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Abstract
In this work, the polycationic bimetallic oxide CoGa2O4 with spinel structure was successfully prepared by simple hydrothermal
and subsequent calcinationmethods. Following, half-cell electrochemical test showed that this material presented a hybrid energy
storage mechanism, namely combining Ga alloying and Co3O4 conversion. The combination of the two energy story mecha-
nisms makes CoGa2O4 have higher conductivity than other single metal oxides. According to the calculation of the relationship
between peak current and sweep speed, the b = 0.93 of CoGa2O4 is obtained, and its electrochemical behavior is closer to
capacitive behavior than that of Co3O4 and NiCo2O4. This makes it have excellent rate performance and cycle stability.
Consequently, the CoGa2O4//AC Li-ion hybrid supercapacitor (LIHSC) device exhibits excellent cycling stability (capacity
retention of 83% after 8000 cycles), high-energy density of 111.5 Wh kg−1 (at 100 W kg−1), and high power density of
3927 W kg−1 (at 24 Wh kg−1).

Keywords Dual-energy storage mechanism . Polycationic bimetallic oxide . Dominated pseudocapacitance . High electrical
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Introduction

With the fast development of electronic equipment, fossil en-
ergy consumption and environmental pollution have become
increasingly serious. It is particularly urgent to find new and
renewable energy sources that can replace traditional fossil
fuels that are effective ways to maintain the sustainable devel-
opment of human beings [1, 2] among which Lithium-ion
batteries and supercapacitors [3, 4] have been extensively
studied, yet the low energy density of supercapacitors and

lithium-ion batteries Low power density limits its wide range
of applications. The electrochemical energy storage devices
have attracted tremendous attention in the past decades due
to renewable and environmentally friendly [5, 6]. So a new
system, Li-ion hybrid supercapacitor (LIHSC), has gradually
become a research hotspot due to that it combines the high-
energy storage ability of LIBs and the high power delivery
ability of supercapacitors [7]. The positive and negative elec-
trodes with different energy storage mechanisms will provide
different voltage windows for the charging and discharging
process, which can broaden the operating voltage window of
LIHSC, resulting in high-energy density [8]. However,
battery-type anode materials kinetics based on the lithium
ion intercalation and deintercalation is very sluggish, while
capacitive cathode materials have a faster kinetic due to the
adsorption/desorption of anions on their surfaces. The unco-
ordinated dynamics between cathode and anode make the per-
formance of LIHSC not reach the ideal value. Therefore, it is
of great significance to design and develop an anode material
with fast charge transfer for LIHSC.

The performance of LIHSC mainly depends on the inher-
ent charge storage capacity of electrode materials, especially
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anode materials. Therefore, the development, design, and syn-
thesis of advanced battery electrode materials with high elec-
trochemical performance have become the mainstream trend.
Monometal oxides have been widely studied (NiO, Co3O4)
due to their high theoretical capacity, but their low conductiv-
ity makes the charge transfer in Faradaic redox reaction slow
and the rate performance is limited. However, the cathode is a
capacitive material, and its adsorption and desorption process-
es are fast. This mismatch of anode and cathode dynamics
limits the application of metal oxides in LIHSC. According
to previous reports, pseudocapacitance is a Faraday process
that takes place on the surface or the near surface, and its
process is faster than the behavior of the battery [9].
Therefore, it is imperative to develop transition metal oxides
with higher conductivity and dominated pseudocapacitance.

The anode materials of LIHSC are mainly carbon and tran-
sition metal oxide (TMO) electrode materials. According to
the energy-storage mechanism of TMO anode materials, it can
be divided into three types: (i) alloying-type materials. This
material has a high specific capacity and a low lithiation po-
tential (< 0.5 V, vs. Li/Li+), but the significant volume expan-
sion during charging and discharging seriously affects the
structural integrity of the materials, leading to poor cyclic
stability [10, 11]. (ii) A zero strain intercalation-typematerials.
As the anode material of LIHSC, it can improve the cyclic
performance of the device. However, the relatively high
lithiation potential (~ 1.6 V vs. Li/Li+) and low capacity lead
to poor energy density of the device [12]. (iii) A conversion-
type material. For metal oxides, the volume change is small
and the capacity is moderate during the lithiation process, but
the lithiation potential is highly (1.0~1.5 V vs. Li/Li+) [13].

At present, researchers have done a lot of work to optimize
the electrochemical performance of anode materials. There are
mainly the following three methods. Firstly, nanocrystallization
of materials, which not only can provide buffer space to reduce
volume expansion during charge and discharge but also in-
crease electrode and electrolyte contact area [14–16].
Secondly, synthesis of bimetallic oxide, which two different
metal elements have different expansion coefficients and redox
potentials, which make the volume change gradually occur in
the electrochemical process [17]. Another method is surface
modification, which is by coating a conductive metal or con-
ductive carbon-based material as a result of its surface modifi-
cation, such as carbon coating, porous carbon, carbon nano-
tubes, graphene/graphite, and nickel foam [18, 19].

High capacity and wide potential window are important
parameters to optimize the electrochemical performance of
LIHSC. The low lithium intercalation potential of alloy mate-
rials ensures a wide potential window, and the conductivity is
improved by combining with materials with different energy
storage mechanisms. In recent years, spinel structured ternary
transition metal oxides are widely studied due to their relative-
ly high conductivity and more reactive sites, such asMCo2O4,

MMn2O4, and MFe2O4 (M = Ni, Fe, Co, Mn, etc.). But, re-
ports of gallium compounds are extremely rare. At present,
bimetallic spinel oxide CoGa2O4 has been widely used in
various fields because of its superior conductivity and higher
electrochemical activity compared to monometal oxides [14],
such as air-cathode catalyst in microbial fuel cells [20], elec-
trode material in supercapacitors [21], and water oxidation
[22]. But, over the years, this material has not been studied
as the anode electrode material of lithium ion capacitor.

Inspired by this, self-assembly stack of CoGa2O4 sheet was
accomplished by a facile hydrothermal process and followed by
calcining. To the best of our knowledge, the synthesis of
CoGa2O4 spinel structured bimetallic oxides was first applied
to the electrochemical study of anode materials for LIHSC.
CoGa2O4 has high conductivity, dominated pseudocapacitance,
and combines different energy storage mechanisms, which
makes it exhibit excellent performance in LIHSC. As a conse-
quence, a high-performance LIHSC with a voltage of 4 V is
prepared by combining with AC cathode and CoGa2O4 anode.
The LIHSC shows an excellent energy density of
111.5 Wh kg−1 at a power density of 100 W kg−1 and power
density of 3927 Wh kg−1 at an energy density of 24 W kg−1.
More remarkably, it displays about 83% capacity retention after
8000 cycles. The results show that a potential application of
polycationic bimetallic oxide CoGa2O4 materials for LIHSC.

Results and discussion

The preparation of the self-assembly stack of CoGa2O4 sheet
is schematically illustrated in Scheme 1 (experimental section
for more details) [23]. In the first step, Co(NO3)2·6H2O and
Ga(NO3)3·XH2O with a molar ratio of 1:2 were added to
70 ml distilled water, and then, a certain amount of NH4F
and CON2H4 were added to the above solution for stiring
and hydrothermal reaction during the reaction process at
180 °C for 16 h. After the end of the reaction, cool to room
temperature, wash three times with distilled water and ethanol,
and then dry at 60 °C. Afterwards, in the second step, the
obtained precipitates were calcined at 350 °C for 2 h in a N2

atmosphere. After being cooled to room temperature,the
CoGa2O4 was obtained. The high crystallinity and phase pu-
rity of as-prepared CoGa2O4 were confirmed by XRD [24].
Figure 1 a demonstrates that all of identified peaks of
CoGa2O4 can be index to the standard cubic spinel structure
CoGa2O4 phase (PDF#11-0698); the diffraction peaks ob-
served at 2θ values of 18.430, 30.335, 35.749, 37.387,
43.432, 53.893, 57.445, 63.160, and 74.683 are indexed to
(111), (220), (311), (222), (400), (422), (511), (440), and
(533) crystal phanes [20]. No impurity diffrarction peak is
detected,which shows the prepared samples form high purity
and high crystalline phase [25].
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To further determine the element composition of CoGa2O4,
an EDS analysis was carried out; the results of EDX analysi are
consistent with Fig. 1b [26]. The result shows that the atomic
percentages of Co and Ga are 13.47% and 25.32% respective-
ly, indicating that the atomic ratio of Co and Ga is close to 1:2,
which is in agreement with the expected stoichiometry of
CoGa2O4 [21]. XPS was also performed in this experiment to
further determine the constituent elements of CoGa2O4. By
analyzing of the full spectrum of CoGa2O4 indicates the pres-
ence of cobalt, gallium, and oxygen (Fig. 1c) [27]. The peak of
the binding energy around 300 eV is the peak of C1s, which
may come from pollution. The remaining unmarked peaks are
peaks of other valence states of Ga, such as Ga3s, Ga3p, Ga3d,
and GaLMM [28]. The high-resolution Co2p sprctrum is given
in Fig. 1d. The blinding energy at 796.864 eVand 780.819 eV
is attributed to Co2p1/2 and Co2p3/2, which correspond to Co

2+

state [21]. Other two peaks at 802.811 eVand 786.660 eV are
identified as characteristic satellites (indicated as “Sat.”) of
Co2p [29]. The Ga 2p spectrum (Fig. 1e) is fitted well with
Ga 2p3/2 and Ga 2p1/2 peaks at 1118.234 eVand 1145.065 eV,
respectively [27]. The binding energy gap between the Ga
2p3/2 and Ga 2p1/2 states is 26.83 eV, which corresponds with
the reference value of 26.84 eV. High-resolution O1s spectrum
(Fig. 1f) is fitted by O1, O2, and O3 peaks. The O1 peak at
529.949 eV is indexed to typical metal–oxygen bonds; the O2
contribution at 531.025 eV is attributed to the defect sites with
low oxygen coordination, contaminants, and surface species;
and the O3 peak located at 532.407 eV is indexed to the mul-
tiplicity of physic- and chemi-sorbed water at or near the sur-
face. Furthermore, the energy separation between the Co 2p3/2
and Ga 2p3/2 states (337.424 eV) indicates that the sample only
contains the spinel CoGa2O4 phase and does not contain metal
oxide powders such as CoO and Ga2O3 [21, 27, 30].

Figure 2 illustrates the morphology and structure of the
CoGa2O4 investigated by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and EDS
mapping [8, 10]. Figure 2 a and b show the morphology of
CoGa2O4; the large particles are formed by the aggregation of
the CoGa2O4 sheet dun to their high specific surface area.
Self-assembly stack of CoGa2O4 sheet increases the specific
surface area and shortens the Li-ion diffusion. The TEM im-
age (Fig. 2c) emerges that the prepared CoGa2O4 sample is
sheet and piled up with each other, which forms lots of voids
and is favorable for contact with electrolyte. The lattice fringes
(Fig. 2d) are quite clear, revealing that the self-assembly stack
of CoGa2O4 sheet is highly crystalline. The crystal plane spac-
ing of lattice stripes is 0.2509 nm, which is consistent with the
crystal plane spacing of (311) crystal planes of CoGa2O4 [31].
The blurry diffraction rings in selected-area diffraction
(SAED) pattern of CoGa O indicate the polycrystalline nature
and high crystallization properties of the material. In addition,
selected area diffraction (SAED) pattern results of CoGa2O4

are consistent not only with XRD pattern (Fig. 1a) but also
with previous literature reports [8, 21]. Figure 2 e shows the
element distribution of Co, Ga, and O in the CoGa2O4 sample.
It can be clearly seen from the figure that the three elements
are evenly distributed [32]. In order to better analyze the per-
formance of this electrode material, the N2 adsorption-desorp-
tion isotherms of CoGa2O4 sample is presented in Figure S1a.
Sheet CoGa2O4 material has a large specific surface area of
30.2 m2g−1. It can be seen from Figure S1b that the pores of
the material are mainly composed of micropores and
mesopores. The larger specific surface area and the presence
of micro-mesoporous electrolyte make it easier to infiltrate
and provide a beneficial channel for the transport of lithium
ions.

Scheme 1 Schematic of
synthesis procedure of CoGa2O4
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The electrochemical properties of the CoGa2O4 electrode
were tested in a Li-ion battery with metallic lithium as the
counter and reference electrodes. Figure 3 a shows the first
three CV curves of CoGa2O4 electrode at a scanning rate of
0.1 mV s−1 between 0 and 3 V vs. Li+/Li. The initial CV curve
is completely different from the subsequent cycles, indicating
that the reaction mechanism of the first cycles is different from
that of the following cycles, which was owned to the decom-
position of CoGa2O4 and irreversible reaction related to SEI
film formation occurred in the first cycles [33]. In the first
cathodic sweep, broad peak at 0.8 V could be assigned to
the reduction of CoGa2O4 and the SEI film formation, which
produced Co and Ga metals. In the subsequent cycles, the
shape of the CV curve remained better, indicating a highly
reversible lithiation/delithiation reaction. The complete over-
lapping of the shapes of the following two circles indicates
that the cycle reversibility is better [34, 35]. During the ca-
thodic scan, the large wide peak near 1 V is due to the

oxidation process of Co0 to Co oxides [36]. The peak at
0.3 V is assigned to the alloying reactions of LixGa. During
the anodic scanning, a oxidation peak at closely 1 Vattributed
to the Li+ dealloying from the LixGa alloy [37, 38]. According
to the cyclic voltammogram test results, the electrode reaction
process can be explained as follows [33, 37, 39]:

CoGa2O4 þ 8Liþ þ 8eˉ→Coþ 2Gaþ 4Li2O ð1Þ
Coþ Li2O ¼ CoOþ 2 Liþ þ 2e ð2Þ
2Gaþ 4Liþ þ 4eˉ ¼ 2Li2Ga ð3Þ

Figure 3 b is the galvanostatic charging–discharging pro-
files of CoGa2O4 anode at current density of 0.1 A g−1; the
lithium intercalation potential of 0 to 0.5 Venables the LIHSC
have a wide potential window(0–4 V). Figure 3 c further dem-
onstrates the long cycle life of CoGa2O4; the initial capacity is
1476 mAhg−1; it can be seen that the capacity is obviously

Fig. 1 XRD patterns, EDX
spectrum, and XPS spectra of
CoGa2O4. a XRD. b EDX. c
Survey spectrum. d Co 2p. e Ga
2p. f O 1s
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attenuated from the first cycle to about 20 cycles; and finally, it
delivers a capacity of 243 mAh g−1 after 200 cycles at the
current density 0.1 A g−1 and the coulombic efficiency is close

to 100%. The rapid capacity decline in the first 20 cycles may
be due to the pulverization of electrodes, the detachment of
active materials, and the collapse of the electrode material

Fig. 2 SEM images, TEM
images, HR-TEM images, SAED
images, and mapping images of
CoGa2O4. a, b The SEM pattern
in × 10,000 and × 15,000,
respectively. c TEM pattern. d
The HR-TEM image over the
crystallographic trait (inset: the
SAED image). e EDS of
CoGa2O4 and the corresponding
element mapping: f Co, g Ga, and
h O

Fig. 3 a CV curves of CoGa2O4

at 0.1 mV s−1. b Discharge–
charge curves of the CoGa2O4

electrode at different number of
cycles. c Long cycling
performance of CoGa2O4 at the
current density of 0.1 A g−1. d
Rate performance of CoGa2O4
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structure, which is due to the expansion of volume during the
charge/discharge process. The rate capability of CoGa2O4

electrodes was investigated under galvanostatic charge–dis-
charge at current densities from 0.1 to 2 A g−1 (Fig. 3d).
When the current density increases from 0.1, 0.2, 0.5, 1, to
2 A g−1, the corresponding discharge capacity is 400, 275,
200, 150, and 100 mAh g−1. When returning to the 0.1 A g−1

test again, the corresponding discharge capacity reaches to
270 mAh g−1. This indicates the excellent capacity reversibil-
ity of the CoGa2O4 anode. In order to more clearly explain the
rapid attenuation of the capacity of CoGa2O4 electrode mate-
rial in the first 20 cycles, after stable circulation, XRD and
SEM of CoGa2O4 electrode material were tested under full
charge. In Figure S2a, compared with standard PDF, Li2O,
Ga and Co materials exist, among which Ga2O3 and Co3O4

are caused by oxidation in the process of experiment and test.
It can be seen from Figure S2b that in the charging and
discharging process, the material structure is damaged and
the electrode material becomes pulverized. This causes capac-
ity to decay rapidly before 20 cycles and then stabilize.

In order to further explore the lithium storage kinetic of the
CoGa2O4 electrode, CV profiles were carried out at scan rates

of 0.2–10 mV s−1, as exhibited in Fig. 4a. Moreover, the CV
curves display similar shapes at different scanning rates, indi-
cating advantageous reversibility [40]. To further explore the
kinetics (Fig. 4b), it could be analyzed by plotting log(i) ver-
sus log(v) for cathodic or anodic peak currents. (The specific
calculation is in the Supporting Information.) [41] The b value
of cathodic peaks is 0.93 through calculation. It can be af-
firmed that the performance of Li-ion battery in CoGa2O4

presents in terca la t ion mechanism dominated by
pseudocapacitance, contributing to optimize the rate capabili-
ty of anode materials [40]. In fact, the current response at a
fixed potential consists of two parts: the current contributions
of the pseudocapacitive effects and the diffusion-controlled
Li+ intercalation reactions [42]. This result may be related to
the synergistic effect of dual-energy storage mechanisms of
CoGa2O4. Dun et al. have explored and studied a method to
study the material storage mechanism from CV curve, namely
the capacitive behavior (k1ν) and diffusion control of Li ion
intercalation (k2ν

1/2) [43, 44] (calculation formula is in the
Supporting information). As shown in Fig. 4c, the shaded
part is the contribution of pseudocapacitance at the scanning
rate of 2 mV s−1, accounting for 60.06% of the total. In order

Fig. 4 Kinetics analysis of CoGa2O4. aCVprofile of the CoGa2O4 anode
at various scan rates of 0.2–10 mV s−1 in a potential range of 0–3.0 V. b
specific peak current of CoGa2O4 at various sweep rates from 0.2 to

10 mV s−1. c Capacitive contribution at 2 mV s−1 for the CoGa2O4

electrode. d Contribution ratio of the capacitive at different scan rates
for the CoGa2O4 electrode
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to further explore the Li ion reaction kinetics of the CoGa2O4,
capacitive contribution ratio scan rate plot is displayed in Fig.
4d.With the increase of scanning rate, the contribution ratio of
capacitance gradually increases, indicating that the
capacitance process dominates at high scanning speed.
Based on the analysis and discussion of the above
experimental results, it is concluded that the charge storage
behavior of CoGa2O4 anode material is mainly carried out in
the form of pseudocapacitance. Therefore, this material is
suitable for LIHSC, effectively solves the problem of
dynamic mismatch between positive and negative electrodes,
and is conducive to rate performance and cycle stability.
According to previous reports, the electrochemical kinetics
process of Co3O4 and NiCo2O4 is dominated by diffusion
control, which makes its rate performance less excellent than
CoGa2O4 [6, 45].

The AC electrode material was also electrochemical tested
before the LIHC was assembled, and the specific capacity

remained stable at 120mAh g−1 for 1000 cycles at current
density of 0.1 A g−1 (Figure S2). Figure 5 displays the elec-
trochemical performance of the CoGa2O4//AC LIHSC. As
schematically depicted in Fig. 5a, this LIHSC is composed
of utilizing the as-prepared CoGa2O4 as anode and commer-
cial activated carbon as cathode with 1M LiPF6 electrolyte. In
the process of charging, lithium ions are intercalated into the
self-assembled and stacked pieces of CoGa2O4; in order to
keep the electrolyte neutral, anions are adsorbed on the surface
of activated carbon to form an electric double layer [7, 31, 46].
The potential window the Li-ion hybrid supercapacitor ranges
is from 0 to 4 V, which is attributed to the alloying and con-
version of Li+ happened in the voltage range of 0.1 to 0.5 V.
This will facilitate the energy output of LIHSC [47]. Figure 5
b displays CV curves for LIHSC at different scanning rates
from 1 to 50mV s−1. The CV curve of the LIHSC has a certain
deviation from the quasi-rectangular curve due to the syner-
gistic effect of different charge storage mechanisms of the

Fig. 5 a Schematic of the
LIHSCs based on AC cathode
and CoGa2O4 anode. b Curves of
LIHSCs at different scan rates
range from 1 to 50 mV s−1. c
Galvanostatic charge–discharge
curves of LIHSCs at different
current densities. d Ragone plot
of LIHSCs. e long-term cycle
performance of LIHSCs
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CoGa2O4 anode and the AC cathode [48]. Figure 5 c is a
charge–discharge curve of the LIHSC under different current
densities, which showing an approximate isosceles triangle
shape, because the pseudocapacitance dominates in the
CoGa2O4 anode. The specific capacitance values of the
LIHSC are 50.2, 43.3, 35.5, 26, 18.5, and 11 F g−1 at the
current densities of 0.05, 0.1, 0.2, 0.5, 1, and 2 A g−1, respec-
tively. Figure 5 d is the Ragone plot of the LIHSC; energy
densities and power densities were calculated according to
Formulas (4) and (5):

E ¼ 1

2
C ΔVð Þ2 ð4Þ

P ¼ E=t ð5Þ

where C is mass specific capacitance, t is the discharge
time, and ΔV is the potential window. As expected, the
LIHSC showed a high-energy density of 111.5 Wh kg−1 at
100 W kg−1 and a high-power density of 3927 W kg−1 at
24Wh kg−1 [49]. Furthermore, the LIHC in this work exhibits
excellent energy density and power density, comparing with
previous reports on LIHC, such as Li4Ti5O12/G//AC [50], C-
T-Nb2O5//AC [51], Nb2O5-CNT//AC [52], and B-TiO2//AC
[53]. Moreover, from Fig. 5e, the capacity retention rate
approached 83% after a cycle of 8000 at 1 A g−1 as well as
Coulombic efficiency approached 100%. These results show
that spinel CoGa2O4 is a promising material for lithium ion
capacitors [54].

Conclusion

The material CoGa2O4 exhibits excellent electrochemical per-
formance because of the combination of two different energy
storage mechanisms namely Ga alloying and Co3O4 conver-
sion and the material CoGa2O4 which is close to capacitive
behavior by calculating b = 0.93(typical pseudocapacitance).
Consequently, sheet CoGa2O4 material delivers a high revers-
ible capacity of 243 mAh g−1 at a current density of 0.1 A g−1

with excellent rate performance and cycling stability. The de-
signed 4.0-V class CoGa2O4//ACLIHSC exhibits a maximum
capacity of 50.2 F g−1. The highest energy density of
111.5 Wh kg−1 at a power density of 100 W kg−1 and the
highest power density of 3927 kW kg−1 at an energy density
of 24 Wh kg−1 were achieved by CoGa2O4//AC LIHSC de-
vices. Therefore, it is of great significance to develop a mate-
rial with dual-energy storage mechanisms and dominated
pseudocapacitance.
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