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Perovskite SrCo0.9Nb0.1O3¢d as an Anion-Intercalated Electrode
Material for Supercapacitors with Ultrahigh Volumetric Energy
Density
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Abstract: We have synthesized and characterized perovskite-
type SrCo0.9Nb0.1O3¢d (SCN) as a novel anion-intercalated
electrode material for supercapacitors in an aqueous KOH
electrolyte, demonstrating a very high volumetric capacitance
of about 2034.6 F cm¢3 (and gravimetric capacitance of ca.
773.6 Fg¢1) at a current density of 0.5 Ag¢1 while maintaining
excellent cycling stability with a capacity retention of 95.7%
after 3000 cycles. When coupled with an activated carbon (AC)
electrode, the SCN/AC asymmetric supercapacitor delivered
a specific energy density as high as 37.6 Wh kg¢1 with robust
long-term stability.

As an important means of electrical energy storage through
electrical double layer capacitance or pseudocapacitance,
supercapacitors have received tremendous attention during
the past decade.[1] The unique performance characteristics of
supercapacitors, such as high power density and long cycling
life, make them ideally suited to bridging the energy/power
gaps between conventional dielectric capacitors and batter-
ies.[2] When supercapacitors are used as the main or auxiliary
power source for electric vehicles and portable electronics,
high volumetric energy density is essential due to limited
space besides long life and high gravimetric energy density.
Supercapacitors with carbon-based electrodes or electrical
double layer capacitors (EDLCs) usually have low volumetric
energy density because of the low tap density of high-surface-

area carbon materials. In contrast, pseudocapacitors store
energy via redox reactions at the surface or subsurface of the
electrodes, demonstrating much higher specific capacitance
than carbon-based EDLCs.[3] However, a high specific surface
area is also required to achieve high capacitance, which is
unfavorable for volumetric energy density due to low tap
density of the electrodes.

Recently, supercapacitors that store energy through ion
intercalation into electrode bulk, similar to lithium-ion
batteries, have attracted much attention.[4] Because of the
bulk intercalation mechanism, high surface area is no longer
required to ensure high capacity. To date, most of the
intercalation-type supercapacitor electrodes are based on
positive ion as the charge carrier,[4b,d, 5] while anions are
considered less favorable because of their large ion size.
Recently, Mefford et al. demonstrated that the oxygen ion can
also be effectively used as a charge carrier to realize a new
type of anion-intercalated supercapacitors, and reported
gravimetric capacitance of about 609.8 F g¢1 for LaMnO3¢d

perovskite in an aqueous KOH electrolyte.[4e] Cao et al. also
reported the capacitor performance of Sr-doped LaCoO3 and
Sr-doped LaNiO3 perovskites.[6]

Since oxygen vacancies are the charge carriers, increasing
oxygen vacancy concentration may enhance the capacitance
of the oxygen-ion-intercalation electrodes. To realize the
incorporation of oxygen-ion into oxygen vacancies, it requires
the simultaneous oxidation state change of the cations in the
oxide electrodes; thus the oxides should have good redox
capability. Additionally, high oxygen vacancy mobility is
crucial to achieving high power density in order to facilitate
fast oxygen-anion intercalation during charge storage.
Cobalt-based perovskites are superior to Mn-based ones
due to their larger oxygen vacancy concentration and higher
oxygen-ion mobility.[7]

Here we report our findings in synthesis and character-
ization of SrCo0.9Nb0.1O3¢d (SCN) perovskite as an outstand-
ing electrode material for supercapacitors in an aqueous
KOH electrolyte at room temperature; SCN is a mixed ionic-
electronic conductor that shows superior performance as
a cathode for solid oxide fuel cells and as an oxygen-
separation-membrane due to its fast surface oxygen exchange
kinetics, excellent oxygen mobility, and large oxygen vacancy
concentration at elevated temperatures.[8] High tap-density
SCN was synthesized by a facile solid-state reaction. When
tested in a supercapacitor, the anion-intercalated SCN
electrode showed high capacitance, excellent rate capability,
and favorable cycling stability. Furthermore, when coupled
with an AC electrode, the SCN/AC asymmetric supercapaci-
tor (ASC) delivered superb energy density, outperforming
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most of reported ASCs, suggesting that SCN has potential to
be a promising electrode material for next-generation super-
capacitors for a wide range of applications.

The Rietveld refinement of SCN XRD pattern (Fig-
ure 1a) revealed a tetragonal structure with lattice parame-
ters of a = 3.8070(0) è and c = 7.776(0) è and a space group
of P4/mmm. After treating in Ar (SCNA) or 10 % H2/Ar
(SCNH) atmosphere, SCN still maintained the tetragonal
structure without any second phases (see Figure S1 in the
Supporting Information). A small change in lattice parame-
ters was observed as large amount of oxygen was extracted
from the SCN lattice (Table S1), which is beneficial for
a stable cycling performance as an anion-intercalated elec-
trode for supercapacitor. The amount of oxygen vacancies
were 10.3, 10.6, and 19.4 % of oxygen sites in SCN, SCNA and
SCNH, respectively (Table S2), suggesting 9.1% of oxygen in
SCN lattice can be used for energy storage, corresponding to
a capacitance of 546 Fg¢1. The as-prepared SCN showed
irregular grain shape, large grain size of � 1 mm, pore-free
nature, and low Brunauer-Emmett-Teller (BET) specific
surface area of � 8.63 m2 g¢1 (Figures S2 & S3). The tap
density of the obtained SCN is 2.63 gcm¢3, resulting in high
volumetric energy density of the electrode. The O1s XPS
spectrum of SCN, SCNA and SCNH (Figure 1b, Figure S4 &
Table S3) can be deconvoluted into four characteristic peaks:
lattice oxygen species (O2¢) at 528.7 eV, highly oxidative
oxygen species (O2

2¢/O¢) at 530.0 eV, hydroxy groups (¢OH)
or surface-adsorbed O2 at 531.0 eV, and surface-adsorbed
H2O at 532.0 eV.[9] The amount of Oads species is intimately
associated with the oxygen vacancy density of perovskite
oxide.[10]

Because of the similar electrochemical performance of the
SCN samples with different amount of oxygen vacancies, here
we present the electrochemical performance of the fresh SCN
(Figure S5). The electrochemical performance of the fresh
SCN electrode was evaluated using cyclic voltammetry (CV)
in KNO3 (Figure S6) and KOH electrolytes, respectively. The
specific capacitance of the SCN electrode increased to
400.2 Fg¢1 at 10 mVs¢1 in the KOH electrolyte, which was
30-fold higher than that in the KNO3 solution (Figure 2a). It
suggests the intercalation-type energy storage was likely
appeared with the presence of OH¢ . All the CV curves
exhibited two pairs of redox peaks related to Co2+/Co3+ and
Co3+/Co4+, indicating the capacitance of SCN were mainly
governed by faradic redox reactions. Additionally, the peak

current increased with the scan rate, suggesting electronic-
and ionic-transport rates were sufficiently rapid.[11] Note that
the background signal due to the Ni foam was negligible
(Figure S7). The Galvanostatic charge–discharge (GCD)
curves of the SCN electrode (Figure 2b) displayed a typical
pseudocapacitance behavior, demonstrating higher gravimet-
ric, areal, and volumetric capacitances (Cm, Ca, and Cv) at
different current densities (Table S4) than those of most state-
of-the-art materials (e.g. carbon, RuO2).[12] Such ultrahigh
specific capacitance provided a strong support for the
participation of SCN bulk phase in the energy storage.
Because no phase transition happened during the O2¢

intercalation or extraction process (Figure S8), the GCD
curves did not show the platform that was typical for a two-
phase electrode reaction process. Instead, the shapes of the
curves reflect a typical supercapacitor behavior.[4a] The out-
standing rate capability (based on the GCD curves), indicated
by a slight decrease (ca. 3.9%) in the capacitance as the
current density was increased from 0.5 to 10 Ag¢1 (Figure 2c),
implies rapid surface reaction and O2¢ bulk diffusion, which
was supported by a low charge transfer resistance of the
electrode (0.1111 W) and a high oxygen diffusion rate (1.1 ×
10¢12 cm2 s¢1; Figures S9 and S10). The cycling stability is a big
concern because large volume change may occur during the
process that could pulverize the electrode and deteriorate
electrode activity. As shown in Figure 2d, the initial specific
capacitance was � 786.1 Fg¢1, and progressively increased in
the first 250 cycles, followed by a slow decrease in the
subsequent cycles. Nevertheless, � 752.6 Fg¢1 was still
retained after 3,000 cycles, indicating excellent cycling
stability.

Based on above analysis and literatures,[4e, 8a] the charge
storage mechanism of the SCN electrode can be expressed as
shown in Equation (1) and (2).

Sr½Co2þ
2d ; Co3þ

ð0:9¢2dÞ¤Nb5þ
0:1O2:6¢d þ 2dOH¢ Ð

SrCo3þ
0:9Nb5þ

0:1O2:6 þ 2de¢ þ dH2O
ð1Þ

Figure 1. a) Refined XRD patterns of the fresh SCN. b) XPS spectrum
of O1s in the fresh SCN. The arrows indicate weak peaks representing
the (110) plane of SCN at �29.688 (2q) because of the high intensity of
the X-ray beam (Kb =1.3923 ç).

Figure 2. a) CV curves of SCN electrode at various scan rates. b) GCD
curves and c) capacity retention of SCN at various current densities.
d) Specific capacitance of SCN as a function of cycle numbers.
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SrCo3þ
0:9Nb5þ

0:1O2:6 þ 2dOH¢ Ð
Sr½Co4þ

2d ; Co3þ
ð0:9¢2dÞ¤Nb5þ

0:1O2:6þd þ 2de¢ þ dH2O
ð2Þ

Oxygen vacancies were filled through intercalation of an
electrolyte oxygen ion via OH¢ and diffusion of O2¢ along the
edges of unit cell; meanwhile, Co2+ was oxidized to Co3+.
Excess O2¢ was intercalated on the surface by the Co3+

diffusion and oxidation. The surface reaction for the incor-
poration of O2¢ from OH¢ into oxygen vacancies was more
complicated in real case, which may involve several steps with
the formation of various intermediate Oads species as sup-
ported by the XPS (Figure 1b). Further understanding of the
charge storage mechanism may be obtained through in situ/
operando synchrotron-enabled X-ray analyses.[13]

In the anion-intercalated supercapacitor, the OH¢ adsorp-
tion over the electrode surface (capacitive process) and O2¢

diffusion within the oxide bulk are involved. The peak current
(i) of CV curve and sweep rate (n) typically obey the power-
law relationship (i = anb).[14] As shown in Figure 3a, b values

of both cathodic and anodic peaks are close to 1 at region 1
(n< 5 mVs¢1), indicating the capacitive process. At region 2
(n> 5 mVs¢1), b values are close to 0.5 for both peaks,
suggesting the O2¢ diffusion is the rate-limiting step.[15] The
relationship between capacity (normalized charge, Q) and v
can also establish the rate-limiting step.[16] In region 1 of
Figure 3b, the charge was not sensitive to the variation of scan
rate, which means charge storage is not controlled by
diffusion. Moreover, the extrapolated y-intercept yields the
capacitance of 303.0 Cg¢1 at the infinite sweep rate.[4b] In
region 2, the capacity near linearly decreased with increasing
scan rates, implying the O2¢ diffusion controls the charge
storage. The capacitance associated with the specific surface
area, estimated by extrapolation of the plot in region 2, is only
56.4 C g¢1, which is a quite small portion in the entire
capacitance. Therefore, the high capacitance is mainly
contributed from the high rate insertion of O2¢. For further
confirmation this implication, the capacitance at the infinite

sweep rate was also obtained by extrapolating the plot of Q¢1

vs. n¢1/2 in region 1 (Figure 3 c). The result is 381.5 C g¢1, which
is close to 303.0 C g¢1. As shown in Figure 3d, another feature
of the capacitive behavior at region 1 was the relatively small
peak-potential-shift (< 0.15 V). It is a good indication of the
facile insertion of O2¢ because the slow diffusion-controlled
process will result in much larger peak shifts such as in
LIBs.[4b]

To demonstrate the feasibility of SCN in practical energy
storage devices, an asymmetric supercapacitor (ASC) was
assembled using SCN and AC as the cathode and anode,
respectively. The stable electrochemical potential window of
the SCN/AC ASC can be extended to 1.5 V (Figure S11). CV
curves of the ASC at various scan rates demonstrated its
excellent capacitive behavior (Figure 4 a). 86.1 % of the

specific capacitance was retained when the scan rate was
increased from 5 to 50 mVs¢1. The specific capacitance
calculated from GCD curves also showed a similar trend
(Figure 4b). Ragone plots (Figure 4c) show that an energy
density of 37.6 Whkg¢1 was achieved at an average power
density of 433.9 Wkg¢1 for the ASC. Even at a high power
density of 9864.2 W kg¢1, the energy density of 32.9 Whkg¢1

was retained, approaching the lower end of lithium ion
batteries.[17] Our ASC delivered much higher performance
than many reported results (Table S5). As shown in Fig-
ure 4d, the specific energy decreased by only � 1.7% after
5,000 cycles, suggesting robust stability and long operational
life.

In summary, the tetragonal SCN with high oxygen-
vacancy concentration was developed as an electrode mate-
rial for supercapacitors, demonstrating high volumetric and
gravimetric capacitance and stable cycling performance. The
SCN/AC asymmetric supercapacitor displayed high specific
energy and outstanding stability. It is also shown that the
perovskite materials can achieve high capacitance through
the anion-insertion mechanism, paving a new way for the

Figure 3. a) The b value determination of normalized anodic and
cathodic peak currents. b) Plot of Q versus n¢1/2. c) Plot of Q¢1 versus
n1/2. d) Profile of the cathodic peak shift of SCN.

Figure 4. a) CV curves at various scan rates and b) GCD curves at
various current densities of the SCN/AC ASC. c) Ragone plots of the
SCN/AC and AC/AC supercapacitors. d) Cycling stability of SCN/AC
ASC.
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development of supercapacitors with high energy and power
density. The SCN has potential as a remarkable electrode in
the next-generation high-performance supercapacitors.
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