Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

A

ROYAL SOCIETY
OF CHEMISTRY

Joumal of

Materials Chemistry A

View Article Online

View Journal | View Issue

Mechanism for spontaneous oxygen and hydrogen

i") Check for updates‘
evolution reactions on CoO nanoparticlest

Cite this: J. Mater. Chem. A, 2019, 7,
6708 . _ -
Kyoung-Won Park (22° and Alexie M. Kolpak (2 *<

Overall photocatalytic water splitting with a high efficiency of ~5% has recently been observed for CoO
nanoparticle suspensions in the absence of an applied bias or co-catalyst. Although experimental
measurements indicate that the overall photocatalytic water splitting is caused by optimal band edge
alignments with respect to the redox potentials of water, the mechanism by which H, and O,
simultaneously evolve on these nanoparticles is unknown. In this study, we used first-principles density
functional theory (DFT) calculations to elucidate the mechanisms for the charge separation and H, and
O, evolution on CoO nanoparticles under illumination in aqueous solution. We demonstrated that
electrons are driven to the CoO(100) facet and holes are driven to the hydroxylated CoO(111) facet
(OH*-CoO(111)) as a result of the built-in potential arising from the difference in the band edge
positions on the two facets. Furthermore, based on a set of criteria, depending on if the photoexcited
electrons and holes have sufficient energy to overcome the kinetic barrier along the H, and O, evolution
reaction pathways, respectively, on the relevant surface facet, we show that H, evolution preferentially
occurs on the CoO(100) facet, while O, evolution occurs on the OH*-CoO(111) surface. Our
understanding of the overall water splitting mechanism on CoO nanoparticles provides a general
explanation for the experimentally observed overall water splitting phenomena on a variety of self-
standing photocatalysts, including y-Ga,Os, Cu,O, and KTaOs, without an external driving potential or
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inexpensive fabrication cost, high specific surface area, and short
carrier diffusion lengths to reach the surface reaction area). Thus,
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For decades, photocatalysts have been actively studied both
experimentally and computationally because solar light har-
vesting is very attractive for the development of renewable and
clean energy. However, for photocatalytic water splitting to
become economically feasible, it is crucial to decrease both the
cost and energetic cost (i.e., overpotential) of materials for the
two half-reactions, the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER). Therefore, photocatalysts
composed of non-noble materials and splitting water without
an external bias or a co-catalyst are promising.

Nano-sized photocatalysts are known to present a high elec-
tron-hole recombination rate due to their confined space, which
significantly reduces the photocatalytic efficiency, despite the

many advantages of nano-sized photocatalysts (such as

“Department of Materials Science and Engineering, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, USA

*Center for Biomaterials, Korea Institute of Science and Technology (KIST), Seoul,
02792, Republic of Korea

‘Department of Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA. E-mail: kolpak@mit.edu

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c8ta11087e

6708 | J. Mater. Chem. A, 2019, 7, 6708-6719

it is difficult to imagine economical nanoparticle photocatalysts
where overall water splitting occurs without the application of
external energy and/or a co-catalyst. Interestingly, self-standing
nanoparticles of various single materials, including y-Ga,0;,"
Cu,0,” Zr0,,> KTa0;,* Zn,GeO,,>° p-GO : N/n-GO : N, BiVO,,*®
and Co0, have been reported to create stoichiometric H, and O,
in aqueous solution under light illumination even without an
externally applied bias or co-catalyst. Among them, spherical CoO
nanoparticles have been observed to create stoichiometric H, and
O, with the highest solar-to-hydrogen photocatalytic efficiency
(~5%), in contrast to bulk CoO, which is photocatalytically inac-
tive for water splitting. A previous experimental work reported that
CoO nanoparticles with sizes less than 10 nm have optimal band
edge positions for overall water splitting;'® whereas bulk CoO or
CoO micropowder does not.' Therefore, it is believed that the
different photocatalytic behaviors are related to particle size.
However, very recently, it was reported that sub-micrometer CoO
octahedra also conducted overall water splitting without an
external bias or co-catalyst (but with much lower efficiency
compared to spherical CoO nanoparticles),”" suggesting that
a critical factor controlling the photocatalytic water splitting
behavior is not particle size.

This journal is © The Royal Society of Chemistry 2019
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Our previous density functional theory (DFT) study of the
CoO/water interface demonstrated that the optimal band
alignments of spherical CoO nanoparticles originate from the
presence of fully hydroxylated CoO(111) facets (OH*-
Co0(111)).”> The OH*-CoO(111) facet is also predicted to be
present on the CoO octahedra, which indicates that overall
water splitting on CoO spherical nanoparticles’ and octa-
hedra® is due the presence of the OH*-CoO(111) facet.
However, despite these experimental and computational®
works, a clear picture of how the HER and OER occur on CoO
nanoparticles with high efficiency is still missing.

In this work, to elucidate the origin of the overall water
splitting on CoO nanoparticle photocatalysts without an
external bias or co-catalyst, we investigated the mechanisms for
charge separation and spontaneous HER and OER under light
illumination using first-principles density functional theory
(DFT) calculations. By determining the built-in potential
between the two facets based on their relative band edges and
computing the relative charge accumulation on each, we show
that electrons are driven to the CoO(100) facet and holes to the
hydroxylated CoO(111) facet (OH*-CoO(111)). We also deter-
mine the feasibility of the HER and OER on the two facets based
on whether the photogenerated electrons and holes have suffi-
cient energy to overcome the kinetic barrier along the H, and O,
evolution reaction pathways, respectively. Using this feasibility,
we demonstrated that H, evolution preferentially occurs on the
Co0(100) facet, while O, evolution occurs on the OH*-CoO(111)
surface in the absence of an overpotential or co-catalyst, even
though only the band edges of the OH*-CoO(111) facet satisfy
the conventional condition for overall water splitting, while that
of the CoO(100) facet do not. We believe that this suggested
mechanism provides a general framework for understanding
the experimental observations of photocatalytic overall water
splitting on other self-standing photocatalysts.

Methods

Co0(100) slabs with the rock salt (RS) structure were modeled
with a symmetric 2 x 2 in-plane supercell containing 7 atomic
layers. The outer 2 layers on both sides were fully structurally
relaxed, while the central 3 layers were fixed in the RS-structure
of bulk CoO (lattice constant = 4.26 A)."> The Co-terminated
Co0(111) surface was modeled with a 2 x 2 supercell contain-
ing 13 atomic layers, with the central 5 layers fixed in the bulk
positions and the outer 4 layers on both surfaces fully relaxed.*
O-terminated CoO(111) slabs were not considered based on
experimental observations and their higher surface free
energy.’>* All slab structures included a vacuum of ~15 A
separating periodic copies perpendicular to the surface. The
type-1I antiferromagnetic (AFM) configuration was applied to all
slab structures.”'*** DFT + U calculations were performed
using VASP'*'” with PAW pseudopotentials provided in the
VASP database and the PBE-generalized gradient approximation
(GGA)™® exchange-correlation functional. A U value of 4.1 eV was
applied to the Co d-states, as described in ref. 12. An energy
cutoff of 800 eV was used in the plane-wave expansion. Self-
consistent total-energy iterations were accelerated using
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Gaussian smearing with a width of 0.05 eV, with Pulay mixing to
ensure fast convergence of the self-consistent electron density.
Atom positions were relaxed until the forces on all atoms were
less than 0.005 eV A", All slab structures were modeled with
a converged 6 x 6 x 1 Monkhorst-Pack k-point mesh unless
otherwise noted.

Possible adsorbates (intermediates created during the water
dissociation process), including H, O, and OH, were placed on
both sides of the optimized CoO(100) and Co-terminated
CoO(111) slabs with various surface coverages, and then
relaxed. The adsorbates were initially positioned at a distance of
~2 A from both surfaces then relaxed to find the thermody-
namically favored adsorption site and configuration."> The
Hubbard U correction to DFT was also included during the
relaxation because it is reported that it is essential for the
description of experimentally observed trends in the activity of
the strongly correlated cobalt oxides.” All computation
parameters employed for the relaxation were identical to that
used for the bare surfaces."

The free energy changes for the intermediates at Py, = 1 bar
were calculated using the approach reported in ref. 20 as
follows:

AG(UpH,T) = AE + AZPE — TAS + AGy + AGon, (1)

where, AE is the reaction energy determined from DFT and
AZPE is the difference in zero-point energies due to the reaction
between the adsorbed and gas phase species by setting H,O and
H, in the gas phase as reference states.”® The AZPE of various
surfaces was calculated using DFT calculations. AS is the
change in entropy, which was computed using DFT calculations
of the vibrational frequencies and standard tables for gas phase
molecules, AGy = —eU is the free energy change due to elec-
trode potential U, and AGpy = kT In[H'] = —kT In 10pHis the
free energy change due to the change in pH. All values of AG
were computed at 7= 298 K and pH = 0. Additional details and
the computed values of AZPE and TAS are reported in Tables S1
and S2 in the ESL ¥

The charge states of the CoO(100) and OH*-CoO(111)
surfaces were evaluated by examining how the atomic charge
density deviates from the reference value in each layer, i.e., the
charge density difference, which is defined as:*?

Ap = p(2) — MCoO(111)), (2)

For the reference of the surface charge density, the average
charge density of the bare Co-terminated CoO(111) surface was
chosen because the charge density did not vary significantly
with respect to the position along the film thickness (z-axis)
even at the outmost surface layer, as shown in Fig. 6 in ref. 12.

To investigate whether charge separation occurs in actual
CoO nanoparticles, we also constructed a supercell describing
a nanorod composed of CoO(100) and OH*-CoO(111) facets, as
shown in Fig. 2. The initial atomic configuration was built so
that only the OH*-Co0O(111) and bare CoO(100) surfaces existed
and were in contact with each other. The initial supercell was
relaxed with the same parameters as the CoO slabs, but with a 6
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x 1 x 1 Monkhorst-Pack k-point mesh. All atoms in the
nanorod were relaxed. An initial type-II AFM configuration was
constructed with up and down spin polarization on the Co
atoms in alternate (111) planes.

Results and discussion

Catalysis on semiconducting photocatalysts generally involves
three steps: (i) solar light absorption, which generates electron—
hole (e-h) pairs if the energy of the incident light is larger than
the band gap of the photocatalyst; (ii) separation of the photo-
generated charge carriers (e-h) and their transportation to the
surface of the photocatalyst; and (iii) reaction of adsorbed
reactants at the surface via use of the transferred electrons/
holes. Photogenerated holes are used to generate oxygen at
the photoanode (4h" + H,0(I) — 0,(g) + 4H"), while photo-
generated electrons generate hydrogen at the photocathode
(4H" + 4e~ — 2H,(g)). Consequently, the two half-reactions lead
to the stoichiometric generation of hydrogen and oxygen from
water (2H,0(1) — O,(g) + 2H,(g)).

In a previous study,” we demonstrated the thermodynamic
feasibility of photocatalytic overall water splitting on CoO
nanoparticles with diameters of ~10 nm (ref. 10) by elucidating
their surface-dependent band edge positions relative to the
water redox potentials (step (i)). We showed that the thermo-
dynamically preferred morphology of CoO nanoparticles is
a truncated octahedron consisting of two facets: OH*-CoO(111)
and bare CoO(100) facets. These two facets have very different
band edge positions relative to the redox potentials of water."
In particular, the band edge positions of the OH*-CoO(111)
facet are shifted significantly upwards compared to that of the
Co0(100) facet. As a result, the conduction band edge is located
at a more negative potential than the water reduction potential
level (H'/H,), and the valence band edge is more positive than
the water oxidation potential level (H,O/O,); thereby, allowing
the possibility of overall water splitting. Once CoO

Co0(100)

CoONC
19 ~2.19eV
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nanoparticles in water are exposed to light, the OH*-CoO(111)
surface absorbs light of energy greater than 2.6 eV and gener-
ates e-h pairs that have sufficiently high energy for both the
HER and OER to occur. However, how both reactions take place
on the facets of CoO nanoparticles is not yet understood.
Therefore, in this study we investigated the separation process
of the photogenerated charge carriers (step (ii)) and the HER
and OER feasibilities of the two facets (step (iii)).

Charge separation

Charge separation can occur when there is a driving force for
photogenerated electrons and holes to move in different
directions or spaces. This implies that charge separation can
occur if facets with different electron affinities exist in a nano-
particle. As determined in our previous study,'* the two types of
facets predicted to be present in CoO nanoparticles in water
have very different surface properties. Specifically, the CoO(100)
surface is likely to be positively charged, while the OH*-
CoO(111) surface is negatively charged. Thus, photogenerated
electrons are expected to move to the CoO(100) surface;
whereas, holes migrate to the OH*-CoO(111) surface. In addi-
tion to the charge density difference, the conduction and
valence band edge diagram of a CoO nanoparticle in an aqueous
environment (Fig. 1) suggests that charges will be rapidly
separated between the two facets due to the large potential
difference (~2.19 V) between them. This creates a large electric
field throughout the entire nanoparticle due to its small
dimensions relative to the typical length scale of band bending
in CoO.”* This electric field drives photogenerated electrons
towards the CoO(100) facet and holes towards the OH*-
CoO(111) facet.

However, it is unclear whether charge separation still occurs
when the two facets exist in conjunction with each other since
the charge density distributions studied in the previous work
were obtained for isolated supercells.’> Thus, to confirm
whether the charge separation indeed occurs in realistic CoO

OH*-Co0(111)

water

Band edge position (vs. NHE)

e

water

h*—

Fig. 1 Conduction and valence band edge diagram with respect to an arbitrary position from the CoO(100) surface to the OH*-CoO(111)
surface of a nanoparticle in contact with water. The bands are plotted with respect to NHE. The conduction and valence bands (blue lines) linking
two facets are considered to be linear because they are unlikely to have a bulk-like structure in the central region considering that the CoO
nanoparticles used for the overall water splitting is ~10 nm in diameter, which is smaller than the general width of the space charge layer (~10 nm

to several um (ref. 21)).
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nanoparticles, we considered a nanorod composed of CoO(100)
and OH*-CoO(111) facets, as illustrated in Fig. 2. In the
supercell, we investigated how much the charge density of the
surface in the nanorod deviates from the average value of the
CoO(111) surface, as described in the Methods section and ref.
12. The results are summarized in Table 1. We found that excess
electrons are collected on the OH*-CoO(111) surface of the
nanorod, as observed for the isolated slab with OH*-CoO(111)
surfaces.”” We also observed a decrease in the electron charge
density on the Co atoms in the outermost surface layer of the
Co0(100) surface of the nanorod, similar to that observed for
the isolated CoO(100) slab. This confirmed our expectation that
the charges will be separated between the two facets in actual
CoO nanoparticles.

However, we do not think that CoO nanoparticles can
sustain the huge electric field for a long time. The previous
experimental study'® demonstrated that the photocatalysis on
the CoO nanoparticles became deactivated soon after the pho-
tocatalytic water splitting test started (within ~1 hour of the
reaction). The deactivated nanoparticles remained as CoO
single crystals, but became aggregated and did not exhibit the
initial sharp facets, showing a deviated XPS spectrum from that
of the fresh CoO nanoparticles.'® Considering that a huge built-
in potential is generated in the CoO nanoparticles, as shown in
Fig. 1, the structural change at the surface is considered to be
caused by the high electric field inside the nanoparticle, which
explains the poor sustainability of the CoO nanoparticles.
Nevertheless, this needs to be confirmed by a further experi-
mental study to determine the origin of the short lifetime of the
CoO nanoparticle photocatalyst.

Theoretical HER/OER overpotentials

For the separated charge carriers to overcome the kinetic barriers
for the formation of reaction intermediates on the surface of the
electrode and to induce the HER and OER, a certain amount of
excess energy, i.e., overpotential (), is required. The magnitude of
1 determines how easily the reaction can occur, i.e., resulting in
HER or OER activity. The theoretical electrochemical over-
potential for the HER (OER) is defined as the difference between

(a) z
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o
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Fig. 2
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Table 1 Deviation of charge density relative to the average charge
density of the CoO(111) surface, Ap (refer to Methods), in the OH*—
CoO(111) and CoO(100) facets in the supercell shown in Fig. 2. The
charge density difference was investigated for each atom and their
average values are summarized. The charge density differences
calculated in the isolated OH*-CoO(111) and CoO(100) slabs (Ap in
isolated slab) are shown together for reference

Element in the Ap Ap
Facet outermost layer in isolated slab
OH*-Co0(111) o 0.124 0.114

H 0.210 0.207
Co0(100) Co —0.023 —0.043

(0] —0.019 —0.017

In the OH*-CoO(111) facet, the higher value for hydrogen than for
oxygen in the hydroxyl group means that the charge in the hydrogen
atom largely deviated from neutral hydrogen than the charge in
oxygen. This indicates that the charge in the hydroxyl group is highly
polarized at the outermost position going from the surface to the end
of the hydroxyl group.

the energy level of the transition state of the limiting step in the
reaction relative to H'/H, (H,0/0,).* Therefore, the relative HER
(OER) activity of the CoO(100) and OH*-CoO(111) surfaces can be
roughly estimated by the conduction (valence) band edge position
relative to H'/H, (H,0/0,), as marked in Fig. 3.

From the band edge position point of view, both the HER
and OER overpotentials are lower on the OH*-CoO(111) surface
compared to on the CoO(100) surface, and neither reaction
should occur on the CoO(100) surface. However, it is difficult to
conceive a mechanism in which both O, and H, are simulta-
neously generated on the same facet (without immediately
undergoing the back reaction to water). Furthermore, the
photoexcited electrons are expected to move to the CoO(100)
facet due to the potential difference between the facets, and
therefore would not be available for the HER on the OH*-
CoO(111) facet of the CoO nanoparticles. On the other hand, if
the photoexcited carriers are not separated to different facets as
predicted, then we expect high recombination rates and little to
no O, or H, evolution. This suggests that the band edge

(c) OH*-CoO(111)

L &
o
°
o
°
°
°
o
°
°
°
o
° C00(100)
o

(a) Atomic configuration of a CoO supercell constructed with OH*-CoO(111) (yellow shade) and CoO(100) (green shade) facets. (b) Side-

view of the prepared supercell. (c) Atomic configuration of a CoO nanorod constructed when the periodicity is applied to the prepared supercell

along the x-axis.
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Fig. 3 Band edge positions of bulk CoO and the CoO(100) and OH*—
CoO(111) facets relative to the water reduction/oxidation potential
levels, which were calculated with an explicit solvation approach.*? The
red horizontal single line denotes the conduction band edge, while the
green double line indicates the valence band edge. The relative HER
overpotential is shown with an orange dashed line (n"R) and the
relative OER overpotential with a blue dashed line (n°FR).

positions with respect to the water redox levels may not be the
most important metric for predicting photocatalytic activity.
Instead, we hypothesize that the key property that determines
whether photocatalytic HER or OER can occur on a given
surface is the difference between the potential of the photoex-
cited electron or hole and the energy level of the transition state
of the relevant rate limiting HER or OER step. Below, we
investigated this hypothesis using DFT to compute the free
energies of the reaction steps for the HER and OER on both the
Co0(100) and OH*-Co0O(111) surfaces.

HER/OER activities under equilibrium potential

Initially, we determined the relative HER activities of the
Co0(100) and OH*-CoO(111) surfaces by determining the free

C00(100)-1/8 Co0(100)
CoO(111) ——— OH*(1/4)-CoO(111)
——— OH*(1/2)-CoO(111) —— OH*(3/4)-CoO(111)
24| ——OH*(1/2)-Co0(111)-1/2
14
3
-~ 0
(&)
=
14
21 U=ov
H*+e H* Y% H,
(a) Reaction coordinate

Fig. 4
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energy change for H adsorption (AGy+), which has been shown
to be a good descriptor for the HER exchange current density (j,)
for a wide variety of surfaces.”®** The value of AGy+ can be
computed by modeling the possible intermediates formed
during the hydrogen adsorption-reduction-desorption
processes at the cathode, given by 2H" + 2e” — H* + H' + e~
— H,. Using this approach,”?® both AGy« values and calcu-
lated HER activity trends have been shown to agree well with
experimental results.”

According to the Sabatier principle,”®* a good HER catalyst
should form a sufficiently strong bond with adsorbed H* to
facilitate the proton-electron-transfer process, yet be weak
enough for facile bond breaking and release of H, gas. We used
the convention that a negative AGy~+ indicates strong binding of
hydrogen atoms to the surface, which blocks potential active
sites and retards hydrogen generation, while a positive AGy+
indicates weak bonding of hydrogen atoms to the surface,
which fails to stabilize intermediates and prevents any reaction
from taking place. Thus, the highest HER activity is given by
AGy+ close to 0, ie., at the summit of the volcano plot of j,
versus AGy=2°

Fig. 4(a) shows the calculated free energy change along the
HER coordinate on the bare CoO(100) and CoO(111) surfaces
with a range of OH coverage at the equilibrium potential (U =
0 V). Since the CoO(100) facet energetically prefers to maintain
a clean surface and the CoO(111) facet to be hydroxylated,* we
assumed that the CoO(100) facet has clean surface sites, while
the CoO(111) facet is hydroxylated during the HER and OER
except for the adsorption of the intermediates. Indeed, the ab
initio MD calculation of the supercell shown in Fig. 2 in contact
with the explicit water at 298 K shows that one H dissociated
from an H,0 molecule is adsorbed on the CoO(100) surface,
suggesting that the CoO(100) surface keeps the clean state with
1/8 coverage of intermediates. As shown in Fig. 4(a), AGy+ is
positive for the bare CoO(100) surface, but negative for all the
CoO(111) surfaces independent of OH coverage, showing that
the CoO(100) or OH*-CoO(111) facet binds weakly or strongly

4. U=123Vv
C00(100)-1/8
Co0(111) i OER
2- ——OH*(3/4)-CoO(111) ;’TCoo(mo)
s ;
L 0 M
2 718515(3/4)400(111)
24
t
1. OER
1Mcoo(111)
-4 - 1
OH- OH* o* OOH* 0,
(b) Reaction coordinate

(a) Free energy change for hydrogen adsorption on bare CoO(100) and CoO(111) surfaces with various OH coverage along the HER

coordinate at the standard potential (U = 0 V). (b) Free energy change along the OER coordinate for the CoO(100), CoO(111) and OH*(3/4)-
CoO(111) surfaces at the equilibrium potential (U = 1.23 V). All calculations were conducted with 1/4 coverage of the relevant adsorbates unless
otherwise noted. In the legend, the number in parenthesis is the OH coverage on the surface and 1/8 (or 1/2) at the right side of ‘CoO(100)" (or
‘Co0O(111)) denotes that the energy change was calculated with the 1/8 (or 1/2) H coverage.
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with hydrogen, respectively. The figure also shows that the
absolute value of AGy=, i.e., n''°F, increases with an increase in
OH coverage, indicating that the desorption of hydrogen from
the surface becomes increasingly difficult with an increase in
OH coverage, thus inhibiting the HER under standard condi-
tions. Interestingly, our results also show that the sign of AGy=«
is determined by whether the conduction band edge of the
surface is at a positive or negative potential relative to the
standard water reduction potential, the H'/H, level. For
example, we found that AGy« > 0 on the CoO(100) surfaces,
which have a conduction band edge below the H'/H, level (i.e.,
at a positive potential relative to the H'/H, level), while AGy« <
0 for the OH*-CoO(111) surfaces, which have a conduction
band edge above the H'/H, level (i.e., at a negative potential
relative to the H'/H, level). This indicates that a surface with
a conduction band edge at a more negative (positive) potential
relative to the H'/H, level will attract hydrogen to its surface
more strongly (weakly) due to its negatively (positive) charged
surface state.” We also found that the HER overpotential is
smaller on the CoO(100) surface than on the OH*-CoO(111)
surface, in contrast to the theoretical HER overpotentials esti-
mated from the band edge positions (Fig. 3). We will discuss the
meaning of the difference between the theoretical overpotential
and the overpotential calculated from the intermediate state in
the following section.

Similarly to HER, the OER overpotential of a material can be
estimated based on the binding energies of the intermediates
on its surface relative to H,O and H, in the gas phase. The
proposed OER mechanism consists of four consecutive proton
and electron transfer steps with the intermediates OH*, O%*,
OOH* and 0O0*(0,).>”*° The largest difference in the free energy
change of the intermediates along the reaction path, i.e., max
[AGow*, AGo*, AGoom+],*"** is taken to be the theoretical OER
overpotential. Previous work has shown that a volcano rela-
tionship exists between the OER overpotential (—1°*¥) and the
descriptor AG2, — AG? . on oxide surfaces.**"*

Fig. 4(b) shows the free energy diagram of the calculated free
energies of the intermediates along the overall OER pathway,
AGou+, AGo+, and AGpon+, of the bare CoO(100), bare CoO(111)
and OH*(3/4)-CoO(111) surfaces at the equilibrium potential (U
= 1.23 V). The Co0O(100) surface has positive values for AGo+,
AGo+, and AGoogn+, implying that none of these adsorbates bind
easily to the CoO(100) surface. However, the bare CoO(111) and
OH*(3/4)-Co0O(111) surfaces stabilize both the O* and OH*
adsorbates. Furthermore, they have OER overpotentials (2.17 V
for bare CoO(111) and 1.18 V for OH*(3/4)-CoO(111)) much
lower than that of the CoO(100) facet (3.67 V). As a result, we
expect that the OER preferentially occurs on the OH*-CoO(111)
facet.

HER and OER at the photo-induced potential

The HER and OER overpotentials estimated from the binding
energies of the reaction intermediates were shown to agree with
experimental electrochemical measurements. This is obvious in
the case of an electrochemical cell because a certain amount of
energy should be supplied to an electrochemical catalyst to

This journal is © The Royal Society of Chemistry 2019
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induce the reaction. The energy greatly depends on the inter-
mediate state, which is given by the electrode potential required
for the initiation of the reaction.

In the same way, previous studies have employed the calcu-
lated overpotentials to interpret photocatalytic behavior since
the reactions are expected to occur via the same mechanism.
However, unlike the electrochemical cell, since the energy
source for the HER and OER reactions on photocatalysts is light
(photon energy), the feasibility of the photocatalytic HER or
OER cannot be determined only by the kinetic barriers for the
half reactions without determining the energy state of the
photogenerated charge carriers. In addition, the optimal band
edge positions for photocatalytic overall water splitting do not
always determine H, and O, creation from water splitting
considering that several systems including CdS,****” MoS,,***°
TiO,, " SrTiOs,* CdSe,** Zn0,"* Nb,Os* SiC,* and
Sn,TiO,,* have the required band alignment yet only evolve H,
or O,.

To resolve this conundrum, we employed criteria for
screening the feasibility of the HER/OER on a specific surface,
as Valdés et al.°* and Montoya et al.** introduced. Specifically,
the energy state of the charge carriers provided by light
absorption should be sufficient to overcome the kinetic barrier
of the reaction of the HER or OER, ie., the free energy of the
transition state of the rate-limiting step relative to that of the
initial state. In a semiconducting photocatalyst, the energy state
of the photogenerated charge carriers is determined by its band
edge positions, which is critical for light absorption. Therefore,
the feasibility of the reaction is determined such that HER
occurs when the conduction band edge (U(CB)) is more negative
than 7™"®® (=|AGy+|) and the OER proceeds when the valence
band edge (U(VB)) is more positive than 7°F%,

Fig. 5(a) shows the conduction and valence band edges that
determine the potential levels of electrons and holes generated
by photon absorption at the interface of the OH*-CoO(111)
surface and water. On the OH*-CoO(111) surface, the photo-
generated electrons are at a potential 0.55 V more negative than
the water reduction potential (H'/H,), while the photogenerated
holes are at a potential 2.05 V more positive than the H'/H,.
Specifically, the electrons have 0.55 eV extra energy for the HER,
while the holes have 0.82 extra energy for the OER relative to an
ideal photocatalyst. To determine the feasibility of the HER/
OER under the potential given by the photon absorption, we
evaluated the HER and OER overpotentials, as shown in
Fig. 5(b) and (c), respectively.

From the calculated thermodynamic stability’ and experi-
mental observations with XPS,"»**** the CoO(111) surface is
expected to be hydroxylated after equilibration in water,
although the exact OH coverage is not known experimentally.
However, performing ab initio molecular dynamics (MD)
calculations of CoO(111) and OH*-CoO(111) facets in water
(Fig. S17), we found that complex surface configurations can be
formed during the actual water splitting reactions, which in
turn can significantly alter the HER and OER overpotentials, as
shown in Fig. 5(c), S2 and S3.1

Fig. 5(b) shows the free energy changes of the OER inter-
mediates along the reaction pathway under U = 2.05 V, the
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NMER (vs. NHE)

(a) Band edge positions at the OH*-CoO(111) surface and potential levels of photogenerated electrons and holes with respect to the

water reduction potential level. (b) Free energy change of OH, O, and H adsorbed CoO(111) surfaces along the OER coordinate under 2.05 V. (c)
HER overpotential (n"ER) on CoO(111) surfaces with a range of OH, O, and H coverage under 0V and —0.55 V. The legend in (b) and vertical axis in
(c) denote the initial surface configuration prior to the adsorption of the intermediate species. The number in parenthesis next to "*' indicates the
coverage of the species. The (O) in the vertical axis of (c) indicates that H adsorption (or desorption) was conducted by binding on the O site, as
illustrated in the inset, rather than adsorbing at the clean surface site. The band edge positions (vs. NHE) and the HER and OER overpotentials are
shown at pH = 0. Since the band edge positions (vs. NHE) change as a function of pH, same as the changes in the HER and OER overpotentials
with respect to pH, —kT In 10pH, the photocatalytic reaction activity estimated at pH = O by comparing the relative positions of the band edge

and the half reaction overpotential is consistent with that at pH = 7.

potential of the photogenerated holes. Our results predict that
the photogenerated holes are able to trigger the OER on the
CoO(111) surface with half a monolayer of OH (OH*(1/2)-
CoO(111)) without a reaction barrier, as indicated by the
downhill free energy change for each step along the reaction
pathway (dark green line). The OH*(1/2)-CoO(111) surface is
the only configuration considered here that is able to induce the
OER without an additional applied potential. This means that
the transition state of the OH*(1/2)-CoO(111) surface exists at
a slightly negative potential relative to the valence band edge at
the surface (2.05 V), and therefore the potential for holes ob-
tained from light absorption is sufficient to drive the sponta-
neous OER. On the other hand, the transition states on the
other surface configurations with various OH, O, and H
coverage are at positive potentials relative to the valence band
edge at the surfaces. On these surfaces, an additional potential
(overpotential) corresponding to the energy difference between
the transition state and the valence band edge, U(TS) — U(VB), is
required to overcome the kinetic barrier for the OER under the
light-induced potential.

We also investigated the feasibility of the HER on the OH*-
CoO(111) surface via photogenerated electrons by considering

6714 | J. Mater. Chem. A, 2019, 7, 6708-6719

the n"™® change under U = —0.55 V (Fig. 5(c)). Since the over-

potential depends strongly on the coverage of different species
at the surface,” we considered a range of possible surface
configurations (Fig. $31). Under U= —0.55 V, the "X values for
all the surface configurations are shifted by —0.55 V from that
obtained under the standard potential due to #™*}(V) = " *(U
= 0 V) + U. Among the considered surface configurations, we
found that n"*® goes from positive to negative when going from
the standard potential to the potential of the photogenerated
electrons (—0.55 V) for the OH*(1/4)-0O(1/4)-Co0O(111)(0) and
0*(1/2)-Co0O(111) surfaces. This means that the kinetic barriers
for the HER do not exist on the surfaces under the electron
energy of —0.55 €V vs. H'/H, level. However, since the main
adsorbate is a hydroxyl group on the CoO(111) surface in
aqueous solution, the O*-CoO(111) surface is neither stable nor
representative in water. Also, the HER feasibility determined in
Table 2 indicates that the O*-CoO(111) surface cannot induce
the HER because of its higher #™®® than the electron energy
obtained by light absorption. Hence, we consider that the
OH*(1/4)-0(1/4)-CoO(111)(0O) surface is the most probable
surface configuration for hydrogen evolution on the CoO(111)
facet.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Calculated conduction and valence band edge positions (U(CB) and U(VB)) of the CoO(111) surfaces with various initial surface
configurations, HER and OER overpotentials (n"ER and n°FR) under U = 0 V, feasibility of the HER and OER (f(HER) and f(OER)) determined based
on the comparison of the band edge and the overpotential. Feasible reactions are marked with ‘O" and unfeasible reactions with "X’

Initial surface configurations U(CB) U(VB) 7 ER nOFR f(HER) f(OER)
CoO(111) 0.048 2.648 —1.406 3.400 X X
CoO(111)-1/2 0.048 2.648 —1.081 3.310 X X
CoO(111)-1 0.048 2.648 —0.939 — X —
OH*(1/4)-Co0(111) —0.685 1.915 1.791 4.640 X X
OH*(1/2)-Co0(111) —0.608 1.992 1.586 2.000 X o
OH*(1/2)-CoO(111)-1/2 —0.608 1.992 1.353 — X —
OH*(3/4)-Co0(111) —0.706 1.894 2.252 2.410 X X
0*(1/2)-Co0O(111) 0.680 3.280 0.378 — X —
0*(1/2)-CoO(111)-1/2 0.680 3.280 0.150 3.654 X X
OH*(1/4)-0*(1/4)-CoO(111) —0.303 2.297 0.716 4.564 X X
OH*(1/4)-0%*(1/4)-Co0(111)(0) —0.303 2.297 0.381 — (o} —
OH*(1/2)-0%(1/4)-CoO(111) —0.646 1.954 1.954 3.088 X X
OH*(1/2)-0%(1/4)-Co0(111)(0) —0.646 1.954 1.214 — X —
OH*(3/4)-0*(1/4)-Co0(111)(0) —0.600 2.000 1.940 — X —
OH*(1/2)-H*(1/4)-CoO(111) —0.267 2.333 1.121 3.688 X X
H*(1/4)-CoO(111) 1.560 4.160 0.756 — X —
H*(1/2)-CoO(111)-1/2 0.656 3.256 0.797 — X —

The band edge position during the reaction (along the HER and OER pathways) changes slightly (Fig. S4); therefore, the feasibility of the reaction is
expected to be essentially constant during the reaction. “ Since U(CB) is similar to the HER overpotential of the surface, the HER may be possible
given the errors inherent to DFT. However, we expect the actual reaction rate will be negligible due to the high back reaction probability in the
confined space of the nanoparticle as well as the low electron concentration at the surface.

The disappearance of the kinetic barrier for the HER on the
OH*(1/4)-0(1/4)-Co0O(111)(0O) surface under U = —0.55 V,
indicates that one hydrogen of the hydroxyl group on the
OH*(1/2)-CoO(111) surface is readily desorbed from the surface
under the potential of the photogenerated electrons (inset of
Fig. 5(c)), spontaneously creating H,. The other surface config-
urations with 78 > 0.55 V slightly relieve the strong binding
(for an initially negative AGy+) or stabilize the surface with
hydrogen (for an initially positive AGy+). However, they still
need an additional potential to reach "% = ~0 to trigger
spontaneous HER.

From Fig. 5, we find that the CoO(111) surface with 1/2 OH
coverage energetically favors both the HER and OER. It is
interesting to note that, in principle, this surface can therefore
simultaneously oxidize and reduce water with photogenerated
carriers without an external bias, as predicted from the band
edge positions (Fig. 3).'® This result supports our point
insisted in ref. 12 that the origin of the photocatalytic overall
water splitting on both the CoO nanoparticle’ and sub-
micrometer CoO octahedra is the presence of the OH*-
CoO(111) facet (the reason for the lower efficiency of the CoO
octahedra compared to the spherical CoO nanoparticles is
explained in section ‘Electron transport and HER on CoO(100)).
However, as noted in the ‘Charge separation’ section and Fig. 1,
we expect that the relative populations of photoexcited electrons
and holes at the surfaces of CoO nanoparticles will favor the
OER at the OH*-CoO(111) surface.

It is possible that the potential level of charge carriers given
by light absorption deviates from that of the OH*-CoO(111)
facet due to the different surface coverage, although the domi-
nant surface configuration of the CoO(111) facet in a water
environment is considered to be hydroxylated. Thus, to more

This journal is © The Royal Society of Chemistry 2019

accurately assess the feasibility of the HER and OER on various
surface configurations, we computed the conduction and
valence band edges of all the surfaces and the results are
summarized in Table 2. Based on the calculated band edge
energies and the HER/OER overpotentials, the feasibility of the
reaction is determined such that the HER occurs when ™=} +
eU(CB) = 0 and the OER proceeds when 7n°*® — eU(VB) = 0,
screening the photocatalytically active surface. In accordance
with the evaluation in Fig. 5, both the HER and OER are ener-
getically feasible on the CoO(111) surface with a hydroxyl
coverage of one half.

Unlike the CoO(111) surface, the bare CoO(100) surface is
predicted to maintain an ideal surface (no adsorbates) in an
aqueous environment. Therefore, we assumed that CoO(100)
has clean surface sites during the HER and OER except for the
adsorption of intermediates (1/8 coverage). Fig. 6(a) shows the
conduction and valence band edges of the bare CoO(100)
surface. From the band edge positions, it can be seen that the
potential level of electron-hole pairs given by photon absorp-
tion at the CoO(100)/water interface is +1.64 V for electrons and
+4.25 V for holes with respect to the H'/H, level.

Fig. 6(b) shows the free energy change along the OER
coordinate under U = 4.25 V. Even though the CoO(100)
surface is under a very large positive potential, an additional
energy of ~0.65 eV is required to overcome the reaction
barrier for the reaction step going from OH* to O¥; therefore,
the photogenerated potential is not sufficient to induce the
OER on this surface. For hydrogen evolution, the positive Ec
relative to the H'/H, level of the CoO(100) facet (+1.64 V)
indicates that the electrons photogenerated on the surface are
unable to induce the HER according to the thermodynamic
relation AGy = eU for the HER. Consequently, both the HER
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concentration.

and OER seem to be infeasible on the CoO(100) surface, as
expected from the band edge positions relative to the water
redox potentials in Fig. 3.

Electron transport and HER on CoO(100)

As discussed in the ‘Charge separation’ section, the photo-
generated electrons and holes are expected to be efficiently
separated between the CoO(100) and OH*-CoO(111) facets due
to the small dimension of the CoO nanoparticles (~10 nm) and
huge built-in potential in the nanoparticles. The efficient charge
separation is regarded as the origin of the prominent conver-
sion efficiency observed in a CoO nanoparticle suspension.'” In
contrast, CoO octahedra composed of only the OH*-CoO(111)
facet' are hardly able to separate the photogenerated charge
carriers, resulting in much lower photocatalytic efficiency.*>**
These two different results suggest that the high photocatalytic
efficiency in the CoO nanoparticles originated from the HER
and OER occurring on different facets, i.e., CoO(100) and OH*-
CoO(111) surfaces without recombination of the separated
charge carriers. Therefore, we reasonably speculate that the
HER predominantly occurs on the CoO(100) facet, even though
the CoO(100) facet has no photocatalytic capability to sponta-
neously trigger the HER under illumination, as interpreted in
the ‘HER and OER at the photoinduced potential’ section.
Therefore, we investigated whether the electrons photo-
generated on the OH*-CoO(111) facet can induce the HER on
the CoO(100) facet. Since the U(CB) on the OH*-CoO(111) facet
is located at —0.55 V vs. H'/H, level, the electrons photo-
generated at the surface can be provoked to evolve hydrogen on
the CoO(100) facet if the electrons can transport to the CoO(100)
facet without energy loss (before electron-phonon coupling

6716 | J Mater. Chem. A, 2019, 7, 6708-6719

occurs), as shown in Fig. 6(c) (satisfies the condition for pho-
tocatalytic HER; 1Go0(100) + €U(CB) (at OH*-Co0(111)) < 0).

From the numerical calculation of the time required for the
electron transportation in the CoO nanoparticles (page 10 in
ESIT), we find that the electrons in the CoO nanoparticles can
spontaneously move within ~1 fs from the OH*-CoO(111) to
the CoO(100) facets in the absence of an external bias.
Considering that relaxation time for electron-phonon coupling
(generally greater than 10 fs (ref. 56-59)) is longer than the
electron transportation time in the nanoparticles, the electrons
generated on the OH*-CoO(111) facet can be carried without
energy loss and successfully trigger the HER on the CoO(100)
facet. This short transportation time in the CoO nanoparticles is
possible due to the high built-in potential and the small size
(page 10 in ESIT) of the nanoparticles. As a result, it is antici-
pated in real CoO nanoparticles that the HER (or OER) occurs
on the CoO(100) (or OH*-CoO(111)) facet even without an
external bias or a co-catalyst, resulting in high photocatalytic
efficiency."

Furthermore, at near neutral-pH conditions, the kinetic
effect may also be another major reason for the spontaneous
overall water splitting with high efficiency, rather than the
thermodynamic effects. Therefore, even though CoO(100) facet
cannot induce H, generation thermodynamically, the HER may
be kinetically possible on the CoO(100) facet. However, the
kinetic effect has not been proven experimentally and compu-
tationally in the field of photocatalysts because the band edge
position is known to be the primary factor for determining
whether photogenerated electrons can trigger the HER. There-
fore, a further study on the kinetic effect is necessary by inves-
tigating the transition states on the CoO nanoparticles. We can

This journal is © The Royal Society of Chemistry 2019
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also validate the kinetic effect on other semiconducting or
insulating photocatalysts that conducted spontaneous overall
water splitting in a neutral pH environment.

Overall water splitting on CoO nanoparticles

As mentioned in the ‘Charge separation’ section, we predict that
in CoO nanoparticles in water, photogenerated charge carriers
are separated by a built-in potential, with electrons driven to the
Co0(100) surface facets and holes driven to the OH*-CoO(111)
surface facets due to the difference in the band edge positions at
these surfaces. On the OH*-CoO(111) surface (Fig. 5), our
results suggest that the photogenerated holes will serve the OER
on a half hydroxylated region, while photogenerated electrons
can enable the HER by desorbing hydrogen from a half
hydroxylated region. However, we expect the population of
photogenerated electrons on the OH*-CoO(111) surface to be
very low due to the built-in potential, which will quickly sweep
electrons away from the OH*-CoO(111) facet to the CoO(100)
facet. Even if the HER can be realized on the half hydroxylated
CoO(111) surface before the photogenerated electrons are
separated to the CoO(100) surface, the fraction of hydrogen
formed on the former facet in the total HER will be very small
considering the high probability of back reaction owing to the
confined space of the CoO nanoparticles. On the CoO(100)
surface, which strongly attracts photogenerated electrons, both
the HER and OER are unlikely to occur due to the significant
energy barriers, which cannot be overcome by the electrons and
holes photogenerated on the CoO(100) facet. However, the HER
is available on the CoO(100) facet by the electrons photo-
generated on the OH*-CoO(111) facet, but transferred to the
Co0(100) facet before electron-phonon coupling without loss of
energy after the generation. Thus, we expect the OER to
primarily occur on the OH*-CoO(111) facet and the HER to
occur on the CoO(100) facet in CoO nanoparticles.
Photocatalytic overall water splitting on CoO nanoparticles is
thought to take place without a co-catalyst or an external bias
because the nanoparticle functions as either a co-catalyst-
integrated nanoparticle or a p-n junction photocatalyst, in
which the CoO(100) facet is a p-type semiconductor and the
OH*-Co0(111) facet is an n-type semiconductor. In addition,
the spontaneous charge separation taking place in the CoO
nanoparticles can largely improve the photocatalytic efficiency,
which supports the experimentally measured high photo-
catalytic efficiency (5%) of CoO nanoparticles.'® Even though
the nanoparticle is made of a homogeneous material, the
different surface configurations with different charge densi-
ties’> and electron affinities on the nanoparticle enable
advanced heterogeneous functions. Unlike spherical CoO
nanoparticles of high efficiency,” sub-micrometer CoO octa-
hedra covered with OH*-CoO(111) facets cannot separate pho-
togenerated e-h pairs because there is only one type of facet.
Thus, even though the OH*-Co0O(111) facet can conduct pho-
tocatalytic overall water splitting, the efficiency will be signifi-
cantly reduced compared to that of spherical CoO
nanoparticles, as observed experimentally."* This under-
standing of overall photocatalytic water splitting on CoO

This journal is © The Royal Society of Chemistry 2019
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nanoparticles may also explain how other single-material
nanoparticles can perform as photocatalysts for overall water
splitting without a co-catalyst or an external potential.
Furthermore, it emphasizes that understanding photocatalytic
water splitting requires the knowledge of three key properties:
(i) the morphology of the nanoparticle and its thermodynami-
cally stable surface configurations in an aqueous environment,
(ii) the energy state of the photogenerated charge carriers from
the calculation of the band edge positions and (iii) the relative
energy of the transition state of the reaction under the photo-
induced potential.

Conclusions

This study represents the first study to elucidate the mechanism
by which overall water splitting can occur on a self-standing
CoO nanoparticle photocatalyst with high photocatalytic effi-
ciency and without a co-catalyst or an external bias. We
demonstrated that photogenerated charge carriers are sepa-
rated onto different facets of the nanoparticle due to a strong
electric field, which is formed between the two facets due to
their very different surface properties: electrons are driven to
the CoO(100) facet and holes to the OH*-CoO(111) facet.
Furthermore, we showed that the electrons transferred to the
Co0(100) facet from the OH*-CoO(111) facet without energy
loss can be used for the HER on the CoO(100) surface, while the
holes on the OH*-Co0O(111) facet can induce the OER under the
photogenerated potential on the facet without an external bias
because the photogenerated charge carriers have energies
sufficient to overcome the kinetic barriers of the relevant reac-
tions. This thorough understanding of the overall photo-
catalytic water splitting mechanism for all three steps of
photocatalysis, including the generation of charge carriers
under illumination,™ separation of photoexcited carriers, and
surface H, and O, evolution reactions, provides insight into the
photocatalytic mechanism on a variety of single material
photocatalysts.
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