
© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1wileyonlinelibrary.com

C
O

M
M

U
N

IC
A
TIO

N

Porous MoO2 Nanosheets as Non-noble Bifunctional 
Electrocatalysts for Overall Water Splitting

Yanshuo Jin, Haotian Wang, Junjie Li, Xin Yue, Yujie Han, Pei Kang Shen,* and Yi Cui*

Dr. Y. Jin, Dr. Y. Han, Prof. P. K. Shen
Collaborative Innovation Center  
of Sustainable Energy Materials
Guangxi University
Nanning 530004, P. R. China
E-mail: pkshen@gxu.edu.cn
Dr. Y. Jin, J. Li, Dr. X. Yue, Dr. Y. Han, Prof. P. K. Shen
State Key Laboratory of Optoelectronic  
Materials and Technologies
School of Physics and Engineering
Sun Yat-sen University
Guangzhou 510275, P. R. China
Dr. H. Wang
Department of Applied Physics
Stanford University
Stanford, CA 94305, USA
Prof. Y. Cui
Department of Materials Science and Engineering
Stanford University
Stanford, CA 94305, USA
E-mail: yicui@stanford.edu
Prof. Y. Cui
Stanford Institute for Materials and Energy Sciences
SLAC National Accelerator Laboratory
Menlo Park, CA 94025, USA

DOI: 10.1002/adma.201506314

catalysts with high activity and durability. MoO2 is metallic 
transition metal oxide with a distorted rutile structure, which 
becomes a potential candidate as a non-noble metal electro-
catalyst for water splitting.[10] Yu and co-workers have reported 
that MoO2 and phosphorus-doped nanoporous carbon loaded 
on reduced graphene oxide substrates has superior perfor-
mance of HER in acidic media and Liang and co-workers have 
shown that MoO2–CoO coupled with a macroporous carbon 
hybrid electrocatalyst has good performance of OER in alka-
line media.[11] However, MoO2 for the overall water splitting in 
alkaline media has not been reported. The fabrication of nano-
structured catalysts and then dispersing the catalysts on porous 
supports such as porous carbon is commonly employed. How-
ever, the possible mechanical shedding from the supporting 
materials would lead to catalyst deactivation and thus it is 
more favorable to make the catalysts themselves into porous 
structures.[12] The template-assisted method is a common way 
to synthesize porous materials, while it is complicated, expen-
sive, and hard to grow porous materials directly on a current 
collector.[13] Synthesizing electrocatalytic porous materials on 
substrates allows direct use in device and avoids the use of 
binder, which may reduce effective catalytic activity because 
it blocks active sites and reduces gas permeability and blocks 
mass transfers.[14] However, it remains challenging to synthe-
size porous MoO2 in a simple and facile way. Furthermore, it 
is a bigger challenge to synthesize porous MoO2 directly on 
substrates without binder.

Herein, we report our recent efforts in developing porous 
MoO2 nanosheets synthesized on nickel foam directly, which 
then allows direct use in device and avoids the use of binder. 
The porous MoO2 was directly grown on commercial nickel 
foam by a wet-chemical route first and then with an annealing 
treatment. As an integrated non-noble high-performance 
electrocatalyst for overall water splitting in alkaline solution, 
the porous MoO2 needs a cell voltage of only about 1.53 V 
to achieve current density of 10 mA cm−2 and maintains its 
activity for at least 24 h. And even the water-splitting device can 
be powered by an AA battery with a nominal voltage of 1.5 V at 
room temperature.

The porous MoO2 nanosheets were directly grown on com-
mercial nickel foam by a wet-chemical route first and then 
with an annealing treatment, as schematically elucidated in 
Figure 1a. In the first step, ammonium molybdate tetrahy-
drate ((NH4)6Mo7O24·4H2O) was the molybdenum source and 
nickel foam substrate itself was a reductant. The introduction 
of sodium dodecyl sulfate (SDS) into water led to the formation 
of an immiscible two-phase system and a distinct oil–water 
interface was then constructed, with the hydrophilic SO3

− 
ends arranging toward water while the hydrophobic alkyl 
groups away from water.[15] During the hydrothermal process, 

Electrocatalytic water splitting, including hydrogen evolution 
reaction (HER) and oxygen evolution reaction (OER), is 
now becoming increasingly important to renewable energy 
applications.[1] The benchmark catalysts for HER and OER 
are Pt-based and Ir/Ru-based compounds, respectively, how-
ever, the high cost and scarcity greatly hinder their large-scale 
applications.[2] Therefore the development of novel and efficient 
water splitting electrocatalysts based on inexpensive and earth-
abundant elements to replace these noble metals is of great 
significance.[3] Although exciting progresses have been made,[4] 
there are very few electrocatalysts with high activity toward 
both HER and OER in the same electrolyte.[5] Such bifunc-
tional electrocatalysts can be highly attractive because avoiding 
using different equipment and processes to produce different 
electrocatalysts could decrease the cost.[6] Because the high cost 
and element scarcity greatly hinder the widespread use of acid-
insoluble OER electrocatalysts with reasonable activity, alkaline 
water splitting has emerged as a strong candidate for industrial 
hydrogen production.[7] Thus the non-noble bifunctional elec-
trocatalyst for overall water splitting in alkaline media is highly 
attractive.[8]

Normally, an important method to improve the water split-
ting activity is reducing the size of the catalysts so that more 
catalytic active sites can be exposed.[9] Based on such key scien-
tific method, we focused on the research of nonprecious metal 
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the precursor nanosheets could be assembled at the oil–water 
interface driven by high temperature and pressure.[16] When 
the reaction time was gradually increased from 4 to 18 h, more 
precursor nanosheets were stacked up and constructed the 
porous precursor (Figure S1 in the Supporting Information and 
Figure 1c). Notably, SDS plays an important role in forming 
porous MoO2 nanosheets. If SDS was not introduced into the 
reaction system, the microstructure consisted of thick sheets 
and the thickness was micrometer-sized instead of nano-sized 
(Figure S2, Supporting Information). Finally, the precursor 
became metallic MoO2 through the annealing treatment.

Figure S3a (Supporting Information) shows the X-ray diffrac-
tion (XRD) patterns of the porous MoO2 synthesized on nickel 
foam directly, the three peaks at 44.5°, 51.8°, and 76.4° originate 
from to the Ni foam substrate (JCPDS No. 65-2865) because 
the loading of MoO2 is too low to detect its existence for XRD. 
After the Ni foam was removed by hydrochloric acid, the peaks 
assigned to monoclinic MoO2 (JCPDS No. 32-0671) were visible 
(Figure S3b, Supporting Information). The Raman spectros-
copy is available to measure the presence of MoO2 directly and 
Figure S4 (Supporting Information) shows the Raman spectrum 
of the porous MoO2, the monoclinic MoO2 was detected with 
Raman bands at 200, 226, 345, 351, 456, 492, 569, and 739 cm−1. 
Characteristic bands due to bond vibration modes of molyb-
denum oxide are clearly confirmed at 739 (O2-Mo) and 569 cm−1 
(O1-Mo). The finger bands at 351, 345, 226, and 200 cm−1 can be 
assigned to the phonon vibration modes of MoO2.[17] Figure S5 
(Supporting Information) shows the X-ray photoelectron spec-
troscopy (XPS) spectra of porous MoO2 synthesized on nickel 
foam directly and the various elements spectra. The Mo 3d5/2 
peak of Mo6+ was almost coincident with the Mo 3d3/2 peak 
of Mo4+, thus leading to the characteristic three-peak shape of 
Mo6+ and Mo4+.[18] However, the amount of Mo6+ at the surface 
is much less than Mo4+ due to the introduction of hydrogen in 
the process of annealing. The element sulfur of SDS is removed 

during the annealing treatment and the ele-
ment carbon of SDS is reduced to simple 
substance phase.

The scanning electron microscopy (SEM) 
top-view images (Figure 1b,c) show that the 
entire surface of the nickel foam is uniformly 
covered by porous MoO2 and the porous MoO2 
is constructed by lots of nanosheets. Through 
the SEM side-view image (Figure 1d), the 
porous structure can be seen clearly. There-
fore, when the porous MoO2 nanosheets are 
immersed in the electrolyte, plenty of the 
electrolyte is initially stored in the porous 
ion-buffering reservoirs and, meanwhile, the 
nanosheets around them are covered by it, 
providing a quick supply and short ion-diffu-
sion distance.[19] The skeletal structure of the 
Ni foam was maintained completely, thus ena-
bling its direct use as an integrated 3D electro-
catalyst for overall water splitting.

The microstructures of the porous MoO2 
were characterized by the use of transmission 
electron microscope (TEM). Figure 2a shows 
the TEM top-view image of the porous MoO2 

and Figure 2b shows the high resolution (HR) TEM image with 
interplanar distances of 0.34 and 0.48 nm, which correspond 
to the (011) and (100) planes of MoO2, respectively. Figure 2c,d 
shows the high angle annular dark field-scanning transmission 
electron microscope (HAADF-STEM) images of the porous 
MoO2 at different magnifications. The porous structure of MoO2 
is easily observed by HAADF-STEM, especially when compared 
with TEM. The sizes of the pores on the direction parallel to the 
Ni foam are dispersed among 5–20 nm. However, Figure 2d 
shows that the sizes of the pores on the direction vertical to the Ni 
foam are larger than that on the direction parallel to the Ni foam. 
In order to further study the porous structure, the Brunauer–
Emmett–Teller (BET) method was used. Figure 2e shows the 
N2 adsorption–desorption isotherms at 77 K. The isotherm of 
porous MoO2 can be classified as a typical II isotherm with a 
hysteresis loop, which suggests the presence of a mesoporous 
structure.[20] The BET specific surface area of porous MoO2 is 
25.7 m2 g−1, and pore volume of 0.101 cm3 g−1 with an average 
pore size at 23 nm. The curve of pore size distribution (Figure 2f),  
determined using the density functional theory method, pro-
vides more detailed information about the pore structure of the 
porous MoO2. The porous MoO2 nanosheets have mesopore 
peaks and macropore peaks in the range of 10–80 nm.

Figure 3a shows the steady-state potential polarization curves 
(for details of porous MoO2, see Figure S6a,b, Supporting 
Information) of Ni foam, commercial 46.7% Pt/C deposited on 
Ni foam (TKK, Japan, loading: 0.5 mg cm−2), compact MoO2 
(for additional SEM image, see Figure S7, Supporting Infor-
mation) synthesized on nickel foam directly (MoO2 loading: 
≈3.4 mg cm−2), and porous MoO2 synthesized on nickel 
foam directly (MoO2 loading: ≈2.9 mg cm−2) in N2-saturated 
1 m KOH solution at 25 °C for HER and OER. At left, porous 
MoO2 is significantly active for the HER with onset potential 
of almost 0 V, and additional negative potential leads to rapid 
increase in the cathodic current. In addition, porous MoO2 
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Figure 1. a) The synthetic steps of porous MoO2 nanosheets on nickel foam directly. b,c) SEM 
top-view images of porous MoO2 nanosheets synthesized on nickel foam directly at different 
magnifications. d) SEM side-view image of porous MoO2 nanosheets.
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needs overpotentials of only about 27 and 40 mV to achieve cur-
rent densities of −10 and −20 mA cm−2, respectively. The Tafel 
slopes (Figure S8, Supporting Information) are 117, 29, 116, 
and 41 mV dec−1 for Ni foam, Pt/C, compact MoO2, and porous 
MoO2, respectively. The Tafel slope of porous MoO2 is only  
41 mV dec−1, implying a rapid HER rate and a Heyrovsky–
Volmer mechanism with electrochemical desorption of 
hydrogen as the rate-limiting step.[21] The linear sweep voltam-
metry curve of the porous MoO2 in a larger potential window is 
shown in Figure S9 (Supporting Information). The sufficiently 
low onset potential and Tafel slope indicate an excellent HER 
activity and it is even competitive with commercial Pt catalysts. 
The Faradic efficiency (FE) was calculated by comparing the 
amount of experimentally quantified gas with theoretically cal-
culated gas. As shown in Figure S10 (Supporting Information), 
the FE is close to 100 % for HER. The durability of porous 
MoO2 for HER was also examined. As shown in Figure S11a 

(Supporting Information), the porous MoO2 
exhibits a fairly stable performance within 
the accelerated degradation measurement 
for 1000 cyclic voltammetry (CV) cycles. 
Figure S11b (Supporting Information) shows 
the time-dependent current density curve for 
porous MoO2 under steady-state potential of 
100 mV versus RHE (without iR correction) 
for 12 h. After a long period of time, the cur-
rent density only slightly degrades, indicating 
that the porous MoO2 has superior stability 
in the long-term electrochemical process. 
The XRD pattern (Figure S12, Supporting 
Information), SEM image (Figure S13, Sup-
porting Information), and XPS spectra 
(Figure S14, Supporting Information) after 
HER show the robust and stable natures of 
the porous MoO2 for HER. At right, porous 
MoO2 is significantly active for the OER 
with onset potential of ≈1.43 V. In addition, 
porous MoO2 needs potentials of only about 
1.49 and 1.51 V to achieve current densities of 
10 and 20 mA cm−2, respectively. Figure S15 
(Supporting Information) shows the Tafel 
slope of porous MoO2 (54 mV dec−1) is 
smaller than that of Ni foam (113 mV dec−1),  
Pt/C (61 mV dec−1), and compact MoO2 
(88 mV dec−1), implying a more rapid OER 
rate for porous MoO2. Figure S16 (Sup-
porting Information) shows that the redox 
peak current of porous MoO2 decreases 
when scan rate decreases, thus steady-state 
polarization curve can avoid the interference 
of redox current. As shown in Figure S16b 
(Supporting Information), we can also con-
firm that the onset potential is ≈1.43 V for 
OER. In addition, the FE for OER is close 
to 100 % (Figure S17, Supporting Informa-
tion). The durability of porous MoO2 for OER 
was also examined. As shown in Figure S18a 
(Supporting Information), the porous MoO2 
exhibits a fairly stable performance within 
the accelerated degradation measurement for 

3000 CV cycles. Figure S18b (Supporting Information) shows 
the time-dependent potential curves of porous MoO2 under 
steady-state current density of 5 mA cm−2 and 20 mA cm−2.  
After a long period of time, the potential is nearly invariable, indi-
cating that the porous MoO2 has superior stability in the long-
term electrochemical process. The XRD pattern (Figure S19, Sup-
porting Information) and SEM image (Figure S20, Supporting 
Information) after OER show the robust and stable natures of 
the porous MoO2 for OER. As shown in Figure S21 (Supporting 
Information), Mo4+ has changed into Mo6+ after OER.

Given that porous MoO2 is an active and stable electrocat-
alyst toward both HER and OER in strongly basic media, we 
made an electrolyzer in a two-electrode setup using porous 
MoO2 as both anode and cathode to go a step closer to the real 
application. According to the charge conservation and I = Q/t, 
the cathode current (Ic) and the anode current (Ia) are equal in 

Adv. Mater. 2016,  
DOI: 10.1002/adma.201506314

www.advmat.de
www.MaterialsViews.com

Figure 2. a) TEM top-view image of the porous MoO2 nanosheets. b) HRTEM image of the porous 
MoO2. c,d) HAADF-STEM top-view images of the porous MoO2 at different magnifications.  
e) N2 adsorption–desorption isotherms of porous MoO2. f) The corresponding pore size 
distribution of porous MoO2.
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amount but opposite in sign. In addition, when the cathode 
surface (Sc) is equal to the anode surface (Sa), the cathode cur-
rent density (jc) and the anode current density (ja) are equal in 
amount but opposite in sign. Therefore, the voltage for overall 
water splitting should be equal to the voltage difference (ΔV) 
between HER and OER at the same current density in amount. 
Further, the onset potential of overall water splitting should be 
equal to the voltage difference (ΔV) between the onset poten-
tial of HER and OER. As shown in Figure 3b, the steady-state 
polarization curve (for details see Figure S6c, Supporting Infor-
mation) for overall water splitting of porous MoO2 and the 
voltage difference (ΔV) between HER and OER are basically 
the same. Meanwhile the onset potential (1.44 V) is close to 
the voltage difference (ΔV) between the onset potential of HER 
(near-zero) and OER (1.43 V). Onset potential is a very impor-
tant parameter in judging intrinsic activities of the electrocata-
lysts, especially in the field of water splitting. Due to the low 
onset potential of HER and OER, the onset potential of porous 
MoO2 for overall water splitting is low and comparable to the 
state-of-the-art overall water splitting catalysts (Table S1, Sup-
porting Information).[5,6,8,9,22]

Figure 4a shows the steady-state potential polarization 
curves of Ni foam, commercial 46.7% Pt/C deposited on Ni 
foam, compact MoO2 synthesized on nickel foam directly, and 
porous MoO2 synthesized on nickel foam directly for overall 
water splitting. Compared with Ni foam, commercial Pt/C, and 
compact MoO2, porous MoO2 exhibits excellent performance 
for alkaline water electrolyzer with the need of a cell voltage 

of only 1.53 V to afford 10 mA cm−2 water-splitting current in 
1.0  m KOH. Remarkably, the catalytic activity of porous MoO2 
is comparable to the state-of-the-art overall water splitting cata-
lysts (Table S1, Supporting Information).[5,6,8,9,22] Such water 
electrolysis could be powered by a single-cell AA battery with a 
nominal voltage of ≈1.5 V at room temperature (Figure 4b and 
Figure S22, Supporting Information; and see Movie S1 in the 
Supporting Information for a movie of water electrolysis by an 
AA battery). As we know, those electrons move to the cathode 
from the anode, providing electrical power and producing H2 at 
the cathode and O2 at the anode. We also tested the long-term 
stability of this system for 24 h in 1.0  m KOH solution at 25 °C. 
The potential only slightly degrades (Figure 4c), indicating that 
the porous MoO2 has superior stability in the long-term electro-
chemical process.

In contrast, without porous morphology, the compact MoO2 
shows much lower activity for HER, OER, and overall water 
splitting. The roughness factor (RF) is used to determine the 
amount of catalytically active sites and defined as the ratio 
of the electrochemically active surface area to the geometric 
surface area of the electrode. The electrochemically active sur-
face area can be estimated from the electrochemical double-
layer capacitance, which is calculated from the CV curves 
measured in a non-Faradaic region at different scan rates (for 
calculation details see Figure S23, Supporting Information). 
Indeed, the electrochemical double-layer capacitance of porous 
MoO2 (422 mF cm−2) is considerably larger than that of com-
pact MoO2 (31 mF cm−2), which means the RF of porous MoO2 
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Figure 3. a) Steady-state polarization curves of Ni foam, commercial Pt/C, compact MoO2, and porous MoO2 in 1 m KOH for HER and OER. 
b) Steady-state polarization curve for overall water splitting of porous MoO2 in a two-electrode configuration and the voltage difference between HER 
and OER. (Inset: Steady-state polarization curves of porous MoO2 for HER and OER.)
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is considerably larger than that of compact MoO2. Thus, the 
superior overall water splitting electrocatalytic performance of 
porous MoO2 could be attributed to the high surface area con-
tributed by porous nanostructuring, there are correspondingly 
many active sites exposed for both HER and OER. In addi-
tion, synthesizing electrocatalytic porous MoO2 nanosheets on 
Ni foam avoids the use of binder. As we know, binder would 
reduce effective catalytic activity because it blocks active sites 
and reduces gas permeability and blocks mass transfers.[14]

In order to avoid the potential synergistic effect of Ni foam 
and porous MoO2 or the potential formation of NiMo (or NiMo 
oxides) at the interfaces between the nickel foam and porous 
MoO2 during the annealing treatment,[23] porous MoO2 was 
grown on carbon paper. Figure S24 (Supporting Information) 
shows the XRD pattern of the porous MoO2/carbon paper, and 
the peaks assigned to monoclinic MoO2 (JCPDS No. 32-0671) 
were visible. Figure S25 (Supporting Information) shows the 
SEM image of the porous MoO2/carbon paper and elemental 
mapping of C, O, and Mo. Figure S26 (Supporting Information) 
shows the polarization curves of the porous MoO2/carbon paper 
for HER and OER in 1 m KOH. The onset potential for HER and 
OER of porous MoO2/carbon paper is similar to that of porous 
MoO2/Ni foam. Thus whether Ni foam or carbon paper is used 
as the substrate, the porous MoO2 has similar high activity for 
HER and OER. However, the current density for HER and OER 
of porous MoO2/carbon paper is less than that of porous MoO2/
Ni foam. This is because the electrochemical double-layer 
capacitance of porous MoO2/Ni foam (422 mF cm−2) is larger 
than that of MoO2/carbon paper (57 mF cm−2; Figure S27, 
Supporting Information), which means the electrochemically 

active surface area of MoO2/Ni foam is considerably larger than 
that of MoO2/carbon paper. Thus the 3D structure of Ni foam 
enables it to load more electrocatalysts. Figures S28 and S29 
(Supporting Information) show the SEM images of the porous 
MoO2/carbon paper and elemental mappings of C, O, and Mo 
post HER and OER, which show the robust and stable natures 
of the porous morphology.

In summary, the porous MoO2 nanosheets were directly 
grown on commercial nickel foam without binder by a simple 
wet-chemical route first and then with an annealing treatment. 
The porous MoO2 shows much higher activity toward both HER 
and OER than the compact MoO2, which could be attributed 
to the higher surface area and more active sites contributed by 
porous nanostructuring. As an active and stable bifunctional 
electrocatalyst for overall water splitting, the porous MoO2 
needs a cell voltage of only about 1.53 V to achieve current 
density of 10 mA cm−2 and maintains its activity for at least 
24 h in a two-electrode configuration and 1 m KOH. Even the 
water-splitting device can be powered by an AA battery with 
a nominal voltage of 1.5 V at room temperature. The porous 
MoO2 is one of the best high-performance bifunctional elec-
trocatalysts for overall water splitting and this work offers an 
attractive cost-effective catalytic material toward overall water 
splitting applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. a) Steady-state polarization curves for overall water splitting of Ni foam, commercial Pt/C, compact MoO2, and porous MoO2 in a two-
electrode configuration. b) Demonstration of water-splitting device powered by an AA battery with a nominal voltage of ≈1.5 V. c) Chronopotentiometric 
curve of water electrolysis for porous MoO2 in a two-electrode configuration with constant current density of 10 mA cm−2.
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