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tigated using ab-initio calculations based on density functional theory. A hybrid functional PBEO
is employed, which accurately reproduces the experimental band gap of cuprite Cu,O. Cuprous

hydroxide CuOH (cuprice) is found to be an indirect band gap semiconductor. Depending on the
bond network configuration of CuOH, its band gap is found to vary between 2.73 eV and 3.03 eV.
The presence of hydrogen in CuOH has little effect on the character of Cu—O bonds, as compared
to Cu,0, but lowers the energy levels of the occupied states upon the O—H bond formation. The
bonding charge density and electron localization function calculations reveal that a closed-shell
Cu—Cu interaction takes place in Cu,O and CuOH between the neighbouring Cu cations belong-
ing to different bond networks. Besides, three structures of cuprous hydride CuH are investigated.
We find that the halite structure of CuH can be stabilized at high pressure (above 32 GPa) while
the wurtzite is the most stable structure of CuH at ambient pressure. The H-H interaction con-
tributes to the dynamical stabilization of the halite structure. The wurtzite and sphalerite structures
of CuH are predicted to be semiconducting with small band gaps, while the halite structure is cal-

culated to be metallic.

1 Introduction

Copper is recognized as one of the most important metals and
has diverse applications!~>. Copper compounds containing oxy-
gen and hydrogen are strongly relevant to the applications where
copper metal is exposed to oxygen and water=>. For some ap-
plications, where the system is driven out of equilibrium, the
knowledge of the structure and properties of stable as well as
metastable compounds is necessary for for understanding, pre-
dicting, and controlling the behavior of copper. Although Cu,O
and CuOH have been detected as products of copper corrosion
under anoxic conditions*%8, some circumstances of such corro-
sion behavior are still unclear?19.

The monovalent copper (cuprous) compounds with oxygen and
hydrogen are generally less stable (and less studied) than their di-
valent counterparts-12, Among the Cu(I) compounds, cuprous
oxide Cu,O (cuprite) is the only stable and the best studied
one !3. The crystal structure of Cu,O may be viewed as a super-
position of two identical anti-cristobalite lattices: two identical,
interpenetrating (but disconnected) bond networks are obtained
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if one connects each Cu cation with the two nearest-neighbor O
anions in the cuprite structure. A crystalline form of cuprous hy-
droxide CuOH was recently investigated theoretically and exper-
imentally 1112, Its atomic structure is found to resemble that of
Cu,0, but with half of the Cu™ ions substituted by protons. In
contrast to the cuprous ions, which keep the central position in
between the two nearest O~ ions, the protons in CuOH form a
shorter chemical bond with one of the two neighboring anions,
while staying connected with the other anion via a hydrogen
bond. The proton’s freedom to chemically bind to either of the
two anions in CuOH results in the so-called proton disorder that
is typical of many hydroxides and phases of ice. Also, it was found
that collective electrostatic interaction stabilizes a cation-ordered
ground-state structure of CuOH 4,

Copper hydrides are not stable at atmospheric hydrogen pres-
sure in the Cu-H system!®, but as metastable compounds they
may be relevant to the applications of copper in which hydrogen
entry into the metal is expected. Accumulation of hydrogen at
defects in copper metal is known to cause formation of gas-filled
voids acting as sources of stress in the material 1618, The forma-
tion of local hydride-like atomic configurations at lattice defects
has been discussed in the context of void nucleation!? and as a
possible mechanism of hydrogen-induced embrittlement of met-
als20. Cuprous hydride was first reported by Wurtz2! in 1884. Its
crystal structure was studied using X-ray diffraction in 1926 by
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two groups, Hiittig and Brodkorb?? and Miiller and Bradley?3,
who reported, respectively, a cubic and a hexagonal lattice of cop-
per ions. The structure was solved using neutron diffraction by
Goedkoop and Andresen?# in 1955 to be the hexagonal wurtzite
structure, and further refined in several recent studies taking into
account the non-stoichiometry of CuH;_,2>%7.

Besides, a high-pressure phase of CuH with a face-centered cu-
bic (fcc) arrangement of the copper atoms has been reported 28.
There are two possibilities for hydrogen in an fcc CuH structure,
namely, to occupy tetrahedral interstitial positions (as in the spha-
lerite ZnS type structure) or to occupy the octahedral positions
(as in the halite NaCl type structure). The sphalerite and wurtzite
structures have been shown to be quite close in energy 11-%°, while
at a compressed volume approaching that of fcc Cu, hydrogen
atoms tend to occupy octahedral interstital sites as in dilute Cu—
H solid solutions 1839, The thermodynamic information about the
halite phase of CuH is therefore of relevance for thermodynamic
Calphad-type modeling of the solid solution of hydrogen in cop-
per metal3!,

While the non-stoichiometry, disorder, and instability of
the Cu(I) compounds with O and/or H represent challenges
for experimental studies, in computer simulations the non-
stoichiometry and disorder can be effectively excluded or in-
cluded in order to investigate their effect on the properties. Here
we use ab initio electronic structure calculations and a hybrid
functional approach to explore the structures and properties of
the cuprous oxide, hydroxide and hydride, to deepen our under-
standing of these compounds.

2 Methodology

2.1 Total energy calculation

All our calculations were performed using the Vienna ab initio
simulation package (VASP) based on the density functional the-
ory (DFT),3233 applying the projector augmented wave (PAW)
potentials.3*36 The Cu-3d194s!, 0-2s22p*, and H-1s' electron
states were treated as valence. The exchange-correlation effects
were included by means of the Perdew, Burke and Ernzerhof
(PBE) functional3” and the hybrid PBEO functional38. The lat-
ter combines 25% of the non-local Hatree-Fock (HF) exchange
with 75% of the PBE exchange, while keeping 100% of the PBE
correlation energy. A plane-wave cut-off energy of 800 eV was
tested to be enough to reach convergence.

The k-mesh was centered at the I'-point; the separation be-
tween the k-points was approximately 0.03 A~!. The relaxation
of the electronic degrees of freedom was stopped when the en-
ergy convergence was within 10~¢ eV. The atomic relaxation was
stopped when the force on each atom was less than 104 eV/A.
In what follows, we report the results of PBE and PBEO calcula-
tions that have been performed, respectively at the PBE and PBEO
lattice parameters, unless otherwise stated.

2.2 Phonon spectrum calculations

A supercell approach was used to calculate the elements of the
Hessian matrix based on density functional perturbation the-
ory (DFPT) and PBE functional implemented in VASP. Then the
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phonon spectrum was derived by means of the PHONOPY code, 37
which is an implementation of post-process phonon analyzer. The
phonon-related thermal properties of these compounds were then
derived from the calculated phonon spectra in the quasi-harmonic
approximation. The vibrational energy E.;,(V,T) and the vibra-
tional entropy Sy;, were thus obtained. The Helmholtz free ener-
gies F(V,T) are expressed for the considered compounds by

F(VvT) :Eel(V:O)+Evib(V7T)_T'Svib €]

where E(V,0) is the ground-state total electronic energy calcu-
lated using VASP within the DFT framework using the PBE (or
PBEO) functional.

2.3 Differential charge density and electron localization
function

Conventionally, the differential charge density is calculated by
subtracting from the charge density of a crystal the superimposed
charge densities of ions or atoms. Since both the cuprous oxide
and the hydroxide are constructed by interpenetrating two iden-
tical bond networks (hereafter also referred to as "lattices"), we
calculated the differential charge density by subtracting from the
charge density of the crystal the superimposed charge densities
of the two lattices calculated separately (keeping fixed the super-
cell geometry and the atomic positions). In this way, information
about the interaction between the lattices can be obtained. The
so defined differential charge density is given by

PD = Perystal — (planicel + platticeZ) 2

The electron localization function (ELF)4%4! is a measure of

the electron localization in real space and helps to characterize
the chemical bonding. ELF is expressed in terms of the ratio be-
tween the excess of kinetic energy density due to the Pauli exclu-
sion principle, #,(r), to the Thomas-Fermi kinetic energy density
t(p) = (3/10)(37)%3p3/3 of a homogeneous electron gas of den-
sity p. Within the Kohn-Sham scheme, the increase in kinetic en-
ergy that occurs on consideration of Pauli principle is evaluated
as

2 LIVe(l?

8 p(r)

where the first term is the kinetic energy obtained from Kohn-
Sham orbitals ¢; and the second term gives the kinetic energy
density for the same density distribution p (r) when the Pauli prin-
ciple is ignored.

1
p(r) = 5 L.IVol 3)

The ELF can then be evaluated at any point r as follows:

-1
() 17
ELF={ 1+ { . } : @
{ w(p(r)
The ELF has values in the range between 0 and 1, with the upper

limit corresponding to the highest degree of localization of the
electrons.

This journal is © The Royal Society of Chemistry [year]



Fig. 1 Ball-and-stick representation of the crystal structures: (a)
cuprous oxide (cuprite), panels from left to right show, respectively,
coordination of oxygen in Cu,O, supercell obtained by 2x2x2 repetition
of the unit cell, and two identical anti-cristobalite Cu,O lattices; (b)
cuprous hydroxide (cuprice), panels from left to right show, respectively,
coordination of oxygen in CuOH, supercell containing 16 CuOH units,
and two identical CuOH lattices; (c) three considered structures of
cuprous hydride, respectively, a hexagonal (wurtzite) and a cubic
(sphalerite) CuH with hydrogen in tetrahedral positions, and a cubic
(halite) CuH with hydrogen in octahedral positions.

3 Results and Discussion

3.1 Crystal structures

Cu, O possesses the cuprite crystal structure (space group Pn3m),
which can be viewed as consisting of two interpenetrating anti-
cristobalite lattices depicted in Figure 1(a). The 0%~ anion sub-
lattice is body-centered cubic (BCC) and splits into two diamond
structures when the ionic coordination is considered: Each 0%~
anion is tetrahedrally coordinated by four Cu™ cations, while each
Cu™ cation is linearly coordinated by two anions (7). All the Cu™
ions taken together constitute a face-centered cubic (FCC) cation
sublattice in Cu,O.

The molecular form of cuprous hydroxide CuOH has been been
known for some time. 4>43 However, the structure of a condensed
form of CuOH was only recently investigated by Korzhavyi et al.
in a combined theoretical and experimental study. 112 The pro-
posed crystalline form of CuOH was given the name "cuprice",
to address its structural resemblance to both cuprite and ice. The
structure of cuprice is intermediate between the crystal structures
of cuprite and ice VII (the latter is also comprised of two inter-
penetrating cubic ice I.. lattices). Thus, the O~ anions in cuprice
CuOH may be viewed as arranged into the same BCC sublattice
(or two interpenetrating diamond sublattices) as in cuprite Cu,O.
The cuprous cations and protons in CuOH are coordinated in the
same way as in Cu,O (cuprite) and ice H,O (cubic ice I..), respec-
tively. 1! These coordination rules allow for many different con-
figurations of protons and cuprous cations, in which each oxygen
should be tetrahedrally coordinated by two cuprous cations and
two protons to maintain the CuOH stoichiometry. One proton is
to be located closer to the central oxygen position and the sec-

This journal is © The Royal Society of Chemistry [year]

@ ‘g TR s
@ @ o P d‘g?/ 9b
o/ JLAU( 57) o J’“\b
Oxide
@ >
0 % Tl .
°° o t‘i(\i‘“ i 7‘ OOQO 0\0
i i, 0 % %
Hydroxide
@ o 9T SN, 2200
(c) |0l b t ‘/( | T[;J;,‘
P ‘LeL( IRl KA ‘2;[’\;
\__ Hydride g ohale B r/
ydri

Table 1 Lattice parameters and band gaps of Cu,O, CuOH, and CuH
calculated using PBE and PBEO functionals.

Lattice parameters (10\)

Band gap (eV)

Formula Space group PRE BEED PEE PEEO

Cu,0 Pn3m a=4.31 a=4.30 0.48 2.17
a =5.70 a=>5.73

CuOH Cm2a b =5.30 b =5.33 0.80 2.73
c=4.21 c=4.14
a = 2.89 a=2.87

cutt P6_3mc ¢ =457 ¢ = 458 0.53 1.26

F43m a = 4.02 a = 4.02 0.54 1.48

Fm3m a = 3.90 a = 3.90 0 0

ond proton is to be located further away from the anion (thus
forming a hydrogen bond). The smallest unit cell of such kind
(denoted by its space group Cm2a in Table 1) contains two CuOH
molecular units (two O?~, two H™, and two Cu* ions). A CuOH
supercell that corresponds to the 2x2x2 supercell of Cu,O and
contains 16 CuOH formula units is shown in Figure 1(b). We have
explored different possible distributions of protons and cuprous
ions in the CuOH supercell, compatible with the local coordina-
tion rules discussed above, to find that they form different CuOH
supramolecular units having different multipole charges. Their
collective electrostatic interaction selects the ground-state struc-
ture (cation-ordered, antiferroelectric) of cuprice. 14
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Fig. 2 Calculated Helmholtz free energies F(V, 0) of the three CuH
structures.

The crystal structure of copper hydride observed in experi-
ments 2844 is the hexagonal CuH (wurtzite, space group P63mc),
as shown in Figure 1(c). The sphalerite CuH structure (space
group F43m) with hydrogen in tetrahedral positions is reported
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Fig. 3 Calculated phonon spectra of CuH in three different crystal structures.

The wurtzite and sphalerite structures are at their equilibrium volumes.

to be slightly less stable2? than the hexagonal structure and is
less frequently observed in experiments. The free energies from
our calculations are shown in Figure 2. Both the wurtzite and
the sphalerite structures are dynamically stable in the examined
pressure range. The halite (space group Fm3m) with hydrogen
in octahedral interstitial positions corresponds to the structure of
FCC-copper with all octahedral sites filled with hydrogen. This
structure is dynamically unstable when the pressure is below 32
GPa (the volume of unit cell less than 50 A3). From 32 GPa and
above, it is dynamically stable. The stabilization will be shown
below to be attributed to the enhanced strength of H-H bond-
ing. As can be seen in Figure 3(c), the optic hydrogen modes
disperse over 800 cm~! and the lower frequency reaches to 336
em~!. Below 32 GPa, the optic hydrogen modes show imaginary
frequencies. This also indicates the stabilization of H-H bonding.
At high pressure (higher than 32 GPa), the halite CuH becomes
the most stable of the examined hydride structures. The corre-
sponding phonon spectra are shown in Figure 3. Table 1 shows
the crystallographic data for the studied structures of Cu(I) oxide,
hydroxide, and hydride.

3.2 Density of states

The PBEO-calculated band gap values are given in Table 1; the
electronic densities of states (DOS) are shown in Figure 4. Cu,O
is the only semiconductor with a direct band gap among the
studied Cu(I) compounds. Figure 4(a) shows the DOS of Cu,O
with a clear gap between the Cu-3d and O-2p states. The PBEO-
calculated band gap of cuprous oxide, E, = 2.17 €V, is in good
agreement with the experimental data (2.0—2.2 eV).4>46 The up-
per valence band is dominated by Cu-3d states, with two main
groups of peaks centered at about —1.0 eV and —2.5 eV. The O-
2p dominated states are situated at lower energies, bound by two
peaks at —6.5 €V and —7.5 eV. A sharp peak of O-2s states is
situated at —21.3 eV.

The atomic structure of CuOH resembles that of Cu, O but with
half of the Cu* replaced by protons.!! The two protons bound
to each O%~ lay at different distances from the O~ anion: one
is closer (0.973 A) while the other is further away (2.204 A). It
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The halite structure is considered at a reduced unit cell volume of 50 A3.

is therefore interesting to investigate how the electronic struc-
tures of CuOH and Cu,O are related. Figure 4(b) shows the DOS
of CuOH Cm2a structure. The valence O-2p states are split into
two groups of peaks centered, respectively, at about —6.5 and
—9.0 eV. The peak at —6.5 €V is contributed by states of py, p,
and p, character, while the other peak by p, and p, states. The
O—H bonding can be speculated to be a result of hybridization
between the H-1s and O-2p states, to produce bonding and anti-
bonding peaks. The antibonding peaks at around —6.5 eV contain
some admixture from Cu states. The charge transfer between
the ionic species in cuprous oxide and hydroxide is represented
by the computed Bader charges in Table 2: the copper cation is
found to donate more charge to the oxygen anion in the hydrox-
ide. The hybridization with the H-1s states is calculated to lower
the occupied states and to widen the band gap. As can be seen
from Table 1, the band gap of CuOH is larger than that of Cu,O.
The positioning of protons and copper cations in CuOH allows for
many different configurations, which should be of similar energy
as all these structural variants have identical number of chemical
bonds. However, collective electrostatic interactions in CuOH can
be so prominent that the energy span between the ground-state
structure and the least-stable structure is 7.49 kJ/mol CuOH. 14
Cation ordering, via the collective electrostatic interactions, also
influences the electronic spectrum. Thus, the the band gap of
CuOH is calculated to vary from 2.73 eV (the least stable struc-
ture) to 3.03 eV (the ground-state structure). The mechanism
of this influence is re-distribution of electron charge between the
ionic species as a result of electrostatic interaction: The occu-
pancy of the Cu-4s state in the ground-state structure (0.203) is
reduced compared to the least-stable structure (0.210). As the oc-
cupancy of Cu-4s state is reduced, the excess charge is transferred
to the O—H antibonding state, whose energy level is lowered, so
the band gap slightly opens up.

The two structures of CuH with hydrogen in tetrahedral posi-
tions, the wurtzite and the sphalerite, are semiconductors. Their
calculated band gaps are summarized in Table 1, and the DOS
are shown in Figure 4(c) and (d). As can be seen from the Fig-
ure, Cu-4s and H-1s states are strongly mixed. The main peaks of

This journal is © The Royal Society of Chemistry [year]



Table 2 Computed Bader charges (in |e|) for Cu,O, CuOH, and CuH using PBE and PBEO functionals.

Bader Charge (|e|)

Material PBE PBEO
Cu [0) H Cu [0) H
Cu, O +0.538 —1.075 — +0.566 —1.133 —
CuOH +0.549 -1.175 +40.374 +0.577 —1.232 +0.345
CuH (wurtzite) —0.339 - +0.339 —0.326 — +0.326
CuH (sphalerite) —0.385 — +0.385 +0.374 — —0.374
CuH (halite) —0.238 — +0.238 +0.231 — —0.231

the d-band lie between —2.9 €V and —5.9 eV for the wurtzite and
the sphalerite. Two more weak peaks of d character appear at
higher energies, with certain admixture of Cu-4s and H-1s states.
This is probably due to the d-band self-depletion as a result of s-
d hybridization. The other considered structure (halite) of CuH,
with hydrogen in octahedral positions, is calculated to be a metal;
its band structure (with some bands crossing the Fermi level) is
shown as the inset of Figure 4(e). The electronic structure of
CuH(halite) shown in Figure 4(e) corresponds to a compressed
unit cell volume of 50 A3. All the occupied states shift down-
wards relative to the Fermi level when pressure is applied. The
Bader charge on the copper ions in the halite CuH is the lowest
among the studied hydride structures (see Table 2), whereas the
corresponding Cu-H bond length is the largest.

)
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Fig. 4 (a-e): PBEO-calculated DOS for cuprite Cu,O, cuprice CuOH,
and three structures of CuH. The element-specific DOS are projected
from the Kohn-Sham wave functions onto the Bader atomic volumes.
The inset in (e) is the PBEO-calculated band structure of halite CuH. All
energies are relative to the valence band maximum (VBM).

Synthesized CuH usually suffers from non-stoichiometry: the

This journal is © The Royal Society of Chemistry [year]

hydrogen positions in the wurtzite structure are not fully oc-
cupied. To study the effect of hydrogen vacancies in sub-
stoichiometric CuH;_, on its electronic structure we performed
supercell calculations in which the wurtzite unit cell was dupli-
cated along the 4, b, and ¢ directions and one hydrogen atom
was removed from the so obtained supercell. As can be seen
in Figure 5, with 1/16 of hydrogen positions being vacant, the
Fermi level is shifted into the valence band, which leads to the
metallicity and suggests the p-type doping nature of a hydrogen
vacancy defect. The hydride should remain semiconducting with
less amount of vacancy, while the bandgap must always be lower
than its ideal value. The non-stoichiometry problem also exists in
the case of cuprice CuOH. Its structure may incorporate a large
amount of intrinsic configurational disorder which we have stud-
ied in a previous publication.# In addition, experimental CuOH
specimens typically contain extrinsic defects such as inclusions
of H,O, Cu,0, and CuO. The physical and chemical properties of
the synthesized CuOH may be expected to show the behaviour of

phase mixtures. 12
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Fig. 5 PBEO-calculated DOS for the wurtzite CuH with H vacancy (one
H vacancy in a 2x2x2 supercell).

3.3 Chemical bonding

The band gaps in the electronic spectra of Cu,0O cuprite, CuOH
cuprice, CuH wurtzite, and CuH sphalerite indicates that the
chemical bonding in these Cu(I) compounds is of mixed ionic-
covalent character. Their crystal structures exhibit local coordi-
nation typical of compound semiconductors, and this structural
aspect suggests that the covalent component of bonding is preva-
lent. On the other hand, the calculated Bader charges listed in
Table 2 and ELF plots shown in Figure 6 indicate that the ionic
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component of chemical in the studied Cu(I) compounds is rather
strong. For cuprous oxide, this picture of chemical bonding agrees
with the findings made in the previous theoretical studies. 4753

The ELF of Cu,0 is shown in Figure 6 (a); the scale is encoded
using a color scheme in which values corresponding to a high de-
gree of electron localization are shown in red while regions of
low ELF values are shown in blue. At the Cu cation sites the ELF
takes on low values, whereas spherical regions of high ELF (0.85)
can be seen around the sites of O anions. Such large difference
in the ELF is a signature of the strong ionic character of Cu-O
bonding. Besides, there is a weak doughnut-shaped halo of ELF
around each Cu™ cation in Cu,0, with the symmetry axis par-
allel (and the mirror plane perpendicular) to the O—Cu-O bond
network segment.

The ELF of cuprice CuOH shown in Figure 6(b) suggests a co-
valent character of bonding between O and the closest H, which
jointly form a hydroxyl OH~ group by sharing an electron, while
the Cu sites are still characterized by low values of ELF. There
is no lobe protruding from a Cu site towards the nearest O sites,
suggesting that the Cu-O bond is still ionic in CuOH. Besides, the
weak halo of ELF around Cu™ as in Cu,O is also found in CuOH.
Such feature has been attributed to 3d-shell depletion and s-d hy-
bridization of Cu™, which leads to a weak interaction between Cu
cations that stabilizes the cuprite structure of Cu,0. 474953

-/‘“\ =

halite, v=s0 A* (f) halite, v=59 A*

—
(c) wurtzite (d) sphalerite  (e)

Fig. 6 ELF contour plots of (a) the cuprite Cu,0, (b) the cuprice CuOH
and (c-f) the three CuH structures.

Shown in Figure 7 are the differential charge densities of
cuprite CuO and cuprice CuOH. In both compounds, the major
charge redistribution due to the interaction between the two dis-
connected bond networks (lattices) occurs around the Cu cations.
In the oxide, the charge depletes from the Cu-O bond and accu-
mulates in the doughnut around the Cu cation oriented perpen-
dicular to Cu-O bond. In the hydroxide, the charge redistribution
is more complex. For the supercell obtained by 2x2x2 repetition
of the Cm2a unit cell, as well as for the least stable CuOH struc-
ture, the major charge depletion and accumulation take place
in the (001) plane containing Cu cations. The regions of accu-
mulated charge around Cu cations are dumbbell-shaped in these
CuOH structures, at variance with the doughnut-shaped regions
in Cu,O. The difference is related to the Cu—Cu coordination: For
each Cu cation in the oxide, there are six Cu nearest neighbours
from the other lattice, all arranged into a hexagon belonging to
a (111) plane. The number of such neighbors for each Cu cation
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in the hydroxide is two for the structure of 2x2x2 of the Cm2a
unite cell and for the least stable structure, but either two or four
for the ground-state structure. As seen in Figure 7(c), the shape
of the accumulated charge around Cu cations of the ground-state
structure is either more spherical (when the coordination number
is four) or more dumbbell-like (when the coordination number is
two). The calculated total amount of charge transfer (shown in
the caption of Figure 7) is proportional to this coordination num-
ber. The larger the number, the stronger is the charge transfer. As
our calculations show, there is still charge transfer caused by the
inner lattice interaction even in the case of no Cu cations (e.g.,
in the antiferroelectric ice VIII), but its total amount is just 0.15e
per cell. Apparently, Cu cations are more adaptable to such inter-
action as they generate substantial charge transfer.

Figures 6(c-f) show the ELF plots for the examined structures of
CuH. For the wurtzite (Figure 6(c)) and sphalerite (Figure 6(d))
structures, the valence electrons strongly localize around H, and
at the Cu sites the ELF has very low values. The shape of ELF
clouds around H is not spherical, but tetrahedral, since the elec-
trons feel repulsion from the closed shells of neighbouring Cu.
Therefore, the Cu-H bonding in wurtzite and sphalerite CuH is
of prevailingly ionic character. The shape of ELF around H in
halite CuH (Figure 6(e) and (f)) is cubic as H is at the center of
an octahedral site. The length of the Cu-H bond (1.95 A at the
unit cell volume of 59 A3) in the halite structure is much longer
than that in the wurtzite and the sphalerite structures (1.74 A),
so the H ion is not well confined and the halite CuH is dynam-
ically unstable until the bond length is decreased to 1.84 A(by
compressing the unit cell volume to 50 A3). Besides, there is an
isthmus of ELF between neighbouring H as seen in Figure 6(e)
and (f), and it becomes thicker when the halite structure is com-
pressed. This ELF topology>* suggests a shared-electron inter-
action between the hydrogens, and is compatible with the weak
metallicity of halite CuH. It can be speculated that the H-H inter-
action also contributes to the stabilization of the halite structure
at high pressure.

4 Conclusions

We have used ab initio calculations and a hybrid functional ap-
proach to explore the physical and chemical properties of the
cuprous oxide, hydroxide and hydride. Several conclusions can
be drawn from the above analyses:

(a) The PBEO functional successfully reproduces the experi-
mental band gap of cuprite Cu,O. A closed-shell Cu—Cu inter-
action exists between the neighbouring Cu cations of different
sublattices. This interaction is a result of charge correlations be-
tween the disconnected bond networks, and it depends on the
mutual coordination of the Cu cations.

(b) Cuprous hydroxide CuOH is an indirect band gap semicon-
ductor. The disorder of cations in CuOH can make its band gap
vary between 2.73 eV and 3.03 €V. The hydrogen in CuOH has
little effect on the ionic nature of the Cu-O bonding relative to
that in Cu,O, but lowers the energy levels of the occupied states
by giving a covalent character to the O-H bond.

(c) The halite structure CuH is shown to be stable only at high
pressure (above 32 GPa). The wurtzite and sphalerite structures

This journal is © The Royal Society of Chemistry [year]



are more stable at low pressure, with the wurtzite being slightly
lower in energy than the cubic polymorph. The wurtzite and
sphalerite structures are semiconductors with small band gaps,
while the halite structure is metallic. The H-H electron-sharing
interaction contributes to the dynamical stabilization of the halite
structure.

(c) ground-state CuOH

(d) least stable CuOH

Fig. 7 Differential charge density plots (yellow: charge accumulation,
cyan: charge depletion): (a) cuprite Cu,0O, (b) 2x2x2 of the Cm2a unit
cell of CuOH, (c) ground-state CuOH, and (d) least stable CuOH. The
isosurface value is 0.003 eV/A3. The total charge transfer per cell for
(a-d) are 1.74 e, 1.03 e, 1.12 ¢, and 1.02 e, respectively.
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