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A B S T R A C T

Li-ion hybrid capacitors (LIHCs), composing of a lithium-ion battery (LIB) type anode and a

supercapacitor (SC) type cathode, gained worldwide popularity due to harmonious integrating the

virtues of high energy density of LIBs with high power density of SCs. Herein, nanoflakes composed

microflower-like Co–Ni [5_TD$DIFF]oxide (CoNiO) was successfully synthesized by a simple co-precipitation

method. The atomic ratio of as-synthesized CoNiO is determined to be 1:3 through XRD and XPS

analytical method. As a typical battery-type material, CoNiO and capacitor-type activated polyaniline-

derived carbon (APDC) were used to assemble LIHCs as the anode and cathode materials, respectively. As

a result, when an optimized mass ratio of CoNiO and APDC was 1:2, CoNiO//APDC LIHC could deliver a

maximum energy density of 143 Wh kg�1 at a working voltage of 1–4 V. It is worth mentioning that the

LIHC also exhibits excellent cycle stability with the capacitance retention of�78.2% after 15,000 cycles at

a current density of 0.5 A g�1.

� 2016 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Electronics industry has developed for several decades;
however, battery duration has become the biggest problem which
restricts the development of new technologies. Long working time
means greater energy density in energy storage devices, thus
countless researches have focused on the searching for the
materials with high specific energy density. And for the emerging
electric vehicles, energy storage devices not only require high
energy density but also high power density and long cycle life.
Compared to the conventional lithium-ion batteries (LIBs), super-
capacitors (SCs) are considered to be one of the possible
replaceable energy storage devices because of their short
charge/discharge time, ultrahigh power density and stable cycle
life [1–5]. In the past few years, supercapacitor electrode materials
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including electrochemical double layer capacitor materials which
store energy from ion adsorption/desorption and pseudocapacitor
materials which obtain from surface Faradic redox reactions have
been received much research attention [6–10]. However, their
specific energy densities are still insignificant in comparison with
LIBs [11]. Thus, fabricating novel energy storage devices with high
energy density and power density as well as long cycle life are
urgent needs.

Li-ion hybrid capacitors (LIHCs), composing of a lithium-ion
battery type anode and a supercapacitor type cathode, gained
worldwide popularity due to their harmonious integrating the
virtues of LIBs and SCs according to the high capacity of the energy-
type redox anode, the fast charging rate of power-type double-
layer cathode and extended working voltage window resulted
from using organic electrolytes [12–16]. Recently, lithium pre-
intercalation of the carbon has been extensive studied as electrode
materials for LIHCs [17], however, carbon anodes usually exhibit
low capacity due to the poor ability for storing lithium ions.
Therefore, seeking LIHCs anode materials which can effectively
storage lithium-ion is still a challenge. Nowdays, many attempts
have been made in this area. The reported potential anode
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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materials mainly include Li4Ti5O12 [18,19], MnO [20], Li2FeSiO4

[21,22], graphene [23,24], lithium pre-intercalated graphite, hard
and soft carbon [17,25]. Previous reports have proved that the use
of pseudocapacitive materials as LIHCs anode can obtain fast
surface process instead of diffusion limited kinetics [26,27]. Nickel
and cobalt oxide or sulfide such as NiO, Co3O4 and NiS are
considered as a typical pseudocapacitive material in aqueous
electrolyte, but they are rarely used as anode materials in LIHCs
with organic electrolytes [28–30]. And redox reactions between
transition metal oxides and lithium ion can provide certain
faradaic pseudocapacitance for LIHCs [16,31]. Wang and his co-
workers reported an flower-like Co(OH)2 as the anode materials in
aqueous hybrid supercapacitors. The Co(OH)2 anode coupled with
VN cathode assembled hybrid supercapacitors delivered an energy
density of 22 Wh kg�1 and an excellent rate capability [17]. How-
ever, a cobalt–nickel double oxide, as a typical cobalt oxide and
nickel oxide with ultrahigh capacity, has not been studied in LIHCs
with organic electrolytes.

In this paper, Co–Ni [5_TD$DIFF]oxide (CoNiO) was successfully synthe-
sized via a simple co-precipitation method and followed
annealing in air. As-prepared sample exhibits a microflower-
like morphology composed of thin nanoflakes. And the atomic
ratio of as-synthesized CoNiO is determined to be 1:3 through
XRD and XPS analytical method. As a typical battery-type
material, CoNiO and capacitor-type activated polyaniline-de-
rived carbon (APDC) were used to assemble LIHCs as the anode
and cathode electrode materials, respectively. As a result, when
an optimized mass ratio of CoNiO and APDC was 1:2, CoNiO//
APDC LIHC could deliver a maximum energy density of
143 Wh kg�1 at a working voltage of 1–4 V. It is worth
mentioning that the LIHC also exhibits excellent cycle stability
with the capacitance retention of �78.2% after 15,000 cycles at a
current density of 0.5 A g�1.

2. Experimental

2.1. Synthesis of Co–Ni oxide nanoflakes and activated polyaniline-

derived carbon nanorods

All of the chemicals were of analytical grade and were used
without further purification. CoNiO were synthesized by a facile
chemical co-precipitation method followed by a simple calcina-
tions process. First, a mixed aqueous solution of 1 mol L�1

NiCl2�6H2O and 1 mol L�1 CoCl2�6H2O was made, the molar ratios
of the NiCl2�6H2O:CoCl2�6H2O was 3:1. The pH value of the mixed
solution was slowly adjusted to 9 by adding slowly 5 wt% NH3�H2O
at room temperature. The resulting suspension was kept stirring
at this temperature for 3 h. Then the solid was filtered, washed
with distilled water several times, and annealled in air at 250 8C
for 6 h.

The polyaniline (PANi) nanorods were synthesized by oxidative
polymerization of aniline with ammonium per-sulfate in an
aqueous solution containing citric acid. A typical process was
shown as follows: 10 g of aniline and 10 g of citric acid were mixed
in 1000 ml of distilled water. Then, an aqueous solution of
ammonium persulfate was rapidly added into the above mixture
solution with a vigorous stirring. After 30 s, the stirring was
stopped and the resulting solution was left standing for 24 h at 4 8C
in a refrigerator. After that, a dark green PANi nanorods suspension
with high suspended stability was formed. The PANi nanorods
were collected by filter with water and then dried in freezer dryer
for 48 h. As-prepared PANi nanorods were then pyrolyzed at 800 8C
for 1 h under argon atmosphere to obtain PANi-derived carbon
(denoted as PDC). Subsequently, KOH activation was carried out as
follows. Typically, 0.4 g of PDC was impregnated with 2.4 g of KOH
in aqueous phase with the aid of sonication. After [1_TD$DIFF] removal of water,
the dried PDC/KOH mixture was heated at 800 8C for 1 h under an
argon atmosphere. After being cooled down to room temperature,
the product was washed with dilute HCl solution and ultrapure
water until the pH value of the washing water reached 7, and then
dried at 60 8C in air. The final porous activated PDC nanorods
product was designated as APDC.

2.2. Fabrication of half-cell and hybrid device

All the supercapacitor devices studied for the material
performance in this work were fabricated using the two-electrode
standard method.

For fabrication of CoNiO composite electrode, 80 wt% of active
material CoNiO, 10 wt% of acetylene black as the conducting filler,
and 10 wt% of polyvinylidene fluoride (PVDF) in methyl-2-
pyrrolidone (NMP) were well mixed and then coated on the
copper foil which served as a current collector. After heated at
110 8C for 10 h under vacuum, the sheet was pressed and finally
the electrode was obtained. For the cathode materials APDC,
90 wt% APDC and 10 wt% polytetrafluoroethylene (PTFE) were
mixed and then coated on the aluminum foil. After heated at 110 8C
for 10 h under vacuum, the electrode was pressed, and also the
cathode electrode was obtained. The [6_TD$DIFF]diameters of the copper foil
and aluminum foil are both 1.2 [7_TD$DIFF]cm.

For half cells, both anode and cathode were tested using coin
type cells (2032), where Li metal foil was used[2_TD$DIFF] as the counter and
reference electrode, and 1 M LiPF6 dissolved in 1:1 v/v mixture of
ethylene carbonate/diethyl carbonate (EC/DEC) was employed as
the electrolyte. Li-ion hybrid capacitors were also assembled in
coin cells with pre-activated CoNiO anode (charged–discharged for
10 cycles and ending in a lithiated state at 0.01 V under a low
current density of 0.1 A g�1) and APDC cathode in the same
electrolyte, and the[8_TD$DIFF] optimized mass ratio of anode/cathode was
1:2.

2.3. Characterization and electrochemical measurement

The microstructure of CoNiO and APDC were investigated by a
field-emission scanning electron microscope (FESEM, JSM-6701F)
and transmission electron microscope (TEM, JEOL 2100 FEG). The
surface elemental distribution, crystal structure and specific
surface area of CoNiO were characterized by X-ray diffraction
(XRD, TTR-III), X-ray photoelectron spectroscopy (XPS, ESCA-
LAB250xi) and Brunauer-Emmett-Teller method (BET, Micromeri-
tics ASAP 2020).

The electrochemical performances of the cathode electrode,
anode electrode and hybrid supercapacitors were investigated by
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD)
and electrochemical impedance spectroscopy (EIS) using a
Chi660d electrochemical workstation (CHI Instruments, China).
CV studies of CoNiO Li-half battery were carried out on were
carried out using Autolab 302N (Co., Switzerland Metrohm). The
cycling life tests were performed on a LAND system (CTA2001A,
Wuhan Land Electronic Co., Ltd.). Electrochemical impedance
spectroscopy (EIS) test was conducted at frequency from 0.01 Hz to
0.1 MHz.

The specific capacitance of the electrodes and the super-
capacitor devices is concluded using Eq. (1):

Cm ¼
i�t

m�ðVmax�VminÞ
(1)

where Cm (F g�1) is the specific capacitance, i (A) is the discharge
current, t (s) is the discharge time, m (g) is the loading mass of
single electrode or total mass of two electrodes in hybrid
supercapacitor, Vmax and Vmin is the maximum and minimum
potential of single electrode or work voltage of LIHCs.
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The specific energy density and power density of the hybrid
supercapacitors are concluded by Eqs. (2) and (3) based on GCD
curves:

E ¼ 1

2
�C�ðV2

max�V2
minÞ (2)

P ¼ E

t
(3)

where E (Wh kg�1) is the specific energy density, C (F g�1) is the
specific capacitance, Vmax and Vmin are the maximum and
minimum work voltage applied, P (W kg�1) is the specific power
density and t (s) is the discharge time.

3. Results and discussion

3.1. Fabrication and characterization

Fig. 1 shows the fabrication procedure of CoNiO. The CoNiO was
prepared by a simple co-precipitation method using CoCl2�6H2O
and NiCl2�6H2O as precursor. After annealing at a low temperature
of 250 8C in air, CoNiO can be successfully obtained while the molar
ratio of the cobalt and nickel precursor in mixed solution was 1:3.
[32] The atomic percentage of the elements Co and Ni in [9_TD$DIFF]CoNiO was
determined based on the results of XPS. Fig. S1a in Supporting
information is the XRD pattern of the CoNiO which is in agreement
with the JCPDS card: 01-1239 of NiO and JCPDS card: 01-1227 of
CoO. This result shows that as-synthesized sample was composed
of NiO and CoO with the same attice structure. The low-
magnification scanning electron microscope (SEM) image in
Fig. 2a clearly shows that the as-synthesized CoNiO consists of
microflowers with diameter of �0.4 mm, and insert of Fig. 2b
reveals that these microflowers are composed of interconnected
nanoflakes. The thickness of these nanoflakes is �20 nm. The TEM
image of CoNiO[10_TD$DIFF] in Fig. S1b shows the typical nanoflakes composed
microfalowers morphology, and the thickness of the nanoflakes is
close to result from SEM images. These microflowers with thin
nanoflakes are beneficial to the infiltration of the electrolyte and
[11_TD$DIFF]provide larger specific surface area. This porous structure was also
certified by Nitrogen adsorption–desorption data in Fig. 2b. The
pore size distribution in inset of Fig. 2b explained the existence of
mesoporous (3–50 nm) and small macroporous (�100 nm) in
CoNiO. The Brunauer-Emmet-Teller (BET) specific surface area of
[(Fig._1)TD$FIG]

Fig. 1. Schematic illustrations of the fa
as-synthesized CoNiO is calculated to be �112.5 m2 g�1 with a
large pore volume of �0.30 cm3 g�1. Such porous structure of
CoNiO could benefit the penetration of the electrolyte, which is
essential for surface redox reactions.

Moreover, as seen in Fig. 2c–f, XPS analyses further show the
distribution of element and the valence state of the Ni and Co in
CoNiO sample. As shown in Fig. 2c, irrelevant elements does not
exist in the survey XPS spectrum of the CoNiO sample. Also, insert
table in Fig. 2c shows that the atom percent of Co and Ni in our
sample were �5.84% and �15.1%. That is to say, the atom ratio of
Co and Ni is �1:3, and this is in agreement with the elements ratio
in precursor used in preparing the sample. A high-resolution XPS
spectrum for the Ni 2p peak is shown in Fig. 2d. Spin-orbit Ni 2p1/2

and Ni 2p3/2 peaks are located at 873.10 eV and 855.43 eV, and the
corresponding satellite is located at 879.16 eV and 861.40 eV. The
binding energy separation between main peak and satellite peak
both is �6 eV, indicating the nature of Ni2+, and this is the same
with the other reported NiO [33–36]. A high-resolution XPS
spectrum for the Co 2p peak is also exhibited in Fig. 2e. Spin-orbit
Co 2p1/2 and Co 2p3/2 peaks are located at 796.31 and 780.75 eV,
and the corresponding satellite is located at 802.47 eV and
786.69 eV. The spin-orbit of Co 2p demonstrates the existence
of Co2+, and this is also the same with the other reported CoO [37–
39]. The pattern of O 1s spectrum in Fig. 2f can be separated into
three parts, suggesting the presence of three types of oxygen-
containing species. The bands at 529.67 eV and 531.26 eV can be
retrievaled as the oxygen bonds of O–Ni and O–Co, respectively
[40–42]. And the band at higher binding energy of 532.7 should be
the–OH in the sample.

3.2. Electrochemical performance

The capacity of the CoNiO in Li-half cells was firstly explored.
The charge storage behaviour was characterized by cyclic
voltammetry. Fig. S2a in [12_TD$DIFF]Supporting information shows the first
three CV cycles of a new coin cell at a scan rate of 0.1 mV s�1. The
strong peak at 0.53 V indicated the forming of the SEI (Solid
electrolyte interphase), and this peak disappeared at second and
third cycle which states that the SEI formed completely at first
cycle. The reduction peak at 1.07 V at first cycle moved to 0.92 V at
second cycle and 0.90 V at third cycle and this peaks turn stable at
the following cycles. The almost coincident curves and synchro-
nized peaks of the second and third cycle suggested good cycle
brication procedure for the CoNiO.
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Fig. 2. (a) SEM image of CoNiO (high-magnification SEM image in inset). (b) N2 adsorption–desorption isotherms of CoNiO. Insert is the pore size distribution. XPS spectra: (c)

survey (atom ratio of Co and Ni in insert table), (d) Ni 2p, (e) Co 2p and (f) O 1s spectra.
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ability of CoNiO in Li-half cells. Fig. S2b is the CV curves at different
scan rates. It is noteworthy that with the increase of the scan rates,
the areas of peaks are increased, and the location of main peaks
remain unmoved. The CoNiO presents an impressively large-
current cycling performance, where a capacity of 251.9 mAh g�1

can be maintained for 1200 cycles at 1 A g�1 (Fig. S2c). The Nyquist
plots before and after cycles were shown in Fig. S2d. During cycle
process the [13_TD$DIFF]CoNiO materials changed into Co–Ni alloys, thus the
alternating current impedance decreases after 1200 cycles. These
results suggested that the as-prepare CoNiO possess high capacity
and excellent cycle performance, and it is suitble for the LIHCs as an
superior anode material.

Cathode materials in LIHCs are usually activated carbon
materials because of their low cost, large surface area and
[14_TD$DIFF]physical [15_TD$DIFF]and chemical stability (>4.5 V vs. Li+/Li) [12,43,44]. In
our work, activated polyaniline derived carbon (APDC) was
prepared by carbonization of the polyaniline nanorod and followed
by KOH [16_TD$DIFF]activation (more details seen experimental part or in our
previous work) [16,45]. SEM image and transmission electron
microscopy (TEM) image of APDC in Fig. S3 in [12_TD$DIFF]Supporting
information both show the nanorod morphology. Porous structure
is clearly shown in the high-magnification TEM image in insert of
Fig. S3b. The porous nanorods structure will also benefit the
diffusion and transport of electrolyte ions during the fast charge/
discharge reaction. Due to the porous structure of APDC, excellent
electrochemical performance of the cathode materials can be
obtained.

Fig. S4a in [12_TD$DIFF]Supporting information shows the CV curves of APDC
electrode over 3.0–4.5 V (vs. Li+/Li) with scan rates from 10 to
100 mV s�1, and galvanostatic charge/discharge (GCD) curves with
different current densities were shown in Fig. S4b. The CV curves
are typical rectangular shape and the GCD curves are nearly
isosceles triangle, indicating an ideal capacitive behavior of EDLC.
The APDC electrode exhibits high specific capacitance of
�156.3 F g�1 at a current density of 0.5 A g�1. The APDC remained
64.5% of the iniatial capacitance when current densities changed
from 0.5 to 10 A g�1 (Fig.S4c). Fig. S4d was the Nyquist plot of APDC
in Li half cells.
Before fabricating a LIHC, anode electrode of CoNiO was pre-
activated for 10 cycles at 100 mA g �1 in a Li half-cell then lithiated
to 0.01 V which was shown in Fig. S5 in Supporting information.
After lithiated to 0.01 V, Li+ will insert into the CoNiO. Then the pre-
activated CoNiO anode and APDC cathode are employed to
fabricate a Li-ion hybrid capacitor (CoNiO//APDC LIHC). In order
to obtain the best electrochemical performance of the LIHCs, fine
tuning of the mass ratio of CoNiO to APDC was firstly determined.
The ratios are 3:1, 2:1, 1:1, 1:2 and 1:3. CV curves of CoNiO//APDC
LIHC with different mass ratios at the voltage window of 1–4 V are
shown in Fig. S6a in [12_TD$DIFF]Supporting information. Because of integrating
a lithium-ion battery type anode and a supercapacitor type
cathode, the shapes of CV curves are little different from the CV
shapes of lithium-ion battery and supercapacitor. However, CV
shapes of CoNiO//APDC LIHC are more like the CV shapes of
supercapacitor due to the reservation of the fast ion transport and
reaction of supercapacitors. With the increase of the ratio, CV
curves areas increased until the ratio turns to 1:2, and the CV shape
was cloest with rectangle. Fig. S6b was the GCD curves at current
density of 0.1 A g�1. The highest specific capacitance is 68.6 F g�1

when the mass ratio reaches 1:2. The electrochemical performance
of the CoNiO//APDC LIHC are the best while the mass ratio of the
CoNiO anode and APDC cathode was 1:2 which is in good
agreement with results of CV curves. Fig. S6c was the rate
performance of the LIHCs with different ratios. Fig. S6d was the
Nyquist plots of the LIHCs with different ratios. The intercept on
the Z real axis is the equivalent series resistance (ESR) which[17_TD$DIFF] is
composed of the internal resistance of current collector, electro-
lyte, active material and the connect resistance between current
collector and active material [46]. With the increase of mass ratios,
the ESR decreases because of the better conductivity of APDC. The
response in low-frequency range reflects the diffusion impedance
of the LIHCs. The diffusion impedance decreases while the mass
ratios increased, and it turns the least when the ratio is 1:2.
However, when the mass ration reaches 1:3, the diffusion
impendance increases. This is probably because the APDC become
thicker on current collector, and thicker APDC may result in hard
infiltration with electrolyte. The Nquist results are in good
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Fig. 3. Electrochemical performance of the LIHC with the mass ratio of 1:2. (a) CV curves at different scan rates from 5 mV s�1 to 50 mV s�1 with a voltage window of 1–4 V. (b)

GCD curves at current densities from 0.1 A g�1 to 2 A g�1. (c) Rate performance. (d) Nyquist plot. Insert is the high-magnification image at high frequency. (e) Cycle

performance of the LIHC at a current density of 0.5 A g�1.

L.-Y. Liu et al. / Chinese Chemical Letters 28 (2017) 206–212210
agreement with the CV and GCD curves. Via these comparisons of
the electrochemical performance, the best mass ratio of anode
materials CoNiO and cathode materials APDC is 1:2.

As a result, mass ratio of 1:2 was chosen to assemble the LIHCs
and these LIHCs were carefully studied. CV curves at different scan
rates from 5 mV s�1

[18_TD$DIFF] to 50 mV s�1 of CoNiO//APDC LIHC were
displayed in Fig. 3a. The CV shapes are near rectangle, indicating
the rapid reaction of the as-assembled LIHC. GCD curves with
current densities from 0.1 A g�1to 2 A g�1 in Fig. 3b were
approximately linear slope. These shapes of GCD curves indicated
that the CoNiO//APDC LIHC we assembled maintained the fast
charge–discharge property of supercapacitors. The CoNiO//APDC
LIHC demonstrated a specific capacitance of 68.6 F g�1 at current
density of 0.1 A g�1. When current density reaches to 2 A g�1

which is 20 times larger, the specific capacitance still maintained
38.1 F g�1. Fig. 3d is the Nyquist plot of the LIHC, the ESR is�18.4 V
which is low in LIHCs, and also is the diffusion impedance. This
extremely low impedance of LIHCs with mass ratio of 1:2
developed the electrochemical performance. Furthermore,
CoNiO//APDC LIHC also exhibits an excellent cycle stability with
the capacity retention of �78.2% after 15 000 cycles at a current
density of 0.5 A g�1 which was shown in Fig. 3e. The specific
capacitance dropped abruptly to 30.4 F g�1 after first 100 cycles,
and the values came to 21.9 F g�1 slowly after 4000 cycles. After
these decrease stages, the specific capacitance raised slowly until
15,000 cycles. At the first several thousand cycles, CoNiO
transformation and active materials activation occurred and the
active materials should not be used completely. After the
transformation and the activation finished (approximate
5000 cycles), the active materials became activated and the use
efficiency became higher. Thus, the specific capacitance is
increasing. [19_TD$DIFF] The specific capacitance finally maintained 40.5 F g�1

after ultralong cycles, and our result is commendable as far as we
know. In addition we compred our result with other reported
values in Table 1.

The Ragone plots of CoNiO//APDC LIHC is shown in Fig. 4, and
Ragone plots of the CoNiO//APDC LIHCs with different mass ratios
were shown in Fig. S7 in Supporting information. We also
compared our results with other reported LIHCs [19,44,47]. At a
power density of 250 W kg�1, CoNiO//APDC LIHC can achieve a
high energy density of �143 Wh kg�1, which is higher than
symmetric APDC//APDC supercapacitor (�60 Wh kg�1) and other
reported LIHCs. Even at a high power density of 5 kW kg�1, CoNiO//
APDC LIHC can still deliver energy density of �79.4 Wh kg�1.



[(Fig._4)TD$FIG]

Fig. 4. Ragone plot of the CoNiO//APDC LIHC with mass ratio of 1:2 and APDC//APDC

symmetric supercapacitor. The energy and power densities are compared with

other reported LIHCs: Li4Ti5O12-C//Graphene form [19], KC21-900//LTO [44],

NiCo2O4//AC [47].

Table 1
Comparison of the cycle performance of various reported LIHCs.

LIHCs Cycle

number

Current

density

Retention

rates

References

VN–RGO//APDC 1000 2 A g�1 83% [16]

MnO–C//AC 3500 4 A g�1 92.5% [20]

Si/C//NAC 8000 1.6 A g�1 76.3% [43]

Li4Ti5O12//KC21-900 10,000 1 A g�1 76% [44]

NiCo2O4//AC 2000 0.3 A g�1 100% [47]

CoNiO//APDC 15,000 0.5 A g�1 78.2% Our work
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The superior electrochemical performance of CoNiO//APDC LIHC
can be attributed to the following aspects: Firstly, CoNiO anode is a
typical pseudocapacitive material with high capacitance and a
wide working potential (0.01–3 V) in lithium-ion battery. The
excellent cycle performance of Li-half cells also confirms the
ultralong cycle performance in CoNiO//APDC LIHCs. Secondly, the
hierarchical porous structure of CoNiO provides more surface area
for approaching of the electrolyte ions and fast charge transfer
between electrode and electrolyte. Larger specific area and porous
structure may avail the morphology stabilization which can also
improve the cycle ability in LIHCs. Lastly, the APDC cathode with
high surface area confirms the rapid Li ions adsorption/desorption
and also provides the passways for transport of the electrolyte ions.
The enduring carbon cathode with firm structure can help to
strengthen the electrochemical ability of the LIHCs, especially the
cycle performance. These three advantages ensured outstanding
electrochemical properties of CoNiO//APDC LIHCs.

4. Conclusion

Co-precipitation method has been used to synthesis CoNiO
composites. The microscopic structure and feature properties of
the composites are characterized by XRD, SEM, TEM, XPS and N2

adsorption-desorption. The CoNiO composites are assembled into
lithium ion half batteries with lithium foil to charge–discharge ten
times for implanting Li+ into the as-prepared composites, and the
pre-intercalation CoNiO was used to assemble LIHCs as the anode
electrode materials coupled with the APDC cathode. The electro-
chemical results suggest that the best mass ratio of CoNiO and the
APDC is 1:2. The specific capacitance of CoNiO//APDC LIHCs was up
to 68.65 F g�1 at a current density of 0.1 A g�1 with voltage
window of 1–4 V. The LIHCs can also exhibit a high energy density
of �143 Wh kg�1 at a power density of 250 W kg�1 which was
higher than most of the supercapacitors. Furthermore, CoNiO//
APDC LIHC also exhibits an excellent cycle stability with the
capacity retention of �78.2% after 15,000 cycles at a current
density of 0.5 A g�1. In conclusion, the CoNiO//APDC LIHCs we
assembled with such excellent performance were competent to
the next generation energy storage devices.
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