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Abstract: The facile electron–hole pair recombination in
earth-abundant transition-metal oxides is a major limitation
for the development of highly efficient hydrogen evolution
photocatalysts. In this work, the thickness of a layered
b-CoOOH semiconductor that contains metal/hydroxy
groups was reduced to obtain an atomically thin, two-dimen-
sional nanostructure. Analysis by ultrafast transient absorption
spectroscopy revealed that electron–hole recombination is
almost suppressed in the as-prepared 1.3 nm thick b-CoOOH
nanosheet, which leads to prominent electron–hole separation
efficiencies of 60–90% upon irradiation at 350–450 nm, which
are ten times higher than those of the bulk counterpart. X-ray
absorption spectroscopy and first-principles calculations dem-
onstrate that [HO¢CoO6¢x] species on the nanosheet surface
promote H+ adsorption and H2 desorption. An aqueous
suspension of the b-CoOOH nanosheets exhibited a high
hydrogen production rate of 160 mmol g¢1 h¢1 even when the
system was operated for hundreds of hours.

Since the photoreduction of water into hydrogen on TiO2

was discovered in 1972,[1] the production of H2 from water and
alcohol solutions by semiconductor photocatalysis has
become a fascinating scientific and technological means to
store solar energy in clean chemical fuels.[2] Although TiO2

can effectively photocatalyze H2 evolution in water solutions,
its wide band gap of 3.2 eV restricts the photoresponse to
approximately 5 % of the UV region and thus seriously
reduces the overall photoconversion efficiency.[3] Earth-
abundant transition-metal oxides (TMOs) are attractive
candidates for photocatalytic H2 evolution materials, as they
possess energy gaps ranging from 1 to 3 eV and can absorb
visible light to generate electron–hole pairs.[4] In hydrogen

evolution reactions (HERs) initiated by irradiation, a key step
is the separation of the photoexcited electrons in the TMO
material from the holes and their transfer to catalytically
active surface sites for the reduction of H+ to H2. However,
for most TMOs, the carrier diffusion length is short (ca. 2–
4 nm for Fe2O3), and separation of the electron–hole pairs is
inefficient because of the poor electrical conductivity of the
materials.[5] Therefore, the development of TMO photocata-
lysts with efficient electron–hole separation is highly desir-
able for solar-to-chemical energy conversion, but also very
challenging.

During the past two decades, great efforts have been
devoted to modifying the electronic properties of TMOs by
doping with various elements and the design of heteroge-
neous and nanoscale structures.[6] For instance, doping Ni into
InTaO4 can create new impurity energy levels within the band
gap to prolong the lifetime of the photogenerated charge
carriers, achieving a quantum efficiency of 0.66% at 420 nm.
However, these impurity dopants also serve as electron–hole
recombination centers.[6a] Heterogeneous structures com-
posed of two different semiconductor components (i.e.,
Ga1¢xZnxN1¢xOx) were used to improve visible-light absorp-
tion, leading to a quantum efficiency of 2.5% in 420–
440 nm.[6b] Nonetheless, the interface between the two
components incurred new kinetic problems for the transfer
of the photogenerated charge carriers. Recently, a 10 nm
nanocrystalline CoO photocatalyst with an enlarged surface
area was reported to exhibit a remarkable quantum efficiency
of 5%.[6c] However, this catalyst became deactivated after
only one hour, which was attributed to the poisoning of
catalytic sites by the aggregation of holes at the nanoparticle
surface. Therefore, developing a new strategy to efficiently
separate electron–hole pairs in TMO materials is critical for
achieving excellent photocatalytic HER activity. Recently,
two-dimensional (2D) atomically thin nanosheets have shown
remarkable advantages for improving photoelectrochemical
performance.[7] As these 2D nanosheets are ultrathin, the
carrier transfer distance is shortened, and the electronic
structure is modified, which is beneficial for fast photo-
electrochemical reactions. Therefore, the emergence of 2D
ultrathin nanosheets gives us a hint that electron–hole
recombination can be avoided by thinning the materials into
atomically nanostructures.

Inspired by the ultrathin thickness, large surface area, and
2D confinement effects of nanosheets, we herein decreased
the thickness of an oxyhydroxide semiconductor to obtain an
atomically thin 2D nanosheet with efficient electron–hole
pair separation, achieving 60–90% electron–hole separation
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efficiencies at 350–450 nm. We choose b-CoOOH as our
model substrate as it is structurally and catalytically stable
compared with CdS, and displays a relatively narrow band gap
for visible-light absorption compared with TiO2. Moreover, in
layered b-CoOOH, the octahedral metal/hydroxy structure at
the layer surface (see Figure 1 a) is beneficial for proton
reduction and H2 desorption.[8a] Furthermore, the exposure of

hydroxy groups on the nanosheet surface would render the
hydrogen evolution reaction thermodynamically more neu-
tral.[8] The thickness (1.3 nm) of the nanosheet is much
smaller than the carrier diffusion length along the c axis, and
photocarriers can thus be directly transferred to catalytically
active surface sites, overcoming the notorious photocarrier
recombination pathways encountered in the bulk counterpart
(Figure 1a). Meanwhile, in the ultrathin nanosheet, the
surface area, with abundant, active CoO6¢x centers that can
immediately capture the photocarriers to participate in the
photocatalytic reaction, accounts for a large proportion
(> 67%) of the overall material. Furthermore, the 2D
confinement effect in the b-CoOOH nanosheet induces
a negative shift of the conduction band, which could also
improve the photocatalytic hydrogen evolution capability.
Consequently, the obtained b-CoOOH nanosheet suspension
can effectively photocatalyze H2 evolution from aqueous
alcohol solutions with quantum efficiencies of 1–3 % when
irradiated at 350–450 nm. Moreover, the b-CoOOH nano-
sheet maintained a high rate of hydrogen production with
robust stability when reused 60 times.

The b-CoOOH nanosheets were obtained by a two-step
phase transformation strategy (for details see the Supporting
Information). The formation of atomically thin b-CoOOH

nanosheets was confirmed by transmission electron micros-
copy (TEM; Figure 1b) and atomic force microscopy (AFM;
Figure 1c). Statistical height profiles revealed the thickness of
the nanosheet to be about 1.3 nm (Figure 1c; see also the
Supporting Information, Figure S2). The high-resolution
TEM (HRTEM) image of the b-CoOOH nanosheets shows
distinct lattice fringes of 0.247 nm with 6088 angles, which were
attributed to the (010) and (100) planes of b-CoOOH,
suggesting the exposure of the (001) facets of the b-CoOOH
matrix. The X-ray diffraction (XRD) patterns also support
the hypothesis that the (001) facets of the nanosheet are
exposed (Figure S3). These results provide solid evidence that
atomically thin b-CoOOH nanosheets have been successfully
fabricated.

To gain insight into the electronic properties of the b-
CoOOH nanosheets, they were analyzed by ultrafast tran-
sient absorption (TA) spectroscopy (for details see the
Supporting Information), a robust method to track, in real
time, the dynamics of photoexcited carriers in nanomateri-
als.[9] As shown in Figure 1d, the positive TA signal can be
ascribed to excited-state absorption (ESA), whereas the
negative one was attributed to stimulated emission (SE).[10]

For the b-CoOOH nanosheet, the TA signals are dominated
by the positive ESA transients over the whole time range. In
contrast, around 600 ps after photoexcitation, the bulk
counterpart exhibited a negative SE transient that arises
from the radiative recombination of energized electrons with
holes.[11] The complete disappearance of SE transients for the
nanosheet strongly suggests that electron–hole recombination
has been significantly suppressed, and that the photocarriers
in the ground state have been substantially depleted through-
out the nanosheet surface.

Furthermore, the charge separation (CS) efficiency of the
nanosheet is as high as almost 90% under UV irradiation and
greater than 60% under visible-light irradiation (400–450 nm;
Figure 2a, for details see the Supporting Information). In
contrast, the CS efficiency of the bulk material is less than
10% independent of the wavelength of the incident light, and
thus one order of magnitude lower than that of the nanosheet.
The CS efficiency measurements further consolidate the
fundamental role of the atomic thickness in separating the
photocarriers in the nanosheet. Moreover, electrochemical
impedance spectra show that the radius of the semicircular
Nyquist plot for the b-CoOOH nanosheet (130 W) is much
smaller than that of the bulk counterpart (200 W), indicating
a low charge-transfer resistance in the nanosheet (Figure 2b).
These results, together with the TA spectroscopic character-
ization, demonstrate efficient electron–hole pair separation in
the b-CoOOH nanosheet, which is beneficial for obtaining an
improved photocatalyst.

To examine the solar H2 evolution activity, we determined
the H2 production and quantum efficiency (QE) from an
aqueous methanol solution catalyzed by the as-prepared b-
CoOOH nanosheets under standard reaction conditions and
with a standard measurement apparatus.[6a] The typical time
course of H2 evolution over the b-CoOOH nanosheets is
shown in Figure 2c. The constant H2 evolution rate was
evaluated as 160 mmolh¢1 g¢1 for the b-CoOOH nanosheet
photocatalyst, whereas comparative tests showed that nearly

Figure 1. a) Schematic representation of the effects in two-dimensional
b-CoOOH nanosheets. LD? denotes the carrier diffusion length along
the c axis. b) TEM, HRTEM (inset), and c) AFM images of the b-
CoOOH nanosheets. d) Ultrafast transient absorption signal (probed
at 520 nm) as a function of probe delay for b-CoOOH nanosheets with
bulk b-CoOOH as the reference, recorded with a 400 nm pump.
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no H2 evolution was observed when bulk b-CoOOH was used
as the photocatalyst. The total number of electrons partic-
ipating in the H2 evolution process over 480 hours amounted
to 1.5 mmol, far exceeding the amount (0.1 mmol) of photo-
catalyst used in the reaction. The quantum efficiency of H2

evolution over the b-CoOOH nanosheet photocatalyst as
a function of the wavelength of the incident light is shown in
Figure 2d. It is worth noting that the quantum efficiency of
the b-CoOOH nanosheets is close to 3 % in the UV region
and over 2% at 420 nm. In contrast, the quantum efficiency of
bulk b-CoOOH is quite low in both the UV and visible-light
region, which is due to the low energy of its conduction band
edge (Figure 3d) and the small proportion of surface atoms.
Furthermore, the b-CoOOH nanosheet maintained a high
rate of H2 production (ca. 160 mmolh¢1 g¢1) with robust
stability when recycled 60 times.

To disclose variations in the optical properties and the
band alignment of the b-CoOOH nanosheets, they were
analyzed by UV/Vis absorption spectroscopy and the Mott–
Schottky method (Figure 3 a–c). The absorption edge of the
b-CoOOH nanosheets is blue-shifted with respect to the bulk
material (Figure 3a). The fitting results, which were obtained
by using the Tauc/Davis–Mott expression, (hna)1/n =

A(hn¢Eg), indicated that the band gap of material was
enlarged from 2.0 eV for the bulk material to 2.5 eV in the
nanosheet (Figure 3b). The flat-band potential extrapolated
for the b-CoOOH nanosheets is about ¢0.3 V versus the
reversible hydrogen electrode (RHE), which is significantly
more negative than that of the bulk compound (ca. 0 V). For
n-type semiconductors, the flat-band potential is 0–0.1 V
higher than the conduction-band potential.[4c] This means that
the conduction-band minimum (CBM) in the b-CoOOH
nanosheets is negatively shifted by about 0.4 eV, and now
surpasses the hydrogen evolution potential (Figure 3d), thus

satisfying the thermodynamic requirements for hydrogen
evolution under solar irradiation.

The atomic structures of the samples were investigated by
X-ray absorption fine structure spectroscopy (XAFS). From
the Co K-edge k3c(k) oscillation curve (Figure 4a), an
obvious oscillation damping at 2–8 è¢1 was observed for the
nanosheet. Moreover, the Fourier transform (FT) curves of
the nanosheet in Figure 4b show that the intensities of the FT
peaks at 1.48 è and 2.50 è were noticeably reduced. These
results imply that the Co atoms are not fully coordinated,
which was confirmed by the reduced Co¢O coordination
number (5.0) that was obtained by quantitative extended
XAFS fitting (Table S1). This finding indicates the distortion
of the surface structure and the presence of unsaturated

Figure 2. a) Charge separation (CS) efficiencies of the b-CoOOH nano-
sheets and the bulk material as a function of the wavelength of the
incident light. b) Electrochemical impedance spectra for nanosheet
and bulk b-CoOOH. c) Typical time course of the hydrogen production
from an aqueous methanol solution under simulated sunlight irradi-
ation. d) QE curve of a b-CoOOH nanosheet suspension and the bulk
material in aqueous alcohol solution.

Figure 3. a) UV/Vis absorption spectra of bulk and nanosheet b-
CoOOH. b) Absorption spectra of b-CoOOH nanosheets and bulk b-
CoOOH plotted as (hna)n as a function of the photon energy. c) Mott–
Schottky plots of b-CoOOH nanosheets and bulk b-CoOOH measured
in the dark. d) The band structure of bulk and nanosheet b-CoOOH.

Figure 4. a) Co K-edge EXAFS k3c(k) oscillation functions and b) the
corresponding FT curves of bulk and nanosheet b-CoOOH. Calculated
density of states for bulk (c) and nanosheet (d) b-CoOOH.
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Co¢O coordination (CoO6¢x) at the surface. Based on the
structural model derived from the XAFS results, we per-
formed first-principles band-structure calculations. Whereas
the antibonding eg orbitals are empty in bulk b-CoOOH,
about 30% of the eg orbitals are occupied in the nanosheet
(Figure 4c,d), which might be due the incorporation of
CoO6¢x motifs and 2D confinement effects. In particular,
the octahedral cobalt–hydroxy motifs (HO-CoO6¢x octahe-
dra) are arranged perpendicularly to the (010) plane along the
a axis (Figure 1a). Owing to the geometry of the HO¢CoO6¢x

octahedron, the antibonding eg orbitals of the surface Co ions
overlap directly with those of adsorbed species (Figure 4 d).
Hence, the partially occupied eg orbitals in b-CoOOH nano-
sheets can promote electron transfer between surface cations
and H+.[12] On the other hand, considering the thermochem-
istry of the hydrogen evolution reaction, the activity of
a catalytic site can be judged by the adsorption free energy of
H* (DG(H*)), where H* denotes a hydrogen atom adsorbed
on the catalytic surface.[13a] Compared to pure CoO6¢x, the Co
sites in the hydroxy-dominated HO-CoO6¢x surface of
CoOOH nanosheets would have a smaller absolute DG(H*)
value, which could effectively equilibrate the thermodynam-
ics of H+ adsorption and H2 desorption on the catalytic
sites.[13b] As a result, the cleavage of [Co(OH)¢H] to release
H2 is significantly facilitated. Furthermore, owing to the
ultrathin nature (1.3 nm thick) of the nanosheet (smaller than
LD?), the photocarriers can be easily and quickly transferred
to the surface (Figure 1a), similar to in a nanoporous BiVO4

photocatalyst.[14] Consequently, the photocarriers captured by
the surface CoO6¢x catalytic sites could be efficiently used to
reduce the protons, accelerating electron transfer and
increasing the HER activity.

In summary, by downsizing an oxyhydroxide b-CoOOH
semiconductor to obtain atomically thin nanosheets, poorly
efficient photocarrier transportation and electron–hole pair
recombination, which are often encountered in TMO semi-
conductors, have been successfully overcome. Ultrafast TA
spectroscopy clearly revealed that electron–hole recombina-
tion in the as-prepared 1.3 nm thick b-CoOOH nanosheet is
almost suppressed, which leads to prominent charge separa-
tion efficiencies of 60–90% in 350–450 nm. A b-CoOOH
nanosheet suspension exhibited a high hydrogen production
rate of 160 mmolg¢1 h¢1, even when operated for hundreds of
hours. The insights gained from XAFS and first-principles
calculations provide strong evidence for the hypothesis that
a rearrangement of the surface structure leads to the
formation of HO¢CoO6¢x species on the nanosheet surface,
which can effectively equilibrate the thermodynamics of H+

adsorption and H2 desorption on the catalytic sites, thus
greatly accelerating electron transfer and improving the HER
activity. These results highlight that a stable and economic
hydrogen evolution photocatalyst based on a transition-metal
oxyhydroxide has been developed for the production of clean
energy.
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