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ABSTRACT

To evaluate the performance of supercapacitor objectively and accurately, it is critical
to develop an electrode with a thickness in the hundred-micrometer range with
commercial-level mass loading of the active material. In this work, for the first time
CuO nanoparticles with high mass loading (~10 mg cm?) are supported on the
La;..Sr:Co0s.5 (LSC, 0 <x <0.8) substrate (thickness: ~500 um) and used as a cathode
for asymmetric supercapacitor. The novel and binder-free CuO/LSC73 (i.e. x = 0.3)
electrode shows high areal capacitance (Ca) of 5.45 F cm 2 and specific capacitance (Cs)

of 545 F g!. The packaged quasi-solid-state asymmetric supercapacitor with carbon
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cloth as an anode and PVA/KOH as an electrolyte, delivers an ultrahigh volumetric
energy density of 4.92 mWh cm™ at a current density of 10 mA cm? with a wide
potential window of 1.4 V, which are comparable to those of lithium batteries (0.3—10
mWh ¢cm ). In addition, the power density of the assembled device can reach 727 mW
cm > at 80 mA cm 2 with a high energy density of 3.03 mWh cm™. The good
electrochemical performance is attributed to high conductivity of the porous LSC73
substrate and uniform distributions of CuO nanoparticles, which are beneficial for the

fast transport of electrons and diffusion of ions.

KEYWORDS: Supercapacitors, Electrode, Ceramic material La;xSr<CoQOj3.,
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1. INTRODUCTION

Supercapacitors are promising sustainable and efficient energy storage devices,
because of their higher power density than batteries, and higher energy density than
traditional capacitors. They also have a comparably long cycle life, fast
charge/discharge rate, an ease of maintenance, and a wide operating temperature [1,2].
Though high energy densities of supercapacitors have been achieved, the mass loading
of active materials on traditional substrates is only ~0.2-2 mg cm 2 [3-5], which is far
less than the required value in commercial supercapacitors (~ 10 mg cm2). Therefore,
it is valuable to exploit novel electrodes with high mass loading of active materials to

deliver a superior energy density with acceptable power density.

Generally, electrodes are composed of an active material with remarkable
capacitive properties and a substrate (i.e. current collector) with high electrical

conductivity [6-8]. Copper oxide has become a competitive candidate as the active
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material for supercapacitors due to its abundance, low cost, lack of toxicity, and its
fantastic theoretical capacitance (~1800 F g!') [9-11]. However, the mass loading of
CuO-based materials on conventional substrates is not as high as one would wish for.
For instance, Xu et al. [12] reported CuO nanoflowers (~0.32 mg cm ) on carbon fiber
fabric that demonstrated a specific capacitance of 839.9 F g ! at a scan rate of 1 mV s~
I Moosavifard et al. [13] prepared nanoporous CuO (~3.5 mg cm2) on Ni foam, and
obtained a specific capacitance of 431 F g! at 3.5 mA cm™. To tackle this issue,
developing a novel substrate that can support CuO with commercial-level mass loading

would be scientifically and commercially important.

Owing to the structural ability and high catalytic activity, perovskite oxide
materials with ABOj3 structure, where A represents lanthanide or alkali earth element
and B means a mixed valence transition metal, have been widely used as electrodes and
catalysts for solid oxide fuel cells [4, 15], oxidation of volatile organic compounds
[16,17], and oxygen evolution reaction [18, 19]. Moreover, the electrical properties of
the perovskite materials can be improved via A or B partially substituted by aliovalent
ions, producing extra holes in the valance band essentially that reduce energy band gap
and increase conductivity [20, 21]. LaCoOs as one of energy conversion ceramic
materials has attracted much attention, especially the strontium substituted lanthanum
cobaltite La;Sr;CoOs.5(0 < x < 0.8) with its sufficient electrical conductivity (~10-10°
S cm!) [22-24]. Mineshige et al. [25] have demonstrated the high electrical
conductivity of La;..Sr:CoO3 (0 < x < 0.7) at temperatures from 300 K to 1473 K.
Therefore, LSC with different contents of Sr could be a promising alternative substrate

for supercapacitors.

Inspired by the preliminary studies on LSC, we investigated the structural and

electrochemical properties of the synthesized LSC substrate in detail to find the optimal
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content of Sr. CuO nanoparticles with a high mass loading of 10 mg cm™? directly
loaded on porous LSC were prepared by simple infiltration and calcination process. The
novel electrode CuO/LSC73 displays both high specific capacitance of 545 F g~! and
areal capacitance 5.45 F cm ™ at 1 mA cm 2 Additionally, a quasi-solid-state
asymmetric supercapacitor composed with CuO/LSC73 as the cathode, a carbon cloth
as an anode and a PVA/KOH as a gel electrolyte showed excellent capacitive
performance with high volumetric energy density of 4.92 mWh cm™ and long cycle
life (~98% retention of initial capacitance after 3500 cycles at 50 mA cm?). We also
used the two quasi solid-state devices in series as a power source for LED to validate

its possible application in practice.
2. EXPERIMENTAL SECTION

Lay03, ethanol, starch (as pore former) and polyvinyl butyral were bought from
Sinopharm Chemical Reagent Co., Ltd. SrCO3; and Co3;0s were purchased from
Guangzhou Chemical Reagent Co., Ltd and Aladdin Chemical Co., Ltd, respectively.
Carbon fiber paper (CFP) was purchased from Shanghai hesen electric Co., Ltd.
Cu(NO3)23H20 was purchased from Tianjindamao Chemical Reagent Co., Ltd. All
these reagents were of analytical grade. A carbon cloth wafer with a diameter of 1.00
cm and thickness of 0.02 cm was bought from Shanghai hesen electric Co., Ltd, and

was pre-calcined in air for 2 h at 400 °C.
2.1 Synthesis of porous ceramic material LSC

The porous ceramic material La;_,Sr.CoO3.5 (x=0, 0.2, 0,3, 0.4, 0.5, 0.6, 0.8) were
synthesized using a solid-state method reported previously by our group [26], and
denoted as LCO, LSC82, LSC73, LSC64, LSC55, LSC46 and LSC28, respectively.

The detailed steps for preparation of the La;..Sr:CoOs.s substrate are as followings: (I)



La>Os as one of raw materials, was pretreated by calcination at 1000 °C for 2 h; (II)
Based on the stoichiometric amount, the pre-calcined La,O3; was mixed with SrCOs and
C0304 through ball milling for 8 h, using ethanol as solvent; (III) Polyvinyl butyral
(3wt.%, as binder) was added into the mixture, and then grinded for 30 min; (IV) The
mixture was dried and pressed into pellets, employing a stainless steel mold (Diameter:
13 mm); (V) The pellets were fired at 1100 °C for 12 h to get the desired products. The
diameter, thickness and average weight of the pellets were 1.16 cm, 0.05 cm and 0.150
g, respectively. The porosity of the LSC substrate was ~38%, according to the

Archimedes’ method [27].

2.2 Preparation of CuO nanoparticles loaded on LSC

CuO nanoparticles were loaded on LSC73 through infiltration and calcination in
two simple steps. First, the porous LSC73 pellets were submerged in a 0.5 M Cu(NO3)»
solution for 20 s and then dried in a vacuum drying oven for 20 min at 120 °C. This
process was repeated to obtain the required mass loading of CuO on LSC73. After that,
the samples were calcined for 1 h at 500 °C in a gaseous argon atmosphere to obtain

the CuO/LSC73 electrode.

2.3 Characterization

The crystallinity, morphology and structure of the products were examined using
X-ray diffraction (XRD, Bruker D8 Advance diffractometer with Cu Ko (A = 0.15418
nm), field emission scanning electron microscope (Merlin, 5.0 kV) and transmission
electron microscopy (TEM, JEOL JEM-2100). X-ray photo spectroscopy (XPS,
Escalab 250, Al Ka) was employed to identify the elemental compositions and the
chemical states of the prepared samples. Nitrogen adsorption-desorption measurement

was carried out to examine the porous structure of the CuO/LSC73 electrode.



2.4 Electrochemical measurements

Electrical conductivities of the porous Lai_,Sr.CoO3.s were evaluated by the four-
point method, using Ag paste and Ag thread as a current collector and a conductive wire,
respectively. In addition, to investigate the capacitive performance of the prepared
electrode (as a working electrode), a cell in a standard three electrode system was tested
in 3.0 M KOH solution using a CHI600E (Shanghai Chenhua) electrochemical station.
The Pt mesh (1 cm?) and Hg/HgO were used as counter and reference electrodes,
respectively. Cyclic voltammetry (CV) profiles were recorded from —0.3 to 0.4 V at
various scan rates. Galvanostatic charge-discharge (GCD) curves were studied at
different current densities between —0.1 and 0.4 V. Electrochemical impedance spectra

(EIS) were carried out in the frequency range from 0.01 to 10 MHz.

A quasi-solid-state asymmetric supercapacitor (CuO/LSC//carbon cloth) was
assembled, employing a cellulose paper as the separator and PVA/KOH gel as the
electrolyte. The total thickness, weight and volume of the designed quasi solid-state
device were 0.07 cm, 0.162 g and 0.074 cm?’, respectively. The electrochemical
properties were recorded under a wide voltage of 1.4 V. The capacitance (C), energy
density (E£) and power density (P) of the single electrode and assembled device were

evaluated according to the following equations [28]:

2i[vdt "
T2\

iy,

|

E
PZ; (3)

where C (Fecm ™2 or F g!), i (mA cm™?) and V (V) represent the capacitance, the current
g Y
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density, and the potential window, respectively. Vi and Vy mean final window and initial
window, respectively. t (s) is the discharge time. E (mWh ¢cm ™) and P (mW c¢m ) are

the volumetric energy density and power density, respectively.
3. RESULTS AND DISCCUSSION

Fig. 1 (a) shows XRD patterns of the La;..SriCoO3.s at wide 20 degree range from
20° to 80°, confirming the successful synthesis of the perovskite oxide phase. The more
intense diffraction peaks shift to left with the increase of x, which can be seen clearly
from the enlarged angle between 32 ° and 34 ° in Fig. 1(b). Moreover, there are two
wide peaks when the amount of Sr (x) is less than or equal to 0.5, while relative sharp
peaks are observed when x > 0.5. The tendency can be explained by the distortion in
the crystal structure. LCO without Sr substitution (i.e. x = 0) possesses a rhombohedral
structure corresponding to the standard patterns of LaCoOs (JCPDS. no. 84-0848).
However, the crystal structures transfer from rhombohedral to cubic units gradually as
the value of x increases. This is an effect of the larger ionic radius of Sr** (1.18 A) as
compared to La*" (1.03 A) [29, 30]. The detailed crystallographic parameters of the

materials are presented in Table. 1.
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Figure 1. (a and b) XRD patterns and (c) electrical conductivities of the prepared
La;xSrxCo003.5 (0 < x < 0.8); (d) EIS plots of the LSCS5, LSC64, LSC73.

The electrical conductivities of the synthesized porous Lai.xSryCoOs.5 at room
temperature are displayed in Fig. 1(c). The orders are LSC55 > LSC64 > LSC73 >
LSC46 > 1LSC82 >LCO >LSC28. In other words, when La*" is partially substituted by
the larger ion Sr?*, an increase in electrical conductivity is observed with x varying from
0.0 to 0.5, which may be attributed to the increased overlap of the Co(3d)-O(2p) band
and oxidation of Co** to Co*" [29, 31]. Nevertheless, when the Sr*>* contents exceed 0.5,
large amounts of oxygen vacancies are created to compensate excess negative charge,
reducing the interaction between Co and O [22]. Among the series of La;..Sr:CoO3-5
ceramic materials, the conductivities of LSC64 (88 S cm™!) and LSC73 (79 S cm™') are
slightly lower than that of LSC55 (95 S cm™). Therefore, we carried out EIS
measurements of these three materials for comparison to identify the most promising

substrate for supercapacitors.



Table 1 Lattice parameters of the synthesized La1xSrxC00O3.5

. . Space
x in La;Sr,Co0O3.5  Abbreviations Crystal structure
group
0 LCO Rhombohedral R-3¢
0.2 LSCR2 Rhombohedral R-3¢
0.3 LSC73 Rhombohedral R-3¢
04 LSC64 Rhombohedral R-3¢
0.5 LSC55 Rhombohedral R-3¢
0.6 LSC46 Cubic Pm-3m
0.8 LSC28 Cubic Pm-3m

As can be seen in Fig. 1(d), the intercept of the semicircle with the real axis and
the semi-circle represents the equivalent series resistance (ESR, the sum of intrinsic
resistance of the LSC, ionic resistance of the electrolyte solution and contact resistance)
and the charge transfer resistance (R.), respectively [32]. The Warburg resistance (Rw)
is associated with the electrolyte ion diffusion [33]. Though the ESR of the LSC73 (1.25
Q cm?), LSC64 (1.17 Q cm?) and LSC55 (1.13 Q cm?) are close to each other, their Re
are much different and the corresponding value increases substantially with an
increasing x value from 0.3 to 0.5 (as listed in Table. S1). This is because the distorted
perovskite oxide structure is unfavorable to fast charge transfer [34, 35]. In
consideration of combined electrical conductivities and resistances, LSC73 (i.e. x=0.3)
is more suitable as substrate compared with LSC64 and LSC55. Thus, CuO

nanoparticles loaded on LSC73 as an electrode for supercapacitors were studied in



further detail.
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Figure 2. Scheme of preparation of CuO nanoparticles loaded on porous LSC73.

Fig. 2 shows the simple steps of CuO/LSC73 preparation. Firstly, the porous
LSC73 ceramic substrate was synthesized by a solid-state method (I). CuO
nanoparticles with a high mass loading of 10 mg cm 2 were then loaded on an LSC73
pellet using infiltration (II) and calcination (IIT) steps. Fig. 3(a) and Fig. 3(b) show the
surface and cross-sectional structure of LSC73, respectively, revealing porous
characteristics of the substrate. The CuO nanoparticles distribute evenly on both the
surface and internal pore channel of the porous LSC73 substrate, as is displayed in Fig.
3(c and d). Besides, Nitrogen adsorption-desorption measurement was carried out to
examine the porous structure of the CuO/LSC73, as shown in Fig. S1. The calculated
effective surface area by BET is 6.12 m? g'!. The pore size distributions center at~200
and 300 nm with a relative wide distribution at ~420 nm, which was estimated by BJH,
confirming the macrostructure of CuO/LSC73. Fig. 3 (e) shows the TEM image of
CuO/LSC73 which further confirms the favorable combination of CuO nanoparticles
with a size of ~7 nm on the LSC73 substrate. The high resolution TEM image (inset of
Fig 3(e)) displays two lattice spacings of ~0.27 and 0.25 nm, which corresponding to

the (104) plane of LSC73 and (002) plane of CuO, respectively. In addition, EDS
10



mapping analysis is used to identify the element composition and distribution of La, Sr,
Co, O and Cu, as shown in Fig. 3(f). The points of Cu are well-distributed in the whole
region, adding to the evidence the successful preparation of CuO nanoparticles

uniformly loaded on the porous LSC substrate.

Figure 3. Surface and cross-sectional SEM images of (a and b) the bare LSC and
(c and d) CuO/LSC73. (¢) TEM images and (f) EDS element mapping images of
CuO/LSC73.
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Figure 4. (a) XRD patterns of the LSC73 and CuO/LSC73. (b) XPS spectrum of
CuO/LSC73 of full scan, (¢) Cu 2p region and (d) O 1s region.

Fig. 4(a) shows XRD patterns of the LSC73 and CuO/LSC73 respectively. For the
LSC substrate, as displayed in the red line, the diffraction peaks agree well with the
standard pattern of the rhombohedral Lao 7Sr03C003-5 phase (JCPDS card no. 89-4462).
Apart from these peaks of LSC73 ceramic substrate, four peaks with cycle symbol at
35.5°, 38.7°, 38.9° and 48.7° can be found in blue, corresponding to (002), (111), (200)
and (—202) of the CuO (JCPDS card no. 80-1917), respectively. No extra peaks are
detected, suggesting high purity of the prepared product. The element composition and
chemical state of the CuO/LSC73 was characterized by XPS. The spectrum in Fig. 4(b)
reveals the presence of C (as reference), La, Sr, Co, O and Cu. Fig. 4(c) shows the XPS
spectrum of Cu 2p. The peaks at 933.7 and 953.6 eV can be attributed to Cu 2p32 and
Cu 2pi1p2, respectively. Furthermore, the shake-up sat.1 and sat.2 peaks confirm the

existence of Cu?* in CuO [36]. The fitting O 1s spectrum consists of three peaks, as
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shown in Fig. 4(d). The peak at 529.6 eV is typical of metal-oxygen bond, while the

other two peaks at 531.2 and 532.6 eV are assigned to hydroxide and absorbed water,

respectively [3
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Figure 5 Electrochemical performance of the CuO/LSC73 electrode: (a) CV curves,

(b) GCD profiles, (c) areal capacitance at various current densities, (d) EIS plot

(inset: equivalent circuit and enlarged EIS plot) and (e) cycle stability at 20 mA

cm2.

Fig. 5 displays the electrochemical performance of the CuO/LSC73. A wide pair

of redox peaks can be found in the CV curves in Fig. 5(a), which are caused by the

following reaction in 3.0 M KOH electrolyte solution [38]:
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2CuO + H,0 +2¢” > Cu,0 +20H" (1)
Cu,0 +H,0 +20H" «» 2Cu(OH), +2¢  (2)
CuOH + OH" <> Cu(OH),+ ¢ 3)
CuOH+OH < CuO+H,0 +¢ 4)

However, the plateaus in GCD profiles are not obvious, as shown in Fig. 5(b), which
may be caused by the incomplete transformation between Cu?* and Cu” and influence
of the water splitting reaction [39, 40]. The current produced by the bare LSC is much
lower than that of CuO/LSC73 composite as shown in Fig. S2, meaning negligible
contribution of the substrate to the capacitance. Fig. 5 (c) shows the areal and specific
capacitances at different current densities. The values are 5.45 F cm 2and 545 F g ! at
1 mA cm 2, while the areal and specific capacitance are still as high as 3.45 F cm ™ and
345 F g 'at 20 mA cm 2, respectively, revealing a high rate capability (~63.3% retention)
of CuO/LSC73 electrode. The electrochemical performance of CuO/LSC73 is possibly
better than previously reported values of CuO-based materials or other transition metal

oxides on traditional substrate, as listed in Table 2.

Electrochemical impedance spectroscopy is an important method to evaluate the
electrochemical behavior. Fig. 5(d) exhibits the Nyquist plot of the prepared
CuO/LSC73. The inset shows the equivalent circuit for fitting the original data and the
fitted data are presented in Table S2. The vertical line in the low region means an ideal
capacitive property and the Warburg impedance (Rvw) is associated with fast electrolyte
ion diffusion in the porous electrode. In addition, the ESR (0.98 Q cm?) and R (0.24
Q cm?) of the CuO/LSC73 composite are lower than those of LSC73 substrate (1.25
and 0.41 Q cm2, see Table S1), suggesting positive synergistic effect of CuO

nanoparticles and LSC73 substrate. Cycle stability is also evaluated to further
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understand capacitive performance of the CuO/LSC73, as shown in Fig. 5(e). After

3000 cycles at 20 mA c¢cm 2, the areal capacitance maintains ~74.1%, revealing strong

adhesion between CuO nanoparticles and porous LSC substrate. The satisfactory

electrochemical performance of the binder-free electrode can be attributed to the porous

structure and high conductivity of LSC73, and uniform distribution of CuO

nanoparticles, enabling fast electron transfer, ion diffusion and an effective redox

reaction.

Table 2 Comparison of capacitive performance of CuO/LSC73 with previously

reported electrode

. . Specific
Material/ Mass loading Nano- Areal P
5 capacitance  ¢apacitance Ref.
Substrate (mg cm™) structure (F cm?) F g
3.98 at 569
CuO/Ni foam 7 nanosheet [38]
5 mA cm™ 5 mA cm™
1.67 at 594.3
CuO/Cu foam 3.44 nanorod [39]
2 mA cm™ 2 mA cm™
CuMn(OH);NOs/ 0.2 at 258
0.775 nanoparticles [41]
Stainless steel plate 1 mA cm™ 1 mA cm™
2.6 at 212
CuO/Cu foam 12.2 nanosheet [42]
5 mA cm™ 5 mA cm™
0.52 at 66.7
NiCo,04/CFP 7.8 nanotube [43]
4 mA cm™ 4 mA cm™
0.84 at 280
MnO,/Ni foam 3.0 dendrites-like [44]
0.5mAcm?  0.5mAcm?
1.24 at 516.7 45
C0304/Ni foam 2.4 nanowire [45]
20mAcm? 20 mA cm™
5.45 at 545 P t
CuO/LSC73 10 nanoparticle resen
1 mA cm™ 1 mA cm™
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For comparison, CuO (10 mg cm2) particles were loaded on CFP pellet with a
diameter of 1.20 cm via the same method. Fig. S3(a—c) show a typical fiber structure
of the bare CFP. Clearly, there are few pores on the surface of the carbon material
substrate. Though the morphology of CFP retains well after CuO loading, severe
agglomeration of CuO particles is observed, as displayed in Fig. S3(d-f), which is quite
different from that of the porous LSC73 with uniformly loading of CuO nanoparticles.
Fig. S3(g) shows XRD pattern of CuO/CFP. The sharp diffraction peak at 26.4° is
caused by CFP substrate and the other peaks are attributed to CuO (JCPDS No. 80-
1917), suggesting high purity of the product. The electrochemical comparisons of
CuO/CFP and CuO/LSC73 are conducted at a scan rate of 2 mV s™! and a current
density of 10 mA cm 2, as seen in Fig S3(h) and (i), respectively. The enclosed area of
CuO/LSC73 in the CV curve is much larger than that of CuO/CFP. The former also
shows longer discharge time than the latter, implying highly enhanced capacitive
performance of CuO loaded on LSC73 compared with CuO on CFP. The highly
improved properties could be ascribed to the higher porosity and better wettability of
LSC73 than CFP, favoring uniform distribution of CuO nanoparticles on the surface
and inner pore of LSC73. Indeed, we also carry out the experiment of CuO on Ni foam
through similar steps. However, except for diffraction peaks of Ni and CuO in the XRD
pattern, there are distinct peaks of NiO in the final product (in Fig. S4), implying serious
corrosion of Ni foam. Through our analysis we claim that, LSC73 could be more

suitable as substrate for supercapacitors than traditional substrate CFP and Ni foam.

To verify the practical application of the prepared electrode, a quasi-solid-state
asymmetric supercapacitor was assembled which employed CuO/LSC73 as the cathode,
CC as the anode and PVA/KOH gel as the electrolyte, respectively. Fig.S5 shows the

potential windows of CuO/LSC73 and carbon cloth are -0.3-0.4 V and -1-0V, therefore
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it is expected that the operating voltage for the designed asymmetric supercapacitor can
reach to 1.4 V. Shown in Fig. 6(a) is the CV curves of the CuO/LSC73//CC under
various potential windows at a scan rate of 50 mV s~ further implying that the stable
working potential of the fabricated device can be as high as 1.4 V. The CV curve at
different scan rates is presented in Fig 6(b). Obviously, no redox reaction is observed,
which belongs to the characteristic of the supercapacitor. The symmetrical lines in
charge-discharge curve at various current densities from 10 to 80 mA cm 2, offering
more powerful evidence for the capacitive nature of the designed device, as seen in Fig.
6(c). The calculated areal capacitances at 10, 15, 20, 30, 40, 50, 60 and 80 mA cm 2 are
1.26, 1.20, 1.13, 1.05, 0.97, 0.90, 0.85 and 0.78 F cm 2, respectively, as shown in Fig.
6(d). Remarkably, when the current densities increase from 10 to 80 mA cm 2, the value
of the initial capacitance is only lost 38.0%, implying good rate capability. Fig. 6 (e)
shows the long-term stability at a high current density of 50 mA c¢m 2, revealing 98%
retention of the initial capacitance after 3500 cycles. Besides, there is a sharp gain of
initial areal capacitance from 1 to 100 cycles, as displayed in the inset of Fig 6(¢e) that
is caused by activation of the electrode [46]. However, the areal capacitance becomes
lower than the initial value after ~3300 cycles, which may be caused by the inefficient

faradic reaction between Cu?" and Cu™ at high current density of 50 mA cm™ [15].

Energy density and power density are key parameters to evaluate the overall
performance of the CuO/LSC73//CC device and are presented in Fig. 7(a). The device
delivers a maximum energy density of 4.92 mWh cm ™ with a power density of 99.1
mW cm > at 10 mA ¢cm 2 and a maximum power density of 727 mW cm > with an
energy density of 3.03 mWh cm > at 80 mA cm™. Interestingly, the obtained values are
superior than those of reported supercapacitors, such as PANI /CF//WO3.,/M00O3../CF

(0.11 mWh cm ™ at 730 mW cm?) [47], Fe203/PPy/CC//MnO»/CC (0.22 mWh cm > at
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165.6 mW cm™) [48], and PEDOT@MnO>@NiNTAs//AC (0.59 mWh cm™ at 84.96
mW cm?) [49] etc. [50-56]. The obtained energy density of CuO/LSC73//CC is
comparable to that of lithium batteries (0.3—10 mWh c¢cm ) and higher than that of
commercial supercapacitors (< 0.6 mWh cm ) [52]. As displayed in Fig. 7(b), the two
CuO/LSC73//CC quasi-solid-state devices in series can drive the LED shining for

approximately 20 min after only charging for 1 min.
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Figure 6 Capacitive performance of the assembled quasi-solid-state
(CuO/LSC73//CC) supercapacitor: (a) CV curves under various potential
windows at 50 mV s™'; (b) CV profiles at different scan rates; (¢) GCD curves at

different current densities; (d) areal capacitance; and (e) cycle stability at 50 mA
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Figure 7 (a) Ragone plot of the quasi-solid-state asymmetric supercapacitor
CuO/LSC73//CC compared with the previously reported supercapacitors and (b)
the digital images of LED lighted by the two devices in series.

To further confirm the superior electrochemical behaviors of the quasi-solid-sate
supercapacitor, an aqueous CuO/LSC73//CC device with 3 M KOH solution as
electrolyte was assembled for comparison. Fig. S6 (a) and (b) present CV curves at
different scan rates and GCD profiles at various current densities of the aqueous
supercapacitor, respectively, no obvious redox peaks and charge-discharge platforms

are found, suggesting its capacitive nature. The comparison of the two devices in areal
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capacitances and impedances are displayed in Fig. S6(c) and (d), respectively.
Apparently, the quasi-solid-state CuO/LSC73//CC supercapacitor possesses slightly
lower areal capacitance and larger electrochemical impedance than those of the aqueous
device, which is resulted from relatively inferior ionic conductivity and poor wettability
of PVA/KOH gel [54, 57]. The trivial gap is acceptable with respect to the advantages
of the quasi-solid-state device, such as easy package, leak-free and eco-friendliness.
The prominent behaviors make the CuO/LSC73 an attractive electrode candidate for

energy storage system.

CONCLUSIONS

A series of porous ceramic material La;.Sr:C00O3.5 (0 <x < 0.8) were synthesized
via a solid-state method. The crystal structures and electrochemical properties clearly
change with the increase of Sr content (x). LSC73 (i.e. x = 0.3) shows comparable
electrical conductivity (~79 S cm™!) and lower resistance. Therefore, CuO nanoparticles
with a high mass loading (10.0 mg cm2) on LSC73 as a binder-free electrode for
supercapacitors was investigated. The results revealed that the areal and specific
capacitances of the CuO/LSC73 are as high as 545 Fcm 2and 545 F g ' at 1 mA cm 2,
respectively. While the current density reached up to 20 mA cm 2, the capacitances still
remain 3.45 F cm 2 and 345 F g !, respectively, revealing good rate capability. The
quasi-solid-state asymmetric supercapacitor with CuO/LSC73 as a cathode and CC as
an anode exhibited a comparable areal capacitance of 1.26 F cm 2 at 1 mA cm 2 to that
of the aqueous device (1.39 F cm2), satisfying electrochemical performance with high
energy density of 4.92 mWh cm ™ at a power density of 99.1 mW cm* and long-term
stability (~98% retention of initial capacitance after 3500 cycles at 50 mA cm ) under

a wide potential window of 1.4 V. These desirable electrochemical properties can be

20



attributed to high conductivity and porous structure of LSC substrate and uniformly
distributed CuO nanoparticles, ensuring fast electron transfer, ion diffusion and
effective redox reaction. Such a favorable and novel electrode CuO/LSC73 could play

a vital role in high-performance energy storage systems.
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