38

“ Axial (ax). ? Equatorial (eq) copper. ¢ With additional tight s func-
tions. ¢ All-electron mixed-basis set, see ref. 74 and 75. ¢ Unclear if Ajs,
or A, was observed.

work using the PBEO functional give reasonable hyperfine para-
meters (4js,) and spin-densities,|| within 6% of axial copper’s
experimental values (Table 1). Similar to previous theoretical
studies, the estimated A;, values for the equatorial copper atoms
are negative. Although the values are of the same magnitude as
experimental values, they are of opposite sign.

Furthermore, the geometrical parameters of the optimized
cluster structures obtained with the PBEO functional in the gas-
phase are in close resemblance with those previously determined
with pure DFT functionals (Table 2). Repeating the calculations
with the M06 functional gives similar structures. Upon optimiza-
tion in the condensed phase (water simulated by a polarizable
continuum model) the cluster is flattened (distance between axial
atoms reduced by ca. 5%) and the ring size is extended (equatorial-
equatorial distance enlarged by an average of ca. 3%).

The HOMO-LUMO gap is determined to be 1.59 eV with
PBEO, which, as expected, is much larger than that of the pure
DFT functional PBE (0.33 eV)."°

3.1.2 Adsorption. The left picture of Fig. 1 shows the electro-
static potential of the Cu,-cluster plotted on the 0.001 electron
per bohr? iso-density surface. Such maps are useful for identifi-
cation of nucleophilic (negative) and electrophilic (positive) sites,

| van Zee et al. determined the s-electron spin-density of the axial and equatorial
coppers of Cu, to be 0.291 and 40.009, respectively, from EPR spectra. NBO”>
(and Mulliken) analysis at the DFT PBEO/LACV3P**++ level yields a total atom
average spin-density of 0.49(0.26) and 0.004(0.098) at the axial and equatorial
copper atoms.

This journal is © the Owner Societies 2014


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3cp53865f

Open Access Article. Published on 28 November 2013. Downloaded on 7/14/2025 3:14:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 2 Geometric parameters for the Cuy cluster, distances in A

Method eq-eq” eq-ax” ax-ax* Ref.
PBEO/lacvp*+ (aq) 2.569 2.569 2.442 This work
PBEO/lacvp*+ (g) 2.499 2.499 2.579 This work
Mo6/lacvp*+ (g) 2.464 2.464 2.600 This work
PBE/double-c?* (g) 2.468 2.486 2.660 10
BPWO1/triple-c™? (g)  2.444 2.440 2.555 46
PBE/triple-c>* (g) 2.414 2.420 2.559 40

“ Equatorial (eq) and axial (ax) copper. ? Extra polarization functions.
° Employing effective core potentials. ¢ A frozen core approximation.
¢ An all electron basis set with the ZORA Hamiltonian and spin-orbit
coupling.

as well as for comparison of their relative reactivity (see e.g
ref. 76 for a recent review). According to the electrostatic surface
potential the equatorial ring sites are electrophilic, which is
consistent with their affinity for water (a nucleophile),"
whereas the axial coppers seemingly are inactivated. Moving
on over the cluster, nucleophilic sites can be found on the
bridges between any two copper atoms (equatorial-equatorial
or axial-equatorial) and, especially, in the 3-fold hollow sites in
the center of the triangles formed by an axial atom and two
equatorial atoms. This analysis is in agreement with the
identified preference for water to bind equatorially over axial
(a difference of about 0.14 €V in the gas phase and 0.11 €V in
the condensed phaset) as well as the difficulty to find minima
for bridge and hollow site adsorption of water. The picture is
further cemented by the results that the more electrophilic
proton and the OH radical prefer to add to the hole and bridge
sites.

The water molecule adds to the copper by donating electron
density primarily from the oxygen’s p, orbital, to the 4p-orbitals
of copper (NBO analysis’®). To accommodate the interaction,
electron density is moved from the 4s orbitals to the 4p orbitals
of Cu; by a sp orbital hybridization, accompanied to a small
degree by a reorganization of the 3d band where electron
density is moved from the interacting copper atom to the
non-interacting atoms. These processes facilitate water adsorp-
tion by reducing the Pauli repulsion and increasing the (+)
charge of the active copper atom. The interacting water orbitals
are re-hybridized via the bonding 1b, and 3a, orbitals to allow
for a stronger p, polarization. All in all the adsorption leads to a
small charge transfer from water to copper in the order of
0.05e". The LUMO of Cuy is dominated by the 4p orbitals of the
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axial copper atoms, and it is also to these 4p orbitals that the
main part of the electron density is transferred. The presented
NBO analysis agrees well with earlier experimental and theore-
tical studies of water interacting with ideal surfaces.””””®

Upon adsorption the water molecule binds at a distance of
2.156 A to the equatorial position and 2.190 A to the axial,
considerably shorter distances than those obtained via PBE
optimizations.'® The equatorial adsorption enthalpy of —0.45 eV is
in accordance with experimentally determined values on surfaces
(—0.42 eV on the [110] surface)."" M06 yields similar results to that
of PBEO for the geometries and energies (e.g. equatorial adsorption
has an enthalpy of —0.46 eV and a slightly shorter bond distance
of 2.132 A).

Adding another water molecule to Cuj is slightly less favor-
able (enthalpically) than the first addition (Table 3) and may
occur at any equatorial copper atom (the adjacent and opposite
sites with respect to the first water are essentially energetically
degenerate in the gas phase, whereas the adjacent site is
slightly favored in the condensed phase). The third water
preferentially adsorbs at the opposite side to the previously
adsorbed water molecules (given that the two first molecules
are adsorbed next to each other) in the condensed phase, while
in the gas phase the sites are energetically degenerate (see
Fig. 2).1 Up to five water molecules can be adsorbed at once on
the cluster (all at the equatorial sites), but any attempt to place
an additional water on the free axial sites results in the
migration of the (added) water molecule to a second adsorption
layer, outside the already adsorbed water molecules. This is in
agreement with the observations by Chen et al.'® using the pure
DFT PBE functional.

The average adsorption enthalpy decreases with the number
of added water molecules and the trend is consistent for all the
applied functionals. By re-optimizing the structures with M06,
essentially the same geometric parameters and energies are
reproduced. Noteworthy is, moreover, that the PBEO deter-
mined adsorption enthalpies decline steeper than the PBE
binding energies observed by Chen et al.,'° possibly as a result
of the shorter adsorption distance for the PBEO optimized
geometries which would result in a larger steric water-water
repulsion.

Adsorption of the fifth water is still considerably exothermic
(see Tables 3 and 4), although slightly endergonic in the gas
phase. In fact, the standard Gibbs free energy for adsorption in
the gas phase is not particularly favorable for adsorption of any

Table 3 Average enthalpies and standard Gibbs free energies (298.15 K) of adsorption for n = 1-5 water molecules onto Cu; in eV

PBEO PBEO-D3 PBE PBE-AE* PBE-D3 MO06 (Opt) MO06-D3 MO06-L PW6B95-D3
nH,0 AHRq AGgq Ang,sb AHzq AHzq AHzq AHRq AHzq AHRq AHgq AHRq
1 —0.45 —0.03 —0.23 —0.51 —0.47 —0.47 —0.53 —0.46 —0.48 —0.47 —0.47
2 —0.39 —0.05 —0.20 —0.45 —0.42 —0.42 —0.48 —0.41 —0.42 —0.42 —0.42
3 —0.37 —0.03 —0.16 —0.43 —0.40 —0.39 —0.45 —0.37 —0.40 —0.39 —0.39
4 —0.34 —0.00 —0.13 —0.41 —0.38 —0.38 —0.44 —0.35 —0.37 —0.37 —0.38
5 —0.32 0.02 —0.10 —0.39 —0.35 —0.36 —0.42 —0.34 —0.36 —0.35 —0.35

“ Including all electrons and using the ZORA Hamiltonian and spin-orbit coupling scheme. ? Solvent (water) free energies corrected to the

standard state of 55 M water.
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2.190

Fig. 2 Geometries for water adsorption on Cus.

Table 4 Enthalpies and standard Gibbs free energies [eV] for sequential
adsorption of H,O to Cu; using the PBEO functional

nHZO AI_I(a)cl,seq AG(a’d,seq Ang,seq,S‘Z
1 —0.45 —0.03 —0.23
2 —0.33 —0.06 —-0.18
3 —0.33 —0.01 —0.08
4 —0.28 0.10 —0.04
5 —0.22 0.09 0.02

“ Solvent (water) free energies corrected to the standard state of 55 M
water.

number of water molecules (Tables 3 and 4). This is reasonable
when considering the entropic advantage of a free water
molecule in the gas phase at 298.15 K. The effect will be even
more pronounced if pressures below 1 bar are considered (e.g.
valid for applications under atmospheric conditions). For the
condensed phase the analysis is not as straightforward since it
is difficult to define a representative reference state for the bare
Cu; cluster within the PCM approach. Nevertheless, at high
coverage the error is not as large as for low coverage. Thus, the
free energies can be used to analyse the sequential water
adsorption in order to determine the size of the first coordina-
tion sphere. The results in Table 4 suggest that four to five
water molecules are adsorbed on the Cu, cluster in the con-
densed phase (probably under dynamic equilibrium). In the gas
phase the same analysis yields an adsorption of two to three
water molecules (note, however, that values around 0.01 eV is
well within the accuracy of the applied method).

The various functionals yield strikingly similar adsorption
enthalpies (Table 3). Inclusion of the D3 dispersion correction
shifts the values ca. 0.05 eV towards stronger adsorption,
consistent with previous reports.*® In a benchmark study of
the performance of different functionals, the PW6B95-D3 func-
tional was identified as producing the most reliable results®'
and it has also given very promising results for transition metal
interactions.®” Here the energies of PBE0 and PW6B95-D3 are
quite similar, differing by only 0.03 eV, which is lower than, for
instance, the basis set superposition error (ca. 0.06 eV). The
popular PBE functional gives results even closer to PW6B95-D3

2456 | Phys. Chem. Chem. Phys., 2014, 16, 2452-2464
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(essentially the same values), however PBEO has been found to
out-perform PBE for energetic evaluation of H-bond strengths
in small water clusters.®® Furthermore, for the case of non-
metallic molecules, it is well-known that hybrid Hartree-Fock/
DFT typically gives a more accurate description for potential
energy surfaces far from equilibrium geometries, e.g. TS struc-
tures.’® Lately it has been found that it is necessary to include
Hartree-Fock exchange in order to reproduce experimental
data also for late transition metal complexes® and metal
oxides.®>®® An example is the H,0, dissociation where non-
hybrid DFT largely underestimates the activation energy com-
pared to experiments.?” Hence the use of the hybrid PBEO
functional in this work is motivated.

To conclude the adsorption analysis, the effect of consider-
ing relativistic effects in all electron calculations - hence also
including the ten innermost core electrons — was tested. How-
ever, in the present work the relativistic effects did not affect
the adsorption enthalpies to any large degree, see entry PBE-AE
in Table 3.

3.2 Water dissociation and H, formation

It has been argued in the context of H, generation on alumi-
nium clusters that the water dissociation is much favored by a
close proximity of electrophilic and nucleophilic sites (i.e. a
Lewis acid-Lewis base pair)®® - the electrophilic site governs
adsorption of the water molecule and the nucleophilic site
accepts the hydrogen during H-transfer/dissociation. As dis-
cussed in the adsorption Section (3.1.2) above, the ring and
hollow positions of the Cu,-cluster offer such a close pair of
antagonistic reactive sites (see also Fig. 1).

The most plausible mechanisms for water dissociation and
H, generation on Cu, are discussed below, concluding in a
complete scheme for formation of H, gas on Cu, and an
evaluation of the thermodynamic limit for consecutive produc-
tion of H,.

3.2.1 Fundamental steps. The dissociation energy for
homolytic cleavage of water is 5.10 eV in the gas phase.®® The
OH bond of water can thus be greatly activated by copper
(with experimentally determined dissociation barriers of
0.91-1.17 eV).""** On the Cu, cluster a number of different
mechanisms can be imagined for the water dissociation, for
instance: (i) a direct, unassisted dissociation, (ii) dissociation
catalyzed by H-bonding of an adjacently adsorbed water, or
(iii) dissociation of a water molecule in the second coordination
shell, H-bonded by two surface adsorbed water molecules
(Fig. 3A). In summation:

HZOad I OHad. + Had. (4)
2H,0,q — OH,aq*~-H,0,4 + Hag® (5)
2H,0,4 + H,O — OH,4*-H,0(aq)-H;0,q + Hag® (6)

If the reactions above are accompanied by an electron
uptake (i.e. a reduction by adding e~ to the left of and changing
OH,4* to OH,4  on the right side of the reaction arrow) the
reactions (4)-(6) above are examples of the alkaline Volmer
reaction.

This journal is © the Owner Societies 2014
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A. H,0 dissociation

Fig. 3 TS structures at reduced water coverage.

To confirm the findings of Chen et al.'® that water dissocia-

tion is possible at room temperature on the Cu; cluster, we first
investigated the above-stated mechanisms at minimal cover.

In all cases the optimal site for H acceptance during the
course of reaction (and in the product) is the hollow sites. This
is in contrast to the findings by Chen et al,'® where the
transition state (TS) structures were located at the bridge sites.
At the PBEO level used in the present study and at high water
coverage, these (bridge) sites are instead the TS for H diffusion
and thus associated with an energetic penalty (of around
0.45 eV7 at full coverage), which rationalizes the reluctance to
form a dissociation TS at these sites. All efforts to find a bridge
site transition state for comparison converged back to the
hollow position.

The activation enthalpies and free energies of the various
dissociation mechanisms are reported in Table 5. It was found
that the reaction becomes more favored with the number of
assisting water molecules, owing to a greater H-bond stabili-
zation in the TS. Moreover, the energetics of the condensed
phase reactions are in general shifted upwards by a factor of
ca. 0.1-0.2 eV compared to the gas phase, i.e. the reaction in
water solution is seemingly slower than in the gas phase.
However, the water dissociation reaction greatly benefits from
interaction with a second water coordination sphere, which is
more likely to form in the condensed phase than in the gas
phase. Consequently one can argue that the water dissociation
should proceed with comparable rates in gas and condensed
phases due to a mechanistic switch from the gas to condensed

Table 5 Activation energies [eV] for different mechanisms of water
dissociation and H, formation

AH°L AGoE AG
Water dissociation
H,0.q 1.17 1.34 1.42
2H,0,4 0.78 1.05 1.26
2H,0,q + H,0 0.65 0.76 0.97
H, formation
2H,4* (Hollow) 1.26 1.28 1.24
2H,q* (Bridge) 1.18 1.18 1.20
H.q* + HyO.q 0.40 0.55 0.75
Hoq® + 2H,0.4 0.09 0.18 0.47
Hag® + 2H,0,4 + H,O 0.06 0.16 0.35

This journal is © the Owner Societies 2014

View Article Online

PCCP

phase - compare AGY of entry 2H,0,q for the gas phase

(1.05 eV) and AGgi of entry 2H,0,4 + H,O for the condensed
phase (0.97 eV).

The kinetics changes somewhat at full coverage. The dis-
sociation in the condensed phase is slightly quicker, where the
activation energies differ by 0.06 eV. In the gas phase the energy
barrier is decreased by 0.15 eV, see Table 5 and Fig. 4. If one
considers only the enthalpy contribution, the reaction barrier is
also lowered (by 0.20 eV to 0.58 €V) at full coverage,t a result
that agrees well with the results obtained by Chen et al.*® using
the PBE functional.** Although the dissociation is rather slow
at room temperature, it is still feasible over longer time-scales.

Subsequent H, formation has previously proven to be rela-
tively fast, in comparison to the water dissociation,"%12830:34:3>
This reaction can also proceed via a number of mechanisms. We
have investigated the reactions below (see also Fig. 3B):

2H,.q* — H,(g) (Hollow) (7)
2H,¢* — H,(g) (Bridge) (8)
Hag® + H;0aq4 — Hy(g) + OHag* ©)

Hag® + 2H30,q4 — Hy(g) + OHag*-H0.4q (10)

H,q® + 2H,0,q + H,O — Hy(g) + OH,q*~H,0(aq)-H,0,q
(11)

Among the presented mechanisms the first two are the
simple addition of two adsorbed H,q to form H, gas, studied
at different sites (bridge and hollow). The remaining reactions
resemble those of the dissociation above in that sense that we
studied reaction between H,q and a H,0,q with different
numbers of catalytic water - uncatalyzed as well as catalyzed
by one or two adsorbed waters. In the case of two catalyzing
water molecules, the active H-donating water is situated in the
second coordination shell and the two assisting molecules are
adsorbed directly on Cus. Attempts were made to locate a reaction
path for the direct formation of H, via 2H,0,4 — 20H,q4 + H,, but
without success.

Using electrochemical terminology, reaction (7) and (8) above
are variants of the so-called Tafel reaction. Reaction (9)-(11) are
examples of the alkaline Heyrovsky reaction, given that a simul-
taneous reduction takes place to form OH,q4 .

It was found that the reaction proceeds preferably at the
equatorial-axial bridge sites and can be greatly enhanced by
water catalysis (Table 5). In the gas-phase the unassisted H,
formation (H.q + H.q) has a larger barrier (1.18 eV) than the
water-catalyzed water dissociation (1.05 eV), which would identify
the H, formation as the rate-limiting step. However, at minimal
water coverage, which is probable for situations where the
uncatalyzed H, formation mechanism applies, the water dis-
sociation is also likely to be uncatalyzed. The latter mechanism
is associated with a large barrier (1.34 eV) which suggests that,

** Note that in Chen et al’s work'® the energies are reported as zero-point
corrected energies, whereas in this study the results are given as either enthalpies
or free energies. For the most valid comparison between the studies, ¢f. the AH®*
entries of Table 3 and the enthalpy diagrams in the ESL
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Fig. 4 Reaction diagram for the generation of the first H, from H,O on Cu,. The displayed structures are optimized in the gas phase and the TS5
structure is flipped-over compared to the other structures for clearer visualization. The condensed phase energies, AGZ, are generally higher than the gas

phase energies, AG°.

in fact, the dissociation reaction is the rate-limiting step in the
gas-phase. Moving on to the condensed phase, the unassisted
addition between two H,q4 has a barrier height of 1.20 eV, which
is comparable to the barrier of water dissociation (1.26 eV for
directly adsorbed water, although the barrier for H,O dissocia-
tion is reduced to 0.97 eV when considering reaction from
a second coordination shell). Hence, based solely on the
unassisted H, formation mechanism, it is not clear which step
is rate-limiting in the condensed phase. Nevertheless, the H,q +
H,q mechanism is not likely to take place at the large water
coverage that is expected in water solution. By allowing the H,
formation reaction to proceed via a direct mechanism between
H.q and a H,0,4 (direct in the respect that a second dissocia-
tion of water to produce another H is avoided), the reaction
barrier is reduced to 0.55 €V and 0.75 eV in gas and condensed
phase respectively. At higher coverage, one or two extra catalytic
water molecules can further reduce the barrier: for one addi-
tional water the barrier is 0.18 eV (gas phase) and 0.47 eV
(condensed phase), and for two waters it is 0.16 eV (gas) and
0.35 eV (condensed phase). When considering all investigated
mechanisms, one can clearly identify the water dissociation as
the rate-limiting step for the overall reaction in the condensed
phase and likely also for the gas phase, although the gas phase
rate-limiting step may vary with water coverage.

The result that formation of H, via Hyq + H,O,q is more
rapid than via combination of 2H,y was also found in a
previous study employing a Cus, cluster displaying a [100]
surface and applying the PW91 functional.’ In general, among
the here-in proposed mechanisms, those that are mediated by
water are clearly attenuating the reaction barrier compared to

2458 | Phys. Chem. Chem. Phys., 2014, 16, 2452-2464

bare H,q + H,g; it is evident that the presence of water greatly
speeds up the H, formation reaction on the Cu; cluster.

The adsorbed reactants (i.e. water) prefer not to be
H-bonded, neither in the H,O dissociation nor the H, for-
mation reactions (except for the cases when a solvent molecule
from an outer adsorption layer is actively participating), but
during the reaction the formation of H-bonds lowers the
activation barrier. In the condensed phase reactions the
H-bond formation in the TS structure is not as favorable as in
the gas phase. This may be explained by considering stabili-
zation of the partial charges of the reacting water molecules.
These charges are stabilized by the polarizable continuum
model (PCM) applied to represent the condensed phase.
Similar stabilities does not exist in the gas phase. Consequently,
the reaction barriers are generally lower in the gas phase, since
the stabilizing H-bonding effect is larger in gas. An exception
is the direct formation of H, (2H,q — H,) where no H-bonding is
possible and accordingly the PCM does not affect the reaction
barrier in the same way.

To summarize the findings for the various steps of the
complete H, generation from water, the water dissociation is
in general the reaction with the largest activation energy and is
most likely the rate-controlling step under all reaction condi-
tions. The reaction is greatly facilitated by surrounding water
molecules, but even at situations where a large or moderate
coverage is anticipated, the rate of the overall reaction is
expected to be modest - although observable - at ambient
temperatures. At a minimal coverage, i.e. only non-interacting
water, the reaction rate is expected to be very slow, if observ-
able at all.
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3.2.2 Mechanism at high coverage. For the high coverage,
consecutive generation of H, from Cu,(H,0)s (R1 in Fig. 4), we
studied two possible reaction mechanisms: a two-step (direct)
and a three-step (dissociative) mechanism. The direct and
dissociative mechanisms are often referred to as the Volmer-
Heyrovsky and Volmer-Tafel mechanisms respectively. The
direct mechanism consists of an initial, water catalysed dissocia-
tion of H,0,q (TS1) followed by formation of hydrogen gas via a
reaction between the H,q and two H,O,q species (TS3). This
path is the most favorable when considering the individual
steps at low coverage (Table 5). The dissociative mechanism
proceeds firstly via two water catalyzed dissociations (TS1 and
TS2) before a final H,q + Haq addition (TS4) to form the H, gas.
Although the last step of the dissociative mechanism is not the
most favorable of its kind (i.e. H, formation), its barrier at
minimal coverage is comparable in size to the dissociation’s
(in the condensed phase) and can accordingly not be over-
looked (Table 5). It was also found that at full water coverage
the reaction barriers for the various mechanisms are shifted
compared to the case of low coverage (¢f Table 5 and Fig. 4),
thus further validating the inclusion of the dissociative mecha-
nism in the evaluation. The mechanisms including reaction
from a second coordination shell were not considered at high
coverage.

Dissociation of the first water on the Cu, cluster is a slow but
strongly exergonic process. The reaction barrier is larger in the
condensed phase than in the gas phase. Additionally, the
barriers at high coverage are reduced compared to the case of
low coverage: by about 0.12 eV and 0.06 eV for gas and
condensed phase respectively (¢f. 2H,0,q in Table 5 and TS1
in Fig. 4). This is consistent with the results of Chen et al.,'® **
The corresponding enthalpy change is in the order of 0.2 eV in
the gas phase.t The reaction is still slow, but at 298 K it should
occur at a (for many applications) relevant time-scale. Note,
however, that the reaction kinetics is likely to be faster for a
dissociation mechanism that proceeds through H-transfer from
a second coordination shell. At low water coverage this mecha-
nism was associated with a 0.29 eV lower barrier (see Table 5).

Further dissociation from the first intermediate (I1)1+ has a
substantially reduced barrier compared to the first - in the gas
phase the activation energy is lowered by 0.28 eV, and by
0.15 eV in the condensed phase. The second dissociation is very
exergonic and the resulting intermediate (12) is in fact the most
stable species for the whole first H, generation reaction series
(Fig. 4). Forming H, from this intermediate demands passing
over a 1.31-1.43 eV reaction barrier and is therefore not a very
likely path - thus ruling out the dissociative reaction mechanism
for H, generation at moderate (e.g. room) temperatures.

Although kinetically disfavored (see discussion below), the
12 structure is likely to form to some extent at longer time-
scales. Thus the cluster would be trapped in an energetic
minimum, which could eventually inhibit the activity of the
cluster surface. However, the formation of H, gas via a direct

T1 Note that H has moved the site from TS1 to I1. An adsorbed H can diffuse
between hollow sites with a free energy barrier of ca. 0.45 eV.f
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Fig. 5 Reaction path out of the I2 structure. In the various stages, the non-
reacting H atom has diffused to its favored hollow site. The condensed phase
energies, AGS, are generally higher than the gas phase energies, AG°.

mechanism between one of the H,q and H,0,4 from I2 has a
relatively low barrier of 0.85 eV in the gas phase (from the step
14 to TS6 in Fig. 5), and offers a reasonable route out of the local
minimum (see Fig. 6 for the global minimum). The barrier is
reduced by the adsorption of another water molecule to stabi-
lize the TS by H-bonding (structure 14) and the final product
(P2) after addition of a second additional water is lower than 12
in both gas and condensed phases. In the condensed phase the
activation energy from I4 to TS6 is 1.33 eV, i.e. even larger than
the activation energy for the first dissociation. Consequently,
deactivation by formation of the I2 and I4 compounds is
possible in water solution.

A more accessible way of generating H, is via the direct
mechanism. From I1 the adsorbed H can interact with a water
hydrogen and form H, at a bridge site. This process has a
relatively small barrier of 0.34/0.74 eV (gas/condensed phase),
which is distinctly lower than dissociation of a second HyOyq.
Direct formation of H, from I1 is exergonic in the gas phase,
but endergonic in the condensed phase. The formed H, attaches
vertically at the axial copper (favored adsorption geometry
for H,1) and leaves essentially without energy barrier (0.02 eV)
to form the products, P1 + H,(g). Clearly, however, the reaction
proceeds further (see Fig. 4 and 6, and the discussion below),
and a global minimum can only be identified by searching
beyond the first H, generation product (P1).

The energy shift between the condensed phase and the gas
phase beyond I1 can be explained in terms of the formed
H-bonds (an equivalent argument was proposed for the reac-
tions at low coverage). Compared to the condensed phase, the
H-bonds between the adsorbed species in the gas-phase are
ca. 1% shorter, an indication of the increased bond strength.
At the R1 stage the water molecules prefer not to H-bond thereby
staying at the optimal equatorial copper positions. Upon disso-
ciation the situation changes and formation of H-bonds between
the OH and H,0 is greatly favored. Nevertheless the effect of OH
bonding is not as pronounced in the condensed phase calcula-
tions since the dielectric continuum helps to stabilize the partial
charges of the reactants. The effect is present already at I1 but
becomes larger at later stages.
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Fig. 6 Sequential oxidation of Cus: H, generation of up to 5H, molecules (or 10 adsorbed OH) on Cu;. The displayed structures correspond to local
minima in the gas phase. In each step 0.5H, is generated. Condensed phase free energies have been corrected to 55 M of water. The condensed
phase energies, AGS, are generally higher than the gas phase energies, AG®. See the ESI+ for the corresponding graph compensated to atmospheric

H, pressure.

Since the dissociation of H,0,4 is the rate-controlling step,
and therefore determines whether or not the reaction will
proceed, a first dissociation TS (TS5) for the subsequent
(second) H, generation from R2 was located in order to evaluate
if further reaction is plausible. We find that neither the gas nor
the condensed-phase activation energies for dissociation are
shifted much going from R1 to R2 (now 1.02 eV and 1.13 eV,
respectively, see Fig. 4) and hence water splitting, and presum-
ably also the consecutive H, formation, is likely to proceed
beyond R2.

The process of forming a H, molecule on Cu;, from water
drains the metal cluster of electrons, ie. oxidizes it. An NBO
analysis (Table 6) reveals that the copper atoms of the product
cluster (P1) have acquired a significant positive charge during
the reaction. Hence, at the first product stage (P1), the discovery

Table 6 Charge (NBO) evolution for the Cuy-cluster and the first and
second dissociating hydrogens (H1 and H2) and hydroxyl groups (OH1 and
OH2) over the course of the gas-phase H, generation reaction®

q (Cuy) q (H1) q (H2) g (OH1) g (OH2)
R1 —0.29 0.49° 0.49° —0.43% —0.43%
TS1 0.33 0.12 0.49° —0.66 —0.45"
1 0.77 —0.29 0.50° —0.67 —0.43%
TS2 1.32 —0.29 0.13 —0.67 —0.61
TS3 1.15 —0.23 0.31 —0.68 —0.64
2 1.75 —0.26 —0.26 —0.66 —0.66
TS4 1.45 —0.09 —0.07 —0.66 —0.67
13 1.22 —0.06 0.06 —0.68 —0.68
P 1.29 —0.00° 0.00° —0.68 —0.67

“ For reference, H of water has a NBO charge of ca. 0.46e and O a
charge of ca. —0.92e. ? Not yet dissociated. © H neutrally charged.

2460 | Phys. Chem. Chem. Phys., 2014, 16, 2452-2464

that adsorption of additional nucleophilic (electron donating)
water at the previously unoccupied axial copper atoms is
strongly exergonic is reasonable (P1 — R2 in Fig. 4), since
the electron donation stabilizes the charged copper atoms. The
two axially coordinated water molecules in R2 are bound with
an average 0.36 eV per molecule. This can be compared to axial
coordination of water in R1, which was found to be repulsive
(see 3.1.2 Adsorption). The addition of two extra water mole-
cules on the cluster drives the reaction and the R2 species is
almost as stable as the 12. This can also be interpreted in terms
of wetting properties; the formation of hydroxyl groups on the
surface facilitates adsorption of water and hence makes the
cluster more hydrophilic, in agreement with experimental
results on the Cu[110] and Cu[111] surface.?

Analyzing the NBO charges more in detail gives a better
understanding of the reaction.if The evolution of partial
charges on the active species during the reaction (Table 6)
indicates that the proton-like character of the H-atom of H,O,q
changes to a hydride-like state after dissociation. Obviously,
a second dissociation results in another adsorbed “hydride”.
Hence, the H atoms go from positively to negatively charged.
Furthermore, during the reaction the atoms of the adsorbed
(and H-bonded) OH acquire an additional 0.22e negative charge.

£+ Care should, however, be taken with this kind of analysis. An atom’s charge in
a molecule is neither a physical observable nor uniquely defined. The NBO
charges should not be seen as exact absolute values and are here only used in
relation to other charges for qualitative evaluations. NBO charges are, nevertheless,
considered more reliable and robust than, for instance, Mulliken charges. Note,
furthermore, the debate on whether or not to include higher valance p-orbitals in
the NBO assessment of transition metals and NBO’s pros and cons.””*!
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The build up of negative charge on the atoms of the dissociated
water is balanced by a build-up of positive charge on the copper
atoms of Cu,. The Cu-atoms gain a charge of approximately
1.06e during the first dissociation step. At the end of the total
reaction the copper atoms have in summary gained ca. 1.58e
positive charge, which is accompanied by a reduction of two
water molecules to 20H,q4  and H,(g). In total, the reduced
species are associated with a change in charge of —1.46e (the
remaining charge difference is spread over the adsorbed water
molecules). This analysis demonstrates the oxidation process of
Cu; over the course of the complete H, generation reaction.
Compare, however, only the relative proportions of the charges
not their exact magnitudes.

Noteworthy is that the partially negatively charged H,gq,
adsorbed on the cluster, prefers to react to form H, with a
partially positively charged H-atom of H,0,4 over reaction with
another adsorbed H,g.

3.2.3 Thermodynamic limit of surface oxidation. Thermo-
dynamically, bulk copper in pure oxygen-free water is stable
with respect to any of the known oxide, hydroxide or hydride
phases (i.e. AG® for oxidation of copper by water to any of these
phases is positive with a large absolute value). This means that
copper should not corrode in water. Nevertheless, locally the
situation may be different; surfaces, which have a dissimilar
physico-chemical environment than the bulk, may e.g. exhibit a
thermodynamic shift compared to bulk copper which could
facilitate formation of some of the known meta-stable phases of
Cu, O and H**° (to a limited degree). Surface defects such as
grain boundaries or localized nanoparticles attached to the
surface may, in addition, shift the thermodynamics further.”®
Accounting for these types of local effects, and the fact that
rough, unpolished metal surfaces have a larger effective (micro-
scopic) surface area than ideal surfaces (for a given apparent
macroscopic area) may help to explain the observations of
H, gas partial pressures substantially larger than what corre-
sponds to the equilibrium pressures of any known phase of
oxidized copper.””® Regardless, the thermodynamic stability of
small Cu clusters in water and on surfaces as, e.g., different
metal oxides (for instance Fe;0, and Zn,O are typical supports
for Cu-catalysts in the WGSR) is poorly understood, and the
knowledge of the redox behavior of these species may turn out
to be of vast importance with implications for areas such as
corrosion, catalysis and electrochemistry in general. A few
theoretical studies have, nevertheless, been conducted. Apart
from the aforementioned studies,”*%**2?%8 3 notable example
is a quantum chemical investigation of the anchoring process
for the Cus cluster, among others, on a ZnO surface.”” However,
the study did not consider interaction with water.

Fig. 6 shows the free energy landscape for the sequential
water oxidation of Cu,. The oxidation is favorable compared to
intact water on copper up to the formation of eight adsorbed
OH in both gas and condensed phases. Within the investigated
span of surface oxidation, a global free energy minimum is
found at the oxidation stage of three or five formed OH-groups.
These two structures are more or less energetically degenerate,
with five OH being slightly favored in the condensed phase and
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three OH slightly favored in gas. Consequently the oxidation of
Cu; should stop at either of these stages when considering
standard states. However, if an atmospheric partial pressure of
H, gas is applied (i.e. using a pressure of 5.31 x 10~ bar®®
instead of the standard state of 1 bar), the equilibrium is driven
to the right of Fig. 6. Using an equivalent to eqn (1) we can
calculate the free energy correction to the atmospheric H,
pressure; since 0.5H, is produced in each step in Fig. 6, each
step will be 0.185 eV more exergonic compared to the previous
(AAG = —0.5RTIn (P1par/Patm))- This results in the 8OH structure
as the most favored state for both gas and condensed phases.¥

As discussed previously (3.2.2 Mechanism at high coverage),
the shift between the gas and the condensed phase may be
explained by a more pronounced stabilization by H-bonding in
the gas-phase.

Moreover, the oxidation is seemingly exergonic as long as
strong H-bonds can be formed. As the oxidation proceeds, the
number of available, H-donating water molecules is reduced
(water is consumed). With this in mind, it is possible that a
continued process could be found beneficial if a larger number
of explicit solvent water molecules from a second coordination
shell were to be considered. Additionally, further oxidation may
be feasible if the structure of the cluster is disrupted. However,
this is beyond the scope of this investigation.

As seen in Fig. 6, the Cu; cluster starts to deform at higher
oxidation. This can be seen already at the formation of three
OH, but is clearer further into the oxidation process. The Cu,
cluster expands and flattens (shorter axial-axial distance) up
until nine OH and at ten OH it loses its bipyramidal shape and
adopts a cage-like structure - possibly starting to dissolve, or
reconstruct on its way to form a more favored oxide structure.

A clear odd-even oscillating behavior of the free energy for
the oxidation was found beyond two OH, with even numbers
being less favored (Fig. 6). Such periodicity has been observed
for other properties with varying copper cluster size, for
instance ionization energies or electron affinities.*"° The behavior
can most conveniently be explained by electron pairing — where
formation of paired electrons (odd number of OH, since
Cu; has an odd number of electrons) results in an increased
stability. The deviation from the periodic behavior between
seven and eight OH can be explained by the exergonic adsorp-
tion of another water.

The oxidation process can be illustrated by the total NBO
charges of the Cu;, copper atoms, which are steadily increasing
going from zero to ten OH (Fig. 7). Again, it is mainly the trend
for the NBO charges over the oxidation process that is of
interest, not so much the absolute magnitudes of the charges.
A closer look at the charge and spin/electron distributions
reveals that a rearrangement process accompanies the charge
evolution.t Up until the formation of five OH, the characteristic
spin polarization of Cu; as well as the surplus of electrons at
the axial atoms are retained, although all copper atoms are
continuously drained of electrons from zero to five OH. The
same applies to the NBO charge, with the axial copper atoms
consequently being less positively charged compared to equa-
torial atoms. The results can be interpreted in terms of a Cu(i)
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Fig. 7 NBO charge on Cu; during oxidation up to the formation of 100H
and 5H,. The asterisk (*) indicates two added water molecules. Consider
the trend, not the exact magnitudes of the NBO charges.

oxidation state for the equatorial copper and Cu(0) for the axial.
This indicates that the more under-coordinated equatorial copper
atoms (4 close neighbours for equatorial copper compared to 5 for
axial copper) are more easily oxidized, which agree with the picture
that dense copper surfaces are less active than sparse (and thus
more under-coordinated) surfaces for dissociation of water.>'°

Beyond five OH, the axial atoms begin to adjust and the
partial charges and electrons are more evenly distributed. At the
point of nine OH the transformation is essentially completed (i.e.
all Cu atoms are more or less equivalent). Moving towards the
highest considered oxidation state (100H), structural changes are
induced. These are associated with a new pattern for the charge
and electron population distributions, where the copper atoms
can be divided between two kinds of sites: (i) four sites where
copper is coordinated to three other copper atoms, and (ii) three
sites with a Cu-coordination of four. In other words, a new kind
of copper complex. The 9OH cluster can perhaps be identified as
a transition structure from the bipyramidal structure to a cage-
like structure - a structure that may prove more beneficial for
continued oxidations. However, the possibility of accessing more
stable structures (with respect to Cu,(H,0),(OH)s) for oxidation
post 100H is limited by the large barrier associated with passing
over the 90H for the here-in identified pathway.

4 Conclusions

The water splitting/hydrogen formation reaction at the surface
of the bipyramidal (Ds},) Cuy cluster has been investigated using
hybrid density functional theory. Water adsorbs exergonically to
the equatorial copper atoms of the Cu; cluster, while coordina-
tion to the axial copper atoms is clearly weaker. Beyond full
adsorption to the favored equatorial sites, it was found that the
axial copper atoms repel water — which means that the inner
coordination shell consists of five water molecules. This moti-
vated the choice of the Cu,(H,O) as a model for a saturated
surface state of the Cu, cluster in water.

In the condensed phase the dissociation of water on the
Cu,(H,0) cluster is found to have a rather high activation
energy (1.20 eV). However, from calculations at low water
coverage it was found that including H-bonded water molecules
in a second coordination shell reduces the activation energy
significantly (by ca. 0.3 eV).
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The most rapid mechanism for formation of H, in the
condensed phase is not via a direct combination of two
adsorbed H-atoms at the cluster surface (1.31 eV), but through
the reaction of an adsorbed H-atom with water (0.77 eV),
yielding H, and an adsorbed hydroxyl group.

Formation of up to four H, molecules is exergonic with
respect to the initial Cu,(H,O) cluster, albeit under standard
conditions the most stable state of surface oxidation was found
to be the Cu,(H,0),(OH);s cluster, which is accomplished by the
formation of 2.5H, molecules. Under atmospheric conditions,
it is, however, possible to regard the formation of four H, as the
thermodynamic limit of the corrosive water splitting/hydrogen
formation reaction on the Cu, surface. Nevertheless it cannot
be excluded that the reaction can proceed through extensive
reconstruction of the cluster geometry.

The present investigation indicates that the oxidation/
degradation of the copper clusters in pure, oxygen-free water
is slow and stops at a relatively early stage. This is particularly
interesting for applications of copper nanoparticles which, with
their unique properties, anchored to oxide surfaces play an
important role in many catalytic processes. The question
whether or not these conclusions can be applied to an extended
metallic surface cannot be univocally answered at this point
and should be addressed by larger clusters or periodic models.
Moreover, in order to accurately reproduce the solvent effects,
inclusion of an extended number of explicit water molecules in
the model may be necessary.'°'°" This is currently considered
in an ongoing study by the authors. To capture the dynamics of
copper-water systems one may alternatively make use of para-
metrized force fields (e.g. the reaxFF'**> formulation) in mole-
cular dynamics simulations.
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