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Efficient solar water-splitting using a
nanocrystalline CoO photocatalyst

Longb Liao', Qiuhui Zhang'?, Zhihua Su', Zhongzheng Zhao? Yanan Wang!, Yang Li', Xiaoxiang Lu',
Dongguang Wei?4, Guoying Feng?, Qingkai YuS, Xiaojun Cai¢, Jimin Zhao’, Zhifeng Ren?, Hui Fang?®,
Francisco Robles-Hernandez'0, Steven Baldelli® and Jiming Bao'3¢*

The generation of hydrogen from water using sunlight could
potentially form the basis of a clean and renewable source of
energy. Various water-splitting methods have been investi-
gated previously™$, but the use of photocatalysts to split
water into stoichiometric amounts of H, and O, (overall
water splitting) without the use of external bias or sacrificial
reagents is of particular interest because of its simplicity and
potential low cost of operation’*. However, despite progress
in the past decade, semiconductor water-splitting photocata-
lysts (such as (Ga,_,Zn,)(N,_,0,)) do not exhibit good activity
beyond 440 nm (refs 1,2,9) and water-splitting devices that can
harvest visible light typically have a low solar-to-hydrogen
efficiency of around 0.1%°%’. Here we show that cobalt(n)
oxide (CoO) nanoparticles can carry out overall water splitting
with a solar-to-hydrogen efficiency of around 5%. The photo-
catalysts were synthesized from non-active CoO micropowders
using two distinct methods (femtosecond laser ablation and
mechanical ball milling), and the CoO nanoparticles that
result can decompose pure water under visible-light irradiation
without any co-catalysts or sacrificial reagents. Using electro-
chemical impedance spectroscopy, we show that the high
photocatalytic activity of the nanoparticles arises from a sig-
nificant shift in the position of the band edge of the material.

Femtosecond laser ablation and mechanical ball milling provide
two clean physical processes to prepare CoO nanoparticles from
CoO micropowders (see Supplementary Information for details
on the synthesis of the nanoparticles). The nanoparticles fabricated
from these methods exhibit very similar properties, and we therefore
do not distinguish between them in the main text of the paper (exact
contributions from the different techniques are clarified in the
Supplementary Information). The nanoparticles were characterized
with transmission electron microscopy (TEM), selective area elec-
tron diffraction (SAED), and X-ray diffraction and X-ray photoe-
mission spectra (XPS). The TEM image in Fig. la indicates that
the average particle size is less than 10 nm. The SAED pattern in
Fig. 1b and X-ray diffraction spectra in Supplementary Fig. 4
reveal the cubic lattice structure of CoO nanoparticles'®!%. A high
crystal quality of nanoparticles is confirmed by clear lattice fringes
in the high-resolution TEM image shown in Supplementary
Fig. 2. Figure 1c shows the Co 2p XPS of CoO nanoparticles and
Co,0, micropowders; two relatively stronger satellite features with
respect to 2p,, and 2p,,, in nanoparticles further confirm their

CoO chemical nature'>’>. No Co atoms or clusters can exist

inside or on the surfaces of CoO nanoparticles because reduced
metallic Co cannot be produced during the thermal decomposition
of Co,O, powders under the conditions described in the
Supplementary Information.

Water-splitting experiments were performed in air-tight flasks
with CoO nanoparticles suspended in neutral water. The nanopar-
ticle suspension was illuminated through the bottom of the flask
using either a 532 nm solid-state laser or an AM1.5G solar simulator
(Newport 91160). The generated hydrogen and oxygen were
sampled by a syringe (Gastight) and measured by a gas chromato-
graph (GC) equipped with a thermal conduction detector (Gow-
Mac). A mass spectrometer (SRS residue gas analyser, RGA200)
was also used to identify isotope gas species from water splitting.

The first sign of overall water splitting is revealed by a typical GC
trace, as shown in Fig. 2a. Not only were both H, and O, generated
simultaneously, but also the H, to O, ratio was very close to the
expected 2:1 stoichiometry. The very weak N, GC signal indicates
that the reaction flask was air tight, and O, from air background
is negligible. An essential qualification for photocatalytic reaction
is that the reaction rate must depend on the light intensity'®.
This is, indeed, the case. As shown in Fig. 2b, no H, and O,
could be observed when the system was kept in the dark. The
production of H, and O, increased as the intensity of incident
light increased. Again, a nearly 2:1 ratio of H, to O, was observed.

A photocatalytic water-splitting requires that the oxygen comes
from the water instead of CoO. To identify the origin of the
oxygen, we employed water labelled with '*0 isotope (Cambridge
Isotope, 97%) in the experiment. We also developed a system
based on a mass spectrometer to identify and quantify isotope gas
species (see the Supplementary Information for details). Figure 2¢
shows partial pressure evolutions of H, and *°0O, when a gas
sample (1 ml) from the reaction flask was injected into a small
vacuum chamber connected to the mass spectrometer: fast increases
in the gas partial pressures were observed for both H, and *°O,. In
contrast, no detectable change for **0, was observed when air
(1 ml) was injected (lower curves in Fig. 2c). This observation is
strong evidence that the generated oxygen comes from the
isotope-labelled water. The H, RGA response from the injection
of air is not caused by a high concentration of H, in the injected
air (for further discussion see the Supplementary Information).
To determine quantitatively the ratio of H, to *°0, from the RGA
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Figure 1 | Structural and chemical characterizations of CoO nanoparticles. a, Transmission electron micrograph. b, SAED pattern. ¢, X-ray photoemission
spectra of CoO and Co;0, micropowders.
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Figure 2 | Characterizations of hydrogen and oxygen evolutions with gas chromatography and mass spectrometry. a, A typical GC trace of evolved
hydrogen and oxygen. b, Production of hydrogen and oxygen from CoO nanoparticles (~12 mg) as a function of incident laser power. The laser wavelength is
532 nm. ¢,d, Generation of H, and 36O2 using '80-labelled water. The curves are shifted vertically for clarity. ¢, Pressure evolution of H, and 36O2 after the gas
sample (1 ml) was injected into the mass spectrometer. The upper two curves show gas from the photocatalytic reaction. The lower two curves are from air.

d, Pressure evolution of H, and 36O2 when ®0-labelled water was electrolysed. The two dashed vertical lines mark the beginning and end of water electrolysis.
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traces, we calibrated the response of the system with a fixed 2:1 ratio
of H, to *°0,. Basically, we used electrolysis to split the same H)*0
and monitored the gas production in situ with the mass spec-
trometer. Figure 2d shows RGA pressure traces for both H, and
%0, with ~4.18 as the pressure-change ratio of H, to *°0,. This
value is very close to the observed ratio of 4.08 in Fig. 2c, which
implies a similar ratio of H, to *°0, in photocatalytic water-splitting
as in water electrolysis. A nearly 2:1 ratio of H, to *°0, was also
obtained by GC analysis, which further confirms a stoichiometric
splitting of water.

The conclusion of CoO nanoparticle photocatalytic water-split-
ting is also supported by the following observations. There was no
apparent change in the pH (6.7-6.9) of water before and after the
reaction, which is an indication of stoichiometric decomposition
of pure water because a non-stoichiometric generation of H, and
0, will change the balance between OH~ and H™ concentrations
in water. We also repeated the same experiment with CoO micro-
powders (2-3 g), and no water splitting was observed. This obser-
vation agrees with theoretical predictions and confirms that bulk
CoO is not a suitable photocatalyst because its conduction-band
edge is located more than 600 mV below the hydrogen-evolution
potential'”. This observation also implies that the generation of
hydrogen and oxygen cannot be explained by simple enhancement
of the surface area of the nanocrystals relative to that of bulk CoO
micropowders.

Nanotechnology has been regarded as an important means to
modify a material’s optical and electrochemical properties's.
Owing to quantum confinement, typically nanostructures have
larger bandgaps than the corresponding bulk materials. As a
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result, the absolute potentials of conduction- and valence-band
edges have to be adjusted. An up-shift of the edge positions of the
conduction band is observed in nanostructures such as a-Fe,O,
and CdSe quantum dots'*-2!. To understand the difference in cata-
Iytic activity between CoO nanocrystals and micropowders and to
investigate the quantum size effect on the reactivity of CoO nano-
crystals, we measured their bandgaps using diffuse reflectance spec-
troscopy”®?>?3. Figure 3a shows the reflectivity spectra of both
samples. The corresponding bandgaps were obtained from the cor-
responding modified Kubelka-Munk function, as shown in
Fig. 3b*. It can be seen that CoO nanocrystals have a slightly
lower bandgap than bulk CoO powders, which is in agreement
with their lower reflectance in Fig. 3a. However, the two bandgaps
are very close to 2.6 eV, a value similar to that reported in the litera-
ture!>1424 This lack of a quantum-confinement effect probably
results from the relatively large size (5-8 nm) of CoO nanoparti-
cles®. The other absorption band edge near 2 eV is caused by the
transition of electrons from the d band of Co®" to the conduction
band of CoO%.

Surface states or morphology of nanostructures can also affect
the band-edge positions of a material?”’. To obtain absolute band-
edge positions with respect to water redox potentials, we fabricated
CoO thin-film electrodes on fluorinated tin oxide glass using CoO
nanocrystals and micropowders and measured their flat-band
potentials®*?%. Figure 3c shows the Mott-Schottky plots of both
films—that is, 1/C*> as a function of electrochemical potentials,
where the capacitance C was obtained from the impedance measure-
ment. Unlike for the bandgap, a significant difference in the flat-
band potentials between nanocrystals and micropowders was
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Figure 3 | Bandgaps and band-edge positions of CoO nanoparticles and micropowders. a, Ultraviolet-visible diffuse reflectance spectra of CoO nanocrystals
and powders. b, (Fhv)? as a function of photon energy (hv), where F is the Kubelka-Munk function of the diffuse reflectance R from a. The intercepts of
extrapolated straight lines give the corresponding direct bandgaps of CoO nanocrystals and powders. €, Mott-Schottky plots for CoO nanocrystals and
micropowders according to impedance measurements. The flat-band potentials are obtained from the intercepts of the extrapolated lines. d, Band positions
of CoO nanocrystals and micropowders according to the bandgaps and flat-band potentials obtained from €. CB, conduction band; VB, valence band.
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observed, with the flat-band potential of CoO nanocrystals less than
that of powders by more than 1 V. Negative slopes of Mott-Schottky
plots indicate that CoO is p-type, which is believed to be the result of
oxygen excess'>.

Figure 3d shows the approximate band-edge positions of both
nanocrystals and micropowders based on the above-measured
flat-band potentials, which are the differences between Fermi
levels and water-reduction potential. Here we assumed that Fermi
levels were about 0.3 eV above the valence bands for lightly doped
p-type CoO?®?. Despite a lack of the precise value of the position
of the Fermi level in the bandgap, important conclusions can be
drawn from the energy diagram in Fig. 3d. As can be seen, a quali-
tative difference exists between nanocrystals and micropowders in
their band-edge positions with regard to water redox potentials.
In agreement with previous theoretical calculations, the edge pos-
ition of the conduction band of CoO micropowders is located
below the hydrogen-evolution potential, which indicates why the
powders are not photocatalytically active for water splitting. In con-
trast, the conduction-band edge of CoO nanocrystals rises above the
hydrogen-evolution potential, and the band edge of the valence
band lies below the oxygen-evolution potential. This band align-
ment of CoO nanocrystals with water redox potentials explains
why nanocrystals have significantly different photocatalytic activity
to those of micropowders—it satisfies the necessary requirement for
overall water splitting.

One of the most important factors to limit the solar-to-fuel appli-
cation is its low conversion efficiency. As most photocatalysts can
respond only to ultraviolet light, their solar-to-hydrogen efficiency
is not reported frequently. The recently reported efficiency of
white-light water-splitting devices is about 0.1%%’, which is far
less than the efficiency of commercial photovoltaic cells. To
obtain solar-to-hydrogen efficiency, we loaded CoO nanoparticles
(~25mg) in a flask and illuminated the particles with the
AM1.5G simulated sunlight (100 mW cm™ ). After 30 minutes of
illumination, an average of 20 ml H, was obtained, which corre-
sponds to 210] free energy. The total incident power over the
19 cm? bottom of the flask was 1.9 W, so the total input energy
over 30 minutes was 3,420 J. A solar-to-hydrogen efficiency of
~5% was obtained, assuming all incident light was absorbed by
optically thick nanoparticle suspension. This efficiency is 50 times
larger than before, and is comparable to the efficiency achieved
with artificial leaf based on the integration of three junction solar
cells and optimized hydrogen- and oxygen-evolution catalysts®.

As with many single-component photocatalysts, CoO nanoparti-
cles also suffer from a short lifetime—they become deactivated after
about one hour of reaction. X-ray diffraction and TEM diffraction
spectra (Supplementary Figs 5 and 6) indicate that deactivated
nanoparticles remain as CoO single crystals. However, the TEM
image in Supplementary Fig. 6 reveals that the deactivated nanopar-
ticles become aggregated and do not exhibit the sharp facets shown
in Fig. 1a. The XPS in Supplementary Fig. 7 also shows a deviation
of the spectrum from that of fresh CoO nanoparticles (shown in
Fig. 1c). These preliminary studies indicate that the surfaces of
CoO nanoparticles were corroded or oxidized. However, further
investigation is needed to obtain a clear picture of the exact micro-
scopic changes to their surface chemistry and lattice structure. We
believe that, with further research, the deactivation can be reduced
or eliminated, for example, by integrating CoO nanoparticles with
suitable co-catalysts or other nanostructures'®.

According to conventional wisdom in the field, a highly active
water-splitting particulate system requires an intimate integration
of a suitable semiconductor particle with separate hydrogen- and
oxygen-evolution co-catalysts'*®!16 because such structures will
reduce the water-splitting back-reaction and take advantage of the
unique catalytic and optical properties of individual components
of the system. The discovery of a highly active photocatalyst based

on CoO nanoparticles provides an opportunity to develop practical
solar fuel applications and gain new microscopic insights into
photocatalytic water-splitting. Furthermore, despite the surprising
catalytic property of CoO nanoparticles, Co-based catalysts are
an emerging nanomaterial for oxygen evolution®*, hydrogen
evolution®® and artificial photosynthesis®*2. Our discovery adds to
the growing potential of Co-based photocatalysts, and is expected
to accelerate the pace of development of next-generation solar-
fuel photocatalysts.
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