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[32_TD$DIFF]A B S T R A C T

The energy density of non-aqueous carbon-based electrochemical capacitors (cEC) is mainly determined
by the specific capacitance and operational voltage range. In this study, we propose to construct an
unbalanced structure to make full use of stable voltage range for improving energy density. The stable
voltage range is firstly carefully explored using cyclic voltammetry. Then an unbalanced carbon-based
electrochemical capacitor (ucEC) is constructed with an optimized positive electrode to negative
electrode weight ratio and voltage range. Its electrochemical performance is comprehensively
investigated, including energy density, power density as well as cycle life. The ucEC is capable to
deliver an improved energy density up to 64.9Wh/kg (1.4 times as high as a general cEC) without
sacrificing the power density and cycle life. The electrode properties after cycling are also analyzed,
illustrating the change of electrode potential caused by unbalanced structure. The proposed structure
demonstrates a great potential for improving the energy density at little cost of electrode design and cell
configuration.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Non-aqueous carbon-based electrochemical capacitor (cEC) is a
typical practical high-power energy storage device, with the
capability to deliver an extremely high power density (>10 kW/kg)
and long cycle life (>100,000 cycles), but relatively low energy
density (<10Wh/kg), which largely limits its commercial applica-
tion [1–6]. Fundamentally, the energy density of cEC is mainly
determined by the specific capacitance and voltage of electro-
chemical capacitor device following the formula E = 1/2 CV2, where
C and V stand for the specific capacitance and the voltage of cEC,
respectively [7].

In the past few decades, a large number of studies have been
reported to increase the specific capacitance and/or working
voltage range to boost the energy density of cEC. They can be
divided into three categories, including (I) developing specific
carbon materials with desirable specific surface area and pore
structures [8–12]; (II) introducing pseudo-capacitance properties
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into carbon materials by heteroatom doping [13–16]; and (III)
constructing high voltage electrode-electrolyte systems [17–20].
However, in practical level, the improvement by approach (I) is
relatively limited due to the low ion concentration in non-
aqueous electrolyte, which should be the most important energy
density limitation of practical electrochemical capacitors [21,22];
approach (II) will inevitably sacrifice the power density and cycle
life of electrochemical capacitors, which are the most important
characteristics of electrochemical capacitors; and there have been
few reports in the literatures concerning approach (III) due to the
arduous electrode and electrolyte developments with stable
high-voltage properties [23]. Therefore, the development of
practical approach for improving the energy density of electro-
chemical capacitors is crucial yet challenging [24,25].

Mechanistically, cEC achieves the energy storage by anion and
cation adsorption on the surface of positive and negative electro-
des, respectively. During the charging process, the potential
changes for positive and negative electrodes are synchronal, as
shown in Fig. 1, and there are upper and lower limit for both
electrodes ([33_TD$DIFF]Figs. 1a and b). For cECs, electrochemical stable stands
for no side reaction occurred. And the maximum electrochemical
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. The scheme images of charge profiles for carbon-based electrochemical capacitors. Balanced electrochemical capacitor with unused lower voltage range (a), unused
higher voltage range (b), and unbalanced electrochemical capacitor with fully used safe working voltage (c).

904 J. Zheng et al. / Chinese Chemical Letters 31 (2020) 903–908
stable voltage of commercial non-aqueous carbon-based EDLCs is
commonly 2.7 V [26,27]. When EDLCs are charged/discharged
within electrochemical stable potential window, there is rarely
side reaction occurred at electrode, and the coulombic efficiency is
approximately 100%. Once the potential of any electrode breaks the
limit, the multiple types of side reaction on positive or negative
electrode occurs [28], which both leads to poor coulombic
efficiency and low cycle life. Unfortunately, the distinct properties
of the cation and anion in electrolyte, for instance, size, charge, and
solvation properties, yields to an asymmetry in the charging
processes on the positive and negative electrodes [3], whichmeans
the potential windows of positive and negative electrodes for
charging are probably asymmetrical as shown in [33_TD$DIFF]Figs. 1a and b.
Therefore, the voltage of cEC should be controlled by the stable
upper and lower potentials simultaneously, and more often than
not only one electrode reaches the maximum potential, i.e.,[34_TD$DIFF] the
stable working voltage of current cEC has not been fully used
[1,29]. The idea of unbalanced structure was only occasionally
reported in the literature for aqueous supercapacitors [25].

Herein, we proposed to construct an unbalanced non-aqueous
carbon-based electrochemical capacitor (ucEC) to make full use of
stable working voltage range for improving energy density as
shown in Fig. 1c. By optimizing the weight ratio of positive
electrode to negative electrode, we are able to fully utlize the
voltage range so that both positive and negative electrodes reach
the maximum potential for stable cycling [30,31] (Section S1 in
Supporting information). As a result, ucECwith adjustedmass ratio
of electrode can operate at higher working voltage, which enables
to largely enhance the energy density. Moreover, decreasing the
mass loading of one electrode can decrease the weight of device,
which would cut manufacturing costs and further enhance the
energy density. Specifically, the ucEC delivers an improved energy
density up to 64.9Wh/kg (1.4 times as high as a general cEC)
without sacrificing the power density and cycle life. This simple
and general approach possesses a great potential for improving the
energy density of electrochemical capacitors at minimum engi-
neering cost.

N2 adsorption-desorption isotherm of the activated carbon (AC)
was ascribed to typical type I isotherms according to IUPAC
classification. And the morphologies and microstructure were
observed through field emission scanning electron microscopy
(SEM, Zeiss Ultra 55) at 5 kV, JEOL 1010 transmission electron
microscope (TEM), and FEI Tecnai 20 high-resolution (HRTEM).
Electrodes were prepared by doctor-blade coating method [32].
The slurry composed of AC (90wt%, Kuraray YP-50F), Ketjen Black
(5wt%) and PVDF (5wt%) was coated on aluminum foil. After
drying in air at 80 �C for 24 h, the electrodes were obtained by
punching the foil into small piece with a dimeter of 12.0mm. The
coin cells (CR2032) were fabricated in an Ar filled glove box, with a
microporous glass microfiber filter (Whatman GF/F) as separator
and electrolyte composed of 1mol/L tetraethylammonium
tetrafluoroborate (TEATFB) in propylene carbonate (PC). Electrode
mass ratios of tested capacitors are summarized as shown in
Table S1 (Supporting information).

The cyclic voltammetry (CV) profiles at different voltage ranges
and scanning rates were recorded using CHI660. The electrochem-
ical impedance spectroscopy (EIS) was tested at the open circuit
voltage (OCV) within the frequency of 10�1–106 Hz using CHI660.
The galvanostatic charge and discharge testswere conducted using
a Neware battery tester.

The specific capacitance (C), energy density (E) and power
density (P) of electrochemical capacitors are calculated using
Eqs. (1)–(3) [33,34], where I is the constant current density based
on total mass of positive and negative electrode,Dt is the discharge
time, and V is the working voltage.

C ¼ IDt
DV

ð1Þ

E ¼
Z

IVdt ð2Þ

P ¼ E
Dt

ð3Þ

As the porosities of AC shown in Fig. S1 (Supporting
information), indicating there are mainly micropores and meso-
pores in AC, and the specific surface area is as high as 1600 cm3/g.
There is no obvious pore over 50 nm could be observed, as revealed
in the TEM images ([33_TD$DIFF]Figs. S1c and d), indicating no macroporous
existing in AC.

We firstly explored the stable voltage range of various ucEC
systems (abbreviated to ucEC-X:Y) using CV at the scanning rate
of 10mV/s, where X:Y represents the mass ratio of negative
electrode to positive electrode. The CV tests of different mass
ratios of ucEC and cEC at a voltage of 2.7 V were compared in
Fig. 2a. All curves are shown typical rectangular shape, indicating
double-layer electrochemical properties [35]. However, the
ucECs with less negative electrode mass ratio [35_TD$DIFF](X < Y) have more
rectangular shape than cEC, but the situations of the ucECs with
less positive electrode mass ratio (X > Y) is contrary. It is
indicated by adjusting the mass ratio of electrodes, the influence
of side reactions can be mitigated. As shown in Fig. 2b, the CV
curves are rectangular shape under different voltage ranges,
illustrating the total double-layer electrochemical properties of
these ucEC systems [35]. If the cell voltage range is increased
beyond 2.7 V, a current increase can be noticed at high voltage
range (Fig. [36_TD$DIFF] 2b and Fig. S2 in Supporting information). The
current-increase tail indicates the unwanted decomposition of
electrolyte, which is a faradic process [25,36]. The existence of
tail decreases the calculated capacitance ratio of anodic and
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Fig. 2. (a) The CV curves of various ucECwithin the voltage range of 0–2.7 V at the scanning rate of 10mV/s; (b) The CV curves of cECwithin different voltage ranges from0–2.1
to 0–3.5 V; (c,d) The coulombic efficiency of various ucEC within various voltage ranges; (e) Multi-rate performance of cEC-1:1 and ucEC-1:1.3 at different current densities;
(f) The charge and discharge profiles of ucEC-1:1.3@96% at different current densities; (g) The cycling performance of cEC-1:1 and ucEC-1:1.3; (h) Ragone-plot of cEC-1:1 and
ucEC-1:1.3.
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cathodic processes (A/C ratio, the calculation formula is shown in
Section S2 in Supporting information). As A/C ratio shown in
Figs. 2c and d and Fig. S3 (Supporting information), the results
are less than 100%. The reason is that the porous surface of
electrode would contain various impurities and functional
groups, which would involve Faradic charge transfer in the
potential range of operations. These kinds of Faradic reactions
can be considered as self-discharge reaction, which will decrease
the total amount of charges in the double-layer [37,38]. With
increasing the operating voltage range, the A/C ratio decreases
gradually, which indicates some side reactions occurred on
positive electrode and/or negative electrode [35]. As shown in
Fig. S3, when the weight of negative electrode is higher than
positive electrode, i.e., X> Y, the A/C ratio decreases continuously
with the X increasing, indicating that positive electrode reaches
the potential limit for safe operation first (Fig. 1a). On the
contrary, when X< Y, i.e., the weight of negative electrode is
lower than positive electrode, an highest A/C ratio is obtained
when the X:Y = 1:1.3 ([33_TD$DIFF]Figs. 2c and d), indicating there exists
unused voltage range for negative electrode (Fig. 1a). These
results confirm the stable voltage window of cEC is in accord with
the Fig. 1a, which indicates we can construct ucEC by reducing
the weight of negative electrode to enlarge the working voltage
range (Fig. 1c), and the stable voltage window would be fully
utilized when the weight ratio of negative electrode to positive
electrode was optimized to 1:1.3.

Based on the above analysis, we comprehensively evaluated
electrochemical performance of two specific structures of cEC-1:1
and ucEC-1:1.3 with the A/C ratios of 98% and 96%, which could
represent the situations with no side reactions and minor side
reactions respectively due to unstable working voltage range. It
needs tobenoted that all theA/C ratiosare lower than100%,which is
probably resulted from the side reactions of functional groups and
electrolyte [28]. As expectedly, the working voltages for ucEC-1:1.3
are 2.68 V (ucEC-1:1.3@98%) and 3.20 V (ucEC-1:1.3@96%), much
higher than those forcEC-1:1.3, i.e., 2.38 V (cEC-1:1@98%) and2.93 V
(cEC-1:1@96%), which are obtained from Fig. 2d and Table S2
(Supporting information). Therefore, the multi-rate performance
and cycle stability of cEC-1:1 anducEC-1:1.3were conducted under
their correspondingworking voltages as shown in [33_TD$DIFF]Figs. 2e–h. At the
low current density of 0.1 A/g, ucEC-1:1.3 delivers a higher specific
capacitance of 12.60 F/gtotal (@96%) and 15.16 F/gtotal (@98%),
respectively, in comparison with those of cEC-1:1, which are
12.16 F/gtotal (@96%) and 14.23 F/gtotal (@98%), respectively, as
shown in Fig. 2e, [37_TD$DIFF]Figs. S4 and S5 (Supporting information). After
carefully comparing the charge and discharge processes of cEC-1:1
and ucEC-1:1.3 (Section S3 in Supporting information), it can be
speculated that the enhancement of specific capacitance is due to
the reduced electrode weight and the ucEC structure would lower
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thepotential of positiveelectrodeandmitigate the side reactionson
positive electrode. Meanwhile, the above obtained A/C ratios of
ucEC are clarified to be caused by the side reactions of both positive
and negative electrodes. At low current densities, ucEC-1:1.3
delivers similar synchronous degradation rate with cEC-1:1.
However, surprisinglyucEC-1:1.3 exhibitsmuchhighercapacitance
retentions than cEC-1:1 when the current densities increased to
higher than 4 A/g. This result indicates the side-reaction original
from positive electrode might cause more severe effect than
negative electrode formulti-rate performance [28], whichwill also
be further investigated later in this section. Also, initial coulombic
efficiency is less than 100%, and at 50 times, there is a significant
change. This phenomenon is resulted from the side Faradic
reactions on the surface during first several cycle due to the redox
reaction of impurities and functional groups on the carbon surface
[39,40]. Moreover, after long cycles testing, the impurities and
surface functional groups would be consumed. Hence, when the
capacitors are charged/discharged again under lowcurrent density,
the coulombic efficiency is near 100%.

Furthermore, long-termcyclingperformancewasperformedatthe

ucEC-1:1.3 exhibits higher initial capacitance of 20.26 F/g@98%, and
21.75 F/g@96% than cEC-1:1 (18.53 F/g@98%, and 19.70 F/g@96%), and
similar capacitance retentions after 10,000 cycles of 90.4% (@98%),
77.3% (@96%) for ucEC-1:1.3, and 93.1% (@98%), 77.4% (@96%) for
cEC-1:1, respectively. Ragone Plot graph (Fig. 2h) displays that
ucEC-1:1.3 delivers improved energy density of 38.8Wh/kg (@98%)
and 45.8Wh/kg (@96%) and power density of (2.6 kW/kg (@98%)
and 2.8 kW/kg (@96%)) in comparison with cEC-1:1. These results

(Supportinginformation).Consistentwith the results ig. 2e, thein F
current densityof 2 A/g for10,000 cycles, as shown in Fig.2g and Fig.
S6
[(Fig._3)TD$FIG]

Fig. 3. (a,b) EIS curves of positive and negative electrodes after cycling, respectively; (
electrode potentials for positive and negative electrodes.
confirm constructing unbalanced structure is effective to expand
the working voltage and thus improved energy density and
power density. Moreover, the ucEC still kept excellent long-term
cycling performance, exhibiting a great potential for practical
applications.

To carefully illustrate the electrode stability in ucEC-1:1.3
structures, EIS was utilized to characterize the electrodes after
10,000 cycles by constructing new capacitors consisted of a fresh
AC electrode and a cycled AC electrode (Section S4 in Supporting
information), which enables the separate analysis of cycled
positive and negative electrodes [41,42]. In general, the energy
storage process for cEC is a non-faradic process. Ideal EIS curves
should be consisted of three regions, including a pure resistance at
very high frequency, a vertical line representing a pure capacitive
behavior at very low frequency, and the influence of electrode
porosity in the middle frequency domain [13,43,44]. However, the
actual curves also include a semi-circle, which is suggested to
represent interfacial impedance between active material/current
collector and between active material/ active material [45,46]. The
overall resistance of semi-circle is raised through formation of
faradic side-reaction products on the active material [46].
Moreover, the slope of the inclined linear line of actual capacitor
is no longer 90� and the deviation degrees acts as an indicator for
non-ideality (faradic side-reactions) of the capacitive behavior
[46–48]. Figs. 3a and b display the EIS curves of positive and
negative electrodes after cycling, respectively, and corresponding
deviation degrees are summarized in Fig. 3c. The positive
electrodes at 96% conditions have larger deviation in comparison
with the samples at 98%,which indicatesmore side-reaction at 96%
conditions. And the cEC-1:1 shows a more serious deviation than
c) Corresponding charge transfer deviation degrees of EIS curves; (d) Schematic of
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Fig. 4. SEM images of fresh electrodes (a), cEC-1:1@96% electrodes (b) and ucEC-1:1.3@96% electrodes (c); (X1) represents the images of positive electrode; (X2) represents
the images of negative electrode.
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ucEC-1:1.3 for positive electrode, indicating the positive electrode
of cEC-1:1 reached higher potential than the positive electrode of
ucEC-1:1.3, resulting in severer side-reaction. On the other hand,
only the ucEC-1:1.3@96% negative electrode reveals obvious
deviation, indicating side-reaction only occurs in this case. The
charging potentials of positive and negative electrodes for these
samples can be summarized as shown in Fig. 3d and Table S3
(Supporting information). The A/C ratio for ucEC-1:1.3@96% is
affected by combined reaction of positive and negative electrodes,
and the unbalanced structure mitigates the side-reactions on
positive electrode, consistent with the electrochemistry results
above.

Furthermore, the SEM of fresh and cycled electrodes was also
performed as shown in Fig. [38_TD$DIFF] 4 and Fig. S7 (Supporting
information). At the 98% conditions, there are no obvious
morphological changes in comparison with fresh electrode
regardless of positive and negative electrodes (Fig. S7), indicat-
ing the working potentials for positive or negative electrodes are
all in stable voltage range with no serious side-reaction.
However, when the A/C ratio decreases to 96%, the morphology
of positive and negative electrodes for cEC-1:1 and ucEC-1:1.3
are quite different. It can be clearly observed that a layer of
polymeric products (indicative of SEI formation) on positive
electrode of cEC-1:1 and on negative electrode of ucEC-1:1.3
( [33_TD$DIFF]Figs. 4b and c), which suggests the positive electrode of cEC-1:1
reaches a higher potential than ucEC-1:1.3, while the negative
electrode of ucEC-1:1.3 operates at lower potential. Therefore,
the SEM results also demonstrate the electrode behaviors
of positive and negative electrode in consistent with the result
in Fig. 3d.

In this study, an unbalanced carbon-based electrochemical
capacitor is constructed by adjusting the negative and positive
electrode ratio to an optimal value of 1:1.3. The unbalanced
structure enables the electrochemical capacitor to fully utilize the
stable working voltage of 2.68 V with 98% columbic efficiency and
3.20 V with 96% coulombic efficiency. As a result, the ucEC is
capable to deliver a higher energy density of 64.9Wh/kg, 1.4 times
higher than that for cEC. Most importantly, the ucEC keeps an
ultrahigh power density of 10.3 kW/kg and ultra-stable long-term
cycling life of 74.5% capacitance retention after 10,000 cycles. The
electrochemical stability of the ucEC are also comprehensively
illustrated by EIS and SEM of cycled electrodes., The reported ucEC
provides a feasible approach to improve the energy density
without sacrificing the power density and cycle life for practical
applications.
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