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Abstract
A compact Janus membrane, which consists of sulfonated polystyrene and quaternized polystyrene, is
used as the separator to assemble a novel carbon-based supercapacitor. The aqueous acidic and alkaline
electrolyte solutions can be simultaneously used in one supercapacitor device. The carbon-based
aqueous supercapacitor can not only run at a high cell voltage of 2.2 V, but also deliver a specific
energy of 20.06 Wh kg-1. Moreover, such a supercapacitor with specific energy of 40-50 Wh kg-1 can
be predicted after further optimization.
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1. Introduction
As a key enabler for modern society, energy storage is necessary for various energy applications, such
as portable electronics, electric vehicles and grid storage. Supercapacitors and Li-ion batteries (LIBs)
are two highly desirable energy storage devices at present. [1] Compare with LIBs, supercapacitors
have a high specific power (10 kW kg-1) and long cycle life but suffer from low specific energy (only
5-10 W h kg-1). [2] As a result, there is a worldwide effort to resolve the specific energy issue of
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supercapacitors.
According to the formula: E=1/2CV2, there are two strategies to boost the specific energy of
supercapacitors.[3] One is to increase the capacitance of supercapacitors, including exploring new
carbon-based materials with large surface area and high N doping level,[4-6] adopting
pseudocapacitive materials with high specific capacitance,[7] and adding redox species in the
electrolyte.[8-10] The other is to increase the voltage of supercapacitors, including using non-aqueous
electrolytes to obtain a high operating voltage of above 3.0 V,[11-13] assembling asymmetric
supercapacitors with a capacitor-type electrode and a battery-type electrode [14-16], balancing the
loading mass of two electrodes,[17] and adjusting the cutoff potential for two electrodes.[18] However,
these methods to increase the capacitance and/or enlarge the cell voltage have their respective
disadvantages, such as flammability, low ionic mobility, time-consuming fabricating process or high
cost. Consequently, a facile approach of boosting the specific energy and voltage of aqueous
supercapacitors still remains a great challenge.
Janus membrane is a membrane with opposing properties (e.g. hydrophilicity/hydrophobicity and
positive/negative charges) on each side, [19] which has a promising potential for various applications,
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such as nanofiltration, catalytic contactor, demulsification, emulsification, aeration, fog harvesting,
osmosis energy harvesting, battery. [20]
It is well-known that a supercapacitor has three key components: electrode, electrolyte and separator.
All methods mentioned above are based on the modification of electrode and electrolyte. Herein, we
proposed a method based on the separator to increase the specific energy and the cell voltage. A
compact Janus membrane as the separator, which consists of sulfonated polystyrene (SPS) on one side
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and quaternized polystyrene (QPS) on the other side, is employed to design a supercapacitor with novel
configuration (Scheme 1).

Scheme 1. Schematic of the supercapacitor using a Janus membrane
In such a supercapacitor, two activated carbon electrodes are separated by the compact Janus
membrane. The spaces on the SPS side and the QPS side are filled with 1 M H2SO4 and 2 M KOH
aqueous solutions, respectively. It is obvious that the supercapacitor is still based on the electrical
double layer mechanism and classified as an electrical double layer capacitor (EDLC). As shown in
4

Scheme 1, when it is charged, K+ cations and SO42- anions are accumulated at the surfaces of activated
carbons on the negative electrode and the positive electrode, respectively. At the same time, OH- and
H+ transfer towards the Janus membrane and meet in the interface of SPS and QPS to generate H2O
molecules. When it is discharged, the process is converse.
The EDLC with such a configuration can utilize the different stable potential windows of positive and
negative electrodes and their over-potentials, which results in a high operating voltage of up to 2.2 V.
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Consequently, its specific energy reaches 5 times as high as that of a conventional EDLC with sole 1 M
H2SO4 or 2 M KOH aqueous solution at least.
The stable potential windows of an activated carbon electrode in 2 M KOH and 1 M H2SO4 solutions
are -1.2 -0 V (vs. NHE) and 0 -1.0 V (vs. NHE), respectively (Figure S1). For the assembly of an
EDLC using a Janus membrane, it is worth mentioning that the electrodes of the EDLC on the SPS side
and the QPS side can be only served as positive electrode and negative electrode, respectively.
Otherwise the EDLC does not work well and has a very high voltage drop (~1 V) because the
transference of K+ cations and SO42- anions through the Janus membrane is blocked by the Janus
membrane (Figure S2).
The capacitive performances of such an EDLC are displayed in Figure 1. Comparison of the cyclic
voltammetry (CV) curves of the EDLC under different voltage windows at a scan rate of 50 mV s-1
demonstrates that the EDLC can harness the potential windows of activated carbon electrodes in 2 M
KOH and 1 M H2SO4 solutions to reach a high cell voltage of 2.4 V (Figure 1a). The EDLC exhibits a
rectangle-like CV curves in a large cell voltage range from 0 to 2.2 V, which is twice as that of
conventional carbon-based EDLCs using KOH or H2SO4 solutions (~1 V). However, the current of the
5

EDLC significantly increases when the cell voltage exceeds 2.3 V, which is related with the
decomposition of water. [21] Galvanostatic charge-discharge (GCD) curves of the EDLC under
different voltage windows at a specific current of 1 A g-1 are also collected to further evaluate the
electrochemical performance (Figure 1b). The discharge curves of the EDLC demonstrate a nearly
linear relation of discharge/charge voltage versus time, suggesting a capacitor-like behavior. The
absence of obvious voltage drop means the low internal resistance of the EDLC. Furthermore, all the
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specific capacitances of the EDLC calculated from these GCD curves are close to 34 F g-1 (based on
the total weight of the anode and cathode active materials).
Figure 1c presents CV curves of the EDLC at the scan rates ranging from 5 to 100 mV s-1 under 2.2 V.
The CV curve at the scan rate of 5 mV s-1 is a rectangular shape without noticeable redox peaks,
revealing an ideal capacitive behavior. In addition, the CV curve still remains a definite rectangular
shape without obvious distortion even at the scan rate of 100 mV s-1, implying an excellent reversibility
and good rate performance. It is consistent with the nearly symmetric and linear GCD curves. The
specific capacitances of the EDLC at various current densities under 2.2 V are plotted in Figure 1d. It
can be found that the specific capacitance gradually decreases with the increase of the current densities
because electrolyte ions has not enough time to access the interior parts of activated carbons and only
the outer active surfaces of activated carbons are used for charge storage at high current densities. The
specific capacitances are 45.8, 36.9, 34.4, 31.4 and 29.4 F g-1 at the different current densities of 0.1,
0.5, 1, 2, and 3 A g-1, respectively. It illustrates the specific capacitance retains about 64% of the
original capacitance when the specific current increases from 0.1 to 3 A g-1, exhibiting a high rate
capability.
6

Figure 1e provides the Ragone plot of the EDLC under 2.2 V. The EDLC displays specific energy of
12.65-28.07 Wh kg-1 and specific power of 36.46-916.56 W kg-1. At the specific current of 1 A g-1, the
specific energy of the EDLC is 20.06 Wh kg-1, which is more than 5 times as high as that of a
conventional EDLC with sole 1 M H2SO4 or 2 M KOH solution (Figure S3). The value is one of the
highest specific energy of EDLCs based on carbon//carbon in literature (Table S1). One charged EDLC
using a Janus membrane can light a green light-emitting diode (LED) for 80 s (inset of Figure 2e and
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Video S1) or drive a mini-fan for 39 s (Video S2). While one charged conventional EDLC with 1 M
H2SO4 can only drive the mini-fan for 14 s (Video S3). The long-term cycle stability of the EDLC is
evaluated at the specific current of 1 A g-1 in the voltage window of 0-2.2 V (Figure 1f). Clearly, the
specific capacitance reduces to 96% of the initial specific capacitance in the first 100 cycles, then the
value still retains over 90% of the initial specific capacitance after 1500 cycles. Thereafter, the specific
capacitance shows considerable reduction and only 62% of the initial specific capacitance after 2200
cycles. The reason may be mainly attributed to the degradation of quaternary-ammonium groups on the
Janus membrane due to the Hofmann degradation or SN2 substitution under strongly alkaline
environments. [22] Nyquist plots of the EDLC before and after cycling test are obtained from
electrochemical impedance spectroscopy (EIS) and displayed in the inset of Figure 1f. In the lowfrequency region, the straight line nearly parallel to the virtual axis represents the ideal capacitive
behavior and the good ion diffusion. In the high-frequency region, the equivalent series resistance
increases from 3.85 to 4.89 Ω after cycling test. It may be also attributed to the degradation of
quaternary-ammonium groups on the Janus membrane, which results in higher resistance. But the
charge transfer resistance is almost unchanged (0.82-0.84 Ω) after cycling test, which indicates the
7

retained high charge transfer rate between the electrolyte and active materials.
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Figure 1. (a) CV curves of the EDLC using a Janus membrane under different voltage windows at a
scan rate of 50 mV s-1. (b) GCD curves of the EDLC under different voltage windows at a specific
current of 1 A g-1. (c) CV curves of the EDLC at different scan rates. (d) Variation of specific
capacitance with current densities of the EDLC (Inset: GCD curves of the EDLC at different current
densities). (e) Ragone plot of the EDLC and inset: a green LED lighted by one EDLC device. (f) The
cycling performance of the EDLC at a specific current of 1 A g-1 (Inset: Nyquist plots of the EDLC
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before and after cycling test).
It has been proved that the addition of redox-active mediators to electrolytes can boost the specific
energy of supercapacitors. [9,10] As a consequence, p-phenylenediamine and hydroquinone are added
in 2 M KOH and1 M H2SO4 of the EDLC using a Janus membrane in order to further increase the
specific energy. This revised EDLC delivers an specific energy of 48.4 Wh kg-1 at the specific current
of 1 A g-1 in the voltage window of 0-2.2 V (Figure S4a) and can drive the mini-fan for 112 s (Video
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S4). Unfortunately, its capacitive performance seriously deteriorates and specific capacitance retention
is less than 80% after 700 cycles at the specific current of 1 A g-1 (Figure S4b).
In summary, the porous separator of the conventional EDLC is replaced by a compact Janus membrane.
Accordingly, KOH and H2SO4 electrolytic solutions can be simultaneously used in such an EDLC. This
EDLC not only retains high ionic mobility of two electrolytic solutions, but also utilizes the different
stable potential windows of positive and negative electrodes. It can be successfully operated at 2.2 V
and delivers an specific energy of 20.06 Wh kg-1 at the specific current of 1 A g-1, which is over 5 times
as high as that of a conventional EDLC with sole 1 M H2SO4 or 2 M KOH aqueous solution. Therefore,
this investigation provides a novel guideline for boosting the specific energy and voltage of aqueous
supercapacitors based on active carbon electrodes.
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