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In the present work, novel three-dimensional (3D) hierarchical NiO-Co3z0,4 composites are prepared by
a facile and template-free hydrothermal method with L-lysine as the chelating agent. The flower-like
NiO-Co304 composites display a high specific surface area and desirable pore distribution. The
electrochemical performances are investigated by cyclic voltammetry, galvanostatic charge-discharge,
and cycle life. The results reveal that the novel NiO-Co304 composites exhibit a high specific
capacitance of 1988.6 F g at 1 A g * and 1491.4 F g at 15 A g *. Furthermore, the composites show
an excellent cycling performance and stability with capacity retention of 94.0 % after 1500 cycles at 10
A g 1. The outstanding capacitive behaviors are ascribed to the desirable composition and the unique
3D hierarchical flower-like structure.
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1. INTRODUCTION

Supercapacitors (also known as electrochemical capacitors or ultracapacitors) have attracted
considerable attention due to their high specific power and energy density, fast charge and discharge
rates, and long cycle life [1-4]. Therefore, they have great potential in many applications, such as in
portable electronics, power back-ups, and electrical vehicles [5,6]. Generally speaking, the
performance of supercapacitors strongly depends on the inherent properties of electrode materials [7-
9]. To date, transition-metal oxides (TMOs), such as MnO, [10,11], NiO [12,13], C0o30,4 [14,15] and
V205 [16,17] etc. can be described as “always welcoming” candidates, because they possess multiple
accessible valence states, which could enable a variety of reversible redox reactions and thus generate
high pseudocapacitance [18]. Especially, NiO and Co3O4 have received tremendous interest due to
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their controllable size and morphology, high theoretical capacity (2584 F g* and 3560 F g™,
respectively), good electronic conductivity and favorable capacitive characteristics [19,20]. Huang et
al. prepared NiO nanosheet arrays on Ni foam, which have a specific capacitance of 6742 Fg*at1 A
g™ [21]. Yuan et al. reported the electrodeposited CosO. film via an electrodeposition, showing a
specific capacitance of 443 F g * at 2 A g™ [22]. However, these reported specific capacitances are
much lower than their theoretical values.

Recently, in order to improve the specific capacitance of supercapacitors, combining different
TMOs to form multi-component materials, which have two orders higher than all individual
constituents, has been widely explored [23-26]. The investigations manifested that the morphology of
the electrode materials also plays an important role in the electrochemical process. Noticeably, 3D
hierarchical porous structures, which can provide smooth pathways for electrolytic ions and electrons
to the active surfaces, have attracted much attention [27,28]. Fan et al. reported that Co3;04/NiO
core/shell prepared by hydrothermal and chemical bath deposition methods, showing a specific
capacitance of 853 F gt at 2 A g [29]. Xu et al. fabricated hierarchical NiCoO, using polymeric
nanotubes as template, displaying relatively high specific capacitance of 1468 F g*at 2 A g™ [30].
Zhang et al. prepared mesoporous NiCo,0, with 1619.1 F gtat 2 A g™, while 571.4 F g*at 10 A g*
[31]. Although better capacitive behaviors have been achieved, the fabrication processes including
deposition growth and template assist are complicated. Moreover, the specific capacitances are still
low, especially at high current density. Therefore, further improvement is necessary.

In this work, hybrid-transition metal oxide of NiO-Co3O, composites were designed and
prepared by two-step process of template-free hydrothermal method combined with subsequent
calcination, in which L-lysine was used as chelating agent to control the structure of the composite.
Herein, a novel 3D hierarchical porous flower-like NiO-Co304 composite was obtained. The influence
of calcination temperature on the properties of the composite was studied. The results showed that the
NiO-Co30,4 composites displayed remarkable capacitive behaviors with superior specific capacitance,
excellent rate capability and long term stability.

2. EXPERIMENTAL

2.1 Preparation of NiO-Co30,4 composites

Nickel sulfate hexahydrate (NiSO4-6H,0), cobalt sulfate heptahydrate (CoSQO,4-7H,0), L-lysine
and sodium sulphate anhydrous (Na,SO,) were purchased from Aldrich. All reagents were of
analytical grade and used without further purification. In a typical experiment, 5 mmol NiSO4-6H,0, 5
mmol CoSO,47H,0, 2.0 g Na,SO,4 and 10 mmol L-lysine were dissolved into 80 mL double distilled
water in turn at room temperature and then stirred continuously for 30 min. The mixed solution was
transferred into the Teflon-lined stain-less steel autoclave and maintained at 100 °C for 24 h. After
cooling down to room temperature, the precipitate was separated by centrifugation, washed with
double distilled water for several times, and dried at 70 °C for 12 h. Finally, the dried precipitate was
calcinated at 350 °C for 4 h in air to obtain the final product. The influence of calcination temperature
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on the properties of the composite was investigated. Besides, the finally products obtained at the
temperature of 300, 350, 400 °C were denoted as T1, T2, T3, respectively.

2.2 Characterizations and measurements

The elemental compositions were investigated employing Energy Disperse Spectroscopy (EDS,
200kv). Crystal structure was analyzed by X-ray diffraction (XRD, D/max250VB3+/PC, Rigaku)
equipped with Cu Ko radiation (0.15416 nm) from 10° to 90°. Field-emission scanning electron
microscopy (FE-SEM, Hitachi S-4800 and JEOL JSM-6060) was used to study the morphology. The
specific surface area and pore size distribution of prepared samples were estimated based on N,
adsorption/desorption isotherms at 77 K (Micromeritics, Tristar3000 gas adsorption analyzer).

Electrochemical measurements were carried out on an electrochemical work station (CH1660C,
Chenghua Shanghai). The NiO-Co30, composite as working electrode was prepared by mixing the
active material, carbon black and polytetrafluoroethylene (PTFE) binder in the mass ratio of 8:1:1. A
small amount of ethanol was added into the mixture and stirred by ultrasonic to form a homogeneous
paste. After ethanol was evaporated, pressed the mixture into a sheet of 1 mm in thickness, then cut
into some small wafers using a hole puncher. The wafers were dried at 70 °C for 12 h, and then
pressed on a Ni grid at 20 MPa. Cyclic voltammetry (CV), galvanostatic charge-discharge test, and
electrochemical impedance spectroscopy (EIS) were performed using conventional three-electrode
system in 6 mol L™ KOH aqueous solution as electrolyte. Hg/HgO (saturated KCI) electrode was used
as the reference electrode and Ni-grid as the counter electrode. The specific capacitance was calculated
from the discharge curves based on the following formula:

At
PTAV 1)

Here, C, is the specific capacitance (F g™h), | is the constant discharging current (A g™?), Atis

the discharge time (s), and AV is the potential window during the discharge process (V), respectively.

3. RESULTS AND DISCUSSIONS

3.1 Composition and crystal structure of NiO-Co3zO4 composites

The elemental composition of the prepared sample was studied by EDS spectrum, as shown in
Figure 1. Evidently, the sample consists of Ni, Co and O. The chemical nature of the composites
material is also confirmed by XRD, as shown in Figure 2. The diffraction peaks in curve A at 20 =
37.2°, 43.3°, 62.9°, 75.4°, and 79.4° are corresponding to the (111), (200), (220), (311), and (222)
planes, respectively, which can be indexed exactly to the cubic NiO phase (JCPDS no. 47-1049).
Similarly, the diffraction peaks in curve C are in good agreement with the standard pattern of Co30,
JCPDS no. 42-1467. The diffraction peaks suffer from a small shift in curve B compared with the
curve A and C, due to the synergistic effect of NiO and Co30,4. Therefore, NiO and Co30,4 are co-
existed in the composite and affect each other in the process of composite crystal growth.
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Figure 1. EDS of the prepared NiO-Co30O4 composite.
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Figure 2. XRD patterns of the prepared NiO, NiO-Co030,4 and C030,.

3.2 Morphology

FE-SEM was used to examine the morphology of NiO-Co304 composites, as shown in Figure
3. It is clear that the composite is a 3D flower-like microsphere, which consists of cross-linked
nanosheets, as shown in the low-magnification image (Figure 3(a)), indicating the robustness of the
structure [8,25]. High-magnification SEM images as display in Figure 3(b-d) further reveal that
hierarchical microspheres are assembled from 2D thin nanosheets with an average thickness of 20 nm.
Meanwhile, the surface is coarse and porous, which suggests a highly porous texture.
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Figure 3. Low-magnification (a) and high-magnification (b-d) FESEM images of NiO-Co030..

3.3 Electrochemical properties

Figure 4(a) are recorded from the NiO-Co304 composite at scan rates of 5, 10, 20, 30, 40 and
50 mV st in 6 mol L™ KOH solution. A couple of redox peaks are observed within the potential
windows ranging from -0.3 to 0.5 V, and these peaks result from the redox reactions related to M-
O/M-0-0H, where M represents Ni or Co ions as follows [12,13,15]:

NiO + OH™ — NIiOOH + ¢ ()
C0304 + OH™ + H,0O — 3COOOH + & (3)
CoOOH + OH™ — C00, + H,0 + ¢ (4)

A pair of distinctive peaks at 0.18 and 0.00V can be clearly observed in the positive and
negative sweep at 5 mV s, Interestingly, the oxidation and reduction peaks shifted regularly toward
higher and lower potentials, respectively, with increasing the sweep rate. This may be ascribed to the
thesis that a high scan rate prevents the accessibility of ions from entering into the pores, and thus the
transport of ions is limited (due to their slow diffusion) and only the outer surface could be utilized for
the charge storage [9,27].

Galvanostatic charge-discharge profiles are presented in the potential range of 0-0.35 V in
Figure 4(b). It can be seen that the profiles of all the curves have two obvious plateaus during charge-
discharge process and these plateaus match well with two redox couples peaks observed in the CV
curves. The sloped curve is characteristic of typical pseudocapacitance, originating from
electrochemical adsorption-desorption or a redox reaction on the electrode/electrolyte interface [28].
The specific capacitances of the sample can be calculated by Formula (1). The NiO-Co30, as electrode
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material exhibits extreme large pseudocapacitance of 1988.6, 1954.3, 1874.3, 1714.5 and 1491.4 F g™
at discharge current densities of 1, 2, 5, 10 and 15 A g, respectively, as shown in Figure 4(c). It is
worth mentioning that the specific capacitance of the NiO-Co3O4 composite is much higher than that of
reported NiO- and Co304- based electrode materials, especially at high scan rates [9,21,28,29].

Cycle stability is an important property for the application. Figure 4(d) shows the stability
curve of the prepared NiO-Co304 electrode at a current density of 10 A g™* for 1500 repetitive cycles. It
can be seen that the specific capacitance decreases slightly after 1500 cycles. The capacitance only
reduces 6.0%, indicating an excellent stability of the NiO-Co30, composite material.
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Figure 4. The electrochemical measurements of NiO-CosO, composite in 6 mol L™* KOH electrolyte.
(@) CV curves at various scan rates, (b) Galvanostatic charge-discharge curves at various
current densities, (c) Specific capacitances at various current densities, (d) 1500 cycles charge-
discharge at 10 A g™. The insert shows the last 10 cycles of charge-discharge.

The electrochemical impedance spectroscopy (EIS) of NiO-Co304 composite electrode is also
further investigated. Nyquist plots of the EIS spectra of the electrode before/after 1500 cycles are
shown in Figure 5. The axis intercepts in the high frequency range corresponds to the internal
resistance (Rs), while the diameter of the semicircle represents the interfacial charge-transfer
impendence (Rc). Besides, the slopes of the straight line in the low-frequency indicate the values of the
Warburg resistance (W) [31]. All of the above values are very small and almost no change after 1500
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cycles, revealing good electronic conductivity, excellent capacitive behaviors and high stability of the

NiO-Co30,4 composite.
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Figure 5. Electrochemical impedance spectra of NiO-Co3O, electrode in the frequency range from
0.01 Hz to 100 kHz before and after 1500 cycles. The insert shows the enlarged EIS spectra.

This outstanding electrochemical performances can be attributed to the morphological
characteristics of the porous and ultrathin nanosheets self-assembling into flower-like architectures, as
well as the rational composition of the two constituents (NiO and Co304), which not only shortening
the diffusion path for both electrons and ions, but also can take advantage of the synergistic effect of

NiO and Co304[9].

3.4 Influence of calcination temperature

The nitrogen adsorption-desorption isotherms at 77 K of the prepared T1, T2, T3 and the
corresponding pore size distributions are calculated by Barrett-Joyner-Halenda (BJH) method, as
displayed in Figure 6. It is clear that all three samples have a Type-1V isotherm with hysteretic loop at
high relative pressures [12]. A well-defined Type H-3 hysteresis loop is observed in the region of P/P,
from 0.7 to 1.0, suggesting the existence of mesopores, which can be further verified from BJH pore
size distribution in Figure 6(d-f) [21,25]. The surface area and porous parameters are derived from the
isotherms and tabulated in Table 1. The BET specific surface area, average pore size and total pore
volume are all in the orders of T2 > T1 > T3. For T2, which has the largest surface area of 68.4 m* g,
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displays a narrow and ordered pore-size distribution at ~ 5.4 nm. However, T1 (51.8 m* g™) reveals a
sharp peak at ~ 5.6 nm and a wide peak at 11.8 nm, also T3 (43.4 m? g*) exhibits sharp peaks at ~ 3.3
and 5.6 nm and a wide peak at 15.9 nm. Due to the differences of BET specific surface area, pore size
distribution and pore volume, it is logical to speculate that the NiO-Co304 composite prepared by
different calcination temperatures will take on different electrochemical performances.
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Figure 6. Nitrogen adsorption-desorption isotherms of (a) T1, (b) T2, (c) T3 and their corresponding
pore size distributions (d), (e), (f).
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Table 1. The surface area and porous parameters of T1, T2, T3.

T1 51.8 7.6 0.19
T2 68.4 5.4 0.25
T3 43.4 8.5 0.10

To estimate the properties of the NiO-Co3O, prepared by different calcination temperatures, the
comparison of the electrochemical performances are presented in Figure 7. The representative CV
curves of the three samples at 5 mV s™ were shown in Figure 7(a), from which we can conclude that
the order of the area under the CV curve is T2 > T1 > T3. It is well-known that the specific capacitance
is proportional to the area of the CV curve [13, 23]. Hence, the order of the specific capacitance is T2
> T1 > T3, which can be further confirmed by the following charge-discharge measurements.

Figure 7 (b) reveals the galvanostatic charge-discharge curves of the three electrodes at 1 A g™
in the potential range of 0-0.35V. The specific capacitance of the materials can be calculated by
Formula [1]. The specific capacitances of T1, T2, T3 are 1763.1, 1988.6, 1697.1 F gt at 1 A g*,
respectively. The result is in good agreement with that of CV.
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Figure 7. (a) CV curves at a scan rate of 5 mV s and (b) charge-discharge curves of at a current
density of 1 A g™t of .T1, T2, T3.

The specific capacitances as a function of current densities are shown in Figure 8. All the
specific capacitances are in orders of T2 > T1 >T3 at the same current densities. The capacity retention
rates are 65.3%, 75.0%, 55.9%, respectively, as discharge current density increasing from 1to 15 A g
' Therefore, T2 displays the best capacitive behaviors, suggesting that 350 °C is the optimal
calcination temperature. It can be attributed to the highest BET specific surface area, largest pore
volume and proper pore size distribution of T2, as shown in Table 1 and Figure 6, which can provide
more active sites, and facilitate the electrolyte ion diffusion and charge transfer for fast faradaic redox
reaction [24].
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Figure 8. Specific capacitances of T1, T2, T3 at different current densities.

4. CONCLUSIONS

In summary, novel 3D hierarchical NiO-Co30O, composites are synthesized with L-lysine as
chelating agent. It is found that calcination temperature has an important effect on the properties of the
prepared sample. The NiO-Co304 composite prepared at the optimal temperature 350 °C possesses a
large amount mesopores, high BET surface area and large pore volume. The electrochemical
characterizations manifest that the optimal sample shows an exceptionally high specific capacitance of
1988.6, 1954.3, 1874.3, 1714.5 and 1491.4 F g™ at discharge current densities of 1, 2, 5, 10 and 15 A
g™, respectively, with excellent cycling stability (retain 94.0 % after 1500 cycles at 10 A g™). The
outstanding electrochemical performance is attributed to the desirable composition and the unique 3D
hierarchical mesoporous flower-like architecture. The novel NiO-Co3O, composite could be a
competitive electrode material for the application in supercapacitors.
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