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Abstract

Nickel oxide (NiO) nanoparticles loaded on porous strontium-substituted lanthanum
cobaltite (Lao.7Sr0.3C003.5, LSC) ceramic substrate is fabricated as a novel binder-free
electrode (NiO/LSC) for electrochemical capacitors. The LSC substrate is synthesized
through a simple solid-state method. NiO nanoparticles are loaded onto the porous LSC
substrate by infiltrating a nickel nitrate (Ni(NO3)2) solution into the pores, followed by
calcination. The composite electrode NiO/LSC with a high mass loading of NiO (~10
mg cm ?) exhibits an appreciable areal capacitance of 10.6 F cm™2, a specific
capacitance of 1064.1 F g”!' and remarkable cycling stability (80.1% retention after

3000 cycles at 20 mA cm2). Moreover, an asymmetric electrochemical capacitor, with
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NiO/LSC as the positive electrode and carbon cloth as the negative electrode, confirms
the excellent capacitive properties, with high energy density of 9.27 mWh cm > under
a wide potential of 1.65 V. This work indicates the promising application of NiO/LSC
as an advanced electrode for electrochemical capacitors.
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1. Introduction

Effective energy storage devices play an important role in application of renewable
and sustainable resources, such as solar and wind energy. Electrochemical capacitors,
which also called supercapacitors or ultracapacitors, have become one of compelling
candidates due to their high power density, long cycling life and rapid charge/discharge
rate [1,2]. In the past decades, they have been widely used as auxiliary or standalone
power supply for portable devices, electric buses and smart grids etc.. Generally,
according to energy storage mechanism, electrochemical capacitors can be classified
into two types: electrical double layer capacitors (EDLCs) and pseudocapacitors [3].
Compared to the EDLCs, which store energy only through adsorption/desorption of
ions at the surface of electrode materials, pseudocapacitors can make use of rapid
reversible surface or near surface redox reactions to offer 3~4 times higher capacitance
[4,5]. In addition, as one of vital and indispensable components, various kinds of
electrode materials have been extensively studied to enhance capacitive performance
of electrochemical capacitors.

Transition metal oxides, such as manganese oxide [6], cobalt oxide [7], nickel
oxide [8] and iron oxide [9], are typical pseudocapacitive electrode materials. Among
them, NiO has attracted increasing attention in recent years, owing to its multiple
oxidation states (Ni?*/Ni*") [10], low cost (compared to RuO.-based electrodes) [11]

and promising theoretical capacitance (~2584 F g!, within a potential window of 0.5



V) [12]. In general, NiO-based working electrodes for electrochemical capacitors are
prepared through mixing with PTFE or PVDF (as a binder) and carbon black (as a
conductive agent), and then coating or pressing onto a current collector. However, this
method gives rise to limited active sites for the redox reaction and high electrical
contact resistance between the electrode material and current collector, resulting in
relatively poor capacitive performance. For instance, Ren et al. [ 13] reported NiO-based
electrode with a low capacitance of 181 F g'! at the current density of 20 mA cm? and
Du et al. [14] reported Ni@NiO-based electrode with a poor rate capability (the
retention is only 19% from 1 to 10 A g '), which both were prepared by the steps as
above mentioned. Therefore, NiO electrode materials directly grown or loaded on
conductive substrates (i.e., current collectors) has become an alternative method [15,16].

Recently, Wu et al. [17] prepared NiO nanoflake arrays directly grown on nickel
foam and obtained the largest specific capacitance of 2013.7 F g ' at 1 A g!. However,
the mass loading of NiO on the nickel foam substrate is only 1.15 mg cm ™2 under a
potential window from 0.0 to 0.5 V (vs. SCE), which is far less than the commercial
value of 10 mg cm 2 to obtain realistic capacitance, as pointed by Yu [18] and Gogotsi
[19]. Therefore, the search for an appropriate substrate that can directly load NiO with
a commercial level mass loading is urgent and significant. The perovskite oxide
LaCoO:s is an attractive ceramic material that has been widely used as a cathode for fuel
cells [20,21], a catalyst for the combustion of volatile organic compounds [22,23] and
a thermoelectric material [24,25]. In addition, the electrical conductivity of LaCoO3 can
be improved by Sr** partially substituting for La>" [26], because the Co-O-Co bond
angle becomes closer to 180 °, which is caused by the larger overlap and the stronger
interactions between the Co(3d)-O(2p) orbitals, thereby increasing the carrier mobility

[27,28]. Moreover, Petrov et al. have demonstrated the high conductivity of the



Lag 7Sr03Co003.5 at low temperature (333 K) [29]. Therefore, it is reasonable to believe
that a novel substrate loaded with NiO may be used as an electrode for high
performance electrochemical capacitors.

Herein, we report on the direct loading of NiO nanoparticles onto a porous
Lao.7S103C003.5 ceramic substrate (NiO/LSC) through a solid-state method and an
infiltration process. To the best of our knowledge, this is the first study on the capacitive
performance of NiO/LSC as an electrode for electrochemical capacitors. The porous
LSC ceramic substrate not only improves the conductivity of the prepared electrode,
but also enables a high mass loading of NiO (the optimal mass loading reaches up to
~10.0 mg cm?). As expected, both the single electrode NiO/LSC and the designed
asymmetric electrochemical capacitor (NiO/LSC as the positive electrode and carbon
cloth (CC) as the negative electrode) exhibit large areal and specific capacitance, high
energy density and excellent stability. To confirm the optimal mass loading, we examine
the capacitive properties of various mass loadings of NiO on LSC. In addition, the
electrochemical performance of NiO with a mass loading of ~10 mg cm ™2 on a
traditional Ni foam substrate is studied for comparison.

2. Experimental section

Lanthanum oxide (LaxO3), ethanol, polyvinyl butyral (PVB), starch and nickel
nitrate hexahydrate (Ni(NO3)2.6H,0) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Strontium carbonate (SrCO3) and cobalt oxide (Co3O4) were obtained
from Guangzhou Chemical Reagent Co., Ltd. and Aladdin Chemical Co., Ltd.,
respectively. All these reagents were of analytical grade.

Ni foam (1.00 x 1.00 x 0.05 cm) was bought from Kunshan Jiayisheng Electronics
Co., Ltd. It was rinsed with deionized water and ethanol after being washed in 0.1 M

hydrochloric (HCI) and acetone. Then, Ni foam of high purity was obtained after drying



at 80 °C in a vacuum drying oven. CC wafer (diameter of 1.00 cm and thickness of 0.02
cm) was purchased from Shanghai Hesen electric Co., Ltd. and was pre-calcined in air
at 400 °C for 2 h.
2.1. Synthesis of porous LSC substrate

LSC pellets were prepared through a solid-state method. Firstly, La,O3; was pre-
calcined at 1000 °C for 2 h to remove water. Secondly, according to the stoichiometric
ratio in Lao7Sr93C00s.5, the desired amount of La,O3, SrCO3; and Co304 were mixed
through ball milling for 8 h. After that, the mixture was mixed with 15 wt.% starch (as
a pore former) in ethanol solvent by ball milling for 2 h, and then mixed with 3 wt.%
PVB (as a binder) by grinding in a mortar for 30 min. Then, the mixture was dried and
pressed into pellets under a pressure of ~300 MPa using a stainless steel mold (1.3 cm
in diameter). Eventually, the pellets were fired at 1100 °C for 12 h in air to obtain LSC
substrates. The average weight, diameter and thickness of the pellets were 0.15 g, 1.16
cm and 0.05 cm, respectively. The porosity of the porous LSC substrate was ~38.9%,
based on Archimedes’ method [30].
2.2. Preparation of NiO/LSC electrode

NiO nanoparticles were directly loaded on porous LSC by an infiltration process,
followed by calcination. The prepared LSC pellet was submerged into a 0.5 M Ni(NO3),
solution for 20 s, and then dried in a vacuum drying oven at 140 °C for 20 min. This
process was repeated several times to obtain a required mass loading of NiO. Then, the
samples were calcined at 500 °C in an argon atmosphere for 1 h to obtain the NiO/LSC
electrode. To search for the optimal mass loading, three samples with NiO loadings of
5.1,10.0 and 15.2 mg cm 2 were prepared and denoted as SNiO/LSC, 10NiO/LSC and

15NiO/LSC, respectively. For comparison, NiO (with a mass loading of ~10 mg cm™2)



deposited on a Ni foam substrate (denoted as 10NiO/Ni-F) was fabricated using the
same method.
2.2.Characterization

X-ray diffraction (XRD, Bruker D8 Advance diffractometer with Cu Ka
(A=0.15418 nm) radiation, field emission scanning electron microscope (FESEM,
Merlin, 5.0 kV), and transmission electron microscopy (TEM, JEOL JEM-2100)
were employed to identify the crystallinity, morphology and structure of the prepared
samples, respectively. X-ray photo spectroscopy (XPS, Escalab 250, Al Ka) was used
to analyze the elemental compositions and the chemical states of the products.
2.3.Electrochemical measurements of NiO/LSC electrode

A CHI600E (Shanghai Chenhua) electrochemical station was applied for
electrochemical measurements of the single prepared NiO/LSC electrode (working
electrode), using a three-electrode system in a 6.0 M KOH solution. Hg/HgO and Pt
mesh (1 cm?) were used as reference and counter electrodes, respectively. Cyclic
voltammetry (CV) tests were studied at different scan rates between the potential of
—0.3 and 0.6 V. Galvanostatic charge-discharge curves were recorded from —0.3 to 0.5
V. Electrochemical impedance spectra (EIS) were measured in the 0.01 Hz to 10 MHz
frequency range.
2.4.Fabrication and test of an asymmetric electrochemical capacitor

An asymmetrical electrochemical capacitor (NiO/LSC//CC) was designed using
cellulose paper as the separator in a 6 M KOH electrolyte solution. The effective area
and total thickness of the fabricated device are 1.05 cm? and 0.07 cm, respectively. Its
electrochemical performances were recorded under a voltage of 1.65 V, using the same
electrochemical work station (CHI600E). The capacitance (C), energy density (E) and

power density (P) of the single electrode and assembled device were calculated



according to the following equations [31]:
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where C (F cm™ or F g'!), i (mA cm™) and V (V) are the capacitance, the current density,
and the potential window, respectively. ¢ (s) is the time during discharge process. E
(mWh cm? or Wh kg!') and P (mW c¢m™ or W kg!) are the energy density and power
density, respectively.
3. Results and discussion

Several factors may affect capacitive performance of porous LSC ceramic
substrate supported NiO nanoparticles as the electrode for electrochemical capacitors,
including features of the prepared materials like crystal structure, microstructure,
valence situation and the interaction between NiO and LSC. Detailed investigations on
these correlations are carried out, as in the following.
3.1.Crystalline phase and composition analysis

Fig. 1a shows the phase information for LSC and NiO/LSC. The pattern of the
prepared LSC is in good accordance with the standard pattern of the rhombohedral
Lao.7S103C003.5 phase (JCPDS no. 89-4462). For the NiO/LSC sample, besides the
peaks of LSC, there are three other diffraction peaks at 20 degrees of 37.2°, 43.3°, and
62.9°, which can be assigned to the (111), (200) and (220) crystal planes of the cubic
NiO phase (JCPDS no. 71-1179), respectively. It is noted that the strongest peak of LSC
shift slightly after the loading of NiO, as displayed in Fig. 1b, implying the interaction

and strong adhesion between the porous substrate and NiO active material.
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Fig. 1. (a) XRD patterns and (b) the most peak intensities of LSC and NiO/LSC. (¢)
XPS survey spectrum of NiO/LSC. (d) Ni 2p core level spectrum. (e) O 1s core level
spectrum.

The wide survey XPS spectrum proves the presence of La, Sr, Co, O and Ni in
NiO/LSC, as exhibited in Fig. 1c. Fig.1d shows the highly resolved narrow scan of Ni
2p core level spectrum. The main peak at 854.0 eV for Ni 2P3. and the peak at 872.5

eV for Ni 2Py, imply the presence of Ni** in NiO [11,32]. In addition, the shakeup



satellite peaks located at 861.7 and 879.4 eV can be attributed to the fingerprint of the
electronic structures of NiO [33]. Notably, a weaker peak at 855.7 eV can be identified,
which is resulted from the nickel hydroxides or nickel oxyhydroxides [34,35]. For the
O 1s, there are two deconvoluted peaks, as displayed in Fig. le. The peak situated at
529.5 eV is a typical state of O* specie in metal oxide, while the peak at 531.4 eV is
ascribed to absorbed H>O on the surface of the NiO/LSC [36,37].

3.2.Microstructural characterizations

Lao.7Sr0.3Co03-5 0.5 M Ni(NO3)2 NiO/LSC
. Infiltration . Calcination
@ N\
@r __/NOs
@: oxygen ion in LSC
Porous LSC substrate @: positive ion in LSC  NiO nanoparticles loaded on LSC

Fig. 2. Schematic illustration of the NiO nanoparticles loaded on porous LSC.

An illustration of the prepared NiO/LSC is shown in Fig. 2. NiO nanoparticles
loaded on the porous LSC ceramic substrate can be easily obtained through infiltration
and calcination steps. Fig. 3 shows the cross-sectional SEM and HRTEM images of
LSC and NiO/LSC. The LSC substrate is porous with a pore size of the order of ~ 1 um
(Figs. 3a and b). Fig. 3¢ shows the HRTEM image of the LSC. The inter-planar spacing
0f 0.269 nm is attributed to the (104) facet of rhombohedral LSC. Fig. 3d and e display
the SEM images of the porous LSC substrate loaded with NiO. It can be seen that NiO
nanoparticles, with a size of ~10 nm, are uniformly distributed on the inner surface of
the porous LSC ceramic substrate. The formation of this favorable structure can be
attributed to the electrostatic force [11]. During the infiltration process, Ni** is

selectively combined with the O*~ of LSC, while NOs™ is attracted by the positive ion



of the ceramic substrate, ensuring NiO nanoparticles bond tightly with porous LSC after
calcination. The HRTEM image of the NiO nanoparticles is shown in Fig. 3f. The inter-

planar spacing of 0.209 nm is attributed to (200) facet of cubic NiO.

Fig. 3. Cross-sectional SEM and HRTEM images of (a-c) LSC and (d-f) NiO/LSC.

3.3.Electrochemical performance of NiO/LSC

Fig. 4(a) shows comparison of the capacitive behaviors of LSC, 5NiO/LSC,
10NiO/LSC and 15NiO/LSC at a scan rate of 10 mV s'. It can be seen that the CV
curve of the bare LSC present much smaller quasi-rectangular. Conversely, for
NiO/LSC electrodes, the CV curves have well-defined cathodic and anodic peaks,
which are caused by the redox reaction (eq. 4) [38]:

NiO +OH & NIiOOH +¢” 4

Clearly, the area enclosed by the curve of 10NiO/LSC is the largest, suggesting that its
capacitance is higher than those of 5NiO/LSC and 15NiO/LSC. Meanwhile, the
discharge time of 10NiO/LSC is longer than those of the three other electrodes, as can
be observed from the galvanostatic charge-discharge curves at 10 mA cm 2 in Fig. 4b.
Besides, the capacitive contribution of LSC to the composite NiO/LSC is negligible

(the electrochemical properties of the bare LSC can be seen in Fig. S1). Of these
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samples, the 10NiO/LSC shows the best capacitive performance, indicating that the

optimal mass loading of NiO nanoparticles on the porous LSC ceramic substrate is ~10

mg cm 2.
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Fig. 4. (a) CV curves at 10 mV s™! and (b) galvanostatic charge-discharge profiles at
10 mA cm 2 for bare LSC, 5NiO/LSC, 10NiO/LSC and 15NiO/LSC. (c) CV curves at
various scan rates and (d) relationship between peak current densities and scan rates
for I0NiO/LSC.
As mentioned, for the NiO/LSC electrode, the active material contributing to the
major capacitance is NiO, which performs the redox reaction (eq. 4). The functions of
the porous LSC ceramic substrate are supporting the NiO nanoparticles and conducting

electricity. The capacitance variation with NiO mass can be explained according to the
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micromorphology, as shown in Fig. S2. For both of SNiO/LSC and 10NiO/LSC, the
NiO nanoparticles distribute evenly on the inner surface of the pores. The active NiO
nanoparticles of 10NiO/LSC are more than those of 5NiO/LSC, resulting in the
capacitance of the former being higher than the latter. However, the NiO nanoparticles
aggregate together when the mass loading increases to 15 mg cm 2 and the pore channel
of the LSC substrate is blocked, hindering the transport of ions and electrons, and
leading to poor capacitive behavior.

Fig. 4c shows the typical CV curves of 10NiO/LSC at scan rates from 2 to 30 mV
s~!. A pair of obvious redox peaks can be observed with a 6 M KOH solution as the
electrolyte, confirming good rates of the ionic and electronic transport in the
electrochemical process between potentials of —0.3 and 0.6 V. Additionally, the
mechanism of the charge storage can be analyzed according to eq. 5 [39]:

iza® (5
where i and v represent the measured peak current density and scan rate, respectively,
while a and b are both adjustable parameters. The b value can be evaluated by the slope
of logi versus logv, a value of 0.5 means ideal diffusion-controlled process and a value
close to 1 indicates a capacitive nature. Fig. 4d displays the log(v)-log(i) plot for the
prepared 10NiO/LSC electrode. The calculated b value is ~0.7, suggesting a hybrid

electrochemical behavior incorporating both capacitive storage and a diffusion-

controlled process [40].
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Fig. 5. (a) Galvanostatic charge-discharge curves, (b) areal and specific capacitances
at different current densities, (c¢) EIS spectra (the insets are corresponding equivalent
circuit and the enlarged high-frequency region, respectively) and (d) cycle
performance at 20 mA cm 2 (the inset is galvanostatic charge-discharge profiles

before and after 3000 cycles) of 10NiO/LSC.

To evaluate the electrochemical properties of 10NiO/LSC, galvanostatic charge-
discharge curves are measured in a potential range from —0.3 to 0.5 V at various current
densities, as exhibited in Fig. 5a. These are obvious non-linear curves during charge
and discharge process, which are in agreement with the redox peaks of the above CV
curves (in Fig. 4¢). The calculated areal and specific capacitance according to discharge
profiles are presented in Fig. 5b. The values are as high as 10.6 F cm 2 and 1064.1 F
g ! at 1 mA cm 2, respectively. Even the current density increases 20 times (i.e. 20 mA

cm?), the areal and specific capacitance are still up to 4.9 F cm™ and 492.7 F g/,
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respectively, suggesting good rate capability of the prepared 10NiO/LSC electrode.

Fig. 5c displays the Nyquist plots of 10NiO/LSC. The EIS spectra can be divided
into three parts, as shown in the enlarged region (the inset of Fig. 5¢). The intercept on
the real axis and the diameter of the semicircle in the high frequency indicate bulk
resistance (Rs) and charge transfer impedance (R.), respectively [16,41], as shown in
the inset of Fig. 5S¢ (the corresponding equivalent circuit). The estimated values of R
and R are as small as 0.81 and 0.80 Q cm?, respectively, because the well-distributed
NiO nanoparticles are in tight contact with the highly conductive LSC substrate [42].
Meanwhile, the vertical straight line in the low frequency region represents the Warburg
resistance (Rw), implying a fast ion diffusion rate in the porous structure of 10NiO/LSC.
The cycling stability was also conducted to estimate the capacitive performance of
10NiO/LSC, as exhibited in Fig. 5d. It reveals that the areal capacitance remains 80.1%
after 3000 cycles at 20 mA cm™.

The electrochemical properties of NiO loaded on the porous ceramic LSC
substrate as an electrode are superior to previously reported transition metal oxides on
traditional substrates, as listed in Table 1. The excellent properties can be ascribed to
the following facts: (1) the porous structure, stable characteristic and high conductivity
of the LSC substrate, ensuring effective utilization of the active material; (2) NiO with
a high mass loading (10 mg cm2) on the porous LSC substrate, resulting in outstanding
areal capacitance; (3) strong adhesion and suitable compatibility between NiO
nanoparticles and the porous LSC ceramic substrate, which can maintain stability

during the continuous galvanostatic charge-discharge process.
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Table 1. Electrochemical performance of 10NiO/LSC compared with previously

reported electrodes.

Mass Areal Specific
Sample/ . . . . .
substrate loading capacitance capacitance Cycling stability Ref.
(mg cm?) (Fem?) (Fgh
0.29 87.9%
i i . . 1
NiO/Cu foil 0.327 036mA cm?) 895.05 (3000 cycles) [16]
Y
3.26 91.7%
i0/Ni ~ 25.
NiO/Ni foam 10 (20 mA em?) 3259 (1000 cycles) [38]
NiO/Stainless 0.55 56%
2. 211 43
steel mesh > (0.75 mA cm™) (3000 cycles) [43]
NiO/graphene 0.85 91.7%
MoQ3/Ni foam i (10 mA cm?) s (4000 cycles) [44]
Co0304/N-
1.35 95%
h . 451 45
doped graphene 30 (3 mA cm?) > (1000 cycles) [43]
foam
1.8 90%
i 100
MnO2/Ni foam 18 (5 mA em?) (1000 cycles) [46]
NiC0204 1.15 71%
~2. 577 47
@Ni-S/Ni foam 23 (40 mA cm?) (3000 cycles) [47]
a ml/gfm'z) 1064.1 80.1%
NiO/LSC ~10 49 (3000 cycles) present
) 492 20 mA cm
(20 mA cm?) (20 mA cm)

3.4. Capacitive performance comparison between NiO/LSC and NiO/Ni-F

To validate the beneficial effect of the 10NiO/LSC, NiO with the same mass
loading (10 mg cm2) loaded on Ni foam (10NiO/Ni-F) is fabricated in a similar way
for comparison. The successful preparation of 10NiO/Ni-F is demonstrated with XRD
analysis, as shown in Fig. S3a. Figs. 6a and b display the surface SEM images of the
10NiO/LSC and 10NiO/Ni-F, respectively. In contrast to the NiO/LSC in which NiO
nanoparticles distribute uniformly on the porous LSC substrate, the NiO on the Ni foam

aggregate to form large particles due to the bad wettability of the metal Ni foam

15



substrate. Similar features can also be observed from their corresponding cross-

sectional SEM images, as displayed in Figs. S3b and c.
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Fig. 6. Surface SEM images of (a) I0NiO/LSC and (b)10NiO/Ni-F. (c) CV curves at a
scan rate of 10 mV s and (d) galvanostatic charge-discharge profiles at a current
density of 10 mA ¢cm™ of 10NiO/LSC and 10NiO/Ni-F.

Fig. 6¢ shows the CV curves of 10NiO/LSC and 10NiO/Ni-F at a scan rate of 10
mV s !. Obviously, the enclosed area of the 10NiO/LSC is much larger than that of
10Ni1O/Ni-F, disclosing higher areal capacitance. A similar conclusion can be obtained
from the galvanostatic charge-discharge profiles at a current density of 10 mA ¢cm 2, as
shown in Fig. 6d, revealing that 10NiO/LSC possesses a longer discharge time. In
consequence, the substrate is essential to the capacitive behaviors of NiO and a porous
perovskite-type LSC substrate can provide significantly superior performance than the
traditional Ni foam substrate. In fact, though the NiO/LSC electrode is novel and has

many advantages, the synthesized ceramic substrate LSC is rigid and fragile compared
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to the conventional Ni foam, which may result in its unsuitable for flexible devices.
Therefore, it is meaningful to design flexible porous LSC substrate while enable high
mass loading of NiO even other active materials in next work.

3.5. Capacitive behavior of asymmetric electrochemical capacitor
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Fig. 7. (a) CV curves, (b) galvanostatic charge-discharge profiles, (c) areal
capacitances, (d) Ragone plot at various current densities and (e) cycle performance at
20 mA cm (the inset is a photograph that a red LED lighted by two devices in series)

of the asymmetric electrochemical capacitor (10NiO/LSC//CC).
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To verify the prepared electrode in practical application, an asymmetric
electrochemical capacitor is designed with 10NiO/LSC as the positive electrode and
CC as the negative electrode, separated by a cellulose paper in an electrolyte solution
of 6.0 M KOH. Fig. 7a displays the CV curves at various scan rates under a potential
of 1.65 V. The designed device (10NiO/LSC//CC) gives almost quasi-rectangular
profiles, implying its capacitive characteristic [48]. Fig. 7b shows the linear and
symmetric shape in the charge-discharge process, offering further evidence for the
desirable capacitive behavior of the asymmetric electrochemical capacitor. The areal
capacitance is calculated based on eq. 1, as presented in Fig. 7c. As observed, the
10NiO/LSC//CC capacitor delivers high areal capacitance of 1.77 F cm ™2 at 1 mA cm 2
and 1.17 F cm 2 at 20 mA cm 2 (the gravimetric capacitance is displayed in Fig. S4a,
respectively, demonstrating a good rate capability (only 33.9% loss)).

Moreover, the volumetric energy density and power density are recorded, as shown
in Fig. 7d, to comprehensively estimate the electrochemical performance. The energy
density is as high as 9.27 mWh cm ™ with a power density of 11.4 mW cm > at 1 mA
cm 2. The power density is up to 181.9 mW cm at the high current density of 20 mA
cm 2, while the energy density remains 4.86 mWh cm > (the gravimetric energy density
and power density can be seen in Fig. S4b). The energy density of the asymmetric
electrochemical capacitor (10NiO/LSC//CC) is much higher than the symmetric or
asymmetric devices in previous reports, such as NiO/Ni(OH)2/PEDOT//CMK-3 (1.1
mWh cm™ at 0.4 mA cm2) [49], Co9Ss//Co3;04@Ru0; (1.21 mWh cm™ at 2.5 mA
cm2) [50], NiCo204@TiN//NiCo204@TiN (0.083 mWh cm™ at 3 mA cm2) [51],
MnO>@TiN//activated carbon cloth (1.5 mWh ¢cm™> at 6 mA cm2) [52] and

MnO>//Fe>03 (0.32 mWh cm ™ at 10 mA cm2) [53].
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The cycling durability is also tested under a high current density of 20 mA cm ™.
The assembled 10NiO/LSC//CC capacitor retains 76.6% of its origin areal capacitance
after 5000 cycles, implying its remarkable stability (Fig. 7¢). As shown in the inset of
Fig. 7e, two asymmetric devices in series after charging for 1 min at 20 mA cm 2 can
light a red LED (2.5 V) for ~12 min. The satisfactory electrochemical behaviors of the
designed asymmetric capacitor suggest that the NiO/LSC is a promising candidate as a
novel electrode for high performance electrochemical capacitors in practical
applications.

In fact, the cycling stability of the designed 10NiO/LSC//CC is acceptable, but it
is still far from the EDLCs, because the NiO/LSC electrode takes redox reaction during
continuous charge-discharge processs, while the EDLCs with excellent cycle stability
store energy only through adsorption/desorption of ions at the surface of carbon-based
electrode. Another reason for the seemingly relative low durability is caused by the high
current density of 20 mA cm™, which results in inefficient reaction between NiO and
NiOOH, leading decrease of the capacitance under long-term electrochemical
measurement. Moreover, the cycling stability may be improved by further enhancing
the adhesion between NiO nanoparticles and LSC substrate.

4., Conclusions

NiO nanoparticles with a high mass loading (~10 mg cm?) are directly loaded on
a porous perovskite oxide Lao.7Sr0.3Co03.5 ceramic substrate. The binder-free NiO/LSC
as a novel electrode for electrochemical capacitors shows excellent capacitive
performance, with high areal and specific capacitance (10.6 F cm ™ and 1064.1 F g! at

1 mA cm?) and remarkable cycling durability (80.1% retention after 3000 cycles at 20
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mA cm ). In addition, the assembled NiO/LSC//CC asymmetric capacitor displays a

maximum energy density of 9.27 mW cm >, preferable rate capability (only 33.9% loss

from 1 to 20 mA cm2) and fine cycling stability (76.6% retention after 5000 cycles at

20 mA cm 2) under a potential of 1.65 V. More realistically, two of the asymmetric

devices in series can light a red LED. These attractive findings illustrate that the

NiO/LSC electrode can be a competitive alternative for electrochemical capacitors.
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