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For instance, Yu et al. reported a novel MoS 2 /CoSe 2  hybrid with 
an excellent HER activity in acidic media [ 17 ]  and an effi cient 
CeO 2 /CoSe 2  composite electrocatalyst toward OER in alkaline 
solutions. [ 18 ]  However, the development of metallic-material-
based bifunctional hybrids for effi cient overall water splitting, 
especially in neutral media, is rarely reported. 

 Herein, we present a facile in situ partial surface-oxidation 
strategy to integrate CoO domains with CoSe 2  nanobelts on 
Ti mesh (denoted as CoO/CoSe 2 ) as a novel, highly active and 
stable self-supported electrocatalyst for both HER and OER 
under neutral conditions. The strategy can not only avoid 
the additional increase of nanobelt thickness but also make 
the hybrid materials to combine tightly. It is believed that the 
unique 3D self-supported porous architecture and the chemical 
synergistic effect between metallic CoSe 2  and in situ surface oxi-
dized CoO domains thereon lead to the excellent performance. 

 As illustrated in  Figure    1  a, the CoO/CoSe 2  was successfully 
synthesized by one-step calcination of CoSe 2 -DETA (DETA = 
diethylenetriamine) precursors (Figure S1, Supporting Infor-
mation) at 450 °C in the mixed O 2 /Ar (0.018 vol% O 2 ) atmos-
phere. The X-ray diffraction (XRD) pattern (Figure  1 b) was fi rst 
used to reveal the phases of calcined products scraped off from 
Ti mesh, which corresponds to CoO (JCPDS No. 43-1004) and 
CoSe 2  (JCPDS No. 09-0234) without any peaks of other impu-
rities. Energy-dispersive X-ray (EDX) analysis shows the exist-
ence of Co, Se, and O elements, further confi rming the for-
mation of CoO/CoSe 2  (Figure S2, Supporting Information). 
Figure  1 c,d shows scanning electron microscopy (SEM) images 
of CoO/CoSe 2 , indicating the whole surface of the Ti mesh is 
decorated with CoO/CoSe 2  nanobelts with retention of original 
nanobelt-like morphology of CoSe 2 -DETA precursors. These 
nanobelts have widths of ≈30–300 nm and lengths of several 
micrometers, which can be bent and interlaced into 3D porous 
structure for effective electron and mass transfer. [ 19 ]  Note that 
there would be no additional increase of nanobelt thickness 
related to the exposed active sites [ 20 ]  due to the direct calcination 
strategy without the addition of foreign material. Transmission 
electron microscopy (TEM) image displays the retained nano-
belt structure of CoO/CoSe 2  (Figure  1 e). Typical high resolution 
TEM (HRTEM) images (Figure  1 f and Figure S3, Supporting 
Information) reveal that small domains (marked with azure 
dotted areas) with diameters of <7 nm are anchored on the 
nanobelts. The lattice spacing of 2.10 and 2.60 Å, as expected 
for CoO (200) planes and CoSe 2  (210) planes, are observed for 
domains and nanobelts, respectively. Additionally, high-angle 
annular dark fi eld image and the associated scanning transmis-
sion electron microscope EDX (STEM-EDX) element mapping 
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   Electrochemical water splitting, including hydrogen evolu-
tion reaction (HER) and oxygen evolution reaction (OER), 
is considered to be a promising technology for sustainable 
energy conversion, storage, and transport. [ 1 ]  Up to now, Pt and 
RuO 2  have showed most effi cient behavior for HER and OER, 
respectively. [ 2 ]  Unfortunately, the exorbitant price and rarity 
of noble metals signifi cantly hinder their widespread applica-
tion. Alternatives based on earth-abundant elements, such as 
transition metal carbides, [ 3 ]  chalcogenides, [ 4 ]  phosphides, [ 5 ]  and 
metal alloys [ 6 ]  for HER, as well as oxides, [ 7 ]  (oxy)hydroxides, [ 8 ]  
and phosphates [ 9 ]  for OER, have been developed. In spite of 
their achieved remarkable electrocatalytic behaviors in HER or 
OER, few active electrocatalysts can function well toward both 
HER and OER in a same electrolyte because of their unstable 
or inactive property in unfavorable pH environment. [ 10 ]  There-
fore, exploring bifunctional catalysts with excellent activity and 
long-time stability for both HER and OER has become a hot 
spot. [ 11 ]  Despite some encouraging progress, most bifunctional 
eletrocatalysts perform in alkaline media, [ 12 ]  which impedes 
their low-cost scalable deployment in sustainable energy sup-
plies. HER and OER electrocatalysts in neutral media may cir-
cumvent many problems generated by electrocatalysts in acidic 
or alkaline solutions, due to the benign and harmless environ-
ment. [ 13 ]  It is thus highly imperative but challenging to develop 
effi cient bifunctional catalysts to achieve the overall water split-
ting under neutral conditions. 

 Metallic electrocatalysts have sparked great interest owing to 
their good conductivity and thus remarkable electroactivity. [ 14 ]  
Although cobalt chalcogenides, typically metallic CoSe 2 , [ 15 ]  
show extraordinary achievement on catalyzing HER or OER, 
the low electrochemical performance of pure CoSe 2  remains to 
be further improved. One of effi cient ways is to form hybrid 
materials modifi ed with other foreign functional materials. [ 16 ]  
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images (Figure  1 g) refl ect that the Co, Se, and O atoms are dis-
tributed over the entire nanobelt. These results confi rm that 
CoO domains, rather than CoO oxidation layer, are successfully 
anchored on CoSe 2  nanobelts by such facile in situ partial sur-
face-oxidation strategy.  

 The X-ray photoelectron spectroscopy (XPS) measurements 
were carried out to unravel the electronic structure. For com-
parison, pure CoSe 2  nanobelts were synthesized in high-purity 
Ar atmosphere (Figure S4, Supporting Information).  Figure    2  a 
shows the Se 3d spectrum of CoO/CoSe 2 , the binding energies 

at 53.7 and 58.6 eV correspond to Se 2  2−  and surface oxidized 
Se, respectively. [ 18 ]  Figure  2 b shows the comparison of binding 
energies of Co 2p in CoO/CoSe 2  and pure CoSe 2  nanobelts. 
The binding energies located at 775–783 eV (Co 2p 3/2 ) and 
792–798 eV (Co 2p 1/2 ) originated from Co 2+  are observed in 
pure CoSe 2  and CoO/CoSe 2 . The two Co 2p peaks and satel-
lite peaks at the higher binding energy side testify the antibo-
nding orbital of Co-Se and the near-optimal electronic confi gu-
ration in connection with electroactivity. [ 15 ]  The slight negative 
shift (≈1 eV) in the binding energy of Co 2p in CoO/CoSe 2  
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 Figure 1.    a) Schematic illustration of synthesis of CoO/CoSe 2 . b) XRD pattern of CoO/CoSe 2 . c) Low- and d) high-magnifi cation SEM, e) TEM, 
f) HRTEM (the azure dotted areas are some CoO domains), and g) STEM-EDX element mapping images of CoO/CoSe 2 .
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(779.6 eV) compared with pure CoSe 2  (780.6 eV) nanobelts 
suggests the change of electronic structure due to the electron 
transfer between CoO and CoSe 2 . Meanwhile, the electron 
donation would make CoO more Lewis acidic and thus activate 
the H 2 O molecules through Lewis acid–base interaction, which 
is benefi cial for electrocatalytic water splitting. [ 18,21 ]   

 The electrocatalytic behaviors of CoO/CoSe 2  as a self-sup-
ported electrode for HER were fi rst tested with a typical three-
electrode system in phosphate buffer solution. For comparison, 
bare Ti mesh, pure CoSe 2 , pure CoO (Figure S5, Supporting 
Information), CoO-CoSe 2  (physical mixture), and Pt/C (20 wt%, 

Johnson Matthey) deposited on Ti mesh 
with the same amount were also measured 
under the same conditions.  Figure    3  a shows 
their  I–R  corrected linear sweep voltammetry 
(LSV) curves. As expected, the bare Ti mesh 
has a negligible electrocatalytic activity toward 
HER and Pt/C shows the best performance 
with nearly zero overpotential. Surprisingly, 
the CoO/CoSe 2  exhibits a large current den-
sity with an onset overpotential of 150 mV 
and a sharply rising current density when a 
more negative potential is applied, suggesting 
the high HER activity of CoO/CoSe 2 . And it 
requires overpotentials of 200 and 337 mV 
to reach 2 and 10 mA cm −2 , respectively. 
Importantly, CoO/CoSe 2  can achieve a large 

current density of 50 mA cm −2  under a small overpotential of 
434 mV. However, pure CoSe 2 , pure CoO, and CoO-CoSe 2  
(physical mixture) as control catalysts require 430, 538, and 
450 mV to obtain 10 mA cm −2 . These high performances of 
CoO/CoSe 2  are comparable or superior to those of some non-
precious metal HER catalysts in neutral conditions, as shown 
in Table S1 (Supporting Information). The enhanced HER per-
formance may originate from the synergistic effect [ 22 ]  of CoO 
and CoSe 2 . To gain further insights into the HER kinetics, 
Tafel slopes of CoO/CoSe 2 , pure CoSe 2 , and Pt/C were probed 
(Figure  3 b). For the Pt/C electrocatalyst, a value of 62 mV dec −1  
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 Figure 2.    a) XPS spectra of the Se 3d region for CoO/CoSe 2 . b) XPS spectra of the Co 2p region 
for CoO/CoSe 2  and pure CoSe 2 .

 Figure 3.    a) LSV curves of bare Ti mesh, pure CoO, pure CoSe 2 , CoO/CoSe 2 , CoO-CoSe 2  (physical mixture), and commercial Pt/C (scan rate: 10 mV s −1 ) 
for HER in 0.5  M  phosphate buffer solution (pH = 6.86). b) The corresponding Tafel plots for pure CoSe 2 , CoO/CoSe 2 , and commercial Pt/C. c) EIS of 
pure CoSe 2 , CoO/CoSe 2  for HER at −0.34 V. d)  I–t  (current density vs time) curve of CoO/CoSe 2 . Inset is LSV curves of CoO/CoSe 2  before and after 
2000 potential cycles.
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is calculated. The measured Tafel slope of CoO/CoSe 2  is 
131 mV dec −1  in neutral media. This value is smaller than that 
of CoSe 2  (138 mV dec −1 ), demonstrating the faster HER kinetics 
of CoO/CoSe 2 . Meanwhile, electrochemical impedance spec-
troscopy (EIS) data of pure CoSe 2  and CoO/CoSe 2  were per-
formed at −0.34 V (Figure  3 c). The lower charge-transfer resist-
ance observed for CoO/CoSe 2  (10 Ω) relative to CoSe 2  (32 Ω) 
also suggests its effi cient charge transport and thus better 
electrocatalytic activity. [ 23 ]  Furthermore, the exchange cur-
rent density ( j  0 ) was assessed by extrapolation using the Tafel 
plot (Figure S6, Supporting Information). [ 5c,24 ]  The  j  0  for CoO/
CoSe 2  is determined to be 33.2 µA cm −2  in neutral media, out-
performing those of pure CoSe 2  (6.62 µA cm −2 ) used in this 
study. To investigate the stability of the CoO/CoSe 2 , a long-term 
 I–t  (current density vs time) curve was recorded. Figure  3 d 
shows that the HER performance can be maintained for over 
9 h without degradation. Inset of Figure  3 d further indicates 
the excellent electrocatalytic activity remains unchanged after 
2000 cycles. These results clearly highlight that CoO/CoSe 2  is 
an effi cient electrocatalyst with high activity and stability toward 
HER in neutral media.  

 The electrocatalytic OER performance for CoO/CoSe 2  was 
also examined in phosphate buffer solution. As revealed by 
 Figure    4  a, the CoO/CoSe 2  electrocatalysts show much lower 
onset overpotential of 320 mV and require an overpotential of 
510 mV to achieve 10 mA cm −2 . In contrast, pure CoSe 2 , pure 
CoO, CoO-CoSe 2  (physical mixture), and commercial RuO 2  
require 650, 610, 630, and 510 mV to obtain 10 mA cm −2 , 

respectively. Note that the CoO/CoSe 2  needed lower overpoten-
tials at large current densities (above 10 mA cm −2 ) compared 
with commercial RuO 2 . Notably, the current density of CoO/
CoSe 2  at an overpotential of 620 mV is 33.96 mA cm −2 . The value 
is 4.5 and 3.1 times than those of pure CoSe 2  (7.51 mA cm −2 ) 
and CoO (11.03 mA cm −2 ) and superior to that of commercial 
RuO 2  (28.3 mA cm −2 ), respectively, making it one of the most 
outstanding nonprecious metal OER electrocatalysts in neu-
tral solutions (Table S2, Supporting Information). Also, when 
an overpotential of 660 mV is applied, CoO/CoSe 2  can obtain 
a current density of ≈48 mA cm −2 , whereas those of pure 
CoSe 2  and CoO were below 16 mA cm −2 . It is worthy to point 
out that no observation for obvious oxidation peak at 1.1–1.2 V 
assigned to Co 2+  to Co 3+ , [ 25 ]  implying that the CoO/CoSe 2  is 
stable and the excellent activity is from CoO/CoSe 2  itself under 
the measurement conditions. The commercial RuO 2  shows 
a Tafel slope of 162 mV dec −1  (Figure S7, Supporting Infor-
mation). The Tafel slope for CoO/CoSe 2  was 137 mV dec −1 , 
whereas pure CoSe 2  and CoO were evaluated as 198 and 
183 mV dec −1  (Figure  4 b). The charge-transfer resistance for 
CoO/CoSe 2  was 12 Ω, which is smaller than that of pure CoSe 2  
(57 Ω) and CoO (42 Ω) (Figure  4 c). The smaller Tafel slope as 
well as lower charge-transfer resistance demonstrates faster 
reaction kinetics and the higher electrical conductivity of CoO/
CoSe 2 . [ 23c,26 ]  Figure  4 d shows that the catalytic activity of CoO/
CoSe 2  keeps almost unchanged for more than 12 h. After 2000 
cycles in phosphate buffer solution, the LSV curve of CoO/
CoSe 2  almost appeared overlapping with the initial curve (Inset 

www.MaterialsViews.com
www.advancedscience.com

Adv. Sci. 2016, 3, 1500426

 Figure 4.    a) LSV curves of bare Ti mesh, pure CoO, pure CoSe 2 , RuO 2 , CoO-CoSe 2  (physical mixture), and CoO/CoSe 2  (scan rate: 10 mV s −1 ) for OER 
in 0.5  M  phosphate buffer solution (pH = 6.86). b) Tafel plots for pure CoSe 2 , pure CoO, and CoO/CoSe 2 . c) EIS of pure CoSe 2 , CoO/CoSe 2  for OER at 
1.75 V. d)  I–t  curve of CoO/CoSe 2 . Inset is LSV curves of CoO/CoSe 2  before and after 2000 potential cycles.
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of Figure  4 d). All the results suggest that CoO/CoSe 2  exhibits 
unprecedentedly remarkable activity and stability toward OER 
in neutral media.  

 Moreover, double layer capacitance ( C  dl ) measurements were 
conducted to estimate the electrochemical active areas. [ 27 ]  CoO/
CoSe 2  shows a  C  dl  of 1.8 mF cm −2 , much higher than that of 
pure CoSe 2  (0.38 mF cm −2 ), revealing that the CoO/CoSe 2  has 
an advantage in enlarging the active surface area associated 
with more catalytic active sites than pure CoSe 2  ( Figure    5  ).  

 To probe the change of morphology and electronic struc-
ture occurring for CoO/CoSe 2  electrocatalyst, we tested SEM, 
TEM, and XPS data after a series of electrochemical tests. The 
SEM and TEM images suggest that the CoO/CoSe 2  electrocata-
lyst still maintains the original nanobelt structure after HER 
and OER measurements (Figure S8, Supporting Information). 
The corresponding XPS spectra of Co 2p region indicate that 
a similar peak profi le is displayed for post-HER (780.4 eV) or 
post-OER (780.2 eV) catalysts in spite of a slight positive shift 
compared with the as-prepared CoO/CoSe 2  electrocatalyst 
(779.6 eV) (Figure S9, Supporting Information). These results 
demonstrate that the CoO/CoSe 2  electrocatalyst still retains the 
high performance after long-term HER or OER tests. 

 With its superior activity and good stability toward both HER 
and OER in neutral media, we used CoO/CoSe 2  electrocatalyst 
as both anode and cathode in a two-electrode system to make a 
neutral electrolyzer for water splitting. The electrolyzer allows 
for 10 mA cm −2  in phosphate buffer solution under the applied 
voltage of 2.18 V ( Figure    6  a). Although a little more power is 
needed, [ 11,28 ]  the unique CoO/CoSe 2  as a bifuntional electro-
catalyst in neutral media is no less of a breakthrough in water 
splitting. Additionally, the CoO/CoSe 2  demonstrates a steady 
current density of 10 mA cm −2  for ≈10 h at a constant voltage 
of 2.18 V in neutral media (Figure  6 b). Furthermore, for overall 

water splitting, CoO/CoSe 2  shows ≈100% Faradaic effi ciency 
for both HER and OER with the 1:2 molar ratio of O 2  and H 2  in 
neutral media (Figure  6 c).  

 In summary, 3D self-supported CoO/CoSe 2  electrocata-
lysts have been successfully synthesized via a facile in situ 
partial surface-oxidation method. The materials exhibit supe-
rior activity and stability in neutral media for both HER and 
OER. This excellent performance may be ascribed to two rea-
sons: (1) the fl exible nanobelts and their stacking-growth on 
Ti mesh endow them with 3D porous architecture, and thus 
large active surface area, effi cient electron, and mass transport; 
(2) the synergistic effect of metallic CoSe 2  and in situ oxidized 
CoO domains in the unique CoO/CoSe 2  hybrid material yields 
superactive catalytic sites. Importantly, this cost-effective in situ 
chemical transformation approach would open a new avenue 
to design and explore other novel hybrid materials as effi cient 
catalysts for renewable energy applications.  

  Experimental Section 
  Synthesis of CoSe 2 /DETA Nanobelts Grown on Ti Mesh : The CoSe 2 /

DETA (DETA = diethylenetriamine) nanobelts grown on Ti mesh were 
fi rst synthesized by the reported method with some modifi cations. [ 29 ]  
First, 186.8 mg of Co(AC) 2 •H 2 O was added into 4 mL of deionized 
water and then stirred for 5 min to form a pink solution. Simultaneously, 
60 mg of NaOH was dissolved into 4 mL of deionized water containing 
83.2 mg of SeO 2 . The solutions were mixed and added into 24 mL 
of DETA solution under constant stirring. A piece of clean Ti mesh 
(1 × 2 cm 2 , see the SEM image in Figure S10, Supporting Information) 
was ultrasonicated with acetone, water, and 3.0  M  HCl aqueous solution 
for 10 min, respectively, and then immerged in the above-mentioned 
mixed solution. Then, the solution containting Ti mesh was transferred 
into a 40 mL Tefl on-lined autoclave, kept at 180 °C for 16 h and cooled 
down naturally to room temperature. The Ti mesh with black precipitates 
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 Figure 5.    a,b) Cyclic voltammetry (CV) graphs of CoO/CoSe 2  and pure CoSe 2  measured at different scan rates from 20 to 160 mV s −1 . c) Plots of the 
current density versus the scan rate for CoO/CoSe 2  and pure CoSe 2 .

 Figure 6.    a) LSV curve of water electrolysis employing CoO/CoSe 2  and Ti mesh as both anode and cathode in 0.5  M  phosphate buffer solution. 
b)  I–t  curve of CoO/CoSe 2 . c) The amount of gas theoretically calculated and experimentally measured versus time for overall water splitting of CoO/
CoSe 2 .
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on surface was collected and washed with deionized water and ethanol, 
and then dried under vacuum at room temperature for 6 h. 

  Synthesis of CoO/CoSe 2  Nanocomposites on Ti Mesh : In a typical 
procedure, the Ti mesh with CoSe 2 /DETA on surface was placed in the 
center of the tube furnace. The furnace was heated to 450 °C with a 
heating rate of 2 °C min −1 , and treated at this temperature for 4 h in 
the O 2  (0.018 vol%)/Ar atmosphere. The sample was taken out of the 
furnace after naturally cooled to room temperature. 

  Synthesis of Pure CoSe 2  on Ti Mesh : For fair comparison, the pure 
CoSe 2  was obtained by annealing in the high-purity Ar atmosphere 
without detectable O 2  using Agilent 7890A gas chromatography, 
with other conditions remaining the same to those of CoO/CoSe 2  
nanocomposites. 

  Characterization : The SEM images and EDX spectroscopic analysis 
were taken with a Hitachi S-4800 scanning electron microscope equipped 
with the Thermo Scientifi c energy-dispersion X-ray fl uorescence analyzer. 
TEM and HRTEM images were obtained with FEITecnai G2 F20 system 
equipped with GIF 863 Tridiem (Gatan), and EDX elemental distribution 
images were determined by JEM 2100F transmission electron microscope. 
Specimens for TEM and HRTEM measurements were prepared via 
ultrasonicating to strip the samples off the Ti mesh substrate and then 
dropcasting a droplet of ethanol suspension onto a copper grid and 
allowed to dry in air. The XRD patterns of the products were recorded with 
Rigaku D/MAX-2500 diffractometer (Rigaku Co., JAPAN) using a Cu Kα 
source ( λ  = 0.154178 nm). XPS analysis was performed on a PHI 5000 
Versaprobe system using monochromatic Al Kα radiation. All binding 
energies were referenced to the C 1s peak at 284.8 eV. 

  Electrochemical Measurements : Electrochemical measurements were 
carried out in a typical three-electrode cell consisting of a working 
electrode, a glassy carbon counter electrode, and a saturated calomel 
reference electrode (SCE) using an electrochemical workstation (CHI 
660D, CH Instruments, Austin, TX). The Ti mesh with CoO/CoSe 2  
catalyst samples directly grown on surface was used as the working 
electrode. The catalysts as control experiments were dispersed in 
water/isopropanol with Nafi on solution and drop-cast into the Ti 
mesh. All the loading mass of the catalysts on the Ti mesh is about 
2.0 mg cm −2 . All the potentials are calibrated to the reversible hydrogen 
electrode (vs RHE) according to  E  vs RHE  =  E  vs SCE  +  E ° SCE  + 0.059pH and 
the current density is normalized to the effective geometrical surface 
area. HER and OER measurements are carried out in the presence of 
Ar-saturated phosphate buffer solution (pH = 6.86) as electrolyte. For 
LSV measurements, the scan rate was set to be 10 mV s −1  and all LSV 
data have been corrected based on  IR  compensation. Comparing the 
polarization curves before and after  I–R  corrected, it can be seen that 
 IR  correction has the effect of shifting the raw data to lower potentials 
under larger current densities (Figure S11, Supporting Information). 
The continuous cyclic voltammetry (CV) cycling was measured from 0 
to −0.4 V versus RHE for HER and from 1.4 to 1.9 V versus RHE for OER 
with a scan rate of 10 mV s −1 , respectively. The EIS measurements were 
carried out in the given overpotential from 100 KHz to 0.1 Hz. CVs in 
 C  dl  determination were measured in a potential window nearly without 
Faradaic process at different scan rates of 20, 40, 60, 80, 100, 120, 
140, and 160 mV s −1 . The plot of current density at set overpotential 
against scan rate has a linear relationship and its slope is the  C  dl . For 
full water splitting, we used CoO/CoSe 2  electrocatalyst as both anode 
and cathode in a two-electrode system. The Faradaic effi ciency was 
calculated by comparing the amount of gas theoretically calculated and 
experimentally measured. To assess the Faradic effi ciency, we collected 
H 2  and O 2  by water-gas displacing method, and calculated the moles of 
H 2  and O 2  generated from the overall water splitting. And then calculate 
the theoretical amount of H 2  and O 2  with  I–t  curve by applying the 
Faraday law.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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