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Oxygen vacancies-rich cobalt-doped NiMoO4
nanosheets for high energy density and stable
aqueous Ni-Zn battery
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Junqing Hu5 and Kaibing Xu1,2*

ABSTRACT The enhancement of energy density and cycling
stability is in urgent need for the widespread applications of
aqueous rechargeable Ni-Zn batteries. Herein, a facile strategy
has been employed to construct hierarchical Co-doped Ni-
MoO4 nanosheets as the cathode for high-performance Ni-Zn
battery. Benefiting from the merits of substantially improved
electrical conductivity and increased concentration of oxygen
vacancies, the NiMoO4 with 15% cobalt doping (denoted as
CNMO-15) displays the best capacity of 361.4 mA h g−1 at a
current density of 3 A g−1 and excellent cycle stability. More-
over, the assembled CNMO-15//Zn battery delivers a sa-
tisfactory specific capacity of 270.9 mA h g−1 at 2 A g−1 and a
remarkable energy density of 474.1 W h kg−1 at 3.5 kW kg−1,
together with a maximum power density of 10.3 kW kg−1

achieved at 118.8 W h kg−1. Noticeably, there is no capacity
decay with a 119.8% retention observed after 5000 cycles, de-
monstrating its outstanding long lifespan. This work might
provide valuable inspirations for the fabrication of high-per-
formance Ni-Zn batteries with superior energy density and
impressive stability.

Keywords: NiMoO4 nanosheets, oxygen vacancies, Ni-Zn bat-
teries, energy density, cycle stability

INTRODUCTION
Facing up with energy crisis and worsening environment,
the popularization and utilization of clean energy are of
significant importance. Limited by the conversion and
transmission of these energies, highly-efficient and por-

table electrochemical storage devices have undergone
tremendous development in recent years [1–3]. As the
most widely used energy storage devices commercially,
lithium-ion batteries possess the advantages of high ca-
pacity, superior energy density and stable charging-dis-
charging performance. However, the safety issues mainly
caused by the unavoidable formation of lithium dendrite,
as well as insufficient power density and high cost, se-
verely hinder their further applications [4-7]. Alter-
natively, conventional aqueous alkaline rechargeable
batteries with the merits of high safety, outstanding
power density and abundant resources, have received
much more attention recently, such as Ni-Fe [8,9], Ni-Co
[10,11], Ni-Bi [7,12], and Ni-Zn batteries [13,14]. Parti-
cularly, the Ni-Zn batteries hold great promise in energy
storage area because of their high output voltage (~1.8 V)
compared with that of other aqueous batteries (most ≤
1.2 V), abundant reserve of Zn, and low toxicity [15,16].
Unfortunately, the poor energy density and cycling sta-
bility of Ni-Zn batteries are still important bottlenecks in
the practical energy storage applications [14,17]. An ef-
ficient way to settle the poor energy density is combing
Ni-Zn batteries with Zn-air batteries. Integrating these
two kinds of batteries into a single one by sharing the
same anode, both high discharge voltage (originating
from Ni-Zn battery) and high capacity (benefiting from
Zn-air battery) can be accomplished in the Zn-Ni/air
hybrid batteries simultaneously [18–20]. In this way, the
weak energy density gets well addressed but the cycling
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stability still remains an unsolved problem. As is known
to all, the performance of Ni-Zn batteries is dominantly
determined by the intrinsic properties of electrode ma-
terials. Compared with the high theoretical capacity of Zn
anode (820 mA h g−1), the capacities of most Ni-based
cathode materials reported previously are relatively low,
impeding the enhancement of energy density for Ni-Zn
batteries [21–23]. Therefore, varieties of Ni-based mate-
rials have been intensively explored and shown improved
capacities for Ni-Zn batteries, such as NiO [22], Ni(OH)2
[24], and Ni@NiO [17]. For example, Gong et al. [25]
assembled a high-performance Ni-Zn battery with NiAl-
Co-layered double hydroxide attached to carbon nano-
tubes as the cathode, delivering a remarkable specific
capacity of 184 mA h g−1 (at 3.5 A g−1) and an impressive
energy density of 324 W h kg−1 (at ~4.0 kW kg−1). Despite
these achievements, the fabrication of Ni-based cathodes
with larger specific capacities is still highly urgently
needed.

Benefiting from the multiple oxidation states and
competitive electrical conductivity, ternary metal oxides,
such as NiMoO4 [26,27], CoMoO4 [28,29] and NiCo2O4
[30,31], have attracted considerable interests in various
energy storage devices. In particular, NiMoO4 outper-
forms among these ternary metal oxides by the great re-
action activity of nickel and superior electron transfer rate
of molybdenum [26,32]. For instance, Sharma et al. [33]
reported the synthesis of ultrasmall NiMoO4 nanoclusters
on active carbon, displaying a high specific capacity of
184.7 mA h g−1 at a current density of 1 A g−1. Dis-
appointingly, the obtained capacities of NiMoO4 electro-
des are still far from expectation because of its inferior
electrical conductivity and limited electroactive sites
[27,29,31]. The metal doping is considered to be a pro-
mising approach to boost the capacity performance of
electrode materials. During the doping process, the con-
centration of oxygen vacancies can get strengthened,
which serve as shallow donors to adjust the band gap and
tune the electron structure, consequently improving the
electrical conductivity [22,24,25,34]. Simultaneously, oxy-
gen vacancies can also act as extra active sites for redox
reactions to enhance the electrochemical properties [35–
37]. Therefore, it is urgently desirable to develop metal
doping NiMoO4 electrodes for reinforcing energy density
and cycle life of aqueous rechargeable Ni-Zn batteries.

Herein, we have successfully tackled the limited energy
density and poor cycling performance of NiMoO4 elec-
trode with the strategy of cobalt doping, which were
prepared by a facile hydrothermal process followed by
calcination treatment. Attributed to the abundant oxygen

vacancies generated from the doping process, the band
gap and electron structure get optimized, consequently
boosting the intrinsic electrical conductivity of NiMoO4.
Meanwhile, these oxygen vacancies can also participate in
the redox reactions as extra active sites, which is bene-
ficial for achieving a superior energy density. As a result,
the NiMoO4 with 15% cobalt doping (CNMO-15) dis-
plays the best capacity of 361.4 mA h g−1 at a current
density of 3 A g−1 compared with pure NiMoO4
(206.4 mA h g−1 at 3 A g−1), and better cycle stability
(remaining 95.7% of initial capacity after 3000 cycles).
Furthermore, an aqueous alkaline Ni-Zn battery was as-
sembled with CNMO-15 as the cathode and a commercial
Zn plate as the anode. The obtained device delivers a
favorable energy density of 474.1 W h kg−1 at a power
density of 3.5 kW kg−1. Most importantly, there is no
decay with a 119.8% retention observed after 5000 cycles.

EXPERIMENTAL SECTION

Preparation of Co-doped NiMoO4 nanosheet arrays on Ni foam
All reagents were of analytical grade (purchased from Si-
nopharm) and used directly without any further purifica-
tion. The Co-doped NiMoO4 nanosheet arrays were
synthesized by a hydrothermal treatment, followed by a
calcination process. Taking the preparation of CNMO-15
as an example, 0.85 mmol of NiCl2·6H2O with 0.15 mmol
of CoCl2·6H2O, and 1 mmol of NaMoO4·2H2O were dis-
solved in 50 mL of deionized water homogeneously, and
then transferred into a 60-mL Teflon lined stainless-steel
autoclave. A piece of Ni foam (1 × 4 cm2) with pretreat-
ment was immersed into the solution and stood against the
wall. After that, the autoclave was sealed and maintained at
120°C for 5 h. The obtained Ni foam with active materials
was washed by deionized water and ethanol alternatively
and then dried at 60°C for 24 h. Finally, the Ni foam was
calcined in nitrogen at 350°C for 2 h and cooled to room
temperature naturally.

For comparison, the Co-doped NiMoO4 nanosheet ar-
rays on Ni foam with different doping levels of cobalt
(0%, 5%, 10% and 20%) were fabricated by precisely
regulating the molar ratio of Ni/Co salts in the precursor
solution with the same total amount of metal ions
(1 mmol), denoted as NMO, CNMO-5, CNMO-10 and
CNMO-20, respectively. The mass loading of Co-doped
NiMoO4 nanosheets was about 0.8 mg cm−2 on average.

Materials characterization
The morphology and micro-/nanostructures of the as-
obtained materials were investigated using a scanning
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electron microscopy (SEM; Hitachi, S-4800) and a
transmission electron microscopy (TEM; JEOL, JEM-
2100F) with energy-dispersive X-ray spectrometry (EDS).
The phase compositions and elemental valance states
were analyzed by X-ray diffraction (XRD; Rigaku, D/
max-2550 PC) employing Cu-Kα as radiation and X-ray
photoelectron spectroscopy (XPS; Thermo Fisher, Escalab
250Xi) calibrated by referencing the C 1s to 284.8 eV.

Electrochemical measurements
The electrochemical performance of electrode materials
was measured through a three-electrode mode on an
electrochemical workstation (PGSTAT302N potentiostat,
Metrohm Autolab, Utrecht, the Netherlands). The ob-
tained Ni foam loaded with active materials was used
directly as working electrode, when a saturated calomel
electrode (SCE) and platinum (Pt) acted as reference
electrode and counter electrode, respectively.

For the assembly of aqueous alkaline battery, the ob-
tained CNMO-15 electrode (1 × 1 cm2) was used as
cathode while a piece of commercial Zn plate with same
area was used as the anode. And a separator (NKK se-
parator, Nippon Kodoshi Corporation, Kochi, Japan) was
sandwiched in the middle of cathode and anode. The
electrolyte was prepared by a mixture solution compris-
ing of 1 mol L−1 KOH and 0.01 mol L−1 Zn(CH3COO)2.
The whole device was encapsulated in a small plastic bag
with part of electrodes kept outside. The electrochemical
performance of Ni-Zn battery was also detected on the
same electrochemical workstation.

The specific capacity (mA h g−1) was calculated ac-
cording to the equation: C = I × Δt/m, where I (mA) is the
discharge current, Δt (h) is the discharge time, and m (g)
is the mass of active material. The energy density
(W h kg−1) and power density (W kg−1) were figured
based on the formulas: E = C × V and P = E/t, where
C (mA h g−1), V (V) and t (h) represent the specific ca-
pacity, discharging plateau and time of CNMO-15//Zn
battery, respectively.

RESULTS AND DISCUSSION
As described schematically in Fig. 1a, the vacancy-rich
Co-doped NiMoO4 nanosheets were obtained by a facile
and accessible two-step synthetic routine. Firstly, the
precursor of Co-doped NiMoO4 nanosheets on Ni foam
was synthesized by a simple hydrothermal procedure by
controlling the doping mass of cobalt. And then, the ac-
quired precursor was annealed under nitrogen atmo-
sphere, transforming into Co-doped NiMoO4 nanosheets.
The as-obtained Co-doped NiMoO4 nanosheets are a

promising electrode material for electrochemical energy
storage, mainly attributed to its hierarchical nanos-
tructure and chemical composition, as schematically il-
lustrated in Fig. 1b. On the one hand, the interconnected
vertically Co-doped NiMoO4 nanosheets provide dense
electroactive sites for redox reaction, and the open space
between these nanosheets can act as a robust reservoir for
electrolyte ion penetration to improve the diffusion ki-
netics. On the other hand, the Co doping can boost the
intrinsic electrical conductivity of NiMoO4 and create
active defects, resulting in optimized utilization of elec-
trode materials. Among the Co-doped NiMoO4 na-
nosheets with different doping levels of cobalt, CNMO-15
displays the best electrochemical performance. As a re-
sult, an aqueous alkaline Ni-Zn battery was assembled by
CNMO-15 as the cathode and a commercial Zn plate as
the anode (Fig. 1c), with the mixed solution of 1 mol L−1

KOH and 0.01 mol L−1 Zn(CH3COO)2 as electrolyte,
denoted as CNMO-15//Zn.

The morphology and microstructure of the CNMO-15
nanosheets were characterized by SEM and TEM. As
could be seen clearly from Fig. 2a and b, numerous in-
terconnected nanosheets grew vertically and densely on
the Ni foam substrate. Such nanosheets forming hier-
archical nanostructure with high specific surface area
provided abundant active sites for fast redox reaction.
Meanwhile, charges could transfer rapidly along the
skeleton of nanosheets. Particularly, lots of enclosed
spaces were constructed by the ordered stacked hier-
archical nanosheets, which served as micro-reservoirs of
electrolyte. Moreover, compared with the pure NiMoO4

Figure 1 Illustration of (a) the synthetic process for Co-doped NiMoO4

nanosheets, (b) electron transport in the porous nanostructure and (c)
assembled structure of CNMO-15//Zn battery.
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nanosheets (Fig. S1), there was no obvious structural
change, indicating the structural stability of NiMoO4
nanosheets. The hierarchical nanosheet-assembled na-
nostructure of CNMO-15 could be further illustrated by
TEM images (Fig. 2c and d). The interlaced nanosheets
had an average thickness of 5.82 nm. Importantly, plen-
tiful pores could also be found on the nanosheets, fur-
nishing high-speed channels for ion diffusion. Seen from
the clearly resolved lattice fringes shown in Fig. 2e, the
interplanar distances of 0.205 and 0.215 nm well-corre-
sponded to (330) and (-331) planes of NiMoO4. For the
pristine NiMoO4 nanosheets, the interplanar distance of
0.246 nm (Fig. S2) corresponded well to (131) plane of
NiMoO4 (JCPDS No. 86-0361), consistent with the se-
lected area electron diffraction (SAED) patterns (Fig. S3).
Besides, we could conclude the existence and even dis-
tribution of Ni, Mo, O elements in the nanosheets based
on Figs S4 and S5. Simultaneously, structural defects
could be observed for the CNMO-15 nanosheets as the
blue arrows pointed, generating from the cobalt doping.
Moreover, diffraction rings in the SAED patterns (Fig. 2f)
could be indexed to (131), (330) and (152) planes of
NiMoO4 (JCPDS No. 86-0361). Furthermore, the ele-
mental mapping images in Fig. 2g verified that Co, Ni,

Mo and O elements distributed uniformly throughout the
entire nanosheets. The existence of Co, Ni, Mo and O
elements could also be demonstrated by the EDS analysis
(Fig. 2h). Additionally, the morphologies of CNMO-5,
CNMO-10 and CNMO-20 under different magnifications
were shown in Fig. S6 as well, which could be inferred
that the nanosheet structure remained almost unchanged
with the increase in mass of cobalt doping.

XRD and XPS were applied to analyze the phase
compositions and elemental states. However, the XRD
patterns (Fig. S7) could not be utilized as evidence to
prove the existence of NiMoO4 phase since no related
peaks were observed. Due to the low mass loading of
active materials on Ni foam, only three apparent peaks
(2θ = 44.4°, 51.8° and 76.3°) corresponding to Ni (JCPDS
No. 70-1849) could be detected. Importantly, the survey
spectrum of CNMO-15 (Fig. S8) indicated the co-ex-
istence of Co, Ni, Mo and O elements. Furthermore, XPS
spectrum of Co 2p (Fig. 3a) revealed binding energies of
Co 2p3/2 and Co 2p1/2 centered at 780.8 and 796.7 eV with
a binding-energy gap of 15.9 eV, as well as two satellite
peaks at 785.3 and 803.1 eV. These characteristic peaks
were assigned to Co2+, certifying the valid doping of co-
balt atoms [29,38-40]. In Fig. 3b, Ni 2p3/2 (855.6 eV) and

Figure 2 (a, b) SEM images, (c, d) TEM images, (e) high resolution TEM image, (f) SAED, (g) elemental mapping images and (h) EDS analysis of
CNMO-15 nanosheets.
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Ni 2p1/2 (873.2 eV) with a binding-energy gap of 17.6 eV,
accompanied by two shakeup satellites at a binding en-
ergy of 861.5 and 879.8 eV, respectively, indicated the
presence of Ni2+ [26,27,39]. Meanwhile, two peaks located
at 232.5 eV (Mo 3d5/2) and 235.6 eV (Mo 3d3/2) with a
binding-energy gap of 3.1 eV, representing the char-
acteristic peaks of Mo6+ (Fig. 3c) [26,33,41]. More im-
portantly, the O 1s spectrum of CNMO-15 (Fig. 3d) could
be deconvoluted into two components, two peaks cen-
tering at 530.1 and 531.0 eV indexed to the M–O bond
and oxygen defects, respectively [21,27]. Noticeably, the
peak of CNMO-15 belonging to oxygen defects got
strengthened compared with NMO, illustrating the in-
troduction of cobalt effectively improved the concentra-
tion of oxygen defects. This improvement was beneficial
for the enhancement of electron transfer and conse-
quently enlarged electrical conductivity, finally boosting
the activity of redox reactions. Combining XPS analysis
with other characterization methods mentioned above,
we could infer that Co-doped NiMoO4 nanosheets have
been synthesized successfully.

The electrochemical performance of Co-doped NiMoO4
was performed on a three-electrode device in 1 mol L−1

KOH solution. Fig. 4a displays the comparative cyclic
voltammetry (CV) curves of NMO and CNMO-15 elec-

trodes at a scan rate of 10 mV s−1. The enclosed area and
the corresponding current density of CNMO-15 were
much larger than that of NMO electrode, demonstrating
enhanced capacity, which was caused by the boost of
electrical conductivity and reaction activity due to the
cobalt doping. Additionally, the CV integrated area of the
pure Ni foam was negligible as compared with that of the
CNMO-15 electrode (Fig. S9), revealing that almost no
capacity contribution comes from the Ni foam. We could
get the same conclusion according to galvanostatic charge-
discharge (CD) curves (Fig. 4c), where the discharging
time of CNMO-15 was much longer than that of other
electrodes at the same current density of 3 A g−1. As de-
picted by the CV curves of CNMO-15 electrode in Fig. 4b,
the good symmetry and similar shapes represent highly
reversibility and stability of the redox reaction occurred
on the electrode when the scan rates increased from 10 to
50 mV s−1. Meanwhile, the CNMO-15 electrode delivered
an advanced specific capacity of 361.4 mA h g−1 at a cur-
rent density of 3 A g−1, and still kept 200.6 mA h g−1 even
at a high current density of 20 A g−1 (Fig. 4d). These
outstanding electrochemical properties exceeded most of
other electrodes, for instance, NiO-carbon nanotube
composite (155.0 mA h g−1 at 1 A g−1) [22], Co3O4@NiO
nanostrip@nanorod arrays (242.4 mA h g−1 at 5 mA cm−2)

Figure 3 High-resolution XPS spectra of (a) Co 2p, (b) Ni 2p, (c) Mo 3d and (d) O 1s for CNMO-15 nanosheets.
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[42], NiS2/reduced graphene oxide (136.0 mA h g−1 at
8 A g−1) [43], Ni3S2@PANI core-shell nanosheets
(242.8 mA h g−1 at 5 A g−1) [44], β-Ni(OH)2/carbon na-
nofibers (150.0 mA h g−1 at 50 mA cm−2) [23], and α-β-
Ni1−xCox(OH)2 (183.0 mA h g−1 at 5 A g−1) [45]. The spe-
cific capacities of the electrodes were calculated from the
CD curves (Fig. S10), and the results were depicted in
Fig. 4e. It could be clearly shown that the specific capa-
cities of the Co-doped NiMoO4 electrodes were much
higher than that of pure NiMoO4 electrode. Moreover,
with the increase of cobalt doping, the specific capacity
increased initially and then decreased rapidly, as shown in
Fig. S11. The specific capacities were all maximal at the Co
percentage of 15% at different current densities. Theore-
tically, the mechanism of charge storage could be esti-
mated according to the equation: i = aνb, where i is the

peak current, ν is the scan rate, a and b are coefficients.
The charge is stored dominantly determined by semi-in-
finite diffusion like batteries when b is 0.5, while the value
of 1 means a surface-controlled mechanism [13,44]. The b
values of anodic and cathodic peaks of CNMO-15 elec-
trode were calculated to be 0.47 and 0.57, respectively (Fig.
S12), revealing that the CNMO-15 electrode was a sort of
battery-type material and the redox reaction was con-
trolled dominantly by semi-infinite diffusion.

Moreover, the cycling tests were also conducted as
shown in Fig. 4f. The CNMO-15 electrode maintained
95.7% of its initial specific capacity after 3000 cycles, while
only 79.0% retention was kept by NMO electrode. The
specific capacity of CNMO-15 increased gradually for the
first 500 cycles mainly due to an activation process [46].
According to the SEM image of CNMO-15 electrode after

Figure 4 (a) CV curves, (c) CD curves, (e) specific capacity and (f) cycling tests at 60 mV s−1 and Nyquist plots (inset) of the Co-doped NiMoO4

electrodes. (b) CV curves and (d) CD curves of the CNMO-15 electrode.

ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials

1210 July 2020 | Vol. 63 No.7© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020



cycling tests (Fig. S13), the morphology of nanosheets kept
almost unchanged, illustrating the superior structural
stability. The overall promotion of electrochemical per-
formance could also be demonstrated by the Nyquist plots
inserted in Fig. 4f. The less internal resistance (Rs) of
CNMO-15 (~2.7 Ω) relative to NMO (~5.3 Ω) indicated
an enhanced electrical conductivity. Meanwhile, the
smaller diameter of semicircle in the high-frequency re-
gion of CNMO-15 meant a strengthened charge transfer
rate compared with NMO. And the slope in the low-
frequency region of CNMO-15 was steeper than that of
NMO, suggesting a faster ion diffusion rate [47]. There-
fore, the CNMO-15 electrode exhibited the best electro-
chemical performance among these electrodes.

To evaluate the practical performance of CNMO-15, we

have assembled an aqueous alkaline CNMO-15//Zn bat-
tery, where the CNMO-15 electrode served as the cathode
and a commercial Zn plate as the anode with an aqueous
electrolyte consisting of 1 mol L−1 KOH and
0.01 mol L−1 Zn(CH3COO)2. As depicted in Fig. 5a, the
CV curves of the whole device displayed symmetric redox
peaks at a wide range of operating voltage (1.4–2.0 V),
testifying the highly reversibility of the redox reaction on
the cathode. Simultaneously, the shape of CV curves at
different scan rates kept almost unchanged, demonstrat-
ing the superior structural stability of the as-fabricated
battery. The detailed charge storage mechanism of
CNMO-15//Zn battery could be described as the follow-
ing equations [21,22]:
Positive electrode:

Figure 5 (a) CV curves, (b) CD curves, (c) specific capacity, (d) rate performance and coulombic efficiency, and (e) cycling test of the CNMO-15//Zn
battery. The insets of (e) are SEM image of the cathode after cycling test and CV curves of every 1000 cycles.

SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ARTICLES

July 2020 | Vol. 63 No.7 1211© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020



Ni + 3OH NiOOH + H O + e ; (1)2+
2

Negative electrode:

[ ]Zn(OH) + 2e Zn + 4OH ; (2)4
2

Full cell reaction:

[ ]2Ni + 2OH + Zn(OH) 2NiOOH
+Zn + 2H O. (3)

2+
4

2

2

Fig. 5b displays the CD curves of the CNMO-15//Zn
battery under different current densities, exhibiting a
satisfactory discharging voltage plateau of 1.70–1.75 V
and high coulombic efficiency. As shown in Fig. 5c, the
CNMO-15//Zn battery delivered a high specific capacity
of 270.9 mA h g−1 at 2 A g−1, which was substantially
higher than most of the reported Zn-ion batteries, such as
NiO-carbon nanotube composite//Zn (155.0 mA h g−1 at
1 A g−1) [22], carbon cloth-carbon fiber@NiO//carbon
cloth-carbon fiber@ZnO (203.0 mA h g−1 at 0.5 mA cm−2)
[14], NiS2/reduced graphene oxide//Zn (209.4 mA h g−1

at 1 A g−1) [43], Ni3S2/Ni nanosheets//Zn (148.0 mA h g−1

at 0.2 A g−1) [48], nickel nanowire arrays@Co-doped
Ni(OH)2//Zn (247.0 mA h g−1 at 1 A g−1) [24], and
NiCo2O4 nanosheets/carbon cloth//Zn (183.1 mA h g−1 at
1.6 A g−1) [49]. Fig. 5d shows the rate performance and
coulombic efficiency of CNMO-15//Zn battery. The
coulombic efficiency was always over 90%, illustrating the
fast charge transfer and rapid ion diffusion rates. Im-
portantly, when cycling at current densities of 2, 3, 4, 5,
and 6 A g−1, the CNMO-15//Zn battery exhibited average
capacities of 289.0, 230.1, 135.8, 96.1, and 69.6 mA h g−1,
respectively. And then an average discharge capacity of
315.8 mA h g−1 could be recovered as the current density
reduced to 2 A g−1 after 25 cycles, demonstrating the
outstanding rate and reversible stability. The assembled
device delivered favorable energy efficiencies of 86.2%,

91.7%, 91.1%, 90.0% and 88.9% at current densities of 2,
3, 4, 5, and 6 A g−1, respectively. Fig. 5e displays the cy-
cling performance of the CNMO-15//Zn battery at a scan
rate of 60 mV s−1, and the specific capacity could hold
119.8% of its initial capacity after 5000 cycles. Such im-
proved specific capacity could be chiefly attributed to the
inflow of electrolyte into the enclosed space constructed
by hierarchical nanosheets with pores, where more and
more active sites inside started to participate in the redox
reaction. Moreover, the constant contact in the electrode-
electrolyte interfaces guaranteed the continuous reaction.
Additionally, the nanosheet-like structure stayed nearly
untouched after the cycling test according to the SEM
image of CNMO-15 cathode (inset of Fig. 5e).

Energy density is a mainly obstacle constraining the
practical application of Ni-Zn batteries. Fig. 6a compares
the Ragone plots of the CNMO-15//Zn battery with other
previously reported devices. Notably, the CNMO-15//Zn
battery displayed a favorable energy density of
474.1 W h kg−1 at 3.5 kW kg−1, which still remained
118.8 W h kg−1 at 10.3 kW kg−1. The obtained properties
were quite desirable, surpassing many other similar stu-
dies reported previously, such as nickel nanowire
arrays@Co-doped Ni(OH)2//Zn (148.5 W h kg−1 at
1.7 kW kg−1) [24], Bi2O3/Bi2Se3 nanoflowers//NiCoSe2/
Ni0.85Se nanoparticles (88.4 W h kg−1 at 2.4 kW kg−1) [50],
NiO nanoflakes//α-Fe2O3 nanorods (15.6 W h kg−1 at
7 kW kg−1) [8], reduced Co3O4 nanosheets//Zn
(295.5 W h kg−1 at 0.8 kW kg−1) [46], layered
Zn2(OH)VO4//Zinc nanoflake array (65.0 W h kg−1 at
6.2 kW kg−1) [51], and NiCo2O4//3D hierarchical Bi
(55.4 W h kg−1 at 21.2 kW kg−1) [12]. Particularly, the two
as-fabricated CNMO-15//Zn batteries were connected in
series to power six light emitting diodes (LED) indicators
(1.5–2.0 V) for about 15 min after charging to 4.0 V

Figure 6 (a) Ragone plot of the CNMO-15//Zn battery in comparison with previously reported devices. (b) Digital photo of the assembled device and
lighted LEDs in darkness (inset).
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(Fig. 6b). All these results illustrated that the doping of
cobalt really did enhance the overall performance of Ni-
MoO4 and sequentially boosted the electrochemical
properties of Ni-Zn batteries.

CONCLUSIONS
In summary, the hierarchical Co-doped NiMoO4 na-
nosheets have been successfully synthesized by an easy
and accessible hydrothermal process followed by calci-
nation treatment, and subsequently employed as the
cathode for Ni-Zn battery. Mainly attributed to plentiful
oxygen vacancies generated from the doping process, the
electron transfer rate as well as the electrical conductivity
gets improved, thus boosting the electrochemical per-
formance. The obtained CNMO-15 electrode displays an
enhanced specific capacity of 361.4 mA h g−1 at 3 A g−1

compared with NMO electrode (206.4 mA h g−1 at
3 A g−1), indicating the feasibility and high efficiency of
cobalt doping. Furthermore, an aqueous rechargeable Ni-
Zn battery with optimal electrochemical performance was
assembled by CNMO-15 nanosheets as the cathode and a
commercial zinc plate as the anode, which delivered a
favorable energy density of 474.1 W h kg−1 at 3.5 kW kg−1

and powered six LEDs brightly for approximate 15 min,
outperforming many other similar studies reported pre-
viously. In particular, there is no capacity decay with a
119.8% retention observed after 5000 cycles of the
CNMO-15//Zn battery, illustrating the remarkable re-
versibility and cycling stability.
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富氧空位的钴掺杂NiMoO4纳米片用于高能量密
度和循环稳定性的水系镍锌电池
沈越年1, 张可4, 杨方4, 李志豪1, 崔哲1, 邹儒佳1, 刘倩3*,
胡俊青5, 徐开兵1,2*

摘要 提高能量密度和循环稳定性对推广水系可充电镍锌电池的
广泛应用至关重要. 我们采用一种简易的合成方法构建了Co掺杂
NiMoO4纳米片, 并将其作为正极材料用于高性能镍锌电池. 得益
于导电性和氧空位浓度的大幅度提升, 钴掺杂量为15%的电极材料
(CNMO-15)表现出突出的比容量及循环稳定性, 在3 A g−1的电流
密度下其容量高达361.4 mA h g−1. 此外, 以CNMO-15为正极组装
的镍锌电池(CNMO-15//Zn)也展现了优异的比容量(在2 A g−1的电
流密度下高达270.9 mA h g−1), 以及高能量密度(在3.5 kW kg−1的
功率密度下高达474.1 W h kg−1)和功率密度(在118.8 W h kg−1的能
量密度下高达10.3 kW kg−1). 值得注意的是, 该电池在循环5000圈
后容量没有损失, 保留了初始容量的119.8%, 表现出优异的循环稳
定性. 本研究可以为未来构建高能量密度和优异循环稳定性的镍
锌电池提供非常有价值的参考.
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