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into the supercapacitor creates a tunable redox shuttle that con-
trols electron transfer processes at the polyaniline-modifi ed 
electrodes. Quinones are particularly excellent redox-active 
electrolytes (acting as mediating agents) due to their small size 
(high mobility) and the excellent electrochemical reversibility at 
low pH which makes them compatible with the family of acid-
doped polymers. [ 7,12 ]  

 The supercapacitor devices ( Figure    1  a) were fabricated by 
casting defi ned quantities of conventional polyaniline emer-
aldine-base (P) doped with H 2 SO 4  onto platinum (Pt) current 
collectors. UV-VIS-NIR spectroscopy confi rmed the presence 
of the metallic emeraldine-salt form of polyaniline (EM) after 
the drop-casting process (Figure S4). The BET surface area is 
22.1 m 2  g −1  for the emeraldine-di-hydrogensulfate (36.6 m 2  g −1  
for the emeraldine-base, Figure S5). Analysis with scanning 
electron microscopy (SEM) of the emeraldine salt fi lm revealed 
a network of interpenetrating particles creating a porous elec-
trode structure after drop-casting (Figure S6). Two identical pol-
ymer-modifi ed electrodes were sandwiched and separated by an 
ion-and-molecule-permeable glass membrane soaked with the 
quinone mediators (BQ and HQ) and the supporting electro-
lyte (H 2 SO 4 /AcOH). The addition of acetic acid was essential 
to keep both BQ and HQ freely disassociated in the electrolytic 
system, preventing the formation of the BQHQ acceptor-donor 
complex (quinhydrone). [ 13 ]   

 To evaluate the long-term cycling performance of the 
polymer-supercapacitors, galvanostatic charge-discharge experi-
ments were performed. The galvanostatic discharge method 
is the most accepted measurement method for determining 
capacities of supercapacitors. [ 14 ]  

 The addition of BQHQ redox-electrolytes greatly enhanced 
the cycling stability of the supercapacitors with polymeric elec-
trodes (P-BQHQ). The advantage of the presented multi-redox 
approach over the conventional polymer supercapacitors (P) 
is evident from cycling experiments (Figure  1 b and  1 c). The 
supercapacitor (P) with H 2 SO 4 /AcOH electrolyte and no added 
BQHQ shows an initial a specifi c capacitance (C s ) of 418 F/g 
followed by a rapid loss typical of polymer electrodes of 10% 
capacitance after 350 cycles and a capacitance retention of 80% 
(334 F/g) after 2800 cycles (Figure  1 b, grey curve). In the super-
capacitor with BQHQ-electrolytes (P-BQHQ), the capacitance 
starts at 86% of the maximum capacitance, reaches 95% after 
7 cycles and 100% of the maximal capacitance (524 F/g) after 
200 cycles (Figure  1 b, black curve). This feature indicates the 
presence of a complex equilibration/intercalation process at 
the polymer-modifi ed electrodes involving both the reductive 
hydroquinone and the oxidative benzoquinone molecules. The 
long-term cycling behavior displayed in  Figure    2  c illustrates 
outstanding performance over 50,000 cycles. After the fi rst 
13,000 cycles (Figure  2 c, upper graph), capacitance retention of 

  Supercapacitors (electrochemical capacitors) are energy storage 
devices that exhibit high power density discharging hundreds 
of times faster than batteries, as required for power and backup 
applications in vehicles, consumer electronics and solar cells. [ 1 ]  
Commercially available supercapacitors use carbon electrodes 
which display low capacitance as the energy is stored by the 
double-layer mechanism. [ 2 ]  Alternatively, redox-active mate-
rials (pseudo-capacitive materials) use faradaic processes to 
achieve higher specifi c capacities (C s ). Materials under research 
include redox-active polymer electrodes and carbon electrodes 
functionalized with polymers, transition metals and small 
molecules. [ 3,5b ]  In addition, a poly-pyrrole/lignin composite 
was used to increase the pseudo-capacitance of polymer elec-
trodes. [ 4 ]  Indeed, quinone-functionality is gaining attention for 
its ability to store 2 e − /2 H +  per quinone [ 3a , 4 ]  unit and its ability 
to enhance capacities in double-layer supercapacitors. [ 3a,5b,5d]     

 Among all pseudo - capacitive [ 3b ]  materials for supercapaci-
tors, polyaniline is one of the best candidates due to its high 
faradaic activity, [ 3c , 6 ]  good electrical conductivity [ 7 ]  and high sur-
face area that can be achieved by tailor-made synthetic routes. [ 8 ]  
Moreover, polyaniline is an abundant, low-cost, and easily 
processable material, which makes it useful in energy storage 
devices. [ 1c , 9 ]  However, poor cycling stability of electro-active 
polymers hampers the development of polymer-based super-
capacitor and battery devices. [ 1a , 3b , 10 ]  Supercapacitors require 
a long cycle life-time [ 11 ]  (>10,000 cycles) which is not often 
achieved with polymers, although improved stabilities were 
demonstrated in ultrafi ne dispersions of polyaniline on high-
surface area carbon substrates. [ 5a ]  

 Herein, we demonstrate that the previously unreported com-
bination of conventional porous polyaniline and quinone elec-
trolytes gives supercapacitors with unmatched cycling stability 
(>50,000) and high specifi c capacitance. We combine two redox 
systems: polyaniline as the porous electrochemically-active 
material and the benzoquinone-hydroquinone (BQHQ) redox 
couple as an electrolyte. Introduction of a second redox-system 
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99.5% was observed. At longer times (Figure  2 c, lower graph) a 
further increase of the capacitance of 15% was measured, dem-
onstrating the persistent stability of the polymeric electrodes in 
the presence of the BQHQ quinoid electrolytes. This increase 
in capacitance may be due to adsorption of the quinones at 
the electrodes or due to a change in the ratio of the BQ/HQ 
mediators near the electrodes during the repetitive cycling. 
These observed long-term stability characteristics are in sharp 
contrast to conventional polymer devices and exceed those of 
polymer-carbon hybrid-supercapacitors [ 5a , 9a , 9c , 9d ]  and quinone-
based supercapacitors with carbon electrodes. [ 3a ]   

 The performance, turn-on characteristics, and long-term sta-
bility were found to be dependent on the detailed mixture of 
benzoquinone and hydroquinone used. 

 In order to understand the stability, the electrochemical 
behavior of single components at controlled potentials was 
analyzed using a 3-electrode setup. Figure  2 a shows the cyclic 
voltammograms (CV) of all compounds used in the superca-
pacitors. The sweep rate was 25 mV/s for all CVs and scanning 
was from −0.1 V in the positive direction. Polyaniline exhibits 
two characteristic redox processes [ 6,20 ] : the anodic wave at 
0.26 V and the cathodic wave at −0.01 V corresponding to the 
transitions between leucoemeraldine (LE) and the metallic 
emeraldine (EM). A shifted “fi rst cycle” anodic wave was not 
observed during the CV measurement that would indicate the 
presence of leucoemeraldine. This further confi rmed the pres-
ence of the emeraldine-salt. The anodic wave at 0.85 V and the 
cathodic wave at 0.75 V correspond to the transitions between 
EM and the unstable pernigraniline (PE). [ 15 ]  The cathodic 

reduction wave of BQ→HQ is at 0.21 V and overlaps well with 
the electrochemical potential of the EM-LE transition. The 
anodic oxidation wave of HQ→BQ is located at 0.63 V which 
is at a less-positive potential than the unfavorable EM-PE 
transition. [ 15 ]  

 We speculate that the unstable PE state remains unpopu-
lated during charge–discharge cycles because of electron-
transfer between polyaniline and the quinones. This results in 
the inherent cycling stability displayed in Figures  1 c and  2 c. 
Moreover, the overall faradaic activity of the polymer, including 
ion-insertion and expulsion processes, [ 3b , 16 ]  is lowered which 
further enhances the stability of the polymer. 

 To confi rm the proposed mechanism for the enhanced sta-
bility, the cycling behavior of the P-BQHQ supercapacitor was 
compared with the P-HQ device (Figure  2 b, black curve) where 
solely electron-donating HQ electrolytes are employed. Addi-
tionally, the cycling behavior of the P-BQ supercapacitor is ana-
lyzed where solely electron-accepting BQ electrolytes are used 
(Figure  2 b, grey curve). A rapid decrease of the capacitance was 
observed in the P-HQ device. After an initial high C s  of 817 
F/g, a loss of 30% of the charge capacitance after a few cycles 
(11) was noted which continuously decreased to a capacitance 
of 426 F/g (capacity retention of 52%), much lower than the 
capacitance of the P-BQHQ device. However, after the initial 
C s  drop of 52% the P-HQ devices remain stable up to 50,000 
cycles (Figure  1 c). In contrast, the capacitance of the tested 
P-BQ supercapacitors dropped rapidly. After an initial high 
capacitance (629 F/g), a loss of 50% of C s  was observed after 
only 400 cycles and a loss of 80% of C s  was observed after 1600 
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 Figure 1.    a) Supercapacitor with two identical polymer-modifi ed electrodes prepared by depositing polyaniline in the metallic emeraldine-salt form 
(A −  = hydrogensulfate anions) onto Pt-metal current collectors. The electrodes are separated by an ion-and-molecule-permeable membrane and 
soaked with the quinone and supporting electrolytes (H 2 SO 4 /AcOH). During charge and discharge operations BQ and HQ electrolytes undergo redox 
processes at the electrodes. b) The specifi c capacity of the supercapacitors versus the number of cycles obtained from galvanostatic charge–discharge 
experiments (12.5 mA/cm 2 ) in BQHQ/H 2 SO 4 /AcOH (P-BQHQ, black curve) and in H 2 SO 4 /AcOH electrolyte solution (P, grey curve). c) Cycling 
behavior of the P-BQHQ supercapacitor over a longer time scale (50,000 cycles).
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cycles. This drop in performance is faster than in the conven-
tional polymer-device P (Figure  1 b, grey curve). 

 AC-impedance measurements further support these fi nd-
ings. The equivalent series resistance (ESR) estimated from 
the high frequencies (∼4.5 Ω) as well as the charge transfer 
resistance extracted from the small semicircles in the Nyquist 
plots (Figure S1) remain nearly unchanged after 50,000 cycles 
in the presence of HQBQ and HQ electrolytes. This is in con-
trast to the conventional polyaniline supercapacitor (P) where 
the internal resistance increases multiple times after long-term 
cycling due to the decomposition. When using BQ as the redox-
active electrolyte, the charge transfer resistance is increased by 
a factor of ten after long cycling. This correlates well with the 
observed rapid decrease of the capacitance in the P-BQ device 
in Figure  2 b. 

 The redox mechanism of quinones at single polyaniline-
modifi ed electrodes is well studied and is a complex process. 
Depending on the thickness of the polymer fi lm, the quinone 
redox-processes can occur at the outer or inner phase of the 
porous polymer or between the polymer and the Pt surface. [ 17 ]  
In a simple picture, the redox mechanism in a polyaniline 
supercapacitor with two identical polymer-electrodes can be 
described as the following: the positive electrode is doped (oxi-
dation of EM to PE) and the negative electrode is undoped 
(reducing EM to LE). In the discharged state of the supercapac-
itor (0 V) both electrodes are in the half oxidized/half reduced 
state (EM). [ 18 ]  The detailed redox processes of the quinones 
are much more complex and are the subject of future studies. 
Potentially, both the reduction and oxidation of the mediating 
quinones can take place on both the positive and negative 
electrode. 

 Interestingly, only the mixtures containing HQ result in 
long-term cycling stability and stable capacitance of the super-
capacitors. One plausible reason for the better performance of 
the HQ containing systems may be the enhanced solubility of 
HQ in aqueous systems. The rapid drop of capacitance in the 
P-BQ (without HQ) can be attributed to aggregation of BQ at 
the porous electrodes, inhibiting faradaic activity. The imped-
ance data (Figure S1) confi rm that the drop of capacitance in 
the conventional supercapacitor, P, is of different origin than 
that of the P-BQ supercapacitor. While both the internal- and 
charge-transfer resistance increase in the conventional device, 
P (decomposition of the polymer), only the charge-transfer 
resistance is increased in P-BQ after cycling. This suggests that 
the electronic properties of polyaniline in P-BQ are unchanged 
after long-term cycling. However, the detailed electrochemical 
mechanism needs to be further studied in detail. 

 Supercapacitors typically exhibit similar capacities over a 
broad range of discharge rates. The capacity depends on the 
mobility of the electrolytes and the thickness of the porous 
electrode network. In order to evaluate the interdependence 
of discharge rate, fi lm thickness, and capacitance, galvano-
static experiments were performed using supercapacitors with 
polymer fi lms of various thicknesses. The specifi c capacitance 
values increased in all supercapacitor devices in the pres-
ence of BQHQ electrolytes (Figure  2 d). When thin polymer 
electrodes (∼10 µm) were utilized, the  C  s  value increased by 
a factor of 5.5 compared to the pristine polymer devices (P) 
reaching a specifi c capacitance of 2646 F/g at the lowest meas-
ured current density (0.5 mA/cm −2 ). In the case of the thicker 
polymer fi lm (∼67 µm), the  C  s  values in the P-BQHQ super-
capacitor almost doubled (882 F/g). During discharge, a drop 
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 Figure 2.    a) Cyclic voltammetry (3-electrode setup) of a single polyaniline-modifi ed electrode (10 µm, black voltammogram) measured against a Pt 
wire (CE) with Ag/AgCl (RE) in supporting electrolytes (H 2 SO 4 , 1 M/AcOH 30%). The scan rate is 25 mV/s. Two transitions, LE-EM and EM-PE are 
observed. CV of the BQHQ solution (73 mM, 1:1) is measured with a bare platinum electrode (WE, 1 cm 2 ), against a Pt wire (CE) with Ag/AgCl (RE) 
at a scan rate of 25 mV/s (grey voltammogram). The CV shows a cathodic reduction wave (BQ to HQ) at 0.21 V and an anodic oxidation wave (HQ to 
BQ) at 0.63 V. b) The C s  of the supercapacitors with the number of cycles obtained from galvanostatic charge–discharge experiments (12.5 mA/cm 2 ) 
employing HQ (P-HQ, black curve) and BQ (P-BQ, grey curve) as redox-active electrolytes. c) Cycling performance of the P-HQ supercapacitor over 
longer time scales. d) Interdependence of discharge-rate and C s  values from galvanostatic discharge of the P and P-BQHQ supercapacitors. e) Single 
galvanostatic charge-discharge curves at 1 mA/cm 2  of the P, P-BQHQ and Pt-BQHQ (inset) supercapacitors. f) Areal capacitance for the P, P-BQHQ 
and Pt-BQHQ supercapacitors. Negligible capacitance is measured for the Pt-BQHQ system (X). HQBQ-Polyaniline devices ( ) show enhanced capaci-
tance compared to polyaniline devices ( ) due to a cooperative effect of the porous polymer fi lm and the quinones. In all measurements H 2 SO 4  (1 M) 
with AcOH (30%) was used as the supporting electrolyte.
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of C s  was observed when the discharge rate exceeded a value 
of 2 mA/cm 2  (Figure  2 d). 

 This point of transition is related to the transport of the 
BQHQ mediators. At low current rates more quinoid-molecules 
per unit time can fl ow through the porous fi lms, enhancing the 
capacitance. This feature is absent in the case of the pristine 
polymer supercapacitors pointing to a different charge storage 
mechanism. Nevertheless, we note relatively high  C  s  values for 
the pristine polymer supercapacitor which is attributed to the 
sub-mm electrode fi lms. 

 To understand at which electrochemical potential the redox-
processes take place, the shape of the galvanostatic charge-
discharge curves of the various supercapacitors were compared 
(Figure  2 e). The conventional supercapacitor P in solely sup-
porting electrolyte (Figure  2 e, grey curve) exhibits a symmetric 
triangular-shaped charge-discharge curve which is typical for 
electrochemical supercapacitors. [ 3d , 19 ]  However, in the novel 
P-BQHQ supercapacitor (Figure  2 e, black curve), the charge-
discharge curve exhibits different slopes due to the addition of 
the mediating quinones. The steep slope of the discharge curve 
from P-BQHQ and short discharge time above 0.4 V points to 
a reduced charge storage capability at higher voltage. At lower 
potential (<0.4 V), the quinones and the polymer are both 
electrochemically active. The plateau below 100 mV points to 
additional quinone redox activity and is absent in the discharge 
curve of the P supercapacitor. 

 To evaluate the discharge behavior of supercapacitors 
without the polymer-surface (i.e. the redox behavior of the 
quinones at the Pt surface), galvanostatic cycling of Pt-BQHQ 
supercapacitors was performed. The inset in Figure  2 d displays 
the charge-discharge curve (1 mA/cm 2 ) of a Pt-HQBQ device 
with no porous polyaniline fi lms. The measured capacities are 
a few milifarads (Figure S2), which is three orders of magni-
tude lower than the capacities measured in polymer-devices 
and demonstrates that no signifi cant capacitance can be gen-
erated at polymer-free Pt-electrodes. To compare the specifi c 
capacities of the Pt-electrodes and the porous polymer-modifi ed 
electrodes, the areal capacities are displayed in Figure  2 f. Negli-
gible capacitance is measured for supercapacitors with Pt-elec-
trodes and quinone electrolytes. When using polymer-modifi ed 
electrodes and quinone electrolytes, the areal capacitance is 
increased at all discharge rates. 

 The increase in capacitance in the P-BQHQ supercapaci-
tors is a result of a co-operative effect of the polymer-modifi ed 

electrodes and the quinone electrolytes. Self-discharge is a 
well-known problem in supercapacitors and is particularly pro-
nounced in polymeric supercapacitors. [ 3d ]  Depending on the 
thickness of the polymer fi lms, we observe a loss of charge 
within minutes to one hour. This problem has to be addressed 
in the future and is related to the fast dissociation of the highly 
mobile quinone-electrolytes from the polymer modifi ed-elec-
trodes. However, it is demonstrated that the combination of the 
BQHQ and the polyaniline system results in stable supercapac-
itor devices with very high charge-capacity. 

 In order to determine if irreversible chemical reactions 
between polyaniline and the quinones occur, a series of long-
term potentiostatic CV experiments on 2-electrode cells at 
25 mV/s with the supercapacitors were conducted. The black 
CV curve in  Figure    3  a is the polyaniline supercapacitor P 
without quinones and it shows the characteristic box shape for 
electrochemical supercapacitors. [ 14,19 ]  In the presence of the 
BQHQ electrolytes (Figure  3 a, blue CV curve), additional redox 
features between 0.2 V and 0.4 V and near 0 V appeared which 
can be assigned to redox-processes of the quinones. The elec-
trochemical activity of polyaniline is reduced at higher voltages 
during discharge as observed in the galvanostatic discharge 
experiments (Figure  2 e). When the BQHQ electrolytes were 
removed, the original polymer behavior returns (Figure  3 a, 
green CV curve). Therefore, most of the faradaic activity of the 
polyaniline is recovered after removal of the quinones. The 
weak redox signal at ∼0.25 V can be attributed to the residual 
BQHQ in the system which could not be completely removed. 
As a control experiment we measure the CV (25 mV/s) of 
the polymer-free Pt-BQHQ (2-electrode) supercapacitor. The 
low measured current response Figure  3 a (red curve) can be 
assigned to the oxidation of HQ to BQ. Moreover, the rapid 
decrease of the current during cycling as displayed in Figure S3 
is due to the incomplete redox reaction and adsorption of the 
quinones on the blank platinum electrodes. This again dem-
onstrates the great advantage of the polyaniline-modifi ed elec-
trodes to conduct reversible redox reactions in electrochemical 
supercapacitors.  

 The galvanostatic impedance technique allows analysis 
of the charge-transfer activity during device operation. To 
investigate the relationship between discharge rate and qui-
none redox-activity in the supercapacitors, we recorded indi-
vidual in–situ single-frequency impedance-voltage curves 
(400 mHz-40 kHz). The obtained resistance values are plotted 
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 Figure 3.    a) Cyclic voltammograms (25 mV/s) of the various supercapacitors (2-electrode confi guration). Polyaniline supercapacitor P without qui-
nones (black curve). P-BQHQ supercapacitor with BQHQ quinones (blue curve). P-BQHQ supercapacitor after removal of the quinones (green curve). 
CV of the supercapacitor with blank Pt-electrodes (red curve) and BQHQ (73 mM, 1:1) as redox-active electrolytes. b) Bode plot of the frequency  vs.  
the resistance (at 10 mV) for the conventional supercapacitor P. c) Bode plot of the frequency  vs.  the resistance (at 10 mV) for the novel P-BQHQ 
supercapacitor. The supporting electrolyte in all supercapacitors was H 2 SO 4  (1 M) with AcOH (30%).
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against the frequencies in Figure  3 b/c at a constant voltage of 
10 mV, where the quinone activity in the P-BQHQ devices is 
most pronounced. The resistance at high-frequencies (1 Hz to 
40 kHz) corresponds to the electronic conductivity and is very 
comparable in both the conventional polymer supercapacitor 
P (Figure  3 b) and the P-BQHQ supercapacitor (Figure  3 c). 
However, the charge-transfer resistance at low frequencies 
(400 mHz-10 Hz) is different. In the conventional superca-
pacitor P with solely supporting electrolytes, the frequency/
resistance relationship is independent of the discharge-rate 
(Figure  3 b). 

 When HQBQ electrolytes are present a marked reduction of 
the resistance (400 mHz-10 Hz) is observed (Figure  3 c) when 
the discharge current is slow (0.5 mA/cm 2 ). This points to 
the enhanced charge-transfer-processes of the quinones at the 
polymer-modifi ed electrodes during slow discharge giving the 
high specifi c capacities. 

 In conclusion, we demonstrate a new approach for a stable 
polymer-supercapacitor. The polyaniline-benzoquinone super-
capacitor gives simultaneously high pseudo-capacitance and 
unmatched cycling stability (>50,000). The increased capaci-
tance in the polyaniline-quinone supercapacitor is attributed 
to the fast and reversible charge-transfer process between the 
polyaniline-modifi ed electrodes and the quinones. Simultane-
ously, the extent of unfavorable redox processes in polyaniline 
is lowered – enhancing the long-term stability of the porous 
electrochemically active polymer. The combination of the qui-
none redox chemistry and acid-doped conductive polymer cre-
ates a low-pH supercapacitor device which is inherently stable.  

  Experimental Section 
 The polymeric supercapacitors were prepared as follows. The polymer 
electrodes were prepared by doping 20 mg of the commercially 
available polyaniline emeraldine-base (Sigma-Aldrich, average M w  
∼50,000 g/mol) with H 2 SO 4  (2.0 M, 200 µL) to form in-situ the emeraldine 
di-hydrogensulfate. [ 20 ]  After addition of the acid, the blue color of the 
suspension (emeraldine-base) turned immediately to green (formation 
of the emeraldine salt). The green suspension was diluted with DMSO 
(200 µL) and sonicated for 45 min. The green polymer suspension was 
vigorously stirred each time before drop casting on mass-fabricated 
Pt-substrates (d = 200 nm, 1 cm 2 ) used as current collectors. The fi lms 
were dried at 40 °C (1 h) and at room temperature (6 h) in the presence 
of air. No porous carbon material or other binder was used. The BQHQ 
(73 mM, 1:1) solution was freshly prepared by dissolving BQ and HQ 
in a solution of aqueous H 2 SO 4  (1 M) with AcOH (30%) to dissolve 
the formed quinhydrone complex. The BQ (73 mM) and HQ (73 mM) 
solutions were prepared by dissolving the single quinone compound 
in H 2 SO 4  (1 M) with AcOH (30%). The electrolyte solution was H 2 SO 4  
(1 M) with AcOH (30%) in all experiments where no quinones were 
used. The supercapacitor devices were fabricated by using two identical 
polymer electrodes. They were separated by a glass fi lter (∼2 mm thick) 
soaked with electrolyte solution. Prior to long-cycling tests, the P-BQHQ 
and P-HQ supercapacitor devices were preconditioned by asymmetric 
galvanostatic charge-discharge cycles at constant current (2.5 mA/cm 2 , 
25 × ±0.65 V) in BQHQ electrolyte solution. Removal of the quinones 
in the cycled BQHQ-supercapacitors (Figure  3 a) was conducted as the 
following. BQHQ-supercapacitors were soaked (2 h) in an aqueous 
solution of H 2 SO 4  (0.5 M)/AcOH (15%)/MeOH (50%). The procedure 
was repeated three times to remove most of the quinones from the 
porous electrodes. All measured C s  values correspond to the point at 
steady state at maximum capacitance. The electrochemical cell behavior 

of the two-electrode supercapacitors and the 3-electrode cells were 
studied using a Bio-Logic VMP3 potentiostat. 3-electrode experiments 
were performed in a micro-cell with a Pt wire as counter electrode and 
Ag/AgCl (with sat. KCl, CH Instruments, USA, Part No. CHI111) as 
reference electrode.  
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