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(57) ABSTRACT 

An electrochemical energy storage device includes a first 
polymer electrode and a second polymer electrode spaced 
apart from the first polymer electrode Such that a space is 
reserved between the first and second polymer electrodes. 
The space reserved between the first and second polymer 
electrodes contains an electrolyte that comprises a quinone 
compound. The first and second polymer electrodes each 
consist essentially of acid-dopable polymers. 
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A MULTICOMPONENT APPROACH TO 
ENHANCE STABILITY AND CAPACITANCE 
N POLYMER-HYBRD SUPERCAPACTORS 

0001. This application claims priority to U.S. Provisional 
Application No. 61/866,398 filed Aug. 15, 2013, the entire 
content of which is hereby incorporated by reference. 
0002 This invention was made with Government support 
of Grant No. DE-FG02-08ER46535, awarded by the Depart 
ment of Energy, Office of Basic Energy Sciences. The U.S. 
Government has certain rights in this invention. 

BACKGROUND 

0003 1. Technical Field 
0004. The field of the currently claimed embodiments of 

this invention relates to electrochemical energy storage 
devices, and more particularly to electrochemical energy Stor 
age devices with enhanced stability and capacitance. 
0005 2. Discussion of Related Art 
0006 Supercapacitors (electrochemical capacitors) are 
energy storage devices that exhibit high power density dis 
charging hundreds of times faster than batteries, as required 
for power and back up applications in vehicles, consumer 
electronics, and solar cells. While the current generation of 
commercially available “double-layer supercapacitors uses 
carbon as electrodes, research has been going on in the last 
few decades to increase the energy density in carbon-based 
Supercapacitors by Surface functionalization of the electrodes 
with redox active polymers, transition metals, or Small mol 
ecules. I'll 
0007 Polymers are abundant, low-cost, and easily pro 
cessable materials, making them a candidate for the next 
generation of light-weight, thin, flexible, transparent, and 
low-cost energy storage solutions.' ' 
0008 Moreover, electro-active polymers exhibit high 
intrinsic electric conductivity, large surface area, and 
cascades of quickly accessible redox states,' which makes 
them Superior high-energy density electrode materials for 
Supercapacitors. However, the low electrochemical cycling 
stability of electro-active polymers remains a serious problem 
that has hampered the development of stable polymer-based 
supercapacitor and battery devices. Thus, there remains 
a need for improved electrochemical energy storage devices 
with enhanced stability and capacitance. 

SUMMARY 

0009. According to some embodiments of the present 
invention, an electrochemical energy storage device includes 
a first polymer electrode and a second polymer electrode 
spaced apart from the first polymer electrode such that a space 
is reserved between the first and second polymer electrodes. 
The space reserved between the first and second polymer 
electrodes contains an electrolyte that comprises a quinone 
compound. The first and second polymer electrodes each 
consist essentially of acid-dopable polymers. 
0010. According to some embodiments of the present 
invention, a method for producing an electrochemical energy 
storage device includes forming a first polymer electrode 
comprising a first acid-dopable polymer material; depositing 
a spacer layer on the first polymer electrode; soaking the 
spacer layer in an electrolyte; and forming a second polymer 
electrode comprising a second acid-dopable polymer mate 
rial over the spacer layer. The electrolyte comprises a quinone 
compound. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0011 Further objectives and advantages will become 
apparent from a consideration of the description, drawings, 
and examples. 
0012 FIG. 1 is an illustration of an electrochemical energy 
storage device according to an embodiment of the current 
invention; 
0013 FIG. 2 is a schematic representation of a quinhy 
drone (BQHQ) polymer supercapacitor device structure and 
the involved charge transfer reactions during charge/dis 
charge according to an embodiment of the current invention; 
0014 FIG. 3A shows capacity retention (%) versus num 
ber of cycles for a polymer supercapacitor (12.5 mA/cm) in 
BQHQ/HSO/AcOH (curve 300) and in HSO/AcOH 
(curve 302); 
0015 FIG. 3B shows capacity retention (%) versus num 
ber of cycles for a polymer supercapacitor (12.5 mA/cm) in 
BQHQ/HSO/AcOH: 
0016 FIG. 4A shows impedance Nyquist plots before and 
after 20,000 life cycles for a polymer supercapacitor in 
BQHQ/HSO/AcOH: 
0017 FIG. 4B shows impedance Nyquist plots before and 
after 20,000 life cycles for a polymer supercapacitor in 
HSO/AcOH: 
0018 FIG. 5 shows capacitance retention in the superca 
pacitor during long term cycling (12.5 mA/cm) with HQ (73 
mM, curve 500) and BQ (73 mM, curve 502) as the electrolyte 
and HSO/AcOH as the supporting electrolyte; 
0019 FIG. 6 shows long term cycling behavior of the 
polymer supercapacitor in BQHQ/HSO/AcOH during 
repetitive charge-discharge operations (1100) followed by 
open circuit periods (10); 
0020 FIG. 7 shows specific capacitance versus current 
density in BQHQ (O, D) and without BQHQ (A) in HSO/ 
AcOH as the supporting electrolyte; 
0021 FIG. 8 shows charge-discharge curves of a polymer 
supercapacitor in a BQHQ solution (curve 802) and in a 
supporting electrolyte (curve 800) at a current density of 1 
mA/cm; and 
0022 FIG. 9 shows a cyclic voltammogram of a polymer 
supercapacitor at 25 mVs' in BQHQ (73 mM, 1:1)/HSO/ 
AcOH (curve 900) and in HSO/AcOH (curve 902), and of 
a supercapacitor at 25 mVs in BQHQ (73 mM, 1:1)/HSO/ 
AcOH with solely current collectors without polyaniline 
(curve 904). 

DETAILED DESCRIPTION 

0023. Some embodiments of the current invention are dis 
cussed in detail below. In describing embodiments, specific 
terminology is employed for the sake of clarity. However, the 
invention is not intended to be limited to the specific termi 
nology so selected. A person skilled in the relevant art will 
recognize that other equivalent components can be employed 
and other methods developed without departing from the 
broad concepts of the current invention. All references cited 
anywhere in this specification, including the Background and 
Detailed Description sections, are incorporated by reference 
as if each had been individually incorporated. 
0024 FIG. 1 is a schematic illustration of an electrochemi 
cal energy storage device 100 according to an embodiment of 
the current invention. The electrochemical energy storage 
device 100 includes a first polymer electrode 102, a second 
polymer electrode 104 spaced apart from the first polymer 
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electrode with a space reserved there between, and an elec 
trolyte 106 contained within the space reserved between the 
first and second polymer electrodes 102,104. The electrolyte 
106 includes a quinone compound, and the first and second 
polymer electrodes 102,104 each consist essentially of acid 
dopable polymers. 
0025. A multicomponent prototype polymer hybrid super 
capacitor according to an embodiment of the current inven 
tion with outstanding cycling stability, high specific capaci 
tance (C), and high energy density is now described. The 
broad concepts of the current invention are not limited to only 
this embodiment. The novel, multi-component approach 
according to this embodiment of the current invention com 
bines two co-operative redox Systems: polyanilineas the prin 
cipal electro-active electrode, and a benzoquinone-hydro 
quinone (BQHQ) redox couple as electrolyte in the liquid 
phase of the device. Introduction of the second redox species 
in the Supercapacitor creates a tunable redox shuttle that 
controls electron transfer processes at the porous polyaniline 
cast on the current collectors. 
0026. This universal strategy to store energy and increase 
the lifetime of a hybrid polymer-based supercapacitor by 
coupling redox chemistries of the polymeric electrodes and 
quinoid electrolytes in the liquid system of the hybrid-Super 
capacitor has not been previously reported. Publications in 
the field often report specific values for single electrodes 
measured in conventional three-electrode setups. All results 
presented here were obtained from real two-electrode super 
capacitor devices. 
0027 Charge transfer between the polymer and quinhy 
drone is highly pH dependent and involves a fast, reversible, 
and complete two-electron transfer process at low pH. In 
other words, the family of quinone compounds is highly 
compatible with the entire family of acid-dopable metallic 
polymers, giving the opportunity for numerous new polymer 
quinone couples to store energy in pseudocapacitive Super 
capacitors. In contrast, electrocatalysis of the quinone family 
at carbon,' 'gold, and platinum'' '' electrodes is 
reported to be incomplete as irreversible adsorption processes 
of insulating molecules at the electrode Surfaces take place. 
This highlights the great advantage of the polymer-electrode 
interface rendering heterogeneous electron-transfer in Super 
capacitors. 
0028. The greatly enhanced stability can be attributed to 
the efficient charge-transfer process between polyaniline and 
the quinoid system in Solution, which Substantially reduces 
the extent of the particular redox processes that are respon 
sible for polymer decomposition.' '7 
0029 Polymers such as polyaniline cast on current collec 
tors may also be referred to as polymer-modified electrodes. 
Depending on the thickness of the polymer film, the quinone 
redox-processes can occur at the outer or inner phase of the 
porous polymers or between the polymer and the metal Sub 
strate.' Thus, charge transfer of the quinones in solution 
can also occur between the conductive polymer and the Sur 
face of the current collectors in the Supercapacitors. However, 
quinone electrolytes (also referred to as modifiers) in combi 
nation with Substrates without polymers give no capacitance 
(see FIG.9, curve 904, described below). Both the quinone 
redox processes and the redox processes of the porous poly 
mer contribute to the high capacitance. 
0030 Thus, a universal strategy for hybrid-polymer super 
capacitors with enhanced stability is demonstrated. The 
approach to storing energy employs a porous polymer cast on 
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current collectors to promote efficient electron transfer to a 
redox-active redox species in solution. After 50,000 charge 
discharge cycles, no loss of specific capacitance was 
observed. The specific capacitance values C were signifi 
cantly increased in all Supercapacitors with the multi-compo 
nent approach, while a high specific cell energy density of 7.7 
Wh/kg was maintained. Utilizing the compatibility of the 
quinone redox chemistries at low pH with protonic acid 
doped metallic polymers is a new and valuable strategy for 
tailoring polymer Supercapacitors and polymer-containing 
hybrid Supercapacitors and batteries to enhance stability, 
capacitance, and energy density. 
0031. A polymer-hybrid-supercapacitor according to 
Some embodiments of the current invention may include the 
following elements: 

0032. A substrate support; for example, but not limited 
to, a platinum film; 

0033. A metallic polymer that is stable at low pH; e.g., 
but not limited to, polyaniline; and 

0034. A BQHQ (73 mM, 1:1) solution which was 
freshly prepared by dissolving BQ and HQ in a low-pH 
solution of aqueous HSO (1 M) with AcOH (30%) to 
dissolve the formed quinhydrone complex. 

0035. A doped polymer suspension was sonicated for 45 
minutes and drop cast on mass-fabricated Pt-Substrate Sup 
ports with dimensions of 200 nmx1 cm for use as current 
collectors. Other acid resistant metallic substrates may be 
used as Supports, including gold, stainless steel, a low or high 
alloy steel, silver, aluminum, titanium, tungsten, chromium, 
nickel, molybdenum, hastelloy, or a durimet alloy. In an 
embodiment of the invention, the metallic polymer is com 
pletely free of carbon material. 
0036 FIG. 2 shows a polymer-hybrid-supercapacitor 200 
according to some embodiments of the current invention. In 
FIG. 2, the substrate supports 202, 204 were used as the 
contact to the metallic polymer 206, 208 and were connected 
to the external circuit 210. Metallic conjugated polymers of 
use include, but are not limited to, polyanilines, poly 
thiophenes, e.g. PEDOT, polypyrroles, poly(aminonaphtha 
lenes), poly(aminoanthracenes), poly(3-alkylthiophenes), 
poly(aminonaphthoduinones), poly(isothianaphthenes), poly 
(diphenylamines), and poly(diphenylamine-co-anilines). 
The metallic polymers may also be self-doped with organic 
protonic acids such as Sulfonic acids in Sulfonated polyaniline 
(S-PANI). 
0037 Examples of the supercapacitor devices were fabri 
cated using two identical polymer electrodes. However, the 
general concepts of the current invention are not limited to 
two identical polymer electrodes. In some embodiments of 
the current invention, the polymer electrodes 206, 208 were 
separated by a spacer medium 212 soaked with the electrolyte 
Solution 214. The spacer medium may be a porous solid Such 
as a porous glass filter or polymer or other semi-permeable 
membrane. The polymer may be a proton exchange mem 
brane or a molecule- or ion-selective membrane. Additional 
possible semi-permeable membranes include filter paper, a 
cellulose or cotton based filter. The electrolyte solution may 
comprise at least one of the following quinone compounds: 
hydroquinone, benzoquinone, naphthoduinone, 
anthraquinone, naphthacenequinone, pentacenequinone, or a 
mixture thereof. 
0038. In some embodiments the electrolyte solution may 
comprise a mixture of benzoquinone and hydroquinone. The 
benzoquinone and hydroquinone may be in a molecular ratio 
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of from 1:9 to 9:1; for example, in a molecular ration of 1:1 
(one-to-one). The quinone compound may contain at least 
one solubilizing group. Such as at least one solubilizing Sul 
fonic acid group, and/or at least one solubilizing hydroxyl 
group. In some embodiments, the electrolyte solution may 
include one or two quinone compounds with a molecular 
weight less than 600 g/mol. The electrolyte may include the 
quinone compound in a solution having a pH of less than 4, or 
of less than 2. The electrolyte solution may comprise the 
quinone compound in a low-pH Solution Such as Sulfuric acid, 
hydrochloric acid, phosphoric acid, acetic acid, formic acid, 
methanesulfonic acid, or trifluoromethane Sulfonic acid, or 
mixtures thereof. 

0039. The BQHQ solution undergoes reversible redox 
reactions within the low pH window where the metallic poly 
mers are stable. The metallic polymer 206, 208 drop cast on 
the conductive substrate supports 202,204 transfer charges to 
the BQHQ solution 214, as shown in FIG. 2. Conjugated 
polymers that are stable in the metallic state at low pH may be 
used, for example, but not limited to, polyaniline. 
0040. Further additional concepts and embodiments of the 
current invention will be described by way of the following 
examples. However, the broad concepts of the current inven 
tion are not limited to these particular examples. 

EXAMPLES 

0041. The polymer hybrid supercapacitors were prepared 
as follows. The polymer electrodes were prepared by sus 
pending a commercially available emeraldine base (M-50, 
000) in a solution of water/DMSO, 1:1 (50 mg/mL in 1 M 
H2SO4). The doped polymer Suspension was Sonicated for 45 
minutes and drop cast on mass-fabricated Pt Substrates having 
dimensions of 200 nmx1 cm, which were used as current 
collectors. The films were then dried at 40° C. for one hour 
and at room temperature for six hours in the presence of air. 
No carbon material was used to alter the surface properties of 
the polymer. The BQHQ (73 mM, 1:1) solution was freshly 
prepared by dissolving BQ and HQ in a solution of aqueous 
HSO(1M) with AcOH (30%) to dissolve the formed quin 
hydrone complex. The supercapacitor devices were fabri 
cated by using two identical polymer electrodes. They were 
separated by a glass filter soaked with electrolyte solution. 
Prior to long-cycling tests, the Supercapacitor devices were 
preconditioned by asymmetric charge-discharge cycles at 
constant current (2.5 mA/cm, 15x+0.65 V) in the BQHQ 
electrolyte solution. All C. values correspond to the point at 
steady state (see FIG. 3A and description below). The elec 
trochemical cell behavior of the two-cell supercapacitors 
were studied using a Bio-Logic VMP3 potentiostat. 
0042. The addition of BQHQ electrolytes greatly 
enhanced the cycling stability of the Supercapacitors with 
polymeric electrodes (PE). The advantage of the new 
approach over conventional polymer Supercapacitors is evi 
dent from cycling experiments. FIG. 3B shows capacity 
retention (%) versus number of cycles for polymer Superca 
pacitors with different electrolytes (12.5 mA/cm). The poly 
mer Supercapacitor in the presence of solely a Supporting 
electrolyte, HSO/AcOH, revealed a rapid loss of 10% 
capacitance after 350 cycles and dropped to 80% after 2800 
cycles (curve 302). In contrast, the polymer Supercapacitor in 
the presence of the quinoid electrolytes BQHQ/HSO/ 
AcOH (curve 300) maintained cyclic stability, as further 
demonstrated in FIG. 3B. 
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0043. The long-term cycling displayed in FIG. 3B illus 
trates the outstanding cycling stability; over 50,000 cycles. 
After the first 13,000 cycles (upper graph), capacitance reten 
tion of 98% was observed. At longer times (lower graph), a 
continuous increase of 15% of the capacitance is observed. 
This again demonstrates the persistent stability of the poly 
meric electrodes in the presence of the quinoid electrolyte. 
AC-impedance measurements further Support these findings. 
FIG. 4A shows impedance Nyquist plots before (circles) and 
after (triangles) 20,000 lift cycles for a polymer supercapaci 
tor in the presence of BQHQ/HSO/AcOH. FIG. 4B shows 
impedance Nyquist plots before (squares) and after (circles) 
20,000 galvanostatic cycles for a polymer Supercapacitor in 
the presence of HSO/AcOH. The equivalent series resis 
tance as well as the total resistance of the Supercapacitors 
remained lower in the presence of BQHQ during long-term 
cycling. The observed increase in capacitance after long-term 
cycling shown in FIG. 3B can be explained by the formation 
of a concentration gradient of quinones and the less soluble 
quinhydrone complex at the solid polymer/liquid interface. 
These observed stability characteristics exceed by farthose of 
polymer-carbon hybrid supercapacitors“ ““and carbon 
HQ-based supercapacitors. 
0044. By adding the redox electrolytes we note an initial 
increase incapacitance reaching 95% after 7 cycles and 100% 
of the maximum capacitance after 300 cycles (FIG.3A, curve 
300). This feature indicates the presence of a complex equili 
bration/intercalation process at the porous polymer elec 
trodes involving both the reductive hydroquinone and the 
oxidative benzoquinone molecules. 
0045 FIG. 5 shows capacitance retention in the superca 
pacitor during long term cycling (12.5 mA/cm) with HQ (73 
mM, curve 500) and BQ (73 mM, curve 502) as the electrolyte 
and HSO/AcOH as the supporting electrolyte. As shown in 
FIG. 5, the turn-on characteristics as well as the capacitance 
retention depend on the composition of the quinoid electro 
lytes, demonstrating the excellent tunability of the multi 
component approach. 
0046. As shown in FIG. 6, repetitive charge-discharge 
operations (1100) followed by open circuit periods (10) in a 
polymer supercapacitor in the presence of BQHQ/HSO/ 
AcOH showed no reduction of the charge storage capability 
overa total of 11,000 cycles. This result is of clear importance 
for practical applications. Similar stability behavior was 
observed for all Supercapacitors investigated. 
0047. The specific capacitance (C, stored charge per elec 
trode mass unit) increased in all Supercapacitor devices in the 
presence of BQHQ electrolytes. As shown in FIG. 7, when 
polymer-electrodes (~10 um) were utilized, the C value 
increased by a factor of 5.5 compared to the pristine polymer 
devices (P) reaching a specific capacitance of 2646 F/g at the 
lowest measured current density (0.5 mA/cm). In the case of 
the thicker polymer film (-67 um), the C values in the 
P-BQHQ supercapacitor almost doubled (882 F/g). Rela 
tively high C values were noted for the pristine polymer 
supercapacitor which is attributed to the sub-mm electrode 
films and the employed counter ion-free emeraldine base. 
However, tremendous effort is going on to implement multi 
micron polymer films into thinner, transparent, flexible, and 
printable energy-storage devices such as polymer- and car 
bon-polymer hybrid-supercapacitors.' * * 
0048. The increase in capacitance and stability is intrinsic 
to the multi-component approach. This is also in agreement 
with C values reported for polyaniline Supercapacitors with 
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similar device parameters." Furthermore, the high C val 
ues obtained cannot be explained by the intrinsic pseudo 
capacitance of polyaniline." ' 
0049 FIG. 7 shows specific capacitance, C. versus cur 
rent density in BQHQ (O, D) and without BQHQ (A) with 
HSO/AcOH as the supporting electrolyte. During dis 
charge, a drop of the C values was observed when the current 
density exceeded a value of 2 mA/cm. This point of transi 
tion is related to the diffusion of the quinones. At low current 
densities the transport of the relatively large quinoid mol 
ecules is not a problem. This feature is absent in the case of the 
pristine polymer Supercapacitor, pointing to the different 
charge storage mechanism. 
0050 FIG. 8 displays the charge-discharge curves of 
Supercapacitors with low-diffusion electrodes. The Superca 
pacitor in HSO/AcOH (curve 800) exhibits a symmetric 
triangular-shape at constant current pointing to the linear 
Voltage-time relation typically observed in electrochemical 
capacitors.' However, in the multi-component superca 
pacitor, the charge-discharge curve 802 exhibits different 
slopes of Voltage versus time indicating non-capacitive 
behavior. The introduction of the additional redox species 
divides the discharge profile of the Supercapacitor into a high 
power regime at higher Voltage and a more battery-like 
regime at lower Voltage. This point of transition is related to 
the electrochemical potential of the redox active electrolyte 
and expresses the presence of the extra degree of freedom in 
this multicomponent hybrid approach. 
0051. The effect of the incorporation of the redox-active 
electrolytes is also evident in cyclic Voltammograms, where 
the capacitance is a function of the voltage sweep rate. FIG.9 
shows a cyclic Voltammogram of the polymer Supercapacitor 
at 25 mVs' in BQHQ (73 mM, 1:1)/HSO/AcOH (curve 
900) and in HSO/AcOH (curve 902). In the presence of the 
BQHQ electrolytes (curve 900) additional redox features 
between 0 V and 0.4V appeared which can be attributed to 
redox processes of the quinones. A characteristic rectangular 
shape was observed for the pristine polymer Supercapacitor 
(curve 902).' BQHQ (73 mM, 1:1)/HSO/AcOH (curve 
904) with solely current collectors (without polyaniline) 
gives no capacitance. 
0052. In the presence of the quinoid electrolytes (curve 
900 in FIG. 9), an asymmetric behavior is observed with a 
high specific capacitance at low potential and a reduced 
capacitance at higher potential during discharge (e-). These 
different capacities can be explained by the continuous elec 
tron-transfer process from the metallic emeraldine state of 
polyaniline to the BQHQ redox couple in solution. However, 
the overall measured C values of the PE-BQHQ hybrid 
Supercapacitors are greatly improved compared to the pris 
tine device, and the high specific energy density of 7.7Wh/kg 
was maintained at the operating voltage of 0.65V. 
0053. The excellent interplay between the quinhydrone 
(BQHQ) redox pair and polyaniline that results in increasing 
the specific capacitance, C., in the Supercapacitors is illus 
trated in FIG. 2. 
0054. In conclusion, examples of a universal strategy for 
hybrid-polymer supercapacitors with enhanced stability were 
demonstrated. The approach to store energy employs a 
porous polymer as electrode to promote efficient electron 
transfer to a redox-active redox-species in Solution. After 
50,000 charge-discharge cycles, no loss of specific capaci 
tance was observed. The specific capacitance values C were 
significantly increased in all Supercapacitors with the multi 

Jul. 7, 2016 

component approach while a high specific cell energy density 
of 7.7 Wh/kg was maintained. The compatibility of the 
quinone redox chemistries at low pH with protonic acid 
doped metallic polymers is a new and valuable strategy for 
tailoring polymer Supercapacitors and polymer-containing 
hybrid Supercapacitors and batteries to enhance stability, 
capacitance, and energy density. 
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0072 The embodiments illustrated and discussed in this 
specification are intended only to teach those skilled in the art 
how to make and use the invention. In describing embodi 
ments of the invention, specific terminology is employed for 
the sake of clarity. However, the invention is not intended to 
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be limited to the specific terminology so selected. The above 
described embodiments of the invention may be modified or 
varied, without departing from the invention, as appreciated 
by those skilled in the art in light of the above teachings. It is 
therefore to be understood that, within the scope of the claims 
and their equivalents, the invention may be practiced other 
wise than as specifically described. 
We claim: 
1. An electrochemical energy storage device, comprising: 
a first polymer electrode: 
a second polymer electrode spaced apart from said first 

polymer electrode with a spaced reserved there between; 
and 

an electrolyte contained within said space reserved 
between said first and second polymer electrodes, 

wherein said electrolyte comprises a quinone compound, 
and 

wherein said first and second polymer electrodes each con 
sist essentially of acid-dopable polymers. 

2. An electrochemical energy storage device according to 
claim 1, wherein said electrolyte comprises benzoquinone 
and hydroquinone. 

3. An electrochemical energy storage device according to 
claim 2, wherein said electrolyte comprises benzoquinone 
and hydroquinone in molecular ratio of 1:9 to 9:1. 

4. An electrochemical energy storage device according to 
claim 2, wherein said electrolyte comprises benzoquinone 
and hydroquinone in molecular ratio of one-to-one. 

5. An electrochemical energy storage device according to 
claim 1, wherein said electrolyte contains at least one of the 
following quinone compounds: hydroquinone, benzo 
quinone, naphthoduinone, anthraquinone, naphthacene 
quinone, and pentacenequinone. 

6. An electrochemical energy storage device according to 
claim 5, wherein said quinone compound contains at least one 
solubilizing Sulfonic acid group. 

7. An electrochemical energy storage device according to 
claim 5, wherein said quinone compound contains at least one 
solubilizing hydroxyl group. 

8. An electrochemical energy storage device according to 
claim 1, wherein said electrolyte comprises one or two 
quinone compounds with a molecular weight less than 600 
g/mol. 

9. An electrochemical energy storage device according to 
claim 1, wherein said electrolyte comprises said quinone 
compound in a solution having a pH less than 4. 

10. An electrochemical energy storage device according to 
claim 1, wherein said electrolyte comprises said quinone 
compound in a solution having a pH less than 2. 

11. An electrochemical energy storage device according to 
claim 10, wherein said solution having a pH less than 2 
comprises at least one Supporting electrolyte comprising at 
least one of Sulfuric acid, hydrochloric acid, phosphoric acid, 
acetic acid, formic acid, methanesulfonic acid, and trifluo 
romethane Sulfonic acid. 

12. An electrochemical energy storage device according to 
claim 1, wherein said acid-dopable polymers of said first and 
second polymer electrodes comprise at least one of polya 
nilines, polythiophenes, polypyrroles, poly(aminonaphtha 
lenes), poly(aminoanthracenes), poly(3-alkylthiophenes), 
poly(aminonaphthoduinones), poly(isothianaphthenes), poly 
(diphenylamines), and poly(diphenylamine-co-anilines). 
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13. An electrochemical energy storage device according to 
claim 1, wherein said first and second polymer electrodes 
each consist essentially of polyaniline. 

14. An electrochemical energy storage device according to 
claim 1, wherein said first polymer electrode consists essen 
tially of a first polymer and said second polymer electrode 
consists essentially of a second polymer, and wherein said 
first polymer is different from said second polymer. 

15. An electrochemical energy storage device according to 
claim 1, further comprising a spacer medium located between 
said first polymer electrode and said second polymer elec 
trode to assist with maintaining said space there between, 
wherein said spacer medium contains said electrolyte 
absorbed therein. 

16. An electrochemical energy storage device according to 
claim 15, wherein said spacer medium is a porous solid. 

17. An electrochemical energy storage device according to 
claim 16, wherein said porous solid is at least one of a porous 
glass filter or a polymer. 

18. An electrochemical energy storage device according to 
claim 17, wherein said polymer is a proton exchange mem 
brane or a molecule- or ion-selective membrane. 

19. An electrochemical energy storage device according to 
claim 15, wherein said spacer medium is a gel. 

20. An electrochemical energy storage device according to 
claim 15, wherein said spacer medium is filter paper. 

21. An electrochemical energy storage device according to 
claim 15, wherein said spacer medium is a cellulose or cotton 
based filter. 

22. An electrochemical energy storage device according to 
claim 1, further comprising a substrate, wherein said first 
polymer electrode is formed on said substrate. 

23. An electrochemical energy storage device according to 
claim 1, further comprising a current collector that is an acid 
resistant metallic Substrate. 

24. An electrochemical energy storage device according to 
claim 23, wherein said acid resistant metallic substrate is one 
of platinum or gold. 

25. An electrochemical energy storage device according to 
claim 23, wherein said acid resistant metallic substrate is one 
of stainless steel or a low or a high alloy steel. 

26. An electrochemical energy storage device according to 
claim 23, wherein said acid resistant metallic substrate is one 
of titanium, tungsten, aluminum, silver, chromium, nickel, or 
molybdenum. 

27. An electrochemical energy storage device according to 
claim 23, wherein said acid resistant metallic substrate is one 
of hastelloy or a durimet alloy. 

28. A method for producing an electrochemical energy 
storage device, comprising: 

forming a first polymer electrode comprising a first acid 
dopable polymer material; 

depositing a spacer layer on said first polymer electrode: 
soaking said spacer layer in an electrolyte; and 
forming a second polymer electrode comprising a second 

acid-dopable polymer material over said spacer layer, 
wherein said electrolyte comprises a quinone compound. 
29. The method according to claim 28, wherein said elec 

trolyte comprises benzoquinone and hydroquinone. 
30. The method according to claim 28, wherein said elec 

trolyte comprises said quinone compound in a solution hav 
ing a pH less than 2. 

31. The method according to claim 28, wherein said first 
and second acid-dopable polymer materials comprise at least 
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one of polyanilines, polythiophenes, polypyrroles, poly(ami 
nonaphthalenes), poly(aminoanthracenes), poly(3-alkylth 
iophenes), poly(aminonaphthoguinones), poly(isothianaph 
thenes), poly(diphenylamines), and poly(diphenylamine-co 
anilines). 

32. The method according to claim 28, further comprising 
providing a Substrate upon which said first polymer electrode 
is formed, 

wherein said Substrate is an acid resistant metallic Sub 
Strate. 

Jul. 7, 2016 


