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Unlike CoO micropowder, which is unable to split water, CoO nanoparticles have been observed to pho-
tocatalytically split water into H2 and O2 at room temperature without an externally applied potential or
co-catalyst. The photocatalytic activity of CoO nanoparticles has been suggested to stem from an upwards
shift in the band edges relative to bulk CoO such that the conduction and valence band edges span the
water redox potentials. However, the origin of this shift in the band edges is unknown. In this study,
we use first-principles density functional theory (DFT) calculations to explore the thermodynamically
stable surface configurations of CoO as a function of oxygen chemical potential. We show that the band
edge positions are sensitive to surface chemistry which is determined by surface orientation, adsorbates,
and stoichiometry, and thus growth conditions and operating environment. In particular, we predict that
CoO nanoparticles have fully hydroxylated CoO(1 1 1) facets, with band edges spanning the water redox
potentials, while larger CoO particles (such as CoO micropowders) have a full monolayer of hydrogen on
the CoO(1 1 1) facets, with a band alignment that favors water oxidation but not water reduction.
Furthermore, we demonstrate that explicit inclusion of liquid water is crucial for accurately predicting
the band edge positions, and thus photocatalytic behavior, of CoO in an aqueous solution. Our work
explains why photocatalytic overall water splitting has only been observed on CoO nanoparticles, and
provides new insights into the relationships between environmental conditions, surface structure, and
band alignment, which may lead to new approaches for optimizing activity in CoO and other oxide
photocatalysts.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

In recent years, nanostructured materials have emerged as a
critical component of photocatalysts for water splitting, often
exhibiting enhanced photocatalytic activity relative to the bulk
compounds from which they are derived [1–5]. In a number of
cases, even photocatalytically inactive bulk materials have also
been observed to have photocatalytic activity as nanoparticles
[1,6–9]. Among photocatalysts that exhibit an enhanced activity
as a result of the reduction of particle size, spherical CoO nanopar-
ticle is of great interest, with a very high solar-to-hydrogen effi-
ciency of �5% [1], as well as the ability to dissociate water into
stoichiometric H2 and O2 (two H2 for each O2) with no external
potential or co-catalysts under visible light irradiation [1]. The
inactive-to-active transition of CoO is thought to result from a sig-
nificant �1.4 eV upward shift in the band edge positions relative to
the water redox potential in going from the micropowder [1,10,11]
to nanoparticles. However, a fundamental explanation for the shift
in the CoO band edges with the particle size reduction remains
unknown.

Very recently, Shi et al. [12] reported that sub-micrometer CoO
octahedron could conduct overall water splitting without external
bias or co-catalyst, consistent with the spherical CoO nanoparti-
cles, showing the very lower efficiency compared to the spherical
nanoparticles. This obviously shows that particle size is not a crit-
ical factor controlling the photocatalytic water splitting behaviors
of CoO particles. From the photocatalytic water splitting behaviors
experimentally observed, we speculate that the different surface
states (orientation, adsorbates, and stoichiometry) are related to
the different photocatalytic behaviors of CoO particles.

Understanding the nature of the atomic and electronic
structures of surfaces is essential in the study of nanoscale
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photocatalysts [13]. Not only can surface orientation and stoi-
chiometry significantly influence the binding energies of reaction
intermediates and transition states in the surface reactions, they
can also lead to significantly different depletion layers at the cata-
lyst/electrolyte interface, affecting conduction and valence band
edge positions at the interface, light absorption, and concentra-
tions of dominant charge carriers near the surface, and thereby
influencing the surface reactions for H2 and O2 creation in a non-
trivial manner [14–16]. Thus, in order to understand how a
nanoparticle improves photocatalytic water splitting activity, it is
first necessary to have a detailed understanding of the surface
atomic and electronic structure of the material as it exists in the
aqueous environment.

In this study, we thus use first-principles density functional the-
ory (DFT) computations to identify the thermodynamically stable
surface structure, stoichiometry, and morphology of CoO nanopar-
ticles in an aqueous environment. We then investigate the role of
the surface state on the band edge positions using explicit solva-
tion calculations, which we show are critical for accurately model-
ing the electronic structure of CoO/water interfaces. Finally, we
discuss the surface state-dependent band edge positions of CoO
slabs in terms of the degree of band bending at the CoO/water
interface. In addition to providing a fundamental understanding
of why overall water splitting occurs on CoO nanoparticles under
visible light, our work provides new insights into the relationships
between environmental conditions, surface structure, and band
alignment, which may lead to new approaches for optimizing
activity in CoO and other oxide photocatalysts.
2. Methods

2.1. Bulk CoO

Bulk CoO crystallizes in the rock salt structure (Fm3
�
m space

group), with both Co and O atoms in octahedral environments
[17]. Experimentally, ground-state CoO exhibits type-II antiferro-
magnetic (AFM-II) spin ordering, in which the magnetic moments
of the Co2+ ions are aligned in parallel within each (1 1 1) plane,
with antiparallel ordering of adjacent (1 1 1) planes [18–20]. To
determine the ground state magnetic ordering and electronic
structure of bulk CoO within DFT, we use a 2� 2� 1 supercell con-
taining 32 atoms (Fig. S1 in the Supplementary material (SM)). To
address the strongly correlated and localized 3d shell of Co, we
employ the DFT + Hubbard U (DFT + U) approach within spin-
polarized density functional theory. DFT + U calculations are per-
formed using VASP [21,22] with the standard projected augmented
wave (PAW) pseudopotentials from the VASP database and the
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) to describe the exchange-correlation effects [23].
An energy cutoff of 800 eV and a 6� 6� 6 Monkhorst-Pack
k-point mesh are used. Atom positions are relaxed until all forces
are less than 0.005 eV/Å.

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcat.2018.06.021.

The choice of Ueff (Ueff = U – J) significantly affects the magni-
tude of the band gap, the equilibrium lattice constant, and the rel-
ative energies of magnetic configurations. We find that varying Ueff

from 0 eV to 6 eV changes the lattice constant of rock salt AFM-II
CoO from 4.17 to 4.27 Å, with Ueff = 4.1 eV giving a lattice constant
of 4.26 Å (Fig. S2 in the SM), in very good agreement with the
experimental value of 4.262 Å [24–27]. This choice of Ueff also pro-
vides good agreement with the experimental measurements of the
CoO band gap, magnetic configuration, and magnetic moments, as
shown in Fig. S2 and Table S1 in the SM. To determine the ground
state magnetic configuration, we considered structures with up
and down spins on Co ions in alternating planes along (0 0 1),
(1 1 0), and (1 1 1) directions, corresponding to AFM-A, -C, and -G
(type II) ordering, as well as a structure with two up-spin planes
and two down-spin planes along (0 0 2) (AFM-A). The calculated
magnetic moments and relative total energies are summarized in
Table S2 in the SM. As the table shows, we find that bulk CoO
has the lowest energy in the AFM-II (1 1 1) phase, in agreement
with previous work [18,19,24]. In addition, the magnetic moment
of this phase is �3 mB per Co, in good agreement with experiment
and theory [24], and the band gap is 2.3 eV (Table S2 and Fig. S3 in
the SM), in reasonable agreement with the experimental measure-
ments (2.4–2.6 eV [1,10,28]), further motivating this choice of Ueff.

2.2. CoO surfaces in vacuum

To study the stability of different surface configurations and
stoichiometries, we first model the (1 0 0) and (1 1 1) surfaces of
CoO using symmetric supercells in vacuum. We consider only
these two orientations based on the experimental data indicating
that they are the main surface facets present in both nanoparticles
and micropowders [12,29,30]. The structural and electronic prop-
erties of the CoO(1 0 0) surfaces are found to converge for slabs
composed of 7 atomic layers, with a 2� 2ð Þ in-plane unit cell.
The O- and Co-terminated CoO(1 1 1) surface properties are found
to converge for slabs composed of 13 atomic layers, with a 2� 2ð Þ
in-plane unit cell (Fig. S1 in the SM). In all cases, a vacuum of�15 Å
separates periodic copies of the slab perpendicular to the surface.
The atoms in the central three (five) atomic planes are fixed in
the bulk CoO positions for CoO(1 0 0) (CoO(1 1 1)) surfaces, while
all other atoms are allowed to fully relax. A 6� 6� 1 Monkhorst-
Pack k-point mesh is used. A type II magnetic configuration is used
in all slab structures, as in Ref. [24,31]. We also consider CoO(1 0 0)
and CoO(1 1 1) slabs with neutral oxygen vacancies and/or poten-
tial adsorbates (e.g., H, O, OH) that may be present in an aqueous
environment. We discuss only CoO and one layer of surface oxygen
vacancies and/or potential adsorbates. This is because XPS study in
Ref. [1] showed satellite peaks of CoO phase after the photocat-
alytic water splitting test was completed, even though the spec-
trum deviated from that of fresh CoO nanoparticles [1].
Therefore, the initial CoO phase in the center of the CoO nanopar-
ticles is expected to remain after the photocatalytic water splitting
test, while the surface of the CoO nanoparticles is reconstructed.
The existence of the CoO phase after the test is probably because
the preparation of CoO nanoparticles and photocatalytic water
splitting test were done in the comparatively reducing condition
[1]. It is also because the photocatalytic water splitting test was
carried out in very limited time (in �1 h since the test started).
However, it should be noted that the stable form under the very
oxidant condition, i.e., CoOOH [32], can be generated in the
extreme conditions of water splitting. Atoms are added or removed
to both sides of the relaxed bare slabs to obtain the initial starting
positions. The adsorbates are initially positioned at �2 Å distant
from the surface and relaxed to find the minimum energy adsorp-
tion site and geometry. All adsorbates were found to prefer the on-
top site for CoO(1 0 0) and the bridge site for CoO(1 1 1), consistent
with Ref. [31]. The top (bridge) site on Co in CoO(1 0 0) (CoO(1 1 1))
is confirmed to have minimum energy among the available adsorp-
tion sites.

2.3. Bulk water and the H+/H2 level

To determine the H+/H2 acceptor level relative to the Hartree
potential in bulk liquid water, we first perform classical molecular
dynamics (MD) simulations at room temperature using the
LAMMPS code [33] to make bulk liquid water. The TIP4P/2005
potential [34] was employed to describe the atomic configuration

https://doi.org/10.1016/j.jcat.2018.06.021


K.-W. Park, A.M. Kolpak / Journal of Catalysis 365 (2018) 115–124 117
and the interaction between water molecules. This TIP4P/2005
potential showed oxygen-oxygen radial distribution function
(RDF) closer to the experimental value beyond the first peak at
298 K. Also, the potential showed the density, thermal expansion
coefficient, diffusivity [34], and the structure factor [35] compara-
ble to the experimental values, at 298 K. Therefore, the TIP4P/2005
potential is regarded to be enough to describe liquid water struc-
ture at 298 K, even though the TIP4P/2005 potential slightly
over-structures liquid water [34]. The simulation cell consists of
140 H2O (�11� 11� 273) to mimic the density of liquid water
(1 g/cm3) and is equilibrated within the NVT ensemble for 1000
ps at 298 K (Fig. S4(a) in the SM). The temperature was controlled
by a Nosé-Hoover thermostat. Using the atomic configuration
obtained from the classical MD calculation without further DFT
relaxation, the density of states (DOS) of bulk liquid water was
then calculated at the C k-point using DFT (Fig. S4(c) in the SM).

The H+/H2 acceptor level is determined using the approach
described in Ref. [36]. One of the 140 H2O molecules in the MD-
equilibrated bulk liquid water system is substituted by H3O+, then
the atomic configuration is optimized using DFT. Using the DFT-
optimized H3O+ containing liquid water structure (Fig. S4(b) in
the SM) for a static DFT calculation, the energy level of the H3O+

ion in water (i.e., the acceptor level of water) is obtained (Fig. S4
(d) in the SM).

2.4. CoO/water interfaces

Initial CoO/water interfaces are constructed by combining the
relaxed CoO slabs with the optimized bulk water into supercells
with a total length of 45–50 Å in the direction perpendicular to
the interface. The CoO slabs are 15–18 Å thick, depending on the
orientation and the slab thickness determined in vacuum, and
the water region is 27–30 Å thick. We performed ab initio MD
relaxations of the CoO surface/water supercells at 298 K, which
showed that the water molecules are �1.5 Å above the top of the
CoO surface for all cases. No preferential orientation of water mole-
cules in the CoO surface/water supercell is observed from the cal-
culation of orientation of water molecules (angle between water
dipole moment vector and the surface normal); thus we do not
re-optimize the CoO/water supercell for static DFT calculations.
The Hartree potentials of the combined CoO/water interface sys-
tems are determined using static DFT calculations without spin
polarization or Hubbard U correction on the cobalt atoms, as dis-
cussed further below.

We find that the spin polarization of cobalt atoms disappears
when the explicit solvation calculation of the CoO/water interface
is carried out in this study; the electronic structures of CoO sur-
faces calculated with spin polarization plus a Hubbard U correction
in water (Fig. S5(c) in the SM) are analogous to those of non-
magnetic slabs in vacuum (Fig. S5(a) and (b) in the SM) rather than
antiferromagnetic slabs in vacuum (Fig. S5(d) in the SM). The
change in the electronic structure of the CoO surfaces in water
mainly results from a significant reduction of the magnetic
moments of cobalt atoms in contact with water, as shown in
Fig. S6 in the SM. The interaction with water significantly modifies
the occupation of up and down spins in Co d orbitals such that Co
d-bands have similar numbers of up and down spin electrons. As a
result, the initial spin asymmetry of Co d-band is reduced (Fig. S8
in the SM), which in turn causes the disorder of the initial AFM-II
phase in long-range magnetic order (Fig. S7 in the SM). This mag-
netic disorder due to water contact is also observed experimentally
with CoO nanoparticles of 7–8 nm in diameter (comparable to the
CoO nanoparticle in studied for photocatalytic overall water split-
ting) [37]. Therefore, even though the CoO nanoparticles experi-
mentally prepared in vacuum exhibited an antiferromagnetic
phase as we obtained from bulk and surface calculations in vac-
uum (Figs. S3 and S10 in the SM), the surfaces of CoO particles in
contact with water contact are considered to become a non-
magnetic phase, different from bulk CoO. Especially, from the
calorimetric measurement in Ref. [37], in case of nanoparticles, a
significant portion of the magnetic particles near the surfaces
was observed to become a non-magnetic phase.

We also find that the water molecules in contact with the CoO
slab weaken the d-band splitting phenomenon when a Hubbard U
correction is applied; The d-band density of states of CoO slabs in
contact with water are similar regardless of the value of the Hub-
bard U correction (Fig. S9 in the SM), suggesting that water causes
a strong delocalization of the d-bands of the cobalt atoms. There-
fore, the Hubbard U correction is not used in calculating the Har-
tree potential of the CoO/water interfaces in this study. Even
with spin polarization and a Hubbard U correction, the calculated
Hartree potential is observed to converge to the same value
obtained without applying spin polarization or Hubbard U correc-
tion [38].

The conduction and valence band edge positions of CoO sur-
faces computed with explicit liquid water without spin polariza-
tion or Hubbard U correction agree well with the experimental
values measured with flat band potential in an aqueous solution
(Fig. 5). We note that we have found that this scheme for band
edge prediction with explicit solvation to be valid for other transi-
tion metal oxide systems, including TiO2, NiO, FeO, WO3 and V2O5,
for which we find band edges comparable to the experimental val-
ues; our results for these additional materials are beyond the scope
of this paper and are thus further described in a separate study
(Ref. [38]).

3. Results and discussion

3.1. CoO surface configuration

Surface effects are significant for nano-sized photocatalysts not
only because of large surface-to-volume ratios, but also because
nanoparticles represent a pure surface state (especially, space
charge layer) without having a bulk-like region in the core. The dif-
ferent surface characteristics can lead to significantly different EC
and EV positions in an aqueous solution, influencing light absorp-
tion to a semiconducting photocatalyst (generation of electron-
hole (e-h) pairs) and thereby affecting the surface reactions for
H2 and O2. Therefore, understanding the nature of the surface of
nanocrystals as a function of conditions is crucial in order to under-
stand and predict their photocatalytic activity.

The CoO(1 0 0) surface orientation is expected to be favorable
due to charge balance and the close-packed structure of the non-
polar planes normal to the surface [39]. Nevertheless, experimen-
tally, both the CoO(1 1 1) and CoO(1 0 0) surfaces have been
observed. In particular, CoO thin films generated via oxidation of a
Co(0001) substrate or deposition on a Au(1 1 1) substrate exhibit
(1 1 1) surface orientations [40,41]. Moreover, different ratios of
(1 0 0) or (1 1 1) facets havebeen observed onCoOparticles depend-
ing on particle size [29], with larger particles on the order of several
hundreds of nanometers in size exhibiting octahedral shapes with
only (1 1 1) surface orientation, while smaller particles (� 10 nm)
were found to have spherical shapeswithmultiple facets. Therefore,
we consider slabs constructed based on CoO(1 0 0) and Co- and
O-terminated CoO(1 1 1) surfaces in this study.

We first consider CoO surfaces in contact with vacuum, which
will be used as a starting point for CoO/water interfaces. Our calcu-
lations confirm a much lower surface Gibbs free energy for ideal
CoO(1 0 0) (cCoOð100Þ ¼ 0:05 eV/Å2) compared to ideal CoO(1 1 1)

(cCo�terminated
CoOð111Þ ¼ 0:20 eV/Å2, cO�terminated

CoOð111Þ ¼ 0:21 eV/Å2) surfaces in
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vacuum. In agreement with LEED theory and experiment in vac-
uum [42], our results show that the atomic structure and projected
density of states (pDOS) of the CoO(1 0 0) surface do not differ sig-
nificantly from bulk CoO. Therefore, the surface properties are
essentially the same as those of the bulk phase (Fig. S10 in the
SM). We also find that the Co-terminated CoO(1 1 1) surface is a
slightly more stable than the O-terminated one, in good agreement
with the experimental observations that the CoO(1 1 1) surface is
Co-rich [40]. Hence, we focus on the Co-terminated CoO(1 1 1) sur-
face, referred to simply as the CoO(1 1 1) surface, in the remainder
of this paper.

Nanocrystalline cobalt oxide has been observed experimentally
to have a stoichiometry close to CoO rather than Co3O4 [43], even
though thermodynamically the bulk phase is Co3O4 at room tem-
perature [43]. This oxidation state suggests that oxygen vacancies
are more likely to form than oxygen interstitials in cobalt oxide
nanocrystals in the process of manufacturing. We note that
although it is commonly accepted that oxygen interstitials (or
cobalt deficiencies) are the main source of the p-type semiconduct-
ing behavior in CoO [44,45], oxygen vacancies are potentially able
to be created under relatively oxygen-lean conditions within the
range of experiments. Therefore, oxygen vacancies are beginning
to be regarded as important point defects in nanocrystalline CoO.
For example, the formation of oxygen vacancies was recently
shown to alter the activities of CoO nanoparticles for methanol
steam reforming by changing the Co0/Co2þ ratio [46,47], and oxy-
gen vacancies have been implicated in tuning the performance
and sustainability of Li-air batteries with CoO bifunctional cathode
catalysts [48].

We investigate the stability of CoO(1 0 0) and CoO(1 1 1) sur-
faces by computing the formation energy of neutral oxygen vacan-
cies (EVO

f ) only in the topmost atomic layer, for simplicity [49–52].

EVO
f ¼ EVO

tot � Eperfect
tot þ

X
nOlO ð1Þ

where EVO
tot is the total energy of a relaxed supercell containing the

neutral oxygen vacancy, and Eperfect
tot is the total energy for the perfect

crystal using an equivalent supercell. The integer nO indicates the
number of O atoms that have been removed from the supercell to
Fig. 1. Variation of oxygen vacancy formation energy on CoO(1 0 0) and CoO(1 1 1) surfa
1/4, 3/8, 1/2, 3/4, 1. The lines of CoO(1 1 1)-VO = 1/2 and –VO = 3/4 are out of range, as th
total number of unit cells. For the calculation of the CoO(1 1 1) surface, a double-sized sla
CoO(1 0 0) slab, and (2) examine a wider range of surface oxygen vacancy concentration
form the oxygen vacancy, and the lO is the corresponding oxygen
chemical potential. Here, we assume that the slab structure is in
equilibrium with bulk CoO; therefore, the chemical potentials of
Co and O again satisfy Eq. (2).

lCo þ lO ¼ gbulk
CoO ð2Þ

The chemical potential of oxygen (lO) is determined by O2 in
the gas phase reservoir through

lO ¼ 1
2
lO2ðgÞ ð3Þ

and the chemical potential of gas phase O2 is given by

lO2ðgÞ ¼ EDFT
O2ðgÞ þ EZPE

O2ðgÞ þ DG0
O2 gð Þ Tð Þ þ kBTln

pO2

p0

� �
ð4Þ

where EDFT
O2ðgÞ is the DFT-calculated total energy of an isolated O2

molecule and EZPE
O2ðgÞ is the zero-point energy correction,

EZPE
O2ðgÞ ¼ 1

2 �hxO2ðgÞ. These two terms represent the Gibbs free energy
of O2 at 0 K. The third term in Eq. (4), DG0

O2 gð Þ Tð Þ ¼ GO2 gð Þ
T;p0
� �� GO2 gð Þ 0 K;p0

� �
, is obtained from thermodynamic tables

[53]. The standard pressure, p0, is 1 atm and T = 298.15 �C, kB is
the Boltzmann constant. The change of oxygen chemical potential
(DlO) is referenced to the half of the total energies of isolated O2

molecules at 0 K, i.e, DlO ¼ lO � 1
2 ðEDFT

O2 gð Þ þ EZPE
O2ðgÞ). This definition is

consistent with that used in Ref. [31]. However, it should be noted
that over-binding of O2 molecule well known in GGA calculations,
can introduce error into the predicted phase diagrams because
GGA functional is difficult to reproduce the triplet open shell O2

molecule.
Fig. 1 shows the oxygen vacancy formation energies on CoO(1 0 0)

and CoO(1 1 1) slabs with different oxygen vacancy concentrations
(VO = 1/8, 1/4, 3/8, 1/2, 3/4, and 1) in the surface atomic plane as a
function of DlO. We use lO for the surface phase diagram, since
oxygen partial pressure is the main variable changed in the exper-
imental particle preparation under relatively reducing conditions
(refer to the Methods sections in Refs. [1,12]. This preparation step
is before water contact), resulting in the different morphology
[1,12] and surface state of CoO particles (Fig. 3). This means the
critical factor controlling the surface chemistry of CoO particles is
ces with respect to DlO for various surface oxygen vacancy concentrations, VO = 1/8,
ey are much larger than the other lines in the figure. Values are normalized by the

b along the x-axis was used in order to (1) match the number of surface atoms on the
s.
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lO. As shown in Fig. 1, the CoO(1 0 0) surface remains stoichiomet-
ric over a wide range of oxygen chemical potential (DlO � �1.3) in
the range of realistic water splitting conditions (relevant to particle
preparation and water splitting condition [1] (�0.53 � DlO �
�0.36) as shaded with green bar in Fig. 1). On the other hand, it
is thermodynamically favorable to have a full layer of oxygen
vacancies on the CoO(1 1 1) surface, i.e., a layer of Co metal on
the CoO(1 1 1) surface, in oxygen-lean conditions (DlO � �0.55).
This is consistent with recent experiments demonstrating the gen-
eration of Co/CoO(1 1 1) in oxygen-lean conditions [54]. Thus, we
predict that Co/CoO(1 1 1) and/or defect-free CoO(1 0 0) are the
most likely surfaces that will be present on CoO nanoparticles
under conditions relevant to particle preparation and water split-
ting (�0.53 � DlO � �0.36) [1].

In addition to oxygen vacancies, in a realistic water environ-
ment, various molecules dissociated from water, i.e., H, O, and
OH, can be adsorbed on the surfaces of photocatalysts, potentially
resulting in varied thermodynamic stability of the surfaces. We
therefore consider surfaces formed by the adsorption of these spe-
cies on the Co/CoO(1 1 1), CoO(1 0 0), and CoO(1 1 1) surfaces. The
surface free energy is given by

c ¼ 1
2A

Gslab � NCogbulk
CoO � NO � NCoð ÞlO � NHlH

h i
ð5Þ

where Gslab is the Gibbs free energy of the slab structure, NCo, NO,
andNH refer to the number of Co, O, and H atoms, respectively,
gbulk
CoO is the Gibbs free energy of bulk CoO, A is the surface area of

the supercell, and lH and lO are the chemical potentials of H and
O, referenced to the gas phase H2 and O2 reservoirs, respectively.
To interpret the surface free energy change respect to DlO,lO was

translated using DlO ¼ lO � 1
2 ðEDFT

O2 gð Þ þ EZPE
O2ðgÞ) at 0 K and Eqs. (3)

and (4). lH is defined as lH ¼ 1
2lH2ðgÞ ¼ 1

2 ðEDFT
H2 gð Þ þ EZPE

H2 gð ÞÞ at 0 K and
used for the surface free energy calculation as in Ref. [31]. H2 does
not show significant over-binding according to our calculation, such
that H2 binding energy with GGA and PBE standard potential was
�4.497 eV, which is close to the experimental value (�4.75 eV),
Fig. 2. Left: Surface Gibbs free energy of bare and H, O, OH adsorbed Co/CoO(1 1 1), CoO
range �0.5 < DlO < �0.4 eV. Right: Surface configurations for the four phases found to be
circles denote Co, O, and H, respectively.
and other computation result (4.58 eV) [55]. The factor of two arises
because two identical surfaces are included in the calculation in
order to have a symmetric supercell. For surfaces with molecular
adsorbates (i), the vibrational (DEZPE) and entropic contributions

(�TDSÞ at 298 K of the adsorbates are included in the Gslab term in

Eq. (5) using DEZPE ¼ 1
2Ri�hxi and DS ¼ �kBRiln 1� expð�hxi

kBT
Þ

� �
. We

note that, the entropic contribution at 298 K is negligible on CoO
surfaces, while the vibrational contribution is relatively large and
important for the accurate prediction of the CoO surface stability.

Fig. 2 shows the surface phase diagram (surface free energy as a
function of DlO) for selected surface phases, including those found
to be the most thermodynamically stable phase for some range of
DlO; Fig. S11 in the SM includes all of the other surface phases that
were computed in order to determine the phase diagram. Exami-
nation of Fig. 2 shows that under most conditions relevant to water
splitting, phases with CoO(1 1 1) orientation are the most stable,
with the exception of a narrow range (�0.47 � DlO � �0.42, inset
of Fig. 2) in which clean CoO(1 0 0) is the most thermodynamically
stable surface. Under oxygen-lean conditions (DlO � �1.26),
Co/CoO(1 1 1) is the most thermodynamically favorable surface,
while the CoO(1 1 1) surface with a full monolayer of adsorbed H
(denoted H*-CoO(1 1 1)) becomes favored with increasing oxygen
partial pressure (�1.26 � DlO� �0.47). Under oxygen rich condi-
tions (DlO � �0.42), on the other hand, the fully hydroxylated-CoO
(1 1 1) surface (denoted OH*-CoO(1 1 1)) is the most thermody-
namically stable surface phase. This is in accordance with the
experimental XPS demonstration of hydroxyl groups on the
surfaces in CoO powder [56,57].

3.2. Optimal morphology of CoO nanocrystal

The shape of nanoparticles can significantly impact their prop-
erties due to different surface configurations and surface areas. The
equilibrium shape of a crystalline substance is dominated by sur-
faces with relatively low surface energies, and can be constructed
using the Wulff construction, which results in a polyhedron that
(1 0 0) and CoO(1 1 1) with respect to DlO. The inset is the magnified view of the
thermodynamically stable within the range�2.0 < DlO < 0.5 eV. Blue, red, and white
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relies only on ratios between surface energies and minimizes the
total surface free energy of a fixed volume of a material [58]. We
use the Wulffman program [59] to determine the Wulff construc-
tion of CoO nanocrystals under varying conditions. The results
are illustrated in Fig. 3. At DlO ¼ �0:60, CoO particle has a trun-
cated octahedron composed of clean CoO(1 0 0) and H*-CoO(1 1 1)
surfaces. The area of clean CoO(1 0 0) reduces as DlO becomes
more negative, forming an octahedron shape that consists of only
H*-CoO(1 1 1) facets under more oxygen-lean conditions (�1.26
� DlO� �0.76). Upon further decreasing the oxygen chemical
potential (DlO � �1.26), the H desorbs from the H*-CoO(1 1 1) sur-
face and a monolayer of oxygen vacancies form, resulting in an
octahedron with only Co/CoO(1 1 1) facets.

As Fig. 3 shows, starting from the truncated octahedron with
clean CoO(1 0 0) and H*-CoO(1 1 1) facets at DlO ¼ �0:6, increas-
ing the oxygen chemical potential increases the relative surface
area of the clean CoO(1 0 0) facets. At DlO = �0.44, the morphology
of the particle becomes almost cuboctahedron, while still retaining
the CoO(1 0 0) and H*-CoO(1 1 1) facets, then the H*-CoO(1 1 1)
facets subsequently change to OH*-CoO(1 1 1) to form a
cuboctahedron-like shape. Further increasing DlO, the morphology
of the nanocrystal evolves into a truncated octahedron by gradu-
ally decreasing the area of the CoO(1 0 0) facets while expanding
the OH*-CoO(1 1 1) ones. Eventually, for DlO � �0.12, the
nanocrystal becomes an octahedron consisting of only OH*-CoO
(1 1 1) facets.

The oxygen partial pressure under which water splitting exper-
iments are performed is about PO2 = 10�12 atm, which corresponds
to DlO = �0.36. At this value of DlO, we predict CoO nanoparticles
will have a truncated octahedron shape composed of CoO(1 0 0)
and OH*-CoO(1 1 1) facets. More generally, we expect to observe
roughly spherical nanoparticles over the range �0.62 � DlO �
�0.20. Our predicted nanoparticle morphology is thus consistent
with the experimental observations that CoO nanoparticles exhibit
a spherical shape before and after water splitting [1]. In addition, it
is predicted from the Wulff reconstruction that the sub-
micrometer CoO octahedra experimentally manufactured under
DlO = ��0.04 eV are composed of the truncated octahedron with
OH*-CoO(1 1 1), in good agreement with the experimentally
observed morphology [12].
3.3. Band edge positions of surfaces

Two key properties of a semiconductor for overall water split-
ting are the magnitude of the band gap and the position of the
band edges relative to the water redox potentials. The minimum
Fig. 3. Optimal morphology of CoO nanocrystal estimated with Wulff construction at var
1), CoO(1 0 0), and OH*-CoO(1 1 1) surfaces, respectively.
band gap required is around 2 eV to allow for the photoexcited
electrons and holes to overcome kinetic barriers while still captur-
ing a significant portion of the solar spectrum [60]. Both CoO
micropowder and nanoparticles have the same band gap (�2.6
eV), sufficient to absorb a significant part of the solar spectrum.
In addition, the band edges have to span the water redox levels,
with the conduction band edge above the water reduction poten-
tial and the valence band edge below the water oxidation potential,
in order to make it energetically favorable for photogenerated
charge carriers to leave the material and induce both the water
reduction and oxidation reactions at the surface. While the valence
band edge of bulk CoO is below the water oxidation potential,
allowing for O2 generation, the conduction band edge of bulk
CoO is located between 0.6 and 1.5 eV below the water reduction
potential [1,10,11], which does not allow for H2 generation. Thus,
as observed in numerous experiments, bulk CoO cannot catalyze
overall water splitting, i.e., simultaneous production of H2 and O2.

To date, it has been suggested that the presence of surface
states or the morphology of nanostructures affects the energies
of the band edges of a material [5]. It is also expected that the sur-
face effects may be significant for nano-sized photocatalysts
because band bending (band realignment) at the semiconductor-
water interface is known to occur over a distance of 100 Å to sev-
eral mm from the interface [16,61]. As the CoO nanoparticles used
for water splitting experiments are �10 nm in diameter, they can
thus be considered to represent a pure CoO/water interface state
without having a bulk-like region in the core. Thus, we hypothesize
that the experimentally observed upward shift of the band edges of
CoO nanoparticles [1,11] might be related to a specific surface.

To predict the surface-dependent band edge position of CoO, we
consider CoO/water interfaces with direct contact between the CoO
surface and explicit water molecules, as various methods used in
previous studies, including the absolute vacuum reference method
[62] and Polarizable Continuum Models (PCMs) [63,64], have been
unable to explain the band edge positions of CoO nanoparticles
that have been experimentally observed using flat-band potential
measurements (Fig. S12 in the SM).

To investigate the position of the conduction band edge of CoO
surfaces relative to the water reduction potential (H+/H2 potential)
level, we use the explicit solvation approach introduced in Ref.
[36]. This approach is more cost efficient than other explicit solva-
tion computational methods [65,66] and has been shown to have
smaller error [36,67]. However, since this approach is sophisticated
to calculate, we expect that advanced calculations such as DFT cal-
culations with hybrid functional or GW calculations can improve
the accuracy of the band edge positions at the interface. In the
approach introduced in Ref. [36], we first find the energy difference
ious DlO. The blue, green, yellow and red surfaces denote Co/CoO(1 1 1), H*-CoO(1 1
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between the conduction band edge and the average Hartree poten-

tial of bulk CoO, Ebulk CoO
c � Hbulk CoO(step 1). Next, we compute the

energy difference between the H+/H2 level and the average Hartree

potential of bulk water, Abulk water � Hbulk water(step 2). Finally, we
determine the difference between the Hartree potential in
the CoO slab and in the central region of the water molecules for

the CoO slab/water interface, HCoO�interface � Hwater�interface(step 3).
We note that, unlike previous work developed for the prediction
of the EC of bulk materials with respect to H+/H2 level [36], in
which the material/water interface is constructed from an ideally
cleaved bulk surface, we perform step 3 using the DFT-optimized
CoO surfaces identified above in order to predict the surface-
dependent band edge position relative to H+/H2 level.

For steps 1 and 2 (bulk CoO and bulk liquid water) in this study,

we find Ebulk CoO
c � Hbulk CoO = 5.12 eV and Abulk water � Hbulk water =

�2.40 eV. To determine (HCoO�interface � Hwater�interface), the sepa-
rately relaxed CoO slabs and water molecules are positioned in
contact with each other as shown in Fig. 4(a) as an example. The
calculated planar averaged Hartree potential of the CoO/water
layer of this example is plotted as a function of position in Fig. 4
(b). The computed potential differences at the interfaces for the
Co/CoO(1 1 1)/water, H*-CoO(1 1 1)/water, CoO(1 0 0)/water, and
OH*-CoO(1 1 1)/water interfaces are summarized in Table 1. The
corresponding conduction band edge energies (EC) relative to the
E(H+/H2) level of water are also evaluated for each interface.
The calculated values, also reported in Table 1, are referenced to
the normal hydrogen electrode, VNHE, using the relationship

Eedge
c � E Hþ=H2

� � ¼ �e� VNHE.
Fig. 4. (a) Snapshot of the atomic distribution of the CoO(1 0 0)/water interface.
Blue, red, and green circles indicate Co, O, and H atoms, respectively. (b) Planar-
averaged Hartree potential of the CoO(1 0 0)/water interface computed for the
structure shown in (a). The dotted line in (b) indicates macro-averaged Hartree
potentials obtained using the approach in Ref. [68]. For the average potential
profiles, the averaging process is carried out twice using lattice distance along z-axis
(period of the slab) for the window size. The magnitude of the potential drop at the
CoO/water interface hardly varies even though the window size changes.

Table 1
The values in the three step calculations and final conduction band energies (EC) relative to
shown for comparison. The value of EC relative to H+/H2 is given by (Ebulk CoO

C � Hbulk CoO) �

Ebulk CoO
C � Hbulk CoO Abulk water � Hbulk water HCoO�interface �

5.12 �2.40 Bulk CoO
Co/CoO(1 1 1)
CoO(1 0 0)
OH*-CoO(1 1
H*-CoO(1 1 1)
CoO(1 1 1)

The EC of bulk CoO is obtained from the cleaved surface of bulk CoO phase relaxed with
Fig. 5 shows the computed band edges of bulk CoO and the dif-
ferent CoO surfaces relative to the water redox levels. As the figure
shows, we find that the conduction band edge of bulk CoO is
approximately 0.93 V below the H+/H2 potential level, consistent
with experiments, which show that the conduction band edge of
bulk CoO is 0.6 to 1.5 V below the H+/H2 [1,10]. This observation
confirms again that bulk CoO is not photocatalytically active.

As Fig. 5 shows, the conduction band edges of both the H*-CoO
(1 1 1) and CoO(1 0 0) surfaces are significantly below the H+/H2

level, and similar to the experimentally measured values for bulk
CoO and CoO micropowder. For the case of the CoO(1 0 0) surface,
the minimal change in band edge positions relative to bulk is due
to the bulk-like atomic configuration of the surface, which is also
charge balanced. In the H*-CoO(1 1 1) case, the band edges remain
similar to those in bulk CoO because H passivates all of the dan-
gling bonds on the surface yet does not lead to a strong surface
dipole. The decreased charge density at the surface of the H*-CoO
(1 1 1) compared to that at the CoO(1 1 1) in Fig. 6(c) confirms that
passivation has occurred on the bare CoO(1 1 1) due to hydrogen
adsorption, which in turn shifts the band edges to more positive
potential (vs. NHE) than bare CoO(1 1 1). We note that we find
these two surfaces to be thermodynamically favorable in the mid-
dle range of DlO relevant to water splitting, with the truncated
octahedron (Fig. 3). As CoO micropowder is prepared under mildly
reducing conditions (DlO � �0.53) [1], we hypothesize that only
H*-CoO(1 1 1) and/or CoO(1 0 0) surfaces are present in the
micropowder, thus explaining the lack of photocatalytic activity.
Experimental confirmation of the existing surface facets in CoO
micropowder is needed to confirm this hypothesis.

In contrast to the H*-CoO(1 1 1) and CoO(1 0 0) surfaces, the
conduction band edge of the OH*-CoO(1 1 1) surface, which is pre-
dicted to be thermodynamically stable under the conditions for
which overall water splitting has been observed, is located above
the H+/H2 level, while the valence band edge is below the H2O/O2

level. This shift in the band edges relative to bulk CoO arises from
a surface dipole induced by the hydroxyl adsorption, as evidenced
by the significant increase in the surface charge density in the
OH*-CoO(1 1 1) compared to that of bare CoO(1 1 1), shown in Fig. 6
(f) and 6(d). Thus, we expect that particles with OH*-CoO(1 1 1)
surfaces can induce both water oxidation and reduction. Indeed,
a very recent experimental result has shown that overall water
splitting occurred on the OH*-CoO(1 1 1) surfaces presenting on
sub-micrometer CoO octahedrons [12], even though the octahedra
exhibited a much lower photocatalytic efficiency compared to the
spherical CoO nanoparticles in Ref. [1]. We further discuss the
higher photocatalytic efficiency of the CoO nanoparticles relative
to the CoO octahedra, in a separate study [69]. Consequently, the
experimentally observed overall water splitting on CoO nanocrystals
has been correlated with the presence of OH*-CoO(1 1 1) facets [1].

Surprisingly, the band gap of Co/CoO(1 1 1) surfaces, which we
predict to exist in the most oxygen-lean conditions, also spans both
the water reduction and oxidation potentials. This is also a result of
surface dipoles related to the formation of the metallic Co layer, as
H+/H2 level of water. The band edge position of the bare CoO(1 1 1)/water interface is
(Abulk water � Hbulk water) + (HCoO�interface � Hwater�interface) [36]. Units are in eV.

Hwater�interface EedgeC � E Hþ=H2
� � VNHE(V)

�8.45 �0.93 0.93
�6.90 0.62 �0.62
�9.16 �1.64 1.64

1) �6.97 0.55 �0.55
�8.58 �1.06 1.06
�7.57 �0.05 0.05

DFT, with the same three step calculation approach for CoO surfaces.



Fig. 5. Left: Band edge positions of CoO micro- and nano-particles estimated from experimental flat band potential measurements at pH = 7 [1]. Right: Band edge position of
the predicted thermodynamically stable surfaces of CoO relative to the water redox levels at pH = 7. Red (green) horizontal lines denote the conduction (valence) band edges
of each surface. Dashed lines indicate the water reduction (H+/H2) and oxidation (H2O/O2) potentials. The valence band edge of each surface is determined by subtracting 2.6
eV (the experimentally measured CoO band gap [1,10,45,70,71]) from the computed conduction band edge positions, EV (vs. H+/H2) = EC (vs. H+/H2) – Eg(exp.), since the major
charge carriers between CoO surfaces and polar water are electrons, as discussed in Ref. [38]. Since EC (vs. H+/H2) calculated with the explicit water contact is accurate more
than the EV unlike vacuum calculation, as observed in other explicit solvation approaches [67], the prediction way of EV (vs. H+/H2) = EC (vs. H+/H2) – Eg(exp.) is considered to
be reasonable in the present study. *In the environment of flat band potential measurement, pH of aqueous solution is close to the pHZPC of CoO (�7) [10]. As neutral water is
used for the construction of the surface/water supercell without H3O+, the CoO surfaces are considered to be at pH of zero point of charge. Therefore, pHZPC is not considered
for the prediction of the band edge position of CoO surfaces. The calculated band edges are for pH = 7. The calculated H+/H2 level in the 2nd step represents the level at pH = 1
(as in Ref. [36]). In order to compare directly to the experimental measurements at pH = 7 [1], H+/H2 is shifted from pH = 1 to pH = 7 in the plot by using the �0.059 V/pH unit
relationship [10,72].

Fig. 6. (a) Average total charge density (q) of each layer in CoO(1 1 1) slabs along the direction parallel to the thickness (z-axis). Charge density difference (Dq) of (b) CoO(1 0
0), (c) H*-CoO(1 1 1), (d) CoO(1 1 1), (e) Co/CoO(1 1 1), and (f) OH*-CoO(1 1 1) slabs. Surface charges in (b)-(f) are referenced to the average charge of the bare CoO(1 1 1)
surface shown in (a), i.e., Dq = q(z) – q

�
(bare CoO(1 1 1)).
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indicated in Fig. 6(e)). The band edge position of the Co/CoO(1 1 1)
suggests the theoretical possibility of overall water splitting with
the existence of a metallic Co layer on the (1 1 1) surface of CoO
particles. This may explain the improved hydrogen-evolving cat-
alytic performance recently observed for CoO(1 1 1)/Co core shell
nanowires [57].
As can be seen in Fig. 6, the trend in charge density deviation
relative to the bare CoO(1 1 1) surface correlates with the order
of the relative band edge position shifts, as expected to be closely
related to the semiconducting nature of the surface. From Fig. 6(b)
to Fig. 6(f), the deviation from the reference value at the surface
layer increases monotonically from negative to positive.



Fig. 7. Schematic of the conduction and valence band edge positions of various CoO/water interfaces relative to bulk CoO. The conduction and valence band edges of bulk CoO
are determined by the experimentally observed value of the Fermi level, �0.3 eV above the valence band edge [76,77], and Eg = 2.6 eV [1,10,45,70,71]. The horizontal gray
dashed lines denote the water reduction and oxidation levels (H+/H2 and H2O/O2, respectively), and the solid gray lines indicate the Fermi level (EF) of the equilibrated CoO
and water. The width of the space charge layer in the CoO is arbitrary.
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This implies CoO(1 0 0) is more positively charged, while
OH*-CoO(1 1 1) is more negatively charged, suggesting that the
more p-type semiconducting nature of the surface leads to the
more positive band edge position vs. NHE. This makes sense in
terms of band bending at the CoO/water interface depending on
the surface charge state as discussed in Section 3.4. Thus, we con-
clude that the significant upshift of the band edge position with
reduction in particle size observed in CoO nano- and micro- pow-
ders arises from the more n-type semiconducting nature of the
OH*-CoO(1 1 1) surface.

Finally, we note that the energies of the band edges for the var-
ious surfaces computed with explicit water differ significantly
from the values determined for the same surfaces computed in
vacuum or with a PCM, as discussed further in the SM. In addition,
the magnitude of the changes varies between the different surfaces
(Fig. S12 in the SM). Furthermore, unlike the band edge positions
computed in vacuum, those determined with explicit water are
consistent with existing experimental results and provide an
explanation for why overall photocatalytic water splitting occurs
on CoO nanoparticles but not on bulk CoO. These results emphasize
the critical importance of explicitly including the interactions
between the surface and the water molecules for accurately pre-
dicting the band edge positions in an aqueous environment.

3.4. Band bending of surfaces in water

Recently, Greiner et al. [73] suggested that the energy band
alignment of an oxide material is determined mainly by the equi-
libration of its electrochemical-potential i.e., Fermi levels, with the
oxidation/reduction potentials of adsorbed molecules, despite the
variation in the electronic properties among materials. This makes
sense because the equilibration of the electrochemical potential is
achieved by the process of electron transfer at the semiconductor
and the electrolyte. The transfer of electrons across the interface
generates a space charge layer deviated from a bulk region in the
semiconductor. As a result, the energies of the conduction and
valence band edges are shifted relative to their bulk values at the
interface. Even for nanoparticles which have no bulk region in
the core and have only surface region due to small size, the charac-
teristics of the space charge layer formed in the presence of the
bulk region remains at the surface/water interface [74]. Therefore,
understanding of the band bending aspects at the surface/water
interface is crucial for understanding the band edge alignment
phenomena at the interface.

Fig. 7 shows the schematics of the conduction and valence band
edge positions of CoO/water interfaces relative to those of the bulk
CoO phase, illustrating the amount of band bending at each sur-
face/water interface expected in the case of a thick slab or microp-
owder. For all of the surfaces, the energy band edges bend
downwards at the interface, similar to the band bending in a typ-
ical p-type semiconductor. This is also in accordance with the neg-
ative slope observed in the experimental Mott–Schottky plots of
CoO [1,10,11,75], indicating the p-type semiconducting nature
of the prepared CoO micro- and nanoparticles. The magnitude of
the potential difference due to the band bending, however, is
highly dependent on the surface configuration, in agreement with
the concept that flat the band potential is a property of the mate-
rial/electrolyte interface [16]. As the band edges of a surface
decrease in energy relative to the bulk, such as for CoO(1 0 0)
and H*-CoO(1 1 1), the degree of band bending increases, while it
decreases when the edges are at higher energy, as in the case of
OH*-CoO(1 1 1) and Co/CoO(1 1 1). This means that more electrons
transfer from water molecules to the more p-type semiconducting
CoO(1 0 0) and H*-CoO(1 1 1) slabs than to the less p-type semi-
conducting OH*-CoO(1 1 1) and Co/CoO(1 1 1) slabs in the process
of the electrochemical potential equilibrium of the slabs and water.
This interpretation is also supported by the computed work func-
tions of the surfaces, e.g., H*-CoO(1 1 1) (5.74 eV) and CoO(1 0 0)
(5.20 eV) will accept more electrons due to their higher work func-
tions compared to Co/CoO(1 1 1) (4.00 eV) and OH*-CoO(1 1 1)
(2.45 eV) (Table S2 in the SM).

Thus, it is clear that the different characteristics of CoO surfaces
are affected by different surface chemistry such as a metallic Co
layer, or hydrogen and hydroxyl adsorbates, as well as by surface
orientation. This in turn affects the amount of electron transfer
between CoO surfaces and water, the band bending at the CoO/
water interface, and the band edge positions relative to water
redox potentials, all of which affect the photocatalytic capability
for overall water splitting.

4. Conclusions

Using DFT calculations, we have investigated the role of surface
orientation and composition on the band edge positions of CoO
surfaces in contact with liquid water. We showed that four distinct
CoO surface configurations are thermodynamically stable over a
range of oxygen partial pressures, with a fully hydroxylated CoO
(1 1 1) (OH*-CoO(1 1 1)) surface being the most favorable under
conditions relevant to room-temperature photocatalytic water
splitting. Based on the computed surface free energies, we predict
that, under these conditions, CoO nanoparticles form as truncated
octahedra with both CoO(1 0 0) and OH*-CoO(1 1 1) facets. We
demonstrated that the presence of OH*-CoO(1 1 1) facets is respon-
sible for the experimentally observed upward shift of the band
edge positions of CoO nanoparticles relative to bulk CoO, leading
to optimal positions for overall photocatalytic water splitting. We



124 K.-W. Park, A.M. Kolpak / Journal of Catalysis 365 (2018) 115–124
also showed that including explicit water molecules in DFT calcu-
lations is essential for accurately modeling the surface band edge
positions in an aqueous environment, enabling, for the first time,
the prediction of the band edge positions of an antiferromagnetic
material in direct contact with liquid water that are in good agree-
ment with the experimental measurements. Our work emphasizes
the importance of the details of the oxide/water interface for
understanding and predicting optoelectronic and catalytic proper-
ties of oxides in real aqueous environments.
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