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Wafer-scale synthesis of ultrathin CoO nanosheets
with enhanced electrochemical catalytic
properties†
Fei Wang,‡a Yanhao Yu,‡a Xin Yin,a Peng Tianab and Xudong Wang

*a

Large area synthesis of two dimensional (2D) nanomaterials with a non-layered crystal structure remains
a grand challenge. In this article, we report a solution-based bottom-up synthesis of wafer-scale
nanometer-thick CoO nanosheets using ionic layer epitaxy (ILE). In ILE, a monolayer of ionized oleyl sulfate
surfactants at the water–air interface served as a ﬂexible template for direct CoO crystallization
underneath. The as-synthesized CoO nanosheet is polycrystalline and could be grown as large as the entire
solution surface in the reactor (>cm2) with a uniform 2.8 nm thickness across the entire sheet. The
nanosheet is free-standing on the water surface and can be readily transported to arbitrary substrate
surfaces for device fabrication. As a demonstration, centimeter-sized CoO nanosheets were directly
transferred to Si wafers for electrochemical electrode applications. The nanometer thick CoO nanosheet
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exhibited higher catalytic properties towards the oxygen evolution reaction (OER) compared to bulk CoO.
It also showed excellent stability at high photocurrent density when used as a photoelectrochemical (PEC)
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photoanode in corrosive alkaline electrolytes. This work evidenced the eﬀectiveness of the ILE technique in
synthesizing 2D nanomaterials from a broad range of functional oxides with enhanced physical properties.

‡ These authors contributed equally to this work.

developing proof-of-principle devices.7,13 Liquid phase exfoliation
produces large quantities of 2D materials, which enables bulk
scale applications such as composite materials.14,15 Chemical
vapor deposition oﬀers a bottom-up approach for depositing
a uniform layer of 2D materials which is compatible with thin
lm technologies and thus promising in future semiconductor
industry applications.16,17 On the other hand, non-layered materials, which oﬀer a far larger variety remain an unexploited
territory although unique properties were also discovered in their
2D geometry.18
Despite well-documented mechanisms for the synthesis of
1D and 0D nanomaterials,19,20 little has been known on how to
break the symmetry of non-layered crystal structures to create
2D materials with a thickness of few nanometers.21 In the
literature, only a limited number of 2D materials from nonlayered crystal structures have been reported, such as PbS,
CeO2, Au, Pd, and Pt nanosheets.22–25 These nanosheets are
generally smaller than 1 mm in their lateral dimension, which
remains a grand challenge for device development where access
to individual nanosheets is required. Meanwhile, there doesn't
appear to be any fundamentally common feature in their
formation mechanisms. Therefore, an even bigger challenge
lies in preparing 2D materials beyond naturally-layered materials with appreciable size, and novel synthesis mechanisms are
required for this task.
To address this task, we previously reported few nanometers
thick, single crystalline ZnO nanosheets by ionic layer epitaxy
(ILE).26 In ILE, an ionic amphiphilic molecular monolayer at
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Introduction
Discovering and tailoring novel physical properties of materials
for application advancements has always been at the center stage
of materials science. For a good decade, two dimensional (2D)
nanomaterials, referring to those of only one or a few atomic
layers thick, have been extensively studied for their exotic physical properties not seen in their bulk form, or any other dimensionalities including one-dimensional (1D) nanowires/nanotubes
and zero-dimensional (0D) quantum dots.1–6 To date, 2D nanomaterials have oﬀered promising opportunities in electronic,
optoelectronic, energy, and catalytic applications, thanks to their
large surface to volume ratios and distinctive electronic band
structures.7–12 For 2D nanomaterials with naturally layered
structures, e.g., graphene and transition metal dichalcogenides
(TMDs), a number of strategies have been developed to acquire
their 2D form, such as mechanical and liquid phase exfoliation,
and chemical vapor deposition. Mechanical exfoliation can
produce high quality, single layer 2D materials and is very suitable for studying the fundamental physical properties and
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a two-phase interface, typically a water–air interface, is employed
and crystals grow at the interface directed by electrostatic and
covalent interactions between the precursor ions and the functional groups on the amphiphilic molecules. Fundamentally, this
strategy has no restriction on the intrinsic crystal structure of
targeting materials, and thus provides an unprecedented platform for universally manufacturing non-layered materials, such
as metal oxides. Take a specic example, cobalt oxides and
hydroxides are promising oxygen evolution catalysts (OER)
due to appropriate binding energy between Co atom and OER
species.27–31 2D cobalt materials have shown promoted catalytic
performance over their bulk counterpart.32 Current strategies
to obtain 2D cobalt-based catalysts include hydrothermal reaction, electrodeposition and atomic layer deposition. They require
harsh preparation conditions, conductive substrates, or sophisticated equipment.33–35 Producing wafer scale, continuous, and
nanometer-thick cobalt oxide thin sheets is so far impractical. In
this work, we report the ILE growth of large area, ultrathin CoO
nanosheets grown at the water–air interface directed by oleic
acid monolayers. The CoO nanosheets could be as large as the
opening area of the reactor and thus enabled large-scale applications of its 2D morphology. We examined the electrochemical
properties of these CoO nanosheets and discovered signicant
performance gain for photoelectrochemical (PEC) water splitting
in comparison to their bulk form.

Results and discussions
Fig. 1 schematically illustrates the synthesis and transfer of CoO
nanosheets. The aqueous nutrient solution contains cobalt(II)
nitrate hexahydrate and hexamethylenetetramine (HMT). The
solution surface was covered with a monolayer of ionized oleyl
sulfate surfactants. As revealed in our previous work, the presence of the ionic oleic acid monolayer is critical for the formation of ultrathin nanosheets with macroscopic continuity. It has
been well documented in the literature that ionic and covalent
interactions exist between Langmuir monolayers and metal
ions in the aqueous phase, and the interactions are particularly
stronger for multivalent metal ions.36 Due to the weak alkaline
pH environment buﬀered by HMT, the protons on carboxylic
groups were mostly dissociated, and therefore the monolayer
had a negative local electrical eld. This hypothesis can be
validated by the pH-pKa relationship. At 60  C, 25 mM HMT
decomposed to HCHO and ammonium hydroxide, yielding
a pH value of 11.125. The pKa of oleic acid is 9.85.37 When the
pH is equal to pKa, 50% of the acid will be dissociated. At pH of
11.125, over 90% of oleic acid will be dissociated as presumed.
As a result of the negative local charges, cobalt ions were
concentrated underneath the monolayer, and a continuous
stern layer of cobalt ions formed underneath the monolayer
(Fig. 1a). In this alkaline environment, cobalt ions in the stern
layer could reach supersaturation and crystallize into a layer of
nanocrystals. With the carboxylic head groups bonding to CoO
crystals and thus reduced surface energy, the critical nucleation
size of CoO was reduced as well.38 These nanocrystals then
merged together into a continuous macroscopic sheet without
further increasing the thickness (Fig. 1b). The nal nanosheet
This journal is © The Royal Society of Chemistry 2017
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Schematic illustration of the formation and processing of CoO
nanosheets. (a) At the water–air interface, amphiphilic molecules
(oleic acid) form a close-packed monolayer under which aqueous Co
ions are concentrated and form a stern layer. (b) Co ions crystalize into
macroscopic, continuous nanocrystalline CoO nanosheets as large as
the water–air interface. (c) An arbitrary substrate can be dipped into
the aqueous phase and the free-standing CoO nanosheet was lifted
up. (d) The surfactant layer can be removed by post-treatment after
the nanosheet was transferred to a substrate.

Fig. 1

products were continuous and covered the entire solution
surfaces. To transfer the nanosheet, a Si substrate was dipped
into the solution from the side of the reactor at an angle and
then lied up (Fig. 1c). The surface organic surfactant layer
could be further removed by plasma treatment, leaving a at
and ultrathin CoO nanosheet on the entire Si substrate surface
(Fig. 1d).
Fig. 2a is a low magnication SEM image showing an astransferred CoO nanosheet on a Si substrate over a very large
area. No obvious contrast variation could be observed because the
nanosheet was continuous and uniform in thickness. There were
no wrinkles or overlaps of the as-transferred nanosheet either.
Sporadic brighter dots could be found on the nanosheets (which
could be more clearly observed from the high-magnication SEM
image in Fig. S1a†). They are nanoparticles picked up from the
reaction solution during the transfer process. Formation of these
nanoparticles is a homogeneous nucleation that competes with
ILE at the interface. Some cracks (the slight brighter regions in
the SEM image, Fig. 2a and S1b†) were also observed on the
nanosheets, which were likely formed during the transfer and
drying. These occasional cracks oﬀered a good observation area to
determine the nanosheet thickness. One representative small
crack area was selected as highlighted by a dashed box in Fig.S1b,† and the topography was scanned by using atomic force
microscopy (AFM). As shown in Fig. 2b, the nanosheet surface
was fair smooth and at with an average roughness factor (Ra) of
only 0.39 nm, which was comparable to the reported amorphous
metal oxide lm.39 A line prole along the crack area was extracted
and shown in Fig. 2c, which revealed the thickness of the nanosheets was 2.8 nm. The small cracked chips inside the gap also
had the same 2.8 nm thickness, further suggesting that the small
pieces might come oﬀ from the nanosheet post growth, i.e. during
transferring.
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Fig. 2 Characterization of CoO nanosheets. (a) SEM image of a CoO
nanosheet covering a Si substrate surface. (b) AFM topography scan of
a cracking area from the CoO nanosheet on a Si wafer. (c) The height
proﬁle along the blue and red lines in (b) showing a very small
roughness factor of 0.39 nm and a uniform ﬁlm thickness of 2.8 nm. (d)
XPS spectra of CoO nanosheets before (blue) and after (red) oxygen
plasma treatment. (e) and (f) XPS of CoO nanosheets before and after
O2 plasma treatment.

The crystal structure of the nanosheet was identied by
grazing-angle X-ray diﬀraction (GAXRD). Fig. S2† shows the
(111) and (200) peaks of CoO (JCPDS no. 001-1227), indicating
a polycrystalline CoO structure with no preferred orientation.
The diﬀraction pattern was acquired up to a 2q angle of 45 due
to the instrument limitation on the angle of 2D detector when
the incident angle was close to zero. X-ray photoelectron spectroscopy (XPS) was employed to probe the elemental features
and bonding states of this CoO nanosheet. The full XPS survey
spectra clearly showed the Co, O and C peaks detected from the
as-transferred pristine CoO nanosheets on a Si substrate (blue
curve in Fig. 2d). The C signal originated from the oleyl acid
surfactant coverage. The surfactant residues could be removed
by using oxygen plasma. The largely reduced C signal in plasmatreated samples conrmed the successful removal of C residue
aer 10 minutes of oxygen plasma treatment (red curve in
Fig. 2d). To further reveal the chemical environment of the Co
atom, the Co 2p peak of both pristine and plasma-treated CoO
nanosheets was individually scanned and deconvoluted. In
pristine CoO nanosheets, the majority of surface Co atoms were
bonded with the OH group due to surfactant binding (Fig. 2e).
Aer plasma treatment, the majority peak intensity of the Co 2p
spectrum could be attributed to the Co–O bonds (Fig. 2f),
evidencing that the bulk component of this nanosheet was CoO.
This was consistent with XRD observations.
Transmission electron microscopy (TEM) was used to further
characterize the crystal structure of CoO nanosheets. Fig. 3a shows
the as-synthesized nanosheet at a low magnication on a holey
carbon TEM grid. Due to the complete coverage and uniform
thickness of the nanosheet, no distinct morphological features
can be observed at low magnication. The ring-pattern of electron
diﬀraction (Fig. 3b) revealed the polycrystalline nature of the
nanosheets, where continuous diﬀraction rings of the (111) and
(200) facets can be indexed agreeing well with the XRD spectra.
The polycrystalline feature was clearly revealed by the high-
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Fig. 3 TEM characterization of CoO nanosheets. (a) A low magniﬁcation image of a CoO nanosheet supported by a holey carbon TEM
grid. (b) Electron-diﬀraction pattern of CoO nanosheets shown in (a).
(c) HRTEM image of the CoO nanosheet showing its polycrystalline
nature with an average grain size 3 nm. (d) HRTEM image showing
the lattice of CoO grains and grain boundaries revealing the fully
crystallized nanosheets structure.

resolution TEM (HRTEM) image shown in Fig. 3c. The average
grain size was 3 nm, which approximated to the thickness of the
nanosheet. This feature suggested that the nanosheets were
formed via in-plane merging of anisotropic CoO nanocrystals that
were nucleated underneath the surfactant monolayer, as we
proposed in our previous work.26 Fig. 3d shows a HRTEM image of
a single CoO grain (Fig. 3d) with its (111) surface oriented in
parallel with the incident beam. From the image, the (200) dspacing was measured to be 0.21 nm. No amorphous region was
found along the grain boundaries, conrming that the entire lm
is completely crystallized.
This ultrathin nanosheet possessed two advantages for
catalyst applications: abundant surface active sites for binding
chemicals, and the short charge diﬀusion length along the outof-plane direction. To study its catalytic properties associated
with its ultra-small thickness towards the OER, the CoO nanosheet was transferred onto a heavily doped p-type Si (denoted as
p+-Si) substrate. As a comparison, the OER activity of CoO bulk
materials was evaluated using the same p+-Si substrate. The
bulk CoO lm (1 mm in thickness) was deposited on the silicon
wafer using a modied thermal annealing procedure (Fig. S3,†
see the Experimental section for details).40 XRD spectra of the
bulk CoO displayed identical (111) and (200) peak positions as
the CoO nanosheets (Fig. S4†), conrming that both the bulk
lm and nanosheet had the same phase. Fig. 4a illustrates the
current density–potential (J–V) curves of CoO nanosheets (blue)
and bulk CoO (red) measured in 1 M NaOH aqueous solution.
The J–V curves were collected at a steady state (Fig. S5†). Bulk
CoO could only produce a geometric current density of 0.8 mA
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Fig. 4 Electrocatalytic performance of CoO nanosheets and bulk
CoO ﬁlms for the OER. (a, b) Current density–potential (J–V) curves (a)
and Tafel slopes (b) of CoO nanosheets and bulk CoO ﬁlms measured
in 1 M NaOH aqueous solution. (c) Nyquist plots recorded at 1.9 V vs.
the RHE in 1 M NaOH aqueous solution. The inset is the ampliﬁed plot
of CoO nanosheets. (d) Photocurrent density–potential (Jph–V) curves
of the n-Si/CoO nanosheet and n-Si/CoO bulk ﬁlm measured in 1 M
NaOH aqueous solution under 1 Sun illumination.

cm2 at an overpotential (h) of 560 mV (vs. the reversible
reference electrode (RHE)). At the same h of 560 mV vs. the RHE,
the CoO nanosheet was able to achieve a geometric current
density of 10 mA cm2, which was 12.5 times larger than that of
the CoO bulk.
By extrapolating the linear region of h versus log J (Fig. 4b),
the Tafel slope of the bulk CoO was determined to be 276 mV
per decade, suggesting the slow charge transfer kinetics
between bulk CoO and the electrolyte. Nevertheless, when
the lm thickness shrunk down to 2 nm, the Tafel slope was
sharply reduced to 85 mV per decade, indicating a largely
promoted interfacial kinetic compared to its bulk form. Table
1 compares the OER performance of the ultrathin CoO nanosheets with other reported CoO geometries. In general, the
Tafel slope of the ultrathin CoO nanosheet was fairly low and
only one quarter of the reported pristine CoO nanoparticles.41
Compared to the benchmark defective ALD CoOx, the CoO
nanosheet could still deliver a comparable h at a current
density of 10 mA cm2.34
Similar surface kinetic variation was also revealed by the
Nyquist plots obtained from electrochemical impedance

Table 1 OER performance comparison for the CoO nanosheet and
other CoO geometries

CoO based
OER catalyst

Tafel slope
(mV dec1)

h (mV vs. the RHE)
at J ¼ 10 mA cm2

CoO nanosheet
CoO bulk
ALD grown
CoOx (ref. 34)
CoO nanoparticle (NP)41

85
276
50–70

560
870
470–670

354

510

This journal is © The Royal Society of Chemistry 2017

spectroscopy. The recorded semicircle manifests the charge
transfer resistance between the catalysis and the electrolyte
interface. As shown in Fig. 4c, the semicircle radius of CoO
nanosheets was at least 10 times smaller than that of bulk CoO,
suggesting a substantial reduction of charge transfer resistance
of/across the solid/electrolyte interface. Such a signicant
improvement was a direct result of the nanometer lm thickness as well as the largely increased surface Co atom ratio. The
ultra-small lm thickness ensured an eﬃcient hole transportation with only a couple of nanometers charge diﬀusion
length. It is also known that low-coordinated surface transitional metal cations could serve as predominate adsorption
sites for electrochemical reactants (e.g., CO2 and H2O).42,43
Therefore, rapid charge transport kinetics and very high OER
rates were achieved by the nanometer-thick CoO nanosheet.
The ILE-grown CoO nanosheet also oﬀered a wafer-scale lm
size and continuous lm structure, which greatly favored direct
integration of the nanosheets with light absorbers, providing an
unprecedented platform for developing binder-free photoelectrochemical (PEC) devices. These merits distinguished ILE
nanosheets from other 2D nanomaterial systems that were
typically micro- or nanometers in size and required additional
polymer binders for large-scale catalyst manufacturing. To
demonstrate this advantage, we fabricated a PEC cell by simply
laying the CoO nanosheet on the surface of a n-Si wafer and
measured the PEC performance with 0.1 cm2 active area in
1 M NaOH aqueous solution under one sun illumination (AM
1.5G). As shown in Fig. 4d, the onset potential of the n-Si/CoO
nanosheet was located at the position of 1.29 V vs. the RHE,
comparable to other Si photoanodes without a buried junction.44 The saturated photocurrent density (Jph) reached 28.1 mA
cm2 at 1.76 V vs. the RHE, on par with that of typical planar Si
photoelectrodes.45 The fairly low onset potential and high Jph
evidenced eﬀective coupling between the photoactive n-Si and
electrochemically active CoO nanosheet under no binder
conditions. On the other hand, the n-Si/bulk CoO exhibited very
limited PEC performance, probably caused by the low catalytic
ability and profound light blocking by the thick CoO lm. By
comparing the J–V curves of the n-Si/CoO nanosheet and p+-Si/
CoO nanosheet, the photovoltage generated by the light
absorbing n-Si was estimated to be 0.34 V (Fig. S6†).
To further maximize the operational stability of Si/CoO
nanosheet photoelectrodes, a uniform TiO2 layer grown by
atomic layer deposition (ALD) was introduced to isolate the Si
surface from the corrosive NaOH aqueous solution, as schematically shown in the inset of Fig. 5a. The amorphous ALD
TiO2 has shown great promise in universally protecting Si and
III–IV group of composite photoelectrodes without compromising any photoconversion eﬃciency.46,47 Fig. 5a compares the
J–V curves of the p+-Si/CoO nanosheet system with and without
TiO2 protection. In this case, slight reduction of J was observed
aer adding the TiO2 layer, probably caused by a modest
current loss in the TiO2 lm. The durability of the n-Si/TiO2/CoO
nanosheet was then assessed in 1 M NaOH aqueous solution by
recording the photocurrent density as a function of time (Jph–t)
at a constant external bias of 1.48 V vs. the RHE. As shown in
Fig. 5b, Jph of the n-Si/TiO2/CoO nanosheet exhibited no
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Photoelectrochemical (PEC) stability evaluation of n-Si/CoO
nanosheet photoelectrodes. (a) J–V curves of the p+-Si/CoO nanosheet and p+-Si/TiO2/CoO nanosheet measured in 1 M NaOH aqueous
solution. The inset is the schematic showing the device conﬁguration
of the Si/TiO2/CoO nanosheet photoelectrode. (b) Photocurrent
density–time (Jph–t) curves of the n-Si/TiO2/CoO nanosheet recorded
with a constant external bias of 1.48 V (vs. the RHE). The inset is the
Jph–V curves of the n-Si/TiO2/CoO nanosheet before (blue) and after
(red) 3 hours of PEC reaction, demonstrating the stability of the CoO
nanosheet.
Fig. 5

tendency of reduction aer 3 hours of continuous PEC reaction.
The nearly identical J–V behaviors of the n-Si/TiO2/CoO nanosheet before and aer 3 hours of operation reinforced the
excellent stability of the n-Si/TiO2/CoO nanosheet electrode
(inset of Fig. 5b). The long lifetime conrmed that the ILEgrown CoO nanosheet had strong endurance to the corrosive
electrochemical reaction environment. No cracks or any other
types of damage were observed from the CoO nanosheet aer
3 h of PEC reaction (Fig. S7†). The good electrochemical stability
was mainly a result of the short out-plane charge diﬀusion
length enabled by the unique ultrathin 2D structure, which
could drastically facilitate the charge transportation and avoid
the formation of hot spots, and thus reduce the corrosion rate of
the CoO nanosheet.35 Under the anodic bias, it is also possible
to form a thin Co3O4 layer (known as a stable OER catalyst) at
the interface of TiO2 and the CoO nanosheet.48 This may also
contribute to the good durability of the PEC device.

Conclusions
In summary, we reported a large-scale nanometer-thick polycrystalline CoO nanosheet fabricated by a facile ILE approach.
The lm size could reach wafer scale and the lm thickness was
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only 2.8 nm. This CoO nanosheet achieved signicantly higher
OER catalytic performance compared with bulk CoO owing to
the very large surface atom ratio and ultra-small cross-plane
charge diﬀusion length. At a h of 560 mV vs. the RHE, the
CoO nanosheet delivered a geometric current density of 10 mA
cm2, which was more than one order of magnitude higher
than the bulk CoO lm (0.8 mA cm2 at the same h). The Tafel
slope of the CoO nanosheet was estimated to be 85 mA per
decade, which was more than 3 times smaller than that of bulk
CoO (276 mA per decade). The wafer-scale lm size signicantly
facilitated the integration of the CoO nanosheet with a light
absorbing n-type silicon wafer, enabling an eﬃcient PEC photoanode with an onset potential of 1.29 V vs. the RHE and a Jph
of 28.1 mA cm2 at 1.76 V vs. the RHE. Aer coupling with an
ALD TiO2 protection layer, this photoanode was able to
continuously work for more than 3 hours in 1 M NaOH aqueous
solution without any observable performance decay. This is the
rst solution-based bottom-up synthesis of nanometer-thick
CoO nanosheets, which exhibited drastically enhanced catalytic properties compared to its bulk form. Although rigid Si
substrates were used, ILE inherently has the compatibility with
exible devices due to the low-temperature synthesis and facile
transfer process. This work shows the promise of the ILE
technique in synthesizing 2D nanomaterials from a broad range
of functional oxides with unprecedented performance gains.

Experimental section
Synthesis of CoO nanosheets
The aqueous nutrient solution containing 2 mM cobalt(II)
nitrate hexahydrate and 2 mM hexamethylenetetramine (HMT)
was gently added to a glass reaction vial while minimizing any
wetting of the glass wall above the water–air interface.
Depending on the opening area of the glass vial, a calculated
amount of chloroform solution of oleyl sulfate sodium salt was
added to the water–air interface. For a glass vial with 4.5 cm2
opening area, 8 mL of surfactant solution with a concentration
of 2 mg oleyl sulfate sodium salt in 10 mL chloroform were
used. Aer about 5 minutes, the glass vial was capped and
placed in a convection oven at 60  C. The reaction time ranged
from 2 hours to 6 hours depending on the target thickness.
Fabrication of electrochemical and photoelectrochemical
(PEC) devices
The assembly of the PEC cell started from cleaning Si wafers. A
380 mm-thick, phosphorus doped, single-side polished, h100i
oriented, n-type Si wafer with resistivity of 1–10 U cm was rst
cleaned sequentially in the ultrasonic bath of isopropanol and
distilled (DI) water. The wafer was then immersed in 5 wt% HF
aqueous solution for 30 seconds to remove the native oxide.
Aer that, the wafer was dipped into the reaction container and
the CoO nanosheet was lied up. To eliminate the unwanted
surfactant layer and enhance the adhesion between Si and the
CoO nanosheet, the Si/CoO nanosheet was exposed to 300 W O2
plasma for 10 minutes and then annealed at 400  C in a N2
atmosphere for 1 hour. Subsequently, the back side of the Si/
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CoO nanosheet was scratched with a diamond scribe, and then
was coated with a Ga/In eutectic mixture and connected to
a metal lead, forming an ohmic back contact. The metal lead
was then aﬃxed by the silver paint. Aer drying, the entire back
side and partial front side of Si/CoO nanosheet were encapsulated in epoxy, yielding an exposed active area of 0.1 cm2.
Calibrated digital image and ImageJ were used to determine the
active area established by epoxy. The electrochemical device was
built in a similar way except changing the n-Si to a 380 mm-thick,
boron heavily doped, single-side polished, h100i oriented, p
type wafer with a resistivity of 0.001–0.005 U cm. For the CoO
bulk sample, 0.5 M Co (NO3)2$6H2O ethanol solution was
dropped on the Si wafer surface. The wafer was then transferred
to a tube furnace and annealed at 1000  C for 10 hours in an Ar
atmosphere. The following device fabrication process was
similar to that of the CoO nanosheet.
Electrochemical and PEC measurements
The electrochemical measurements were conducted with
a typical three-electrode setup with the n-Si/CoO nanosheet as
the working electrode, a Pt wire as the counter electrode and
a saturated calomel electrode (SCE) as the reference electrode.
All electrodes were immerged in a 1 M NaOH aqueous electrolyte and the working electrode was illuminated by one sun
illumination. Jph–V and Jph–t curves were recorded using an
Autolab PGSTAT302N station. Jph–t curves were measured at
a constant external bias of 1.48 V vs. the RHE. SCE was converted to the RHE using the following relationship: E(RHE) ¼
E(SCE) + 0.244 V + 0.059  pH. The electrochemical impedance
measurements were conducted by applying a 5 mV bias to the
sample and sweeping the frequency from 100 kHz to 100 mHz.
Characterization
SEM measurements were carried out on a Zeiss Leo 1530 eld
emission microscope and TEM observation were done on a FEI
TF30 microscope (300 kV). The accelerating voltage and working
distance of SEM were 5 kV and 3 mm, respectively. X-ray
diﬀraction patterns were acquired from the Bruker D8
Discovery with Cu Ka radiation (0.15418 nm) and an entrance
slit of 0.5 mm. The grazing-angle X-ray diﬀraction was recorded
using a decoupled theta-two theta mode with an incident angle
of 4 . XPS was obtained from a Thermo Scientic K-alpha XPS
instrument with a 400 mm spot size. The ood gun of the XPS
instrument was turned on during the measurement. For the
SEM, XRD and XPS measurements, the CoO nanosheets were
transferred to s SiO2-coated Si wafer (1 cm  1 cm) by dipping
the substrate into the reaction solution from the side of the
reactor and then liing up. Aer transfer, the substrates with
CoO nanosheets were dried naturally in air. TEM samples were
collected in a similar way by replacing the Si wafer with a holey
carbon TEM grid.
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