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ABSTRACT: Using density functional theory (DFT) and a graph theory based
approach, we investigated the topology of bond network in CuOH(s) (cuprice)
considering only symmetry-distinct structures. In parallel, we conducted the
synthesis and X-ray diffraction characterization of the compound and used the
combined theoretical—experimental effort to validate the lowest energy
structure obtained with DFT. The ground-state structure of CuOH(s) consists
of compact trilayers of CuOH connected to each other via hydrogen bonds,
where the inner layer of each trilayer is composed entirely of Cu atoms. Each
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trilayer is a dense fabric made of two interlocked arrays of polymer [CuOH],
chains. This structure corresponds to an antiferroelectric configuration where
the dipole moments of CuOH molecules belonging to adjacent arrays are antiparallel and are arranged in the same way as the
water molecules in ice-VIIL It is shown that a collective electrostatic interaction is the main driving force for the cation ordering
while the local atomic configuration is maintained. These findings and the possibility of synthesizing exfoliated two-dimensional

cuprice are important for some technological applications.

B INTRODUCTION

The interactions of water with metal surfaces play essential
roles in fields such as catalysis, electrochemistry, and corrosion
and have important applications in, for example, hydrogen
production, microelectronics, and fuel cells."”” A variety of low-
dimensional structures can be formed on metal surfaces with
increased water adsorption. Water adsorption on Cu(110) and
Cu(100) surfaces is known to occur via a dissociative
pathway,” and water—hydroxyl dimers and chains were
recently observed in studies that used scanning tunneling
microscopy (STM).”~® However, the question whether the
hydration and hydroxylation of copper are limited to the
surface, or if they can proceed into the bulk, remains open.”’
This question is critical for a number of technological
applications, including the application of copper as a canister
material for long-term storage of spent nuclear fuel.'" Because
hydroxides are typical products of water—metal reactions,
understanding the formation of solid CuOH and its structure
and thermodynamic stability may elucidate the role of CuOH
in the interaction of metallic copper with an aqueous
environment.

The structure of the solid form of cuprous hydroxide is
unknown and is often referred to as CuOH amorphous.”'* The
principles of atomic coordination in solid-state CuOH were
established in a recent theoretical study,'” and the structure
proposed then was named ”cuprice”, to address its structural
resemblance to Cu,O cuprite and H,O ice.

The proposed structure of cuprice is intermediate between
the crystal structures of cuprite and ice-VII (the latter consists
of two interpenetrating lattices of cubic ice I;). Cuprice CiOH
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shares a similar oxygen framework with cuprite Cu,O and ice-
VII, as shown in Figure 1. The coordination of cuprous cations

non-directional edge
vertex

directional edge

Figure 1. (left) Oxygen framework in Cu,0, ice-VII/VII], and cuprice
CuOH. The lattice contains two identical interpenetrating sublattices
(labeled as A and B). Dashed lines indicate either the O—Cu—O bond
or the O—H---O bond depending on the material. (top right) O—Cu—
O and O—H:O bonds in CuOH, which are represented by the
nondirectional edge and directional edge, respectively, in the figure
below.

and protons in cuprice CuOH is similar to the coordination of
these ions in cuprous oxide Cu,O (cuprite) and ice H,O,
respectively.'” The mixture between the Cu,0 and H,O
structures may be viewed as a more or less random cation
substitution of H for Cu in Cu,O to form CuOH, which also
explains why it is so difficult to experimentally distinguish
cuprice from cuprite or from the structures of possible hydrated
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Table 1. Adjacency List of Topology of Bond Network in Cuprice”

Al/Bl A2/B2 A3/B3
Al/B1 * 1 1
A2/B2 1 * 0
A3/B3 1 0 *
A4/B4 1 0 0
AS/BS 1 0 0
A6/B6 0 1 1
A7/B7 0 1 1
A8/B8 0 1 1

A4/B4 AS/BS A6/B6 A7/B7 A8/B8
1 1 0 0 0
0 0 1 1 1
0 0 1 1 1
* 0 1 1 1
0 * 1 1 1
1 * 0 0
1 1 0 * 0
1 1 0 0 *

“A and B denote the different sublattices as shown in Figure 1, and the number labels of the atoms are given in Figure 1. The value 1 denotes

adjacent, and 0 denotes disconnected.

forms of cuprous oxide or hydroxide (all of these compounds
can generally be denoted as Cu,0-nH,0, 0 < n < 3)."

Oxides and hydroxides may incorporate high degrees of
configurational disorder that is amenable to a mathematical
treatment similar to the proton disorder in water ice."*™'® A
high degree of cation disorder could be expected in CuOH, if
all the configurations not breaking the so-called Pauling ice
rules were strictly, or nearly, degenerate in energy. This
assumed degeneracy was not proved for CuOH; thus, it is
necessary to investigate whether the topology of the bond
network has an effect on the total energy of cuprice. Similarly,
the hydrogen bond (HB) topology in water ice has for a long
time been assumed to have no effect on the total energy.
Recent studies have revealed that the ice structures with
different HB topologies are not strictly degenerate but differ at
most by about 1 kJ/mol per H,0.”™"® In spin ice systems,
which generally obey the Pauling ice rule,"” the degeneracy can
be lifted due to magnetic dipole interactions.

In this work we employ ab initio calculations based on
density functional theory (DFT) to study the relationship
between the topology of the bond network and the total energy
of various cation configurations of CuOH, with the aim to
determine the lowest-energy structure of cuprice and to
accurately estimate its thermodynamic properties. X-ray
diffraction measurements of cuprous hydroxide powder,
synthesized via a wet chemical route, are employed to verify
the theoretically obtained structure.

B METHODOLOGY

Total Amount of Disorder. Let us first evaluate the maximum
configurational entropy associated with the distribution and position-
ing of protons, according to the Pauling ice rule,'* in the cation-
disordered CuOH structure. The structure consists of two inter-
penetrating lattices; each of these is based on a cubic diamond
sublattice of oxygen (Figure 1). Every anion is tetrahedrally
coordinated by two copper cations and two protons, while every
cation is linearly coordinated by two oxygen anions. The distribution
of Cu and H cations gives rise to the same configurational entropy
(per mole of CuOH) as that of H,O ice, as first evaluated by
Pauling:'*

3

So(H,0) =R 1n(5) = 3.37J/(mol K) )
where S is the configurational entropy and R the ideal gas constant.

In addition, the structure of CuOH possesses proton disorder: of
the two hydrogens neighboring every oxygen anion, one is tightly
bound to the anion (bond length is 0.973 A), while the other is
connected to it by a longer hydrogen bond (2.204 A). Copper cations
are situated midway between the two neighboring anions and thus do
not further contribute to the entropy. A random displacement of N
protons toward the anions would increase the number of
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configurations in a cuprice crystal containing N CuOH molecules by
a factor of 2. However, this number must be reduced (by a factor of
2V2) to exclude the configurations where none or both of the protons
surrounding an oxygen anion are tightly bound to it. The total
configurational entropy per one mole of CuOH is thus

5,(CuOH) = R h{%) — 6257/(mol K) o

Hydrated oxide represents another, more ordered, possibility of
mixing together the structures of cuprite and cubic ice. In this case,
one of the two anticristobalite lattices in the Cu,O structure is replaced
by the crystal lattice of cubic H,O ice. The lattice of the oxide is fully
ordered, while the lattice of ice possesses the same configurational
entropy as that of proton-disordered water ice. Thus, the entropy of
hydrated cuprous oxide (per 1/2 mol of Cu,0-H,0 formula units) is

%SO(CuZO-HZO) - %SO(HZO) = 1.69]/(mol K) )

Structure Enumeration. To investigate the effect of the HB
topology on the stability of CuOH, we carried out structural
enumeration. In brief, we doubled the size of the simplest unit cell
of cuprice'” along the three spatial directions and explored all possible
arrangements (allowed by the Pauling ice rule) of cuprous cations and
protons in the thus obtained 2 X 2 X 2 supercell containing 16 CuOH
formula units (as shown in Figure 1).

The enumeration of the configurations can be done recurring to
graph theory. The topology of the bond network can be summarized
by a graph G and expressed by

G = {{{Al, A2, .., A8}, {BI, B2, .., B8}}, {E,, Eg}} (4)
where Al, Bl, ... indicate vertices (the letter indicates the sublattice,
and the number suggests the sequence), i.e. oxygen in our case, and E,
and Ejp indicate edges of the two sublattices, respectively. In each
sublattice, half the edges are O—Cu—O and the other half are O—H---
O. The adjacency list of the graph is shown in Table 1. The oxygen
vertices and their labels are shown in Figure 1. The graph contains two
identical disconnected subgraphs, and it is only necessary to
enumerate one of them. Two types of edges exist in each subgraph,
the nondirectional edges E, representing O—Cu—O and the
directional edges E; representing O—H---O. Each vertex has a degree
of 4, being incident with 2 nondirectional edges and 2 directional
edges.

On the basis of the adjacency list (Table 1), the number of
isomorphs can be evaluated. For one sublattice (for exmple, A) the E,
edges could go through all the vertices in one walk, forming a
Hamiltonian circuit (such as A1—A4—A8—AS—A6—A3—A7—A2—Al).
At the same time, the E4 edges are forced to form another Hamiltonian
circuit (subsequently A1—A3—A8—A2—A6—A4—A7—AS—Al). The
second case is where the E, edges only go through half the vertices in
one walk and through the other half in a second walk, forming two
cycles (such as Al—A4—A8—AS—Al and A2—-A6—A3-A7-A2).
Subsequently, the E; edges are also forced to form two cycles (namely
A1-A2—A8—A3—Al and A4—A6—A7—AS—A4). Then, the number of
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isomorphs for each sublattice can be obtained by adding the number of
conformations of the two cases:

2X2 2
W_4><3><3>< X X2+4X3X3X

= 5 X 4 = 288

©)

Thus, the number of possible structures in the 2 X 2 X 2 supercell of
cuprice is 288> = 82944. The total list of structures is highly
redundant—but computing the energy for each of them is
unnecessary. To enumerate the symmetry-distinct structures, we first
enumerate the isomorphs only with E4 edges. From that, 18 symmetry-
distinct structures of Cu—O—Cu chains can be obtained. Subsequently
the protons must be placed according to the Pauling ice rule. After the
symmetry analysis, 40 symmetry-distinct configurations of CuOH were
obtained. The ground-state energies of the 40 configurations of the
CuOH supercell were then computed in the framework of DFT as
described below.

The number of the structures explored by the enumeration above
corresponds to a configurational entropy of

S.onf(CuOH) = R In(288%)/16 = 5.89 J/(mol K) (6)
which is a bit less than the total configurational entropy of CuOH (eq
2) because of the constraints imposed by the periodic boundary
conditions. Thus, the supercell used in the present work allows us to
explore most of the possible CuOH configurations.

Computational Details. The calculations are based on DFT and
employ a plane-wave basis set, as implemented in the Vienna ab initio
simulation package (VASP).*"** The interactions between the ions
and valence electrons are described by the projector augmented wave
(PAW) method.”*>>° Most of the calculations are done at the level of
generalized gradient approximation (GGA), employing the exchange-
correlation functional by Perdew, Burke, and Ernzerhof (PBE).”® A
plane-wave cutoff energy of 950 eV and a Monkhorst—Pack 5 X 5 X §
mesh of k points were tested to provide converged results and then
used in all the calculations. The total energy criterion for the electronic
self-consistency loop was 107 eV/unit cell, and the structures were
fully relaxed (including cell parameters and internal coordinates) until
the maximum force acting atoms was below 10™° eV/A. Static
calculations employing the improved linear tetrahedron method”’
were conducted after the geometry optimization to obtain accurate
total energies.

Pure density functionals fail to accurately describe van der Waals
interactions due to the dynamic nature of the correlations between
charge density fluctuations. One approach to work around this
problem has been proposed by Grimme,”® in which the van der Waals
interactions are described via a simple pairwise force field optimized
for several popular DFT functionals (including PBE). This method,
hereafter referred to as DFT-D2, was used in our calculations. Another
approach is to adopt a nonlocal correlation functional that
approximately accounts for dispersion interactions. On the basis of
this approach, several functionals have been developed, of which the
original vdW-DF functional®* and optB86b functional®' are also
used in our calculations.

To evaluate the relative thermodynamic stability of cuprous
hydroxide, we performed ab initio based modeling of the enthalpy
and Gibbs free energy for solid Cu, Cu,O, and CuOH as well as for
gaseous and liquid H,O and gaseous H,. For water and hydrogen, all
of the thermodynamic contributions (except for the ab initio
calculated electronic total energies and zero-point energies of isolated
H,0 and H, molecules) were taken from the NIST-JANAF
thermochemical tables.>* The electronic total energy was calculated
with the PBE functional. Pure DFT has reduced accuracy for some
molecular species, and the stability of an H, dimer is underestimated
by 0.21 €V within the PBE.>® The PBE energy of H, was corrected for
that error in our evaluation. The phonon spectra of the solids were
calculated on the basis of density functional perturbation theory
(DFPT)** and the PBE functional imPIemented in VASP*"*>*% and
post-treated using PHONOPY code.”® Configurational entropy was
taken into account in the thermodynamic calculations.
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Experimental Details. Cuprous hydroxide was synthesized by the
reduction of Cu®* aqua ions with ferrous ethylenediamine tetraacetate
(EDTA)."*” A mixture of the disodium salt of EDTA acid, tartaric
acid, and caustic soda was gradually mixed first with copper(Il) sulfate
and then with ferrous sulfate solutions with an approximate volume
ratio of 1:1:1. A yellow precipitate formed as a result. The precipitate
was filtered, washed with water and ethanol, and dried in air. The pH
of the final solution was above 10. All procedures were done in
ambient air and at room temperature. Chemicals were provided by
Sigma-Aldrich Co. LLC. X-ray diffraction (XRD) patterns were
recorded with a PANalytical X’Pert PRO diffraction system (Cu Ka
radiation with wavelength 1 1.54 A) using Bragg—Brentano geometry
in the 26 range 10—100°. Cu,O powder (of 99% purity industrially
produced by Alfa Aesar and Johnson Matthey Co.) was used as a
reference sample.

B RESULTS AND DISCUSSION

Lifting of the Degeneracy. The calculated energies of all
40 symmetry-distinct configurations of cuprice are plotted in
Figure 2 as a function of the displacement between the two
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Figure 2. Energy (in kJ per 16 mol of CuOH) of cuprice as a function
of the relative displacement (A) of the two interpenetrating lattices.
The energies are calculated by pure DFT at the PBE level, and the
displacement is estimated by taking the difference between the centers
of mass of the two cubic diamond sublattices of oxygen in the
optimized geometry.

lattices, where the zero of the energy is set to the energy of the
most stable structure (Figure 3). It will be later discussed why
the relative displacement is a suitable parameter to represent
the structural differences. The general trend obtained in Figure
2 is that the total energy of cuprice decreases as the
displacement increases. Another feature is the gap separating
the data, due to which the configurations can be classified into
two groups according to their energies. A close inspection
reveals that the configurations belonging to the lower energy
group share a common feature not typical of the other group:
namely, that the low-energy configurations have a clear-cut
layered structure with intralayer and interlayer hydrogen
bonding and more inner layer Cu atoms. The three-
dimensional HB network contributes to the mechanical stability
of the structures, imparting stiffness to the material. It is known
that metal hydroxides tend to form layered structures. Our
results show that CuOH cuprice is not an exception from this
rule.

The energy difference between the most and least stable
configurations is 7.49 kJ/mol of CuOH as calculated with PBE.
Even though the PBE functional usually describes hydrogen-
bonding and electrostatic interactions quite well, it fails to

DOI: 10.1021/acs.inorgchem.5b01030
Inorg. Chem. 2015, 54, 8969—-8977


http://dx.doi.org/10.1021/acs.inorgchem.5b01030

Inorganic Chemistry

(b)

Figure 3. Ball-and-stick representation (a) and stick representation (b)
of the ground-state structure of cuprice. In the ball-and-stick model,
the red, yellow, and black balls represent O, Cu, and H ions,
respectively. The blue frame indicates the supercell. In part b, one
CuOH molecule is shown using the ball-and-stick representation,
while the surrounding CuOH molecules are colored according to a
scheme where the cyan and purple colors indicate different lattices.

. . . . 8
describe correlated electron fluctuation and dispersion forces.’

Given this, we also employed different DFT methods that
include van der Waals (vdW) corrections. The calculated
energy difference between the most and least stable
configurations of cuprice is shown in Table 2, in comparison

Table 2. Energy Difference (in kJ/mol of CuOH or H,0)
between the Most and the Least Stable Configurations of
Cuprice and Ice VII/VIII, Obtained with PBE and with
Three Dispersion-Corrected DFT Functionals

material PBE DFT-D2 vdW-DF optB86b
CuOH 7.49 6.51 491 7.70
H,0 127 1.04 118 1.26

with that of ice-VII/VIIL. The semiempirical vdW corrected
method DFT-D2”* yields a slightly smaller energy difference in
comparison to the value obtained with PBE. The nonlocal
embedded vdW correction method of the vdW-DF func-
tional””*® gives a smaller energy difference, since it adopts a
more repulsive exchange term. The improved nonlocal vdW
correction method of optB86b>" with a less repulsive exchange
term gives a larger energy difference. Overall, the PBE
functional gives an energy difference similar to that obtained
using more sophisticated vdW functionals for the cuprice
system as well as for the ice-VII/VIII system. Therefore, the
ordering in both systems is more likely to be caused by
electrostatic rather than dispersion interactions.
Antiferroelectric Ground State. Figure 3 shows the
antiferroelectrically ordered structure that is found to be the
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ground-state configuration of cuprice. The structure is
composed of triple layers (trilayers): a plane of copper atoms
(Cu type 1) sandwiched between two almost flat layers
containing rows of copper (Cu type II), hydrogen, and oxygen
atoms. Despite the fact that the inner part of each trilayer is
entirely composed of metal atoms, the compound is a
semiconductor. Our calculations using the PBEO hybrid
functional® yield a band gap value of 3.03 eV, as shown in
Figure 4. It is also shown in Figure 4 that the two types of
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Figure 4. Total DOS (TDOS) of the most stable CuOH and the DOS
of the two types of Cu’, calculated with the PBEO functional.

copper cations can hardly be distinguished solely by their
density of states (DOS). Different ordering of the cations in
CuOH affects only slightly the band gap (narrowing it down to
2.73 eV in the cation-disordered cuprice) but never leads to
metallicity as long as the Pauling ice rule is obeyed. This feature
makes cuprice similar to materials such as topological insulators
and graphane-like structures. In addition, this result may be
important for understanding the behavior of CuOH surface
films, which have been reported to protect metastable copper
hydride CuH(s) from reacting with water."”*"

The insulating character of CuOH can be understood if one
analyzes the topology of primary Cu—O and O—H bonds. Each
trilayer resembles a dense fabric woven of two arrays of
effectively one-dimensional [CuOH], polymer chains. The
polymer chains in the one array are coiled into helices, whereas
the chains in the other array are folded in a zigzag manner.
Neighboring chains belonging to the same array are connected
by intralayer hydrogen bonds, whereas the chains belonging to
different arrays also belong to different lattices and are therefore
disconnected. As a result, the two crossing arrays of polymer
chains are not connected by any bonds but are just interlocked
together, forming the dense fabric of a trilayer (the assembly is
illustrated in Figure Sd). Intralayer HBs are not binding the two
arrays together, but they are interwoven around the polymer
chains in such a way that the arrays cannot be separated
without breaking these bonds.

DOI: 10.1021/acs.inorgchem.5b01030
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Figure S. Stick model representations of the configurations of CuOH
molecules in the most stable antiferroelectric (a) and ferroelectric (b)
structures and the least stable (c) structure of cuprice. In the most
stable antiferroelectric configuration, the dipole moments of molecules
belonging to the two lattices are antiparallel. Part d shows the two
crossing arrays of CuOH molecular chains that are woven together
into a trilayer of the most stable structure. The color scheme is the
same as in Figure 3.

The layered ground-state structure implies that individual
CuOH trilayers can be intercalated by water spacer layers or
even exfoliated, as has been done for the other hydroxides**
and the layered transition-metal dichalcogenides.””** Indeed,
flakes of solid-state cuprous hydroxide, synthesized by the
reduction of Cu®* with ferrous ethylendiamine tetraacetate, are
stable in water."” The possibility of producing freestanding
semiconducting nanolayers that are stable in water may be of
interest for technological applications.

Comparison with Experiment. The X-ray diffraction
pattern (XRD) calculated for the CuOH structure was
compared to that obtained from the synthesized yellow
CuOH precipitate. The yellow precipitate was obtained by
reduction of Cu(Il) to Cu(I) in aqueous solution with ferrous
ethylendiamine tetraacetate. The details of synthesis are
described elsewhere in refs 13 and 37. It is worth noting that
the solid CuOH is always poorly crystalline and shows signs of
instability. When CuOH forms in water, defects are naturally
expected to occur. Because the crystal structure is composed by
interlocking together two strands of CuOH polymer chains, it is
very easy to entrap water molecules into the structure due to
the similarity. Meanwhile, many low-energy cation config-
urations apart from the most-stable one are also expected to
occur in the precipitates. In addition, topological defects such as
broken or branching chains can be present in the
experimentally investigated structure. On removal from water,
decomposition of CuOH to form Cu,O and H,O is
spontaneous. These circumstances complicate a quantitative
comparison between the experimental and the theoretical
results.

As seen in Figure 63, there are peaks at low 20 angles (12.2
and 24.7°). These peaks indicate the existence of a periodic
layered structure with interlayer distances of approximately 7.2
A. Additionally, at higher 20 angles (above 29°) the peak
positions are almost coincident with those of the Cu,O
reference sample (not shown here)'’ as well as with the
calculated peak positions for CuOH (see Figure 6b,c). It can be
seen in the figures that the simulated XRD pattern of the
ground-state structure of cuprice exhibits peaks similar to those

8973

Experimental

T 1 [ I ' T T ! T

Intensity (arb. unit)
I

20 30 40 50 60

2 Theta (degrees)

70 80 90

Figure 6. Experimental (a) and simulated (b, c) (on the basis of the
structure optimized by the vdW-DF functional) XRD patterns of the
cuprice. The XRD simulation was conducted in GDIS code.*

found in the experimental XRD. However, the simulated
pattern is shifted toward higher 26 angles, which correspond to
smaller interatomic distances. The first XRD peak (at 20 =~
15°) of the calculated XRD corresponds to an interatomic
distance of 5.7 A, which is 1.5 A smaller than that determined
from the experimental curve. However, at higher 26, the
interatomic distances in the calculated structure are just 0.1—
0.2 A shorter than in the experimental structure. This finding
indicates that the synthesized sample consists of layers with an
intralayer structure possibly composed of structures similar to
the DFT-obtained CuOH structure. It should be noted that the
space between layers might be filled with water molecules,
which is a common phenomenon for metal hydroxides.**’
The interlayer water would cause the structure of the
compound to expand, thus leading to larger interlayer
distances.**™*® Indeed, in a previous study it was found that
the surface composition of the obtained precipitate corresponds
to CuOH-H,0: i, a hydrated form of cuprous hydroxide."’
There are indications that crystalline water can leave the
structure at increased temperatures (in the range from 137 to
160 °C), causing the sample to lose its initial weight by
approximately 25%.'° The thermal expansion can also
contribute to a discrepancy between the theoretical and
experimental XRD patterns (the simulated XRD was obtained
at T = 0 K). However, this contribution is less than 0.1 A.

Nature of Ordering. Interactions between the formally
closed shell Cu cations have been argued to be important for
the structural stability of cuprite Cu,0.*>* Could these
interactions be at the origin of the attractive forces between the
two lattices also in CuOH? The differential charge density
(which is obtained by subtracting the superimposed electron
densities of Cu* and O®” ions from the self-consistent or
measured charge density of Cu,O crystal) suggests the
existence of an incomplete d shell and on-site 3d—4sp
hybridization. Filippetti and Fiorentini®* showed that the
weak Cu—Cu interaction originates from the excessive
delocalized charge on Cu and that the incompleteness of the
3d shell is not a direct cause of Cu—Cu interactions. Here, we
show that closed-shell interactions do contribute to the
bonding between the two lattices present in each of these
materials, but they do not produce significant energy
differences between the structures of CuOH. These interactions
reduce the repulsive force due to the Pauli exclusion principle
between closed shells by charge redistribution.

DOI: 10.1021/acs.inorgchem.5b01030
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We performed the differential charge density calculations for
Cu,0, Li,O (obtained by substitution of Cu in Cu,0), CuOH,
and ice-VIIL. We calculated the differential charge density by
subtracting the charge density of the crystal by the super-
imposed charge densities of the two interpenetrating lattices A
and B. This approach allows for a better description of the
interactions between the lattices. The differential charge density
is given by

pD = - (pA + pB) (7)

Figure 7 shows the differential charge density plots. All of the
structures show charge redistribution, which underscores the

pcrystal

(e) most stable CuOH

(f) least stable CuOH

Figure 7. Differential charge density plots (yellow, charge accumu-
lation; cyan, charge depletion): (a) the cuprite Cu,0; (b) Li,O; (c)
ice-VIIL; (d) 2 X 2 X 2 supercell of the CuOH primitive cell; (e) the
most stable CuOH configuration; (f) the least stable CuOH
configuration. The isosurface value is 0.003 eV/A® for parts a and
d—f, 0.00035 eV/A® for part b, and 0.0006 eV/A® for part ¢
respectively. The total charge accumulations/depletions per cell for
parts a—f are 1.74, 0.15, 0.15, 1.03, 1.12, and 1.02 electrons,
respectively.

correlation of the two interpenetrating lattices. For the cuprous
oxide and hydroxide, there is charge accumulation around
copper cations and charge removal from the Cu—O bonds and
interstitial regions. The charge redistribution strongly depends
on the local environment of copper cations. Specifically, it
depends on the neighboring copper cations of another lattice.
The accumulated charge around copper cations tends to
expand toward the nearest copper cations. The charge
redistribution around protons is trivial in comparison to copper
cations, which is probably due to the small radii and
incompleteness of the proton s shell. For the three structures
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of CuOH, the amount of charge redistribution is similar though
the shape is different. In the structures of ice-VIII and Li,O
without copper cations, the charge redistribution is significantly
decreased. The main charge redistribution occurs among
oxygen anions. In ice-VIII, the charge accumulates in the
interstitial region between oxygen anions. However, in Li,O,
the charge accumulates around oxygen anions rather than
around cations. This is opposite to what is observed for the
other structures. The influences of the interlattice interaction
can be summarized as follows.

(a) The redistribution of charge density is a result of the
correlation between the two interpenetrating lattices.

(b) Copper cations are much more sensitive to such
interaction than Li cations and protons. The shape and the
amount of charge redistribution depend on the local environ-
ment of copper cations.

(c) There is no significant difference on the amount of
charge redistribution for the three CuOH structures. Thus, the
small difference in charge redistribution cannot account for the
large energy difference among the structures of CuOH.

The symmetry of local atomic configurations is generally
lower in cuprice than in cuprite, which induces lower-order
multipole (dipole) moments on the ions in CuOH and makes
the electrostatic attraction (between lattices) much stronger
than that in Cu,O. Furthermore, the interaction is extremely
sensitive to the cation arrangements around the oxygen cations
and this drives the cation ordering in cuprice. As shown in
Figure 3b and Figure Sa, the CuOH molecules in the ground-
state structure of cuprice are antiferroelectrically ordered into
the same configuration as water molecules in ice-VIIL The axis
of antiferroelectric ordering in CuOH lies in-plane not only to
minimize the electrostatic interaction between different trilayers
but also to maximize the interaction among the CuOH chains
within each trilayer, thereby gluing them together.

This interaction, which by nature is a collective electrostatic
phenomenon, is also responsible for the lifting of the structural
degeneracy in both cuprice and ice-VII/VIIL The interaction is
much stronger in cuprice, where it induces a noticeable
attraction between the two lattices. In the ground-state cuprice
configuration, the centers of mass of the cations belonging to
the two lattices are located as far apart as possible to minimize
their mutual repulsion. The two lattices become strongly
polarized as a result of antiferroelectric ordering (as can be seen
from the displacement in Figure 2), to increase the attraction
between the cations and anions belonging to different lattices.
Interestingly, the least stable structure of cuprice is not the
ferroelectric configuration. In the ferroelectric case, the centers
of mass of the anions and cations are superimposed when
viewed from the axis perpendicular to their main plane of
symmetry. This disposition gives rise to an eclipsed arrange-
ment and weakens the Coulomb repulsion with the adjacent
lattice. In the least stable configuration the centers of mass of
the cations belonging to the two lattices are no longer eclipsed
(Figure Sc) but staggered, which maximizes their repulsion.
These analyses show that the main driving force for the cation
ordering is the collective electrostatic interaction, which
polarizes the two interpenetrating lattices. Thus, the relative
displacement is a suitable parameter to represent this
interaction, as used in Figure 2.

According to the ordering mechanism described above, the
other form of solid-state CuOH would be more unlikely to
occur. Hydrated cuprous oxide is another possible form of
CuOH that has the same average composition in the hydroxide,
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but the Cu and H cations occupy different lattices: Cu,O-H,0.
The crystal structure of hydrated cuprous oxide is depicted in
Figure 8. The figure shows two interpenetrating lattices: one is

Figure 8. Ball-and-stick model of the crystal structure of the hydrated
cuprous oxide.

the anticristobalite lattice of cuprous oxide, and the other is the
lattice of cubic ice I¢. The order of protons in the I lattice of
Cu,0-H,0 corresponds to a ferroelectric configuration, which
is the ground state of I ice. The total energy of the hydrated
cuprous oxide is calculated to be higher than that of the
cuprous hydroxide CuOH by 9.86 kJ/mol. The configurational
entropy (see Relative Thermodynamic Stability) may addition-
ally contribute 1.36 kJ/mol to the difference at room
temperature. This makes the hydrated oxide form less likely
to occur in comparison with cuprous hydroxide.

Relative Thermodynamic Stability. The thermodynamics
of formation of the lowest-energy configuration of solid CuOH
via reactions of Cu or Cu,O with liquid water have been
calculated.

The free energy changes for the following reactions were
evaluated:

Cu,0 + H,0 — 2CuOH
AH(298.15 K) = 35.9 kJ/mol

AG(298.15 K) = 46.7 kJ/mol (8)
and

Cu + H,0 — CuOH + %Hz

AH(298.15 K) = 80.0 kJ/mol

AG(298.15 K) = 71.4 kJ/mol ©)

Thus, the reaction to form the most stable structure of cuprice
from Cu,O and water requires 17.9 kJ/mol of CuOH. This is in
spite of the fact that, to obtain this lower-bound estimate, we
combined the energy of the most stable cuprice configuration
with the total configurational entropy of CuOH. The formation
of CuOH from Cu and water at room temperature requires
80.0 kJ of energy per mole of CuOH. Subtracting reaction 8
from reaction 9 multiplied by 2, we get
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2Cu + H,0 —» Cu,0 + H,
AH(298.15 K) = 62.1 kJ/mol

AG(298.15K) = 48.1 kJ/mol (10)
By comparing the calculated free energy of reaction 10 with
experimental data,> AH(298.15 K) = 57.6 kJ/mol and
AG(298.15 K) = 44.6 kJ/mol, we conclude that the error of
the present thermodynamic evaluation is within 8%. The result
that the Jowest-energy CuOH structure is higher in energy than
the two-phase mixture of Cu,O and H,O indicates that the
obtained structure is not the global energy minimum of the
Cu—O—H system at the average composition 1:1:1. However,
the obtained CuOH structure can be regarded as a local energy
minimum in the configurational space: i.e., as the ground state
of cuprous hydroxide (constrained by the cuprice structural
model). Indeed, the calculated positive phonon spectrum and
the lower energy of CuOH relative to Cu,O-H,O imply that
bulk CuOH is a metastable compound.

The obtained instability of bulk CuOH relative to Cu and
water provides additional evidence that the reaction of copper
with water is a surface phenomenon. Indeed, the hydroxylation
at some copper surfaces is spontaneous.ﬁ’7 However, the further
oxidation of the Cu(110) surface is not spontaneous.” Water
adsorption via a dissociative pathway was observed on Cu(110)
and Cu(100).”>> Computational studies indicate that stepped
copper surfaces have a high affinity for water.*®

Studies on the Cu(110) surface by Forster et al. have
provided us a picture of the H bonding motifs which occur at
that surface.”® A study on the pure hydroxyl phase has shown
that the OH dimers are often present as pairs or short chains
with one dimer pointing in-plane and the next protruding out-
of-plane.”” We also note that an outer layer of each trilayer in
the cation-ordered configuration of cuprice is structurally
similar to a hydroxylated, missing-row reconstructed Cu(110)
surface. Thus, the calculated properties of CuOH may be
important for many applications where copper metal is in
contact with water or moisture: for example, in electronics, fuel
cells, hydrogen separation membranes, and canisters for nuclear
waste storage.

B CONCLUSIONS

In this work we identified the lowest-energy cation config-
uration in cuprice—CuOH(s)—using a combined theoretical—
experimental effort. In the theoretical investigation, employing
density functional theory (DFT), we scanned through 40
symmetry-distinct structures that represent the 82944 possible
cation configurations in a 48-atom supercell of CuOH and
determined the ground-state configuration. We also performed
the synthesis of the compound using a method that is capable
of yielding high-purity CuOH(s). The structure determined
with DFT was validated by comparison with the X-ray
diffraction data obtained from the synthesized material. The
ground-state CuOH(s) has a layered structure that is stabilized
by antiferroelectric cation ordering which, in turn, is caused by
collective electrostatic interactions. We calculated the electronic
and thermodynamic properties of the cation-ordered CuOH(s)
and found that these properties are intimately linked to the
topology of the bond network in the material, which is
composed of one-dimensional (folded and interlocked chains)
and two-dimensional (layers) structural units. The weak
bonding between the layers of CuOH(s) indicates that
exfoliation of individual layers is possible. The compound is a
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semiconductor and is capable of forming nanosheets that are
stable in water. These properties may render this material
interesting for technological applications.
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