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Abstract

Research on solid supercapacitors over the last few years has aimed to provide
high performing and safely operating energy storage solutions for the fast growing
application areas of consumer and micro-electronics, providing printable, flexible and
wearable devices. Most of the reported research has leveraged proton conducting polymer
electrolytes for electrochemical double layer capacitors and pseudo-capacitors. In this
paper, we provide an overview of the state-of-the-art solid supercapacitors enabled by
proton-conducting polymer electrolytes. After a short overview of the types and
configurations of solid supercapacitors, this review introduces proton-conducting
polymers electrolytes and the mechanisms of proton conduction in a polymer matrix.
Based on their chemistry, synthesizing method, and the nature of proton conduction,
proton-conducting polymer electrolytes and the resultant supercapacitors are discussed in
two categories: polymeric proton-conducting electrolytes and inorganic/polymer proton-
conducting electrolytes. The performance and the technology gaps of the solid
supercapacitors enabled by the presented polymer electrolytes are reviewed and
compared. The review concludes with an outlook of future advancements required and

the key research directions to achieving these.

1 Solid supercapacitors

Supercapacitors are electrochemical energy storage devices that can stand alone
or complement batteries in hybrid systems to reach high power density and fast charge/

discharge rates.'” In contrast to batteries, they have a much longer service life and
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excellent cycling capability without losing their energy storage capacity. In industrial and
automotive applications, supercapacitors mainly provide regenerative power and peak
assist, while in consumer electronics, they are much smaller and can supplement or
replace batteries. Yet smaller supercapacitors, often referred to as micro-supercapacitors,
have emerged for on-chip applications such as powering micro-electromechanical
systems (MEMS) and bio-sensors.® In addition, some high rate micro-supercapacitors
have shown potential to replace electrolytic capacitors for alternating current line filtering

with very small RC (resistor-capacitor) time constants.’

Supercapacitors can be categorized along various criteria as shown in Fig. 1.
Depending on the charge storage mechanism, supercapacitors can be divided into
electrochemical double layer capacitors (EDLCs) and pseudo-capacitors. While EDLCs
store charge electrostatically at the electrode/electrolyte interface as charge separation,
pseudo-capacitors store energy by charge transfer between electrode and electrolyte via
Faradaic reactions. Supercapacitors come in either symmetric (using electrodes with the
same capacitance) or asymmetric (using electrodes with different capacitance)
configurations. Asymmetric supercapacitors may consist of a double layer electrode and a

pseudo-capacitive electrode or two different pseudo-capacitive electrodes.

In a traditional supercapacitor, an ion-permeable and electrically insulating
separator film is sandwiched between two electrodes flooded with a liquid electrolyte.
Since liquid electrolyte leakage is a severe issue, especially when the material is
environmentally hazardous, efforts abound to replace liquid electrolytes with solid
electrolytes for next generation solid supercapacitors that are not only safer, but also offer

high performance, light weight, and flexible form factors.
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Fig. 1 Classifications of supercapacitors.

Solid supercapacitors are mainly targeting consumer electronics, micro-
electronics, and wearable or printable electronics. Thin and lightweight electronics or
micro-electronics, including micro-robots, implantable medical devices, sensors, and
smart cards, require flexible power sources with smaller dimensions and higher power
density. In recent years, significant efforts have been dedicated to achieving thin and/or
free-standing supercapacitor electrodes, including carbon nanotube (CNT) films,
graphene sheets, reduced graphene oxide, conducting polymer/carbon composites, or
metal oxide/carbon composites.'®'? At the same time, flexible substrates or supports have
been investigated for solid supercapacitors, including paper, textile, woven cotton, and
fabrics."? Although these materials have led to an advance in flexible solid
supercapacitors, the commercialization of such devices still remains challenging. One of

the main limitations is the availability of solid electrolytes.
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Among solid electrolytes, polymer electrolytes are ideal candidates for flexible
solid supercapacitors. A polymer electrolyte can enable different supercapacitor cell
designs with minimum packaging (see Fig. 2). Slim supercapacitor multi-cell modules
can be constructed by inserting bi-polar electrodes between terminal electrodes and
electrolyte layers in a sandwiched cell. The thickness of both the electrode and the
polymer electrolyte affects the equivalent series resistance (ESR) and rate performance of
such supercapacitors. In contrast, in an interdigitated finger structure or in a coaxial

structure, the electrolyte resistance dominates the cell ESR and the rate capability.
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Fig. 2 Schematic of polymer electrolyte-enabled supercapacitors in flexible sandwiched cell
configuration (left), interdigitated finger cell configuration (middle), and coaxial fiber cell
configuration (right).

Traditionally, a polymer electrolyte is produced as a free-standing film which
enables a flexible sandwiched cell design. A polymer electrolyte can also be prepared in
the form of a precursor solution, where the electrodes are either immersed in the polymer
electrolyte solution or the electrolyte solution is cast on the electrode, followed by drying
and pressing for cell assembly. The polymer electrolyte precursor solution can
impregnate the active layer of the supercapacitor electrodes, thereby increasing the
electrochemically active surface area. Through pressing, the resultant thin polymer
electrolyte layers on both electrode surfaces are integrated into a single thin layer

minimizing interfacial resistance.
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For supercapacitor applications, proton-conducting polymer electrolytes are of
special interest since they tend to have high ionic conductivity and many pseudo-
capacitive electrodes require protons for their Faradaic redox reactions. To date, proton-
conducting polymer electrolytes for solid supercapacitor applications have not been
discussed extensively albeit they are widely used (and reviewed) for fuel cells. A major
difference between proton-conducting polymer electrolytes in fuel cells and
supercapacitors is their application temperature, as the latter are normally operated under
ambient conditions and sometimes, at low temperatures. This review explores the state-
of-the-art research on low to room temperature proton-conducting polymer electrolytes,
with a particular emphasis on polymeric proton-conducting and inorganic/polymer
proton-conducting electrolytes. Section 2 introduces proton-conducting polymer
electrolytes and discusses the mechanisms of proton conduction. In Sections 3 and 4, we
review the development of proton-conducting polymer electrolytes and the performance
of supercapacitors enabled by these electrolytes. The focus of our comparison is on the
chemistries and production processes of the electrolytes and their contributions to device
performance. New trends in material development are identified and key research results
are summarized in tabular form, highlighting the particular polymer electrolytes
developed, their proton conductivity, and processing method as well as the cell design,
electrode material, testing conditions, and achieved capacitance for the supercapacitors.
The performance of enabled supercapacitors is typically compared to a cell using a liquid
H,SO, electrolyte. For brevity, we shall refer to such device as “liquid cell”. Finally,
Section 5 presents challenges faced in the development and deployment of solid polymer

electrolytes for supercapacitor applications.
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Unlike conventional supercapacitors with liquid electrolytes, where performance
is often reported based on gravimetric values, for solid supercapacitors (especially
flexible devices), the performance should be normalized by volume or geometric area
instead of the mass of the active material.'* Since the weight of the active electrode
materials (typically only a few micrometers or even nanometers thick) is almost
negligible compared to the other components in a thin film device, gravimetric values
will result in an unreliable and even unfair comparison of device performance.
Unfortunately, the majority of the literature reports gravimetric values of active materials
only and these are reflected in the comparison of the chemistries of the polymer
electrolytes presented below. In addition, the reported cell capacitance varies widely as it

is highly dependent on the electrode materials.

2 Proton-conducting polymer electrolytes

For solid supercapacitor applications, polymer electrolytes should exhibit the
following properties: (1) high ionic conductivity at room temperature; (ii) low electronic
conductivity; (iii) good mechanical properties or dimensional stability; (iv) high chemical,
electrochemical, and environmental stability; and (v) sufficient thin-film processability.

Most polymer electrolytes conduct via the movement of protons, lithium ions,"> '®

1718 or the ionic species in ionic liquids.'” The conduction mechanism

hydroxide ions
should match the chemistry of the electrodes in order to form a device. Among these
electrolytes, proton- and lithium ion-conducting polymer electrolytes are the most mature.
Lithium-conducting polymer electrolytes are adapted from lithium-ion batteries and

include various lithium salts dissolved in organic solvents and immobilized in a polymer

matrix'> and solid-state lithium ion conductors.'® While they possess a wide
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electrochemical window, these electrolytes generally exhibit limited ionic conductivity.
In addition, they are moisture sensitive and thus require an oxygen-free environment for
cell assembly. Proton-conducting polymer electrolytes, inspired by fuel cells, have the
highest ionic conductivity among all polymer electrolytes. Their main drawback is their
narrower voltage window. They can be processed and utilized under ambient conditions,
but as proton conducting polymer electrolytes rely on the presence of water to achieve
high proton conductivity, maintaining a high degree of hydration at room temperature or

lower is critical to achieve high performance.

The study of proton conduction in solids started with the fact that ice conducts
electricity.** *> Subsequently, the study of proton-conducting materials and the
investigation of proton conductivity expanded to proton-conducting polymer electrolytes
for applications below the boiling point of water and proton-conducting oxides for higher
temperature applications. Table 1 summarizes the brief history of both polymeric and

inorganic proton-conducting materials as well as their application ranges.

Table 1 Brief history of polymeric and inorganic proton-conducting materials.

Year Material Application  Reference
temperature

1806 Aqueous solutions <100 °C )
1877 Ice <0 °C e
1920s  Zeolites <100 °C 27
1930s Hydrogen uranyl phosphate (HUP) 100-400 °C -
1960s  Nafion® <100 °C 30
1970s  MHSO4, where M=Cs, Rb >100 °C !
1970s Zirconium hydrogenphosphate (Zr(HPO4),)  200-350 °C 3
1970s  P- and p”-alumina 100-300 °C >
1980s Perovskite type oxides >300 °C *
1980s  Acid/polymer blends (e.g. H,SO4/PVA) <100 °C 3436
1980s Heteropolyacids (e.g. HsSiW1,04) <200 °C 37
1990s  Oxide gels <100 °C >
1990s Aromatic ionomers >100 °C >
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Proton conduction can be observed in many materials, from rigid inorganic oxides
at high temperatures to flexible organic polymers at room temperature, leveraging
different conduction mechanisms. Depending on the type of proton conductor, proton-
conducting polymer electrolytes can be classified into different groups, as shown in
Fig. 3. Polymeric proton-conducting electrolytes possess “intrinsic” proton conductivity
from the functional group in the polymer chains, whereas the inorganic/polymer proton-

conducting electrolytes blend inorganic proton conductors with a polymeric matrix to

form gels or composites.
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Fig. 3 Categories of low to room temperature proton-conducting polymer electrolytes depending
on the nature of the ionic conductor.

Most proton-conducting materials have been extensively studied for fuel cell
applications. However due to the higher operating temperature of fuel cells compared to
supercapacitors, the development of low to room temperature proton-conducting polymer
electrolytes has been limited. In order to design and optimize suitable proton-conductors

as electrolytes for solid supercapacitors, it is essential to understand the proton migration

10

Page 14 of 76



Page 15 of 76

RSC Advances

mechanisms below or at room temperature. The proton transport in polymer electrolytes
can be described based on three main mechanisms, as shown in Fig. 4: (a) proton hopping

or Grotthuss mechanism; (b) diffusion or vehicle mechanism; and (c) direct transport via

40-42

polymer chain segmental motions.

Fig. 4 Schematic of low temperature proton transport mechanisms: (a) hopping or Grotthuss
mechanism in a system with strong hydrogen bonding; (b) diffusion or vehicle mechanism in a
system with weak hydrogen bonding; and (c) direct transport via polymer chain segmental
motions.

Under the Grotthuss mechanism, the mobility of protons is determined by the
formation or cleavage rate of the hydrogen bond between a hydronium ion (which itself
can be hydrated in the form of H;s0,", H703+, Hy0,", etc.) and a water molecule or other
hydrogen-bonded liquids.*** Protons “hop” from one hydrolyzed ionic site to another

(Fig. 4a). Site-to-site hopping between different sites with local rearrangement and

11



RSC Advances Page 16 of 76

reorientation is characterized by two potential wells, corresponding to the proton donor
and the proton acceptor. The potential wells are separated by a potential barrier of a few
kJmol™. This low activation energy together with the high proton mobility of the proton

hopping mechanism occurs primarily in a system with strong hydrogen bonding.*!**

Under the diffusion mechanism, a proton combines with solvent molecules (e.g.
water), producing a complex and then diffuses.** As shown in Fig. 4b, a proton can be
transferred by the diffusion of hydrogen-water ions (H;O" in this example). The diffusion
process is driven by a gradient in proton concentration. Diffusion of the hydrogen-water
ions may decrease due to hydrogen bonding with other water molecules. The diffusion
process is much slower than proton hopping and is characterized by a higher activation

energy and lower proton mobility.

Proton mobility can also result from segmental motions of the polymer chains
(Fig. 4c). However, this type of proton transportation is restricted to the amorphous phase
of the solvating polymers, where the polymer molecules are free to move. Therefore,
proton conduction by segmental motion is only possible above the glass transition
temperature (T,) of the polymer. In the amorphous phase, the polymer side chains can
vibrate to a certain extent, thus reducing or eliminating the distance for proton conduction.

To investigate the proton conduction mechanism, proton conductivity (o) is
typically characterized as a function of temperature (T). In an Arrhenius plot, the
logarithm of the proton conductivity is graphed against the inverse of the temperature. A
straight line indicates an Arrhenius type temperature dependence, while a curved line can
be empirically fitted using V6gel-Tamman-Fulcher (VTF) equations.*’ The activation

energy can be evaluated from the slope of the In(c) vs. (1000/T) plots.

12
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In order to reach high proton conductivity in polymer electrolytes, a high degree
of hydration is essential, as proton conductivity increases with temperature and relative
humidity (RH). At a constant temperature, protons are transported via the Grotthuss
mechanism with high mobility at high RH and via the vehicle mechanism with lower
mobility at low RH. In contrast, with increasing temperature, the vehicle mechanism
progressively dominates the Grotthuss mechanism, as hydrogen bonds begin to elongate

and break.

3 Polymeric proton-conducting electrolytes and enabled
supercapacitors

Polymeric proton-conducting electrolytes have been intensively studied for
electrochemical energy storage devices. Of main interest are pure ionomers containing
negatively charged functional sites (mainly —SO3;H, -PO4H,, -COOH), due to their higher
proton conductivity below 100 °C. These polymer electrolytes typically have a
multiphase structure containing both hydrophobic and hydrophilic regions. The charge
from the fixed functional sites can be compensated for by mobile protons exchanged
within the media. While in fuel cell applications we also find polymer films soaked with
phosphoric acid, e.g. polybenzimidazole (PBI)-H3;PO4, and pure ionomers soaked with

ionic liquids, these electrolytes have no application in room temperature supercapacitors.

3.1 Perfluorosulphonic acid electrolytes

Among polymeric proton-conducting electrolytes, perfluorosulphonic acid
(PFSA) membranes have emerged as materials of choice for low temperature applications

requiring high stability and chemical resistance. One of the most well-known PFSAs is

13
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Nafion®, which has been the gold standard proton-conducting polymer electrolyte for

46-48
decades.

By combining the extreme hydrophobicity of the polytetrafluorethylene
(PTFE) backbone with perfluorinated side chains and terminated by sulfonic acid
(-SO3H) groups in Nafion, strong hydration (solvation) can occur and lead to complete

proton dissociation. Water not only dissociates the protons from the acid groups, but also

facilitates the mobility of hydrated protons via Grotthuss and vehicle mechanisms.

The water molecules are only loosely bonded to the hydrophilic -SOs;H groups
and can be readily removed in low RH, causing a high energy barrier for proton transport
and low proton conductivity. As a result, the proton conduction mechanism is highly
dependent on the hydration state of the polymer electrolyte. The proton conductivity of
different Nafion films has been characterized extensively as a function of temperature
and RH.***” For example, Maréchal ef al. have investigated the proton conductivity of
Nafion-117 under different temperatures and RH and observed that the proton transport
in Nafion-117 is highly sensitive to temperature and to the level of hydration in the
membrane.* In spite of the sensitivity to dehydration, the success and maturity of PFSAs
in fuel cells has made them a preferred choice for both EDLC and pseudo-capacitors as

summarized in Tables 2 and 3, respectively.

3.1.1 Electrochemical double layer capacitors
Staiti et al. demonstrated the first all solid EDLC using a Nafion ionomer solution

49.50 Both a commercial Nafion-115 membrane and a solution-

and carbon electrodes.
casted Nafion-1100 film were investigated. The EDLC assembled with the casted Nafion

membrane exhibited higher performance but its capacitance was lower than that of a

liquid cell. An enhancement in cell capacitance was obtained by introducing a

14
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homogeneous inter-distributed Nafion solution into the carbon electrodes yielding
improved adhesion between electrodes and the electrolyte.’' Fast proton transport was
confirmed in smaller carbon pores due to the presence of water in the Nafion solution.
The cyclic voltammograms (CV) for the solid Nafion capacitor and the liquid cell were
comparable; both exhibited a rectangular CV profile and almost equivalent capacitance.

To demonstrate the feasibility of scaling up Nafion polymer electrolyte-enabled
solid EDLCs, a multi-cell prototype was constructed by stacking five single solid cells.*
This device reached 1.5 F capacitance with 5 V working voltage and a 0.3 s RC time
constant. Studies of the performance of EDLCs based on Nafion in various forms (i.e. H',
Na', and K") observed an increase in specific capacitance in the order of H' <Na" <K'
due to an increase in the charge carrying capacity.” Since the use of pure Nafion is not
economical, Subramaniam et al. investigated solid EDLCs based on composites of
Nafion with PTFE or cellulose acetate.® The membranes were prepared by soaking
PTFE or cellulose acetate in a Nafion solution followed by drying in a vacuum oven.
Improvements in the mechanical strength of the solid electrolyte in the dry state and in
the dimensional stability in the hydrated state were observed. However, both
Nafion/PTFE and Nafion/cellulose acetate composite polymer electrolyte films suffered
from a substantial loss of proton conductivity.

To facilitate charge and ion transport at the electrode/electrolyte interface for
EDLCs, Choi et al. prepared flexible solid EDLCs by slowly pouring a Nafion solution
onto the thin film electrode.’® This electrode/electrolyte integration promoted
interconnected network structures at the interface, resulting in a two-fold increase in

capacitance compared to the EDLC without Nafion integration (118.5 Fg' vs. 62.3 Fg™ at

15
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1 Ag™, as shown in Fig. 5). Similarly, Huang et al. assembled a flexible solid EDLC by
spraying aqueous suspensions of multi-wall carbon nanotubes (MWNTs) in a Nafion
ionomer solution and an H,SO, solution directly onto both sides of a Nafion membrane.>®
The Nafion and H,SO;, solutions ensured better proton penetration into the interior of the
electrodes, promoting electrolyte wetting and ion adsorption, and consequentially higher
cell capacitance and proton mobility. A 3 V EDLC device was demonstrated by
connecting the flexible cells in series. Relying on the same concept, Cole et al. built
Nafion-based stretchable solid EDLCs using aligned CNTs, which reached a capacitance

of 72 Fg™! after soaking in 1 M H,SOy4 for polymer electrolyte hydration.”’

(a) V f-RGO-SC O RGO-SC
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Fig. 5 (a) Charge/discharge curves under a current density of 1 A/g for supercapacitors with (f-
RGO-SC) and without (RGO-SC) Nafion integration; and (b) specific capacitance of the two

supercapacitors as a function of current density. Reprinted with permission from Choi et al.®®
Copyright 2011 American Chemical Society.
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Table 2 Summary of PFSA solid EDLCs reported in the literature.

Polymer

Proton

conductivi

Electrolyte
production

Cell design

Testing/storage

Electrode active

Cell capacitance

Ref.

electrolyte method environment material
Nafion-115*  5.7x102 Free-standing iﬁ?ﬁi Ev;:hed Room Activated carbon 9.6 Fg' 49
’ film . temperature (Black Pearls 2000) (at 5 mA/cm?)
pressing
Nafion-1100°  3.1x102 Free-standing EV??}? flv;[:hed Room Activated carbon 132 Fg' 49
film . temperature (Black Pearls 2000) (at 5 mA/cm?)
pressing
Nafion-115" R 3x10°3 Free-standing i Room i i 58
’ film temperature
) Sandwiched Activated carbon 1
Nafion-115* 6x107 lfil?ff-standmg with hot grfnelrature (Norit SA Super or (9;_11 S?nlj\%s'l) !
pressing P Norit A Supra Eur)
Bipolar
Nafion-115° i Free-standing sandwiched =~ Room Activated carbon 114 Fg' 52
film with hot temperature (Norit A Supra Eur)  (at SmHz)
pressing
Nafion-115* 1x10 Free-standing i;lg? ::g:hed Room Carbon 20 Fg'! 53
(from**)  film . temperature (Vulcan XC 72) (at 1 mVs™)
pressing
. Sandwiched -1
c 3 Free-standing ) Room Carbon 16 Fg 54
DG ANIS LAl film Rtk }.IOt temperature (Vulcan XC 72) (at 1 mVs™)
pressing
PFSE/PTFdE Free-standing Sqndwwhed Carbon/graphite 25.2-26.3 Fg'1 59
copolymer - with hot - 1
film . fibers (at 5mVs™)
pressing

17
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Proton Electrolyte
Polymer conductivi yt . Testing/storage Electrode active .
clectrolyte production Cell design environment material Cell capacitance Ref.
method
Nafion i Solution casting iﬁ?}f Ev;:hed Room Graphene 62.3 Fg'1 55
on electrodes . temperature p (at 1 Ag™")
pressing
Solution casting Sqndwwhed Room Nafion-functionalized 1185 Fg' o
Nafion - with hot reduced graphene |
on electrodes . temperature . (at1 Ag)
pressing oxide
2 Free-standing . Room 57TF g'1 56
Nafion - film Sandwiched e MWCNTs (at 2 mVs™)
a Free-standing . Room MWCNTs/ 145 Fg'] 56
Nafion i film Sandwiched temperature Nafion hybrid (at2 mVs™)
Room
Nafion-115" i Solution casting Sandwiched temperature, Aligned CNT/ 5-10 Fg'1 57
on electrodes with pressing dehydrated Nafion hybrid (at 5 mA)
film
Room
Nafion-115° i Solution casting Sandwiched  temperature, Aligned CNT/ 28 Fg'! 57
on electrodes with pressing soakedin 1 M Nafion hybrid (at 5 mA)
H,S04

* Commercial membrane

® Re-casted electrolyte film

5 wt% Nafion solution (equivalent weight=1000)
4 In solution form (equivalent weight = 900)
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3.1.2 Pseudo-capacitors

One of the advantages of PFSA is its compatibility with many pseudocapacitive
electrodes that require protons for their redox reactions. The first Nafion-based solid
pseudo-capacitor was demonstrated in 1990 by Sarangapani using RuO,-Nafion
composite electrodes.®® Multi-cell devices based on this configuration demonstrated a
capacitance of 0.78 Fem™ for 3-cell modules and 0.84 Fem™ for 5-cell modules.®' In
these devices, the Nafion ionomer acts not only as electrolyte but also coats the
individual RuO, particles and provides continuous proton transport throughout the
composite structure. The loading of Nafion ionomers in the RuO,-Nafion/Nafion/RuQO,-
Nafion system was further optimized by Park ef al., reaching a cell capacitance of 200
Fg™! with a lifetime of 10,000 cycles.®* The performance of hydrous RuO,-Nafion
supercapacitors has been characterized at -40 °C for low temperature applications.®® The
highly conductive nature of the electrolyte was mainly attributed to the immersion in
liquid H,SO4. Other Nafion-based solid pseudo-capacitors were demonstrated using
conducting polymer electrodes, including polypyrrole (PPy)/poly(styrene-4-sulphonate)
(PSS),* and PPy doped with 10-molybdo-2-vanadophosphoric acid or 12-molybdosilicic
acid.®

Nafion-enabled solid asymmetric supercapacitors demonstrated a potential to
further improve energy density when compared to EDLCs while maintaining high rate
capability. A hybrid Nafion-enabled supercapacitor in an asymmetric cell configuration
with RuO,/carbon as the positive electrode and carbon as the negative electrode was
studied by Staiti e al.” They showed that optimal performance is obtained by balancing

the electrode capacitance in the solid device. An asymmetric Nafion-based supercapacitor
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using MnO; as positive electrode and carbon as negative electrode delivered a cell
capacitance of 48 Fg™'.°° Although Na" was the mobile ion after the cation exchange, the
polymer electrolyte showed similar capacitive performance as the liquid electrolyte. A
stack of two asymmetric cells separated by two Nafion membranes showed a cell
capacitance of 240 Fg' using polyaniline (PANI/MWCNT and TiO,/MWNTs

6
electrodes.®’

3.1.3 Further improvements

While many PFSA-based solid supercapacitors have been constructed and
characterized, few have been developed for commercial supercapacitors. Part of the
problem lies in their high cost and sensitivity to dehydration. While PFSA film is highly
conductive in a highly hydrated environment at higher temperatures, its proton
conductivity drops significantly under ambient conditions. Modification to Nafion
through dispersing nanoparticles is a popular approach to improve water retention

capability or conductivity. Effects of different hygroscopic materials, such as inorganic

68-72 58,73, 74 71,78

oxides particles,” '~ clays, conductive polymers,””” and solid acids were
investigated. However these modified Nafion materials have not been widely tested as
polymer electrolytes for supercapacitors and require further study to understand the

influence of these modifications on cell capacitance, cycle life, and power performance.
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Table 3 Summary of PFSA solid pseudo-capacitors reported in the literature.

Polymer

electrolyte

Proton
conductivity

Electrolyte
production

Cell design

Testing/storage

environment

Electrode active
material

Cell capacitance

Ref.

(Scm'l)

method
Free-standing

3-electrode

Nafion-117* - - RuO,-Nafion 0.6 Fem™ ! %0
film system
. Sandwiched 2
Nafion-117* - Free-standing with hot - RuO,-Nafion 0.78 Fem 61
film . (3-cell)
pressing
. Sandwiched 2
Dow XUS® - Pree-standing — ith hot . RuO,-Dow 0.84 Fem ol
film . (5-cell)
pressing
. Sandwiched -1
Free-standing . 200 Fg 62
Nafion - film with hot - RuO,-Nafion (at 20 mVs'l)
pressing
Free-standing . soaked in 1 M 165 Fg'! 63
Nafion-115 - film Sandwiched or 5M H,SO, hydrous RuO, (at 20 mVs'l)
Free-standing . soaked in 1 M 157 Fg" 63
Nafion-112 - film Sandwiched ot 5M H,SO. hydrous RuO, (at 20 mVs’l)
Nafion Free-standing . soaked in 1 M 161 Fg' 63
NRE-211  ° Filim STAMOEE D, oo ROy (at 20 mVs™)
. . Sandwiched -1
Nafion-117°  3x10° Solution casting with hot Stored wet PPy/PSS 20 Fg § 64
on electrodes . over water (at 50 mVs™)
pressing
PPy doped with
Nafion-115° - Free-standing 3-electrode Stored wet 10-molybdo-2- 7 Fg'1 65
film system over water vanadophosphoric  (at 1 mA)'
acid
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Proton Electrolyte
conductivity production Cell design

Polymer

Testing/storage Electrode active Cell capacitance Ref.

electrolyte (Sem™) method environment material
a Free-standing 3-electrode Stored wet PPy doped wﬁh . 33.4 Fg' 65
Nafion-115% - 12-molybdosilicic ¥
film system over water acid (at 1 mA)
Asymmetric e
PFSE/PTFE Free-standing sandwiched s 39.5 Fg'1 59
copolymer® ~ film with hot i O enleh O (at 5 mVs™)
. Negative: Carbon
pressing
. Exchanged for e 1
Nafion-115 Free-standing . . Positive: MnO, 48 Fg 66
. + - Sandwiched 18 hin 0.1M X
in Na' form film Negative: Carbon (at 5SmA)
NaZSO4
Bipolar
Free-standing sandwiched e 240 F g'1 67
Rt y film with hot ) i (2-cell)
. TiO2/MWNTs
pressing

* Commercial membrane
® In solution form (equivalent weight = 900)
" Single electrode capacitance
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3.2 Sulfonated hydrocarbon electrolytes

Nafion is rather costly and the preparation of Nafion involves environmentally
unfriendly fluorine-based technologies.*” ** Non-perfluorinated alternatives based on
hydrocarbon backbones have been developed (see Tables 4 and 5). Most of them are
composed of benzene rings or aromatic heterocyclic rings. The wide variability of their
chemical structures permits different functionalization (i.e. introduction of polar sites)
through doping, chemical grafting, or direct sulfonation to increase proton conductivity
and water uptake. Some of these alternative sulfonated hydrocarbon-based proton
conductors include poly(ether sulfones) (PES) and poly(ether ketones) (PEK) with
varying numbers of ether and ketone functionalities (such as poly(ether ether ketone)
(PEEK), poly(ether ether ketone ketone) (PEEKK), poly(arylen ethers), polyesters, or
polyimides). These materials have excellent chemical resistance due to the higher C-H
bond strength in the benzene ring compared with aliphatic C-H bond strengths. Other
advantages of these materials include lower cost, excellent chemical resistance, and good

mechanical properties.

Although numerous acid-functionalized hydrocarbon proton conductors have been
prepared, their overall performance is still inferior to Nafion. Currently, most efforts on
sulfonated hydrocarbon proton conductors are focused on fuel cell applications,
especially for proton exchange membrane fuel cells or direct methanol fuel cells, due to
their higher temperature stability and lower fuel cross-over. Application of this group of
materials to supercapacitors is limited. An overview of the proton conductivity of
sulfonated poly(ether ether ketone) (SPEEK) and sulfonated poly (ether ether ketone

ketone) (SPEEKK) at different degrees of sulfonation as well as blends with
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polybenzimidazole (PBI) or PES and pure oligomers is shown in Fig. 6. Due to their
higher proton conductivity at low temperatures, this section focuses on the application of
SPEEKK and SPEEK (or other PEK with different ether and ketone functionalities) for

supercapacitor applications.

T/°C
200 150 100 80 50 25
T T T T T T
PEEKK (70% sulfonated)
(n=23)
1e-1 F NAFION (n = 16.5)
\
| PEEK (100% sulfonated) + |
= Te-2 10 wo PBI (n = 39)
G
G
~ PEEK (54% sulfonated) +
© 1e3 I - (PEO), - | 10 wio PES (n = 155) |
F benzimidazole +
10 m/o H PO, |- (PEO), -
le-4 PEEKK (65% sulfonated);
+ imidazole (n =6.7)
18-5 T T T T T T T
2.0 2.2 24 2.6 2.8 3.0 3.2 3.4 3.6

(1000/T) / K™

Fig. 6 Comparison of proton conductivity of various fully hydrated sulfonated polymer electrolytes,
including liquids, adducts, and oligomers containing heterocycles as proton solvent. Reprinted
with permission from Kreuer.” Copyright 2001 Elsevier.

3.2.1 Electrochemical double layer capacitors

The first solid EDLC based on SPEEK membranes was demonstrated by Kim et
al. in 2006.*° The SPEEK film was obtained by sulfonation of commercial PEEK
followed by solution casting and soaking in HSO,. The free-standing film exhibited a
conductivity of 4.3x10~ Sem™ at room temperature. After 1,000 cycles, the solid EDLC
showed a 5% reduction in capacitance to 131 Fg™'. Further studies were conducted with

differing degrees of sulfonation to improve cell performance.®' The polymer electrolytes
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showed a maximum conductivity of 4.5x10° Scm™ at 78% sulfonation. Since a higher
degree of sulfonation may further restrict mass transport due to the interactions among

the polar -SO3H groups while a lower degree of sulfonation may impose higher resistance,
an optimization of sulfonation is essential to achieve good EDLC cell performance.

In addition to SPEEK, sulfonated poly(fluorenyl ether nitrile oxynaphthalate)
(PFENO) co-polymers at different degrees of sulfonation have been investigated to
improve dimensional stability and promote better electrode/polymer electrolyte
adhesion.*” Similar to SPEEK membranes, H,SO4 was well encapsulated in the polymer
membrane after soaking. Optimized EDLC performance was achieved at 40% sulfonation.
Poly(styrenesulfonic acid) film has also been investigated as polymer electrolyte for CNT
EDLCs.® The properties of the polymer electrolyte and the performance of the devices
were characterized as a function of RH. The cell capacitance increased with RH, reaching
85 Fg™'. Poly(styrenesulfonic acid) exhibits a lower conductivity of 1.5x10~ Sem™, even
at 80% RH, when compared to SPEEK films.

In order to improve the conductivity of SPEEK, LiClO4 was added into the
dissolved SPEEK solution.* Tonic conductivity increased with increasing LiC1Oy4 content.
A maximum conductivity of 1.1x 102 Sem™! was achieved with 9.5 wt.% LiClQOy. Since no
soaking in aqueous H,SOy4 or water was performed for these polymer electrolytes,
lithiated SPEEK contained limited water content. The enabled solid EDLCs with
activated carbon electrodes could be cycled from 0 V to 1.8 V without significant
polarization at high voltages and showed a high capacitance of 190 Fg'. However, the
contributions of H" and Li" ions to the ionic conductivity of the lithiated SPEEK polymer

electrolyte are not known and further characterizations are required.
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Table 4 Summary of sulfonated hydrocarbon solid EDLCs reported in the literature.

Electrolyte

Proton

Electrode

Page 30 of 76

Polyr}ler Degree (.)f conductivity  production Cell design Tes‘.u‘ng/storage active Cell .
electrolyte sulfonation 8 environment . capacitance
(Sem™) method material
Sulfonated Free-standin aS;lgdchhed Soaked in 0.25  Activated 138.4 Fo'!
commercial 67% 43x107 film g R M H,SO4before carbon (at 2 m /fcm_z) 80
PEEK sealed cell assembly (MSC 30)
Sulfonated 4.5%x107 Froostandin Sfl‘gdw“’hed Soaked in 0.25  Activated 161 Fg'! (70%
commercial 58%-83%  (at 78% film & - M H,SO4before carbon sulfonation at  *'
PEEK sulfonation) sealed cell assembly (MSC-30) 5 mAcm™)
Sulfonated 63107 . Sfl‘gdwwhed Soaked in 0.5 M Activated 158 Fg'' (40%
PFENO 21%-51% (at 51% film g D H,SO,4 before carbon sulfonation at %2
copolymer sulfonation) sealed cell assembly (MSC-30) 20 mAcm™)
. -1

Poly(styrene- 1.5x107 Free-standing Sa}ndwwhed RH controlled 85 Fgo 83

T - o with hot . CNT (at 80% RH,
sulfonic acid) (at 80% RH)  film . environment 2

pressing 1 mAcm™)
g

Lithiated and 1.1x107 Solution Activated (19(1)ﬂlf g 5
sulphonated 65% (with 9.5 casting on Sandwiched - carbon VX o L.i Clo 84

a 0 : _ - /70 45
PEEK wt.% LiClO4)  electrodes (TF-B520) at 50 mVs

* Casted film
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3.2.2 Pseudo-capacitors

SPEEK has also been used as proton-conducting polymer electrolyte for solid
pseudo-capacitors. For example, Sivaraman et al. demonstrated a solid supercapacitor
with PANI as electrode material.* The relatively low capacitance of 28 Fg' of this
device was due to the solvent effect resulting from the electrolyte casting and electrode
preparation procedures, where dimethyl formamide (DMF) and dimethyl acetamide
(DMAC) may have led to the formation of dimethyl amine (DMA) and reacted with the
sulfonic groups in SPEEK, thus reducing the proton conductivity of the electrolyte. A
water/isopropyl alcohol mixture was selected as an alternative solvent to prepare SPEEK
membranes with a controlled amount of cross-linking.*® A sandwiched 6-cell stack solid
supercapacitor based on the cross-linked SPEEK polymer electrolyte and a PANI
electrode achieved a specific capacitance of 480 Fg'.%’

Other sulfonated hydrocarbon-based polymer electrolytes have been explored for
solid pseudo-capacitors. For example, a pseudo-capacitor with composite PANI
electrodes and a poly(vinyl sulfonic acid) proton-conducting polymer electrolyte
optimized for fast ion transport and intimate electrode/electrolyte contact demonstrated a
good capacitance of 98 Fg™'.*® However, the solid device exhibited an approximately 20%

reduction in capacitance after 1,500 cycles due to the degradation of both the electrolyte

and the PANI electrodes.

3.2.3 Further improvements
Sulfonated hydrocarbon polymers offer a more convenient and less expensive
process than those used to fabricate PFSA membranes. As the backbones of these

sulfonated polymers tend to be less hydrophobic and the acid groups are less polar, a high
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degree of hydration is required to maintain a sufficient level of proton conductivity at
room temperature. For instance, water filled channels in SPEEK are narrower than those
in Nafion, leading to a larger hydrophilic/hydrophobic interface and a larger separation of
neighboring sulfonic acid functional groups.” In order to achieve better and stable
supercapacitor device performance, enhancements in proton conductivity of PFSA films
and sulfonated hydrocarbons at low RH conditions are required. Nevertheless, due to
their higher temperature stability, sulfonated hydrocarbon proton conductors (especially
those containing aromatic backbones) are attractive alternatives for high temperature

supercapacitor applications.®!
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Table 5 Summary of sulfonated hydrocarbon pseudo-capacitors reported in the literature.

Polymer Degree of Proton . Electrolyt © . Testing/storage Eleptrode Cell
] . conductivity production Cell design . active .
electrolyte sulfonation (Scm'l ) method environment material capacitance
Sulfonatgd ) Jizeestaradia Sa}ndwwhed Room Polyaniline/ 27 Fg'l "
commercial 65% - film with hot temmerature Carbon/ (at 5 mVs'l)
PEEK® pressing P SPEEK
Cross-linked 65% 1 9%10° Free-standing \S;V??}? Evg:hed i Polyaniline/ 480 Fg™' 86
SPEEK* ° ' film : Carbon (at 2 mAcm™)’
pressing
Bipolar
Cross-linked 65% i Free-standing sandwiched Room Polyaniline/ 480 Fg™' 87
SPEEK* ° film with hot temperature Carbon (at 107 Hz)"
pressing
Polyvinyl i i Free-standing \SV??}? Kéihed i Polyaniline/ 98 F g'1 88
sulfonic acid film ) Carbon (at 10 mVs’l)
pressing

* Casted film
" Weight of PANI materials of single electrode
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4 Inorganic/polymer proton-conducting electrolytes and enabled
supercapacitors

Inorganic/polymer proton-conducting electrolytes can be further divided into two
subgroups: (a) salt-in-polymer and (b) polymer-in-salt. Salt-in-polymer electrolytes are
prepared by dispersing acids, bases, or salts in a polymer such as PEO, poly(acrylonitrile)
(PAN), or poly(methylmethacrylate) (PMMA). Most salt-in-polymer electrolytes are
aqueous based and form acid/polymer blends or acidic hydrogels (i.e. aqueous gels). In
contrast, polymer-in-salt electrolytes are prepared by using only a small amount of
polymer material as a matrix to hold the solid proton conductors together during film
forming. With increasing salt concentration, the discrete salt clusters are interconnected,
forming a percolation pathway for ion conduction. Although the ionic conductivity of
such electrolytes is 100 to 1000 times less than that of liquid electrolytes, this is less
problematic as a thin film supercapacitor (due to the reduced electrolyte thickness) can
largely compensate for the reduction in ionic conductivity. Since many highly conductive
proton-conductors rely on the water molecules embedded in the structure (e.g.
crystallized water in hydrous acids) to conduct the protons rather than on the loosely
bound or free water, polymer-in-salt electrolytes have much higher water retention

capability compared to salt-in-polymer electrolytes.

4.1 Acid/polymer blend electrolytes

Acid/polymer blends result from mixing strong acids (e.g. H,SO4 or H3PO,4) with
polymers and are currently the most widely used polymer electrolytes for supercapacitors,

especially for flexible and micro-devices. Unlike polymeric proton-conducting
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electrolytes (discussed in Section 3), which have been deployed primarily for rigid solid
supercapacitors, acid/polymer blends have found a wide-range of applications in flexible
solid devices due to their ease of preparation, good conductivity, and high environmental
stability. In addition to avoiding electrolyte leakage, acid/polymer blend electrolytes can
reduce device thickness and packaging. Polymers used in such systems include PEO,
PVA, PAAM, poly(vinylpyrrolidone) (PVP), poly(2-vinylpyridine) (P,VP), and poly(4-
vinylpyridine) (P4VP). H,SO4 and H3;PO, are often chosen as proton conductors due to
their self-ionization and self-dehydration reactions®’ at pure states:

6H,SO04 < H3SO4" + H;0" + HSO4 + HS;07 + H>8,07 + H,O

5H3PO, «<» 2H,PO," + H;0" + HoPO, ™ + HyP,04”

Even though polymers are less efficient than water in dissociating protons, the proton
conductivity of acid/polymer blends falls between aqueous acidic solutions and pure
acids.

Acid/polymer blend electrolytes are prepared by adding an acid solution to an
aqueous polymer solution under stirring. This process can be applied only when mixing
with aqueous acids does not result in chemical degradation of the polymer. They typically
display a room temperature conductivity in the range from 10° to 10* Sem™ in the
anhydrous state.”” One of the first systems (H3;PO4/PVA) for electrochemical applications

has been described by Polak ef al. in 1987.%

4.1.1 Electrochemical double layer capacitors
Acid/polymer blend electrolytes, in particular H,SO4/PVA, have been widely
used for EDLCs with CNT or graphene electrodes, to achieve flexible and solid-state

structures (Table 6). PVA is widely used due to its good thin film forming capability,
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high water-solubility, and adhesive characteristics which ease processing. For example,
Wu et al. developed in-plane micro-supercapacitors using graphene electrodes in an
H,SO4/PVA electrolyte, which showed an areal capacitance of 80.7 puFem™ and were able
to be charged/discharged at a 1,000 Vs~ scan rate.” The in-plane cell design minimized
the ion diffusion pathways and led to a time constant of 0.28 ms. Figs. 7a and b compare
capacitance and impedance of a flexible solid EDLC using H,SO4/PVA and 3D graphene
hydrogel electrodes to a 1 M H,SO, liquid device.”* The solid device showed a high areal
capacitance of 372 mFem™ (or 186 Fg™) and slightly larger ESR, lower leakage current,
and less capacitance decay after 10,000 cycles than the liquid device. H,SO4+/PVA
polymer electrolytes have also been combined with other advanced electrode materials,
15

such as cellulose nanofibers/MWCNTs hybrid aerogel” or CNT coated cellulose paper’®,

to fabricate solid-state flexible EDLCs.
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Fig. 7 Comparison of EDLC cells with H,SO,4/PVA gel electrolyte and a 1M H,SO, solution: (a)
specific capacitances as a function of current density; (b) impedance response in Nyquist plots
(inset shows the magnified high-frequency region); and (c) photograph of a green LED powered
by three supercapacitors in series. Reprinted with permission from Xu et al. * Copyright 2013
American Chemical Society.

The addition of a redox active mediator into the polymer electrolyte may further
enhance cell performance. Senthilkumar ef al. added sodium molybdate (Na,MoQ,) into
an H,SO4/PVA blend system and found increased capacitance and energy density.”” An

activated carbon based EDLC demonstrated a 57.2% increase in specific capacitance
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after introducing Na;MoOy (Fig. 8), due to the reaction between Mo(VI)/Mo(V) and
Mo(VI)/Mo(IV) redox couples. However, the addition of the mediator may limit the rate
performance of the solid device, depending on the reaction kinetics. Another redox
mediator used in H,SO4/PVA is p-benzenediol.98 In addition to the double layer
capacitance provided by activated carbon, p-benzenediol/p-benzoquinone redox couples
in the electrolyte contributed Faradaic pseudo-capacitance. However, this reaction
occurred only from -0.5 to 0.5 V, thus its contribution to the total cell capacitance in the
desired potential range (0 to 1 V and higher) is limited. In addition, leakage current and

self-discharge need to be characterized for electrolytes with such mediators.
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Fig. 8 Comparison of supercapacitor cells with and without Na,MoO, in H,SO,/PVA gel
electrolyte: (a) CV curves at 10 mvVs™, (b) charge/discharge curves at 1.56 Ag'1, and (c) specific
capacitance as a function of current density. Reprinted with permission from Senthilkumar et al.®’
Copyright 2013 American Chemical Society.

H3;PO4/PVA is another common acid/polymer blend system for flexible devices.
Kaempgen et al. used H;PO4/PV A with single-wall carbon nanotube (SWCNT)
electrodes to construct printable thin film EDLCs that showed lower internal resistance
and higher capacitance than a liquid device.” An in-plane EDLC comprised of pristine
graphene or multilayer reduced graphene oxide electrodes and a H3PO4/PVA polymer
electrolyte was fabricated as a 2D solid device.'” Due to the high internal resistance, the

device showed poor performance at high charge/discharge rates.
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El-Kady et al. demonstrated a high rate flexible EDLC, consisting of an
H;PO./PVA polymer electrolyte and graphene electrodes.'®! The electrodes were
obtained by direct laser reduction of graphite oxide films so that the resultant film
allowed the elimination of binders and current collectors. The capacitance of the solid
device was comparable to the capacitance obtained from an aqueous electrolyte (Fig. 9).
The shelf life and cycle life of the device were tested over a 4-month storage period and

10,000 cycles and indicated excellent stability without performance degradation.
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Fig. 9 (a) Comparison of supercapacitor performance using gelled versus aqueous electrolytes
in terms of specific capacitance as a function of current density. (b) A shelf-life test shows
excellent stability of the solid cell for over 4 months. (c) Cycling stability of the solid capacitor.
Reprinted with permission from El-Kady et al.'®' Copyright 2012 AAAS.

Chen et al. demonstrated a coaxial fiber-type flexible EDLC with an H;PO4/PVA
polymer electrolyte between aligned CNT fibers.'” The highly aligned CNT showed high
mechanical strength, and could be woven into a textile structure for flexible or wearable
electronics. Nevertheless, the device showed high internal resistance.

PEO-modified polymethacrylate (PMA) dissolving anhydrous H3PO,4 has been
investigated as a polymer electrolyte for solid EDLCs.'” A maximum conductivity of
2.1x10™* Sem™ was achieved with optimized amounts of organic plasticizers
(poly(ethylene glycol) dimethylether) at room temperature. Utilizing activated carbon
electrodes, the solid device showed similar capacitance as an aqueous device. Since good

rate performance could only be achieved at a high temperature of 90 °C, further
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improvement in low to room temperature conductivity is necessary for practical

supercapacitor applications.
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Table 6 Summary of acid/polymer blend EDLCs reported in the literature.

Electrolyte

Acid

Electrolyte

Cell design

Electrode active

Cell capacitance

Time
constant

blend concentration’  production method material (ms)
Solution casting Interdigitated  Reduced graphene 80.7 pFem’ 93
HSO4/PVA -~ - on electrodes finger film (at 107 Hz) 0.28
Solution casting Sandwiched 372 mFem™ 94
0
H.SO/PVA S0 wt.% on electrodes with pressing Graphene hydrogel (at 1 Ag™)
Electrodes soaked in . Cellulose 1
H,SO4/PVA 50 wt.% polymer electrolyte S?g:i V?gi:g nanofibers/ (lzZtSSFrrgle'z) %
solution Wit p &  MWCNTs
Electrodes soaked in . 1
Sandwiched 273 Fg 96
o -
H,SO4/PVA  ca. 50 wt.% polyrper electrolyte with pressing CNTs (at 10 mA)
solution
H,SO4/PVA/ Solution casting . . 648 Fg' 97
Na;MoO, on electrodes Sandwiched Activated carbon (at 1 Ag'l) 500
H,SO4/PVA/ Free-standin 474 Fg-l
P -2ben4zene diol film & Sandwiched Activated carbon (from -0.5 V to - o8
0.5VatlAg")
H:POJPVA 44 wt.% i Sandwiched ~ SWCNTSs 1O0Fg %
' (at 1 mAg ")
Solution casting Interdigitated 40 pFem™ 100
0
H:POJPVA 44 wt.% on electrodes finger Graphene (at 630 mAcm™)
Solution casting Interdigitated  Multilayer reduced 197 pFem™ 100
0
BREQQIRNAL,  amnwiek on electrodes finger graphene oxide (at 281 nAcm™)
Solution casting . Reduced graphite 0.4 mFem™ 101
0
H;PO/PVA 40 wt. % on electrodes Sandwiched oxide (at 10 mAcm'3)
Electrodes soaked in .
H;PO4/PVA 46 wt.% polymer electrolyte  Coaxial fiber aAr}ég: ﬁedetCNT o 8.66 mFem™ - 102

solution
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) . ) . Time
Electrolyte Acid . E%ectlol‘yt © Cell design Electrp de active Cell capacitance constant Ref.
blend concentration  production method material (ms)
H;PO4/PEO- Free-standing . Activated carbon 120 Fg 103
PMA i film Sandwiched g, (at 0.5 mAcm™®)

" Calculated based on pure acid/polymer weight
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4.1.2 Pseudo-capacitors

Acid/polymer blend electrolytes are commonly used in pseudo-capacitive systems
such as RuO;, MnQO,, and conducting polymers (Table 7). For example, nano-crystalline
RuO; thin films were deposited on a stainless steel mesh by chemical deposition at
different temperatures.'® The resultant RuO, thin films were solidified in and separated
by the H;SO4/PV A polymer electrolyte. At room temperature this device exhibited a
capacitance of 234 Fg™' and an ESR of 0.63 Q. The rate performance of this solid device
was limited by its high charge transfer resistance of 10.95 Q. Si et al. demonstrated an
on-chip micro-supercapacitor, based on MnO,/Au multilayers electrodes leveraging an

105 The surface

H,SO04/PV A polymer electrolyte, and compared it to a bare MnOy device.
adsorption/desorption of protons and the rapid and highly reversible redox reaction
between MnOy and protons enabled high rate performance. The low frequency
capacitance for the MnO,/Au device reached 60 Fcm™ with a 5.9 ms time constant.
However, this device displayed a nearly 25% eduction in capacitance after 15,000 cycles,
probably due to the electrochemical dissolution of active materials. Other H,SO4/PVA-
enabled pseudo-capacitors, including nano-GeSe,'* and nitrogen and boron co-doped
graphene'®” have been demonstrated.

H,SO4/PV A polymer electrolytes have also been applied to PANI-based solid
pseudo-capacitors. A thin solid pseudo-capacitor was demonstrated using two slightly
separated PANI-based electrodes solidified in the electrolyte.'® The solid and liquid
device exhibited a similar CV curve and similar capacitance (332 Fg'1 vs. 360 Fg'l,

respectively). Other H,SO4/PV A enabled pseudo-capacitors with PANI electrodes have

been demonstrated, including PANI coated graphitic petals on carbon cloth'® and PANI
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coated carbon paper.''® Leveraging micro-fabrication and in-situ chemical
polymerization methods, on-chip micro-supercapacitors have been demonstrated with
patterned PANI electrodes.''"* '

H3;PO4/PVA is also often selected as polymer electrolyte for solid pseudo-
capacitors. The first H;PO4/PVA-based pseudo-capacitor was developed as a solid multi-
cell RuO, device in single cell, 4-cell, and 9-cell conﬁgurations.113 The solid device could
be charged and discharged at a scan rate of 10 Vs™'. An interdigitated MnO,-based
pseudo-capacitor with an H;PO4-PVA semi-dried gel acting as both electrolyte and
substrate was developed.'"* MnO, nanoparticle electrode fingers were prepared by
microfluidic etching. While the device had stable cycle life, it showed a distorted CV at a
100 mVs™ scan rate. HsPO4/PVA electrolytes have also been utilized for pseudo-
capacitors with MnO, composite electrodes, such as MnO,/carbon core-shell fiber,'"
MnO,/carbon nanoparticles,'' MnO,/graphene nanosheets,''” and MnO,/PPy.'"* In
particular, the MnO»/carbon core-shell fiber solid capacitor showed high rate capability
with a scan rate of up to 20 Vs™ and a volumetric capacitance of 2.5 Fem™,

H3;PO4/PVA electrolytes have also been applied to PANI-based pseudo-capacitors.
Xue et al. developed an H;PO4/PV A-based solid micro-pseudo-capacitor with PANI

119
nanorod electrodes.

The highly ordered vertical nanorod arrays were prepared by
electrodeposition of PANI on flat reduced graphene oxide patterns. The H;PO4/PVA
electrolyte was coated on the interdigitated finger electrodes as well as the current
collector. A similar flexible device was developed by growing PANI on Au coated

printing paper.'?’ The synthesized PANI fibers were found to be twisted and tangled with

each other, forming uniform and porous networks. The polymer electrolyte solution
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penetrated into the framework before solidification, facilitating proton transport between
PANI and the electrolyte, and enabled a consistent areal capacitance of ca. 50 mFem™
under a discharge current increasing from 0.1 to 2 mAcm™. In addition, flexible pseudo-
capacitors based on nano-composite electrodes consisting of PANI and CNT, SiO,, TiO,,
or graphene flakes were characterized.'*' A stack of 8 flexible supercapacitor cells was
demonstrated using a sandwiched cell configuration enabled by an H;PO4/PVA

electrolyte.

4.1.3 Further improvements

The rate performance of current flexible EDLCs and pseudo-capacitors is mainly
limited by the kinetics of ion adsorption/desorption at the electrode/electrolyte interface
and/or the kinetics of pseudo-capacitive reactions (i.e. charge transfer reactions), rather
than the movement of ionic species in the polymer electrolyte. Although both
H3;PO4/PVA and H,SO4/PVA have been shown as suitable polymer electrolytes with
good stability, the low proton conductivity of these systems limit the rate performance of
the enabled solid devices. In order to enhance the proton conductivity of the acid/polymer
blend electrolytes, polymers with intermediate basicity could be used, such as PAAM and
PVP. In such cases, the nitrogen or oxygen atoms in the polymer can be protonated by the
acid, leading to additional proton exchange and conduction. For example, a proton
conductivity of 6 10 Sem™! was observed for an H,SO4/PAAM blend.** However very
limited electrochemical studies investigating their compatibility with supercapacitor

devices have been performed on such systems.
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Table 7 Summary of acid/polymer blend electrolyte-based pseudo-capacitors reported in the literature.

Electrolyte  Acid Electrolyte Cell design Electrode active Cell capacitance ~ Time Ref.
blend concentration’  production method material constant
(ms)

H,SO4/PVA - Electrodes soaked in Sandwiched RuO, thin film 234 Fg - .
polymer electrolyte  with pressing (at 5 mVs™)
solution

H,SO4/PVA 65 wt.% Solution casting Interdigitated MnOy 41.4 Fem™ 59 105
on electrodes finger (at 10 mHz)

H.SO4/PVA 65 wt.% Solution casting Interdigitated ~ MnO,/Au 58.3 Fem™ 4.7 105
on electrodes finger (at 10 mHz)

H,SO4/PVA 50 wt.% Electrodes soaked in  Sandwiched GeSe, 186 puF - 106
polymer electrolyte  with pressing (at 100 mAm™)
solution

H,SO4/PVA 50 wt.% Electrodes soaked in  Interdigitated GeSe; 200 pF - 106
polymer electrolyte  finger (at 100 mAm™)
solution

H,SO4/PVA 50 wt.% Electrodes soaked in  Sandwiched nitrogen and boron 62 Fg'1 - 107
polymer electrolyte ~ with pressing co-doped graphene  (at 5 mVs™)
solution

H,SO4/PVA 50 wt.% Electrodes soaked in  Sandwiched PANI on CNT 332 Fg' (at 1 - 108
polymer electrolyte  with pressing Agh)
solution

H,SO4/PVA 50 wt.% Electrodes soaked in  Sandwiched PANI coated 1.5 Fem™ - 109
polymer electrolyte graphitic petals (at 1 Ag™)
solution

H,SO4/PVA 50 wt.% Solution casting Sandwiched PANI coated 1 Fem? - 1o
on electrodes with pressing carbon paper (at 0.5 Ag™)

H,SO4/PVA - Solution casting Interdigitated PANI on Au/Cr 588 Fem™ - H
on electrodes finger (at 0.1 mAcm™)
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Cell design

Electrode active
material

Cell capacitance

Time
constant
(ms)

Ref.

H,SO4/PVA 44 wt.% Solution casting Interdigitated PANI 20.4 mFem™ (at -
on electrodes finger 0.3 mAcm™)

H;PO4/PVA 40 wt.% Free-standing Interdigitated MnO> nanoparticles 338.1 Fg™' - e
film finger (at 0.5 mAcm™)

H;PO4/PVA 46 wt.% Solution casting Interdigitated MnQO,/carbon 2.5 Fem™ 22 =
on electrodes finger core-shell fiber (at 20 mAcm™)

H;PO4/PVA 46 wt.% Electrodes soaked in  Sandwiched MnO,/carbon 800 Fg'1 500 e
polymer electrolyte nanoparticles (at 5mVs™)’
solution

H;PO4/PVA - Solution casting Interdigitated MnO,/graphene 267 Fg' - 7
on electrodes finger nanosheets (at 0.2 Ag™)

H;PO,/PVA 46 wt.% Electrodes soaked in Interdigitated ~ PPy/MnO, 69.3 Fem™ 16 He
polymer electrolyte  finger (at 0.1 Acm™)
solution

H;PO4/PVA 40 wt.% Solution casting on  Interdigitated PANI on reduced 970 Fg™' - 1o
electrodes finger graphene oxide (at 2.5 Ag™)

H;PO4/PVA 46 wt.% Electrodes soaked in  Sandwiched PANI on Au- 50 mFem™ - 120
polymer electrolyte covered paper (at 0.1 mAcm™)
solution

H;PO,/PVA - Free-standing Sandwiched PANIVCNT/TiO,on 477.1 Fg-1 - 121
film graphite (at 0.4 pAmm™)

" Calculated based on pure acid/polymer weight
" Single electrode capacitance
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4.2 Acidic hydrogel electrolytes

In order to increase the proton conductivity of acid/polymer blend electrolytes, gel
polymer electrolytes are developed by using low molecular-weight organic solvents, such
as ethylene carbonate (EC), propylene carbonate (PC), DMF, or diethyl carbonate (DEC).
When water is used as a solvent, the gel polymer electrolyte is referred to as hydrogel (or
aqueous gel) polymer electrolyte.

Hydrogel polymer electrolytes utilize superabsorbent or highly swollen polymers,
such as poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA), and poly(acrylamide)
(PAAM), or physically or chemically cross-linked polymers as host materials. Due to
interactions between the —OH and/or =O groups of the polymer and the acidic solutions,
swelling of the polymer occurs throughout the structure by hydrogen bonding. To
maintain the water-insolublity of the hydrogel, the polymer hosts are often chemically or
physically cross-linked. As shown in Fig. 10, chemically cross-linked polymer monomers
are covalently bonded by a chemical cross-linker, whereas the physically cross-linked
polymer hosts are non-covalently bonded but the polymer host is stabilized by small
polymer domains (typically crystalline domains), and thus exhibit less stability. The
three-dimensional networks in the polymer are able to trap acidic solutions in the
polymer matrix.

The basic ion conduction principle of hydrogel polymer electrolytes is similar to
aqueous electrolytes, in that ionic conduction relies on the excess water that the system
contains. Acidic hydrogel electrolytes have been developed using PVA'* and PAAM'?
with strong acids and can achieve a room temperature proton conductivity as high as 107

to 107" Sem™.
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Fig. 10 Schematic of hydrogel polymer electrolyte preparation from chemically or physically
cross-linked polymers with acidic solutions.

4.2.1 Electrochemical double layer capacitors

A summary of acid hydrogel-based EDLCs is given in Table 8. PVA is the most
commonly used polymer matrix for acidic hydrogels. Wada et al. used glutaraldehyde
(GA) to cross-link PVA in a PVA-H,SO, hydrogel electrolyte as a free-standing

membrane for activated carbon EDLCs.'?

The device showed a capacitance and rate
performance similar to a I M H>SOj4 liquid cell, as shown in Fig. 11a. The self-discharge

of the hydrogel enabled-EDLC was suppressed by using a hydrogel polymer electrolyte

with a smaller leakage current (Fig. 11b).

(b)

o
o

80

60
Polymer hydrogel electrolyte

Cell voltage / V

Discharge capacitance / F !

1 M H,SO, aqueous solution

0 L 1 | 1 0 1 1 1
0 10 20 30 40 50 0 5 10 15 20
Discharge current density / mA cm™ Time/h

Fig. 11 Comparison of EDLC cells with a polymer hydrogel electrolyte and a 1 M H,SO, aqueous
solution: (a) specific capacitance as a functlon of current density and (b) self-discharge over time.
Reprinted with permission from Wada et al.™ Copynght 2006 Elsevier.
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A more concentrated 4 M H,SO4 solution with GA cross-linked PVA was used to
construct activated carbon EDLCs, and showed higher proton conductivity than a film

containing 1 M HZSO4.124

The EDLCs exhibited higher capacitance but raise concerns
over the chemical stability of hydrogels containing such high concentration of H,SOs.

Perchloric acid (HC1O,) has also been used as proton donor. Sampath et al.
prepared GA cross-linked PVA hydrogels with varying HClO, content.'> The average
conductivity of the resultant polymer electrolyte was in the 10~ Sem™ range. The glass
transition temperature of the hydrogels decreased with increasing HC1O4 content (from
0.1 M to 2 M), while the capacitance of the enabled black pearl carbon EDLC increased
from 12.8 to 91.2 Fg'. To further improve water retention capacity, film integrity, and
mechanical properties of cross-linked PVA hydrogels, a GA cross-linked PVA/PAA-
HCI10, blend system was investigated,'*® where the protons in the side chains of PAA
could be dissociated to promote higher proton density. With increasing amounts of PAA,
the proton conductivity increased from 10~ to 102 Sem™, mainly due to enhanced proton
hopping. This hydrogel electrolyte followed the VTF relation over temperature with an
activation energy of 0.15 eV.

A cellulose/chitin hybrid gel electrolyte containing binary ionic liquids and
aqueous 2 M H,SO,4 has been developed.127 The activated carbon EDLC based on this
hybrid gel electrolyte exhibited even higher capacitance than that of a liquid cell (162 Fg’
''vs. 155 Fg™). It also showed excellent high-rate discharge capability and 80%

capacitance retention over 100,000 cycles at 5,000 mAg™'. As another example, a PAAM-

based hydrogel with H,SOy in activated carbon'?® enabled an EDLC which showed a
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performance similar to a liquid cell (30 wt.%) with the same time constants (Fig. 12). The

hydrogel electrolyte was composed of 5 wt.% PAAM, 29 wt.% H,SO4, and 66 wt.% H,O.

a 08
0.084 Hz o8
0.24 Ce
e ©
8

IF
O.
e J

C'IF

0.6
0.4+ °
L) / : »
2 © Ce .
% O solution 0.1 Ce O solution
0.2 1 @ hydrogel DCJ: @ hydrogel
0.0 I T b
0.001 1.000
f/Hz

1.000.000

1.000.000

0.0
0.001 1.000
f/ Hz
Fig. 12 Comparison of EDLC cell with a polymer hydrogel electrolyte and aqueous H,SO,
solution: (a) real part of capacitance vs. frequency; and (b) imaginaryfpart of capacitance vs.
2 Copyright 2011 Elsevier.

frequency. Reprinted with permission from Stepniak and Ciszewski.
Kalupson et al. demonstrated a flexible EDLC enabled by a GA cross-linked PVA

hydrogel with an 1 M or 3 M H,SO; electrolyte and binder-free SWCNT electrodes.'”
Both pristine and oxidized (to introduce pseudo-capacitance) SWCNTs were used to
fabricate a flexible device. These ultra-thin EDLCs displayed a very high rate

performance with a 15 ms time constant and almost no reduction in performance after

10,000 cycles.
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Table 8 Summary of acidic hydrogel EDLCs reported in the literature

Tonic Proton Electrolyte Testine/storage Electrode
Polymer host conductivity production Cell design . & E°  active Cell capacitance
conductor 1 environment ",
(Sem™) method material
GA cross-linked 1M 2.6x107! Free-standing Sandwiched Room Zcrt;z)/ited 33 Fg'! 122
124 2
PVA H,SO4 (from ) film temperature fiber cloths (at 1 mAcm™)
. . Activated -1
24 ! peratu fiber cloths
. . Room B
GA cross-linked 2M 3 Free-standing . Black pearl 97 Fg 125
ca. 1x10 Sandwiched temperature, 2
PVA HCI10,4 film 100% RH carbon (at 0.5 mAcm™)
2M .

.. . Activated 1
Cellulose/chitin HQSQ4 . 578%10"! Free-standing Sandwiched Room carbon 162 Fg P
blend and ionic film temperature f loth (at 5000 mAg )

liquids iber cloths
GA cross-linked 1.5M 1x10°— Free-standing Sandwiched Room Black pearl 60 Fg™' 126
PVA/PAA blend HCIO4 1x107 film temperature carbon (at 2 mVs™)
Separator Activated 1
PAAM ;781\(31 6.9x10" impregnated  Sandwiched i?lim;rature carbon (leizlggm Vs 128
2o with hydrogel p fiber cloths
GA cross-linked 1or3 M 2% Free-standing . Room 13 Fg'1 129
PVA H,SO4 4.5x10 film ST temperature SV (at 10° Hz)
GA cross-linked 1Mor3 2% Free-standing ) Room Oxidized 23 Fg'1 129
PVA M50, 10 film Sandwiched - rature SWCNT  (at 10” Hz)

" Estimated from charge-discharge curve

TContaining 1 M H,SO4
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4.2.2 Pseudo-capacitors

Acidic hydrogels have also been investigated as polymer electrolytes for pseudo-
capacitors (Table 9). As discussed earlier, a GA cross-linked PVA/PAA blend with 1.5 M
HCI1O, was used as a hydrogel electrolyte.'*® Utilizing a RuOx-nH,O/carbon electrode, a
solid pseudo-capacitor exhibited a capacitance of 1,000 Fg™' at a 2 mVs™ scan rate.
However this device suffered from a significant reduction in capacitance after 45 cycles.
In a more recent study, different acrylic gel polymer electrolytes, including PAA,
potassium polyacrylate (PAAK), and poly(2-acrylamido-2-methyl-1-propanesulfonic
acid) (PAMPS), were used for RuO, pseudo-capacitors.”*” The RuO,/Pt electrode in
PAMPS showed higher capacitance than in 1 M H,SO4 (642 Fg'1 vs. 596 Fg'1 electrode
capacitance). This may be due to better proton accommodation in the polymer side chain
groups.
4.2.3 Further improvements

Since acidic hydrogels exhibit low adhesion to the electrode surface, mechanical
pressure is required to ensure good interfacial contact between the electrode and
electrolyte in an assembled cell. This often adds extra volume, weight and other
complexities to the devices, which needs to be addressed. In addition, the life time and
shelf life of acidic hydrogel supercapacitors (both EDLCs and pseudo-capacitors) have
not been extensively studied and the long-term performance under operating conditions is
unknown. Since the main content of these hydrogel polymer electrolytes is in a quasi-
liquid state, preventing the cell from "drying" for long term storage is another major
challenge. The loosely bonded and/or free water molecules in the hydrogels undergo fast

dehydration, which significantly affects the conductivity of the electrolyte. For
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supercapacitors that operate in an ambient environment, water retention is critical.
Alternatively, other inorganic hydrogels, such as sol-gels or fumed SiO, gels, have also

131-134

been developed for supercapacitors and shown promise of improved device

performance.
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Table 9 Summary of acidic hydrogel pseudo-capacitors reported in the literature.

. Proton Electrolyte . Electrode
) Ionic . ] ; . Testing/storage . Cell

Polymer host ~ conductivity production Cell design . active .

conductor -1 environment . capacitance

(Sem™) method material

GA cross-linked 1.5M 3 102 Free-standing . Room RuOxnH,O 1,000 Fg 126
PVA/PAA blend HCIO4 10710 film A temperature /Carbon (at2 mVs™)

1M 2 3-electrode 418 Fg'1 130
PAMPS H,S0, 2.1x10 - system - RuO,/Pt (at 20 mVs)!

1M 2 3-electrode 521 Fg'1 130
LA H,SO4 200 ) system ) [RmCly (at 20 mVs ™)'

IM 2 3-electrode 464 Fg' 130
PAAK H,SO, 1.8%10 - system - RuO,/Pt (at 20 mVs™)'

" Single electrode capacitance
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4.3 Heteropolyacids/polymer composite electrolytes

With the development of solid-state proton conductors, polymer-in-salt
electrolytes have shown promising performance. The majority content of a polymer-in-
salt electrolyte is the solid ionic conductor, which is embedded in a polymer matrix. Due
to the low polymer content, the ionic conduction mechanism is similar to its pure solid
counterpart and often obeys an Arrhenius-type dependence.

Heteropolyacids (HPAs) are hydrous salts and have the highest proton conductivity

135-139
Two common

at room temperature among inorganic solid-state proton conductors.
HPAs are silicotungstic acid (SiWA, H4SiW,040) and phosphotungstic acid (PWA,
H3;PW,049). Due to their high proton conductivity, HPAs have been used to modify
PFSA membranes."**'*! Two major factors contribute to their proton conductivity:
(1) Highly hydrogen-bonded conduction pathways in the crystal lattice facilitate fast
proton transportation. Such pathways result from a large number of crystallized water

molecules in the crystal hydrate (e.g. SIWA+*nH,0), leading to “quasi-liquid” states.'* 142

3 (ii) The dynamic dissociation of co-crystallized water molecules in the crystal hydrate
via interactions with oxygen atoms of the Keggin anion increases the density of free
protons. The protons, in the forms of H"-nH,O clusters (e.g. H;0" or H502+), are
transferred by hopping from H'-nH,O donor sites to nH,O acceptors in the HPA, yielding
high proton conductivity (e.g. 0.027 Sem™ for SiWA«28H,0)."*°

Studies have identified the temperature and RH dependence of the number of

crystalized water molecules in HPAg, ' 144

Their activation energy increases as the
number of crystallized water molecule decreases.'*> Although HPA crystals tend to

dehydrate when being heated or when in an atmosphere with low RH (leading to a
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. . .., 137
reduction in proton conductivity

), they can easily rehydrate when they are in a high RH
environment following dehydration.

Several HPA-in-polymer composite electrolyte systems have been demonstrated for
both EDLCs and pseudo-capacitors. The addition of the polymer increases the resilience
of HPA to changes in RH. Although the diffusion of the HPA species may be limited

once immobilized in the polymer matrix, this negative effect can be minimized thorough

different additives and modifications to the polymer matrix.

4.3.1 Electrochemical double layer capacitors and pseudo-capacitors

For HPA/polymer composite systems, PVA is typically chosen as polymer matrix.
A mixture of 90 wt. % SiWA and 10 wt. % PV A (referred to as SIWA-PVA) has
exhibited a proton conductivity of 0.01 Sem™ at room temperature, and has been
successfully applied in RuO, pseudo-capacitors.'*> The capacitance of the solid device
was lower than the capacitance of a similar capacitor with an aqueous electrolyte (50
mFem™ vs. 70 mFem™), which was due to ionic penetration in the solid-state.
Nevertheless, the solid capacitor was able to be charged and discharged at 1 Vs™,
showing a high rate capability. In addition, the solid SIWA-PVA electrolyte-enabled
capacitor exhibited good shelf life and good cycle life (over 20,000 cycles).

A PWA-PVA polymer electrolyte was demonstrated in a RuO,/graphite
asymmetric pseudo-capacitor.'*® The device was only 0.2 mm thick and hada 1.5 V
working voltage window. Two distinct capacitive regions (the first region from 0 to 0.7 V
and the second from 0.7 to 1.55 V) were identified in the CV. Both showed a symmetric
and reversible nature, but the former was dominated by the double-layer electrode with a

capacitance of 2 mFem™, while the latter demonstrated a 10-fold increase in capacitance
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to about 22 mFem™. The presence of these two voltage regions was confirmed in
charge/discharge experiments. The HPA not only provided proton conductivity, but also
contributed to pseudo-capacitance in the operating voltage window due the redox
reactions of its anions.'*’

To further optimize proton conductivity, SIWA-PVA and PWA-PVA were
combined together into a single composite electrolyte.'*® '*’ The mixture of PWA and
SiWA exhibited higher conductivity than its individual components at equivalent
concentration. A solid RuO, pseudo-capacitor enabled by a SiIWA-PWA-PVA polymer
electrolyte was able to deliver a capacitance of 50 mFem™ at 500 mVs™ without
distortion in its CV."*® Since PWA is more sensitive to dehydration than SiWA, the
resultant SIWA-PWA-PVA polymer electrolyte suffered a reduction in conductivity in
RH conditions below 30 % RH. In addition, although the high HPA content enhances
proton conductivity, it also leads to a deterioration of mechanical properties, which in
turn limits the mechanical flexibility of the solid capacitors.

A ternary complex was developed to replace the rigid or even brittle HPA-PVA

150, 151
> 7" Pure

binary complex by introducing a limited amount of H3POy into the system.
H;PO, has the highest intrinsic proton conductivity of any compound.'**'>* An
H3;PO4/PV A anhydrous system has been successfully demonstrated as an acid/polymer
blend electrolyte. H;POj4 acts as a plasticizer as well as an additional proton donor. The
addition of H;PO4 also promoted the retention of crystallized water as well as the thermal
stability of the polymer electrolyte.'”' The first solid supercapacitor based on SiWA-

H;PO4-PVA was demonstrated using conductive graphite electrodes.'>” '*! The solid

EDLC showed good high rate capability to be charged and discharged at 20 Vs™ in the
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CV and a time constant of 10 ms. A molybdenum nitride (MoxN) pseudo-capacitor was
also developed'** and delivered 1 mFem™ at 100 Vs™ while achieving a 10 ms time
constant. In addition, textile EDLCs based on knitted carbon fibers and activated carbon
ink were demonstrated with 510 mFem™ at 10 mVs™.'> The flexible EDLC device was
stretched about 50% and was bent up to 180° several times and still remained functional.
Due to the moisture sensitivity of HPA, the conductivity of SiWA-H3;PO4-PVA
fluctuates with RH at room temperature. The environmental stability of the polymer
electrolyte was improved by the incorporation of inorganic nano-fillers'*® and chemically

57 The addition of nano-Si0; fillers enhanced the

cross-linking of the PVA polymer
water retention of SIWA-H;PO4-PVA. This electrolyte exhibited improved
environmental stability due to the additional hydrogen bonds formed between Si0, and
water molecules. A cross-linking effect of Si0, on PVA was also confirmed via IR
spectroscopy as a secondary function. The degree of chemical cross-linking of the PVA
framework was optimized to improve the water storage capability and dimensional
stability of SIWA-H3PO4-PVA. The resultant electrolyte exhibited enhanced proton
conductivity via a hopping mechanism and could transfer ions at an ultra-high speed. The
electrolyte film showed high mechanical flexibility in both dried and hydrated conditions,
as shown in Fig. 13. Thermal analysis revealed an increase of water content with
increasing degree of cross-link, such that SIWA in the cross-linked polymer electrolyte

had a higher level of hydration. IR analysis confirmed stronger hydrogen bonding

interaction due to hydrated SIWA.
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Fig. 13 Photographs of a cross-linked SiWA-H3;PO,4-PVA electrolyte film in dried (left) and
hydrated (right) conditions.

The resultant cross-linked SIWA-H3PO4-PVA electrolyte is capable of storing and
delivering charge at an ultrahigh rate and retaining its conductivity and ultrahigh rate
capability over time. Fig. 14 shows a comparison of three metallic EC devices, 30 wt%
H,SOy4 (liquid cell), Nafion (solid cell), and cross-linked SiWA-H3;PO4-PVA (solid cell),
with planar stainless steel electrodes at a voltage scan rate of 5000 Vs™ at the same RH.
All cells were able to charge and discharge at this ultra-high scan rate, but the solid
SiWA-H;PO4-PV A based device appeared to have less resistance and higher capacitance
than the other cells. At such high rate, the cell using cross-linked SIWA-H3;PO4-PVA was

able to deliver 10 pFem™, 50% of the capacitance obtained at 1 Vs™.
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Fig. 14 CVs of thin metallic EC cells with 30 wt.% H,SO,, Nafion, and cross-linked SiWA-H;PO,-
PVA electrolytes at a scan rate of 5000 vs™.

Graphite EDLCs enabled by cross-linked SiWA-H3;PO4-PVA exhibited a high
capacitance of 2 mFem™ at 50 Vs™' and a time constant of 10 ms. Fig. 15 shows the CVs
of the solid device at scan rates of 1, 10, 25, and 50 Vs, The capacitance at 1 Vs was
about 2.5 mFem™ higher than an onion-like nanocarbon-based liquid EC'*® and graphene-
based liquid and solid ECs” '*"'*°_ A further increase in scan rate resulted in only a slight
decrease of capacitance to 2 mFem™ at 50 Vs™', which is among the highest areal

capacitance for supercapacitors at this rate, liquid or solid.
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Fig. 15 CVs of a thin graphite EDLC with a cross-linked SiWA-H;PO,4-PVA electrolyte at sweep
rates of 1 Vs™, 10 Vs, 25 Vs, and 50 Vs™'. Reprinted with permission from Gao and Lian."’
Copyright 2012 Royal Society of Chemistry.

4.3.2 Further improvements

SiWA-PVA solid polymer electrolyte systems are very promising for high-rate
and high-power energy storage devices. Current effort is on further enhancing solid-state
proton conductivity, environmental stability (e.g. for RH < 30%), and the electrochemical
stability window. However, improvements of individual characteristics are much easier to
achieve than jointly satisfying all goals. For example, hygroscopic additives can aid water
retention within HPA crystals and electrolytes; however, they may negatively affect
proton conductivity. HPA salts, through cation exchange, may also be an effective way
to increase the environmental stability of the electrolytes. Moreover, HPA salts with
larger cations (e.g. cesium or ammonium salts), in spite of containing less crystallized

water, exhibit less dependence on RH.'*’

Although such salts will have reduced ionic
conductivity, this decrease in conductivity may be acceptable and relatively minor
compared to their overall benefit. Consequently, the development of HPA-based polymer

electrolytes will need to be application specific and require a balanced approach.
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Table 10 Summary of HPA/polymer composite electrolyte-based EDLCs and pseudo-capacitors.

Page 62 of 76

HPA Wt.% Proton Electrolyte . ) Electrode
Polymer . i ; . Testing/storage . .
in the conductivity production Cell design . active Cell capacitance
electrolyte Lk ) environment :
composite  (Scm) method material
. : Sandwiched 2
SIWA-PVA  90wt%  1x10° Solution casting iy, o Room RuOyTi o mbem 143
on electrodes . temperature (at 0.1 Hz)
pressing
. Positive:
. . Sandwiched . 2
PWA-PVA 87 Wi.% i Solution casting with hot Room Rqu/Tl ' ca. 15 chrr}1 , 146
on electrodes . temperature Negative: (at 100 mVs™)
pressing .
Graphite
5 :
SiWA-PWA- 45 Wt'_A) 2 Solution casting Sgndwwhed Room . 50 mFem™ 149
PVA ke Ll on electrodes AL temperature R (at 500 mVs™)
wt.% PWA pressing P
) . . Sandwiched 2
SiWA-H;PO;,- o 3 Solution casting . Room . 1 mFcem 150
PVA 65 wt.% 8x10 on electrodes with hOt temperature Graphite (at 1 Vs
pressing
5 :
SiWA-H;PO;- SO 1102 Solution casting iig:i Evéfhed Room Grahite 1 mFem™ 151
PVA on electrodes . temperature P (at 1 Vs™)
pressing
o ;
SiWA-H5POy4- 80 wt.% ca.1.3x102 Solution casting \S)v??hd;ﬁ:hed Room Mo.N/Ti 1 mFem™ 154
PVA o on electrodes . temperature * (at 100 Vs™)
pressing
Sandwiched S
SiWA-H;PO;- i i Solution casting with hot Room fibers and 510 mFem™ 155
PVA on electrodes . temperature activated  (at 10 mVs™)
pressing carbon
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Polvmer HPA Wt.% Proton Electrolyte Testing/storace Electrode
Y ) in the conductivity production Cell design . & 8¢ active Cell capacitance Ref.
electrolyte o ) environment :
composite  (Scm) method material
. Solution casting

Cross-linked ) 2

SIWA-HiPO,- 85wt%  cal.sxig? Onclectrodes/  Sandwiched — Room Graphite 2 ™Fem ™ 157
Free-standing with pressing temperature (at 50 Vs™)

PVA
film

" Calculated based on dried HPA/polymer film

f Calculated from CV
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5 Summary and outlook

With the current advances in printed electronics, wearable electronics, and e-
textiles, solid, energy storage systems that are light-weight, thin, and flexible are facing
tremendous opportunities. Beyond offering the required form factors, supercapacitors can
be stand-alone or form hybrids with batteries or solar cells to provide high performance,
high power, and low maintenance energy solutions. Utilizing polymer electrolytes will be
particularly beneficial in these next generation supercapacitors. Polymer electrolytes can
prevent leakage, minimize sealing or packaging processes, and provide more
functionality for device fabrication. Although the conductivity of polymer electrolytes is
typically a few orders of magnitude lower than that of their liquid counterparts, deploying
them in the form of very thin films helps to overcome the problems associated with their
inherently low intrinsic proton conductivity. Short and consistent proton-conducting
paths within a thin electrolyte film can enable good conductivity.

This review emphasized state-of-the-art research on low to room temperature
proton-conducting polymer electrolytes, with a particular focus on both polymeric
proton-conducting and inorganic/polymer proton-conducting electrolytes and the
supercapacitors enabled by these electrolytes. Table 11 briefly summaries the advantages
and disadvantages of the proton-conducting polymer electrolytes discussed in this review.
Identified shortcomings in the current technologies point to directions for further
improvement:

1. Proton conductivity and pseudo-capacitance. A major challenge remains to
increase the proton conductivity in low temperature and/or low RH environments.

Modifications to the electrolyte film in order to improve its water retention
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capability and to reduce the sensitivity to the environment are essential. The
effects of different hygroscopic materials or plasticizers on environmental
stability should be identified and tested. The addition of a redox active mediator
into the polymer electrolytes may further enhance cell capacitance. A balance
between reaction kinetics and ion mobility is critical to reach optimum capacitor
performance.

Voltage window. Although the cell voltage of aqueous-based flexible
supercapacitors is limited to around 1 V, the design of supercapacitors with high
energy density is ongoing. Asymmetric cell configurations promise to increase the
voltage window and further enhance the energy density of the supercapacitors.
The development of protic ionic liquids may further benefit this field by opening
up the voltage window limit. However, one needs to overcome the low ionic
conductivity (dissociation and mobility) of ionic liquids for any practical high
power applications.

Electrode-electrolyte interface. The interface between solid electrodes and
electrolyte is a critical issue. Earlier research was focused on free-standing
electrolyte films. Flexible solid supercapacitors can also be produced by (i) direct
solution casting of the polymer electrolyte solution onto the electrode surface or
(i1) dip-coating of the electrodes in the polymer electrolyte solution. Although
these approaches minimize the interfacial contact resistance, the properties of the
polymer electrolyte liquid precursor solution have not been widely studied and
optimized. Few studies are devoted to the electrode/electrolyte interface, starting

from the gel form to the solidified form of the electrolyte. More fundamental
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work is needed to fully understand the ion transport in polymer electrolytes and
their interaction with electrode materials to maximize ion mobility while
minimizing self-discharge.

Processing and Integration techniques: Among the main drivers of printed and
flexible electronics are the low cost of materials and high through-put processes.
The majority of inorganic/polymer proton-conducting electrolytes are relative
inexpensive, which is highly desirable for scale-up and commercialization. To be
compatible with and able to be integrated with printed electronics, wearable
electronics, and micro-electronics, the design and development of polymer
electrolytes needs to also consider the material properties, such as viscosity,
curing conditions, and chemical compatibility with the printing equipment (e.g.,
screen printing, gravure printing) for processability and manufacturability.
Electrolyte film mechanical properties. While extensive work has been performed
on non-stretchable flexible supercapacitors, stretchable supercapacitors may
further improve the practicality of wearable applications. This requires electrolyte
films that can be plastically or non-plastically deformed. Studies of polymer
electrolytes are still in an initial stage, focusing on electrochemical performance,
while less attention is paid to mechanical properties. Theoretical and
computational modeling can be effective in predicting and optimizing the
mechanical properties of electrolytes.

Performance metric. Lastly, it is difficult to directly compare capacitor
performance between different studies, since for flexible solid supercapacitors

performance should be normalized by geometric area or volume instead of the
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mass of the active materials, as is current practice. Unfortunately, in current
studies we find diverse metrics, even such based on the weight of the electrodes
themselves rather than the active material only. It is necessary to establish
consistent and clear rules for performance evaluation. It is also important to
establish evaluation criteria that represent practical applications, such as outdoors
or at extreme temperatures.
There are many promising chemistries for solid supercapacitors, but scale-up and
commercialization still need to overcome many hurdles. Researchers are continuing to
push the performance of materials and new chemistries, but system development is
equally important and requires a comprehensive approach and multi-disciplinary efforts.
The current rapid pace of development in high performance materials coupled with
expertise in system integration will speed up the realization of next generation

supercapacitors.
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Table 11. Comparison between of different proton-conducting polymer electrolytes

Perfluorosulphonic Sulfonated Acid/polymer Acidic Heteropolyacids/

acids hydrocarbons blends hydrogels polymer composites

Amblenf l?roton Low Low Medium to low High High
conductivity

EnV1.r.0 nmental Low Low High to medium Low Medium
stability

Ease of . High Medium High Medium Medium
preparation

Chemical . . . ) .
stability High High Medium Medium High
Thin-film . . . .
i High High Medium to low Low High
Cost High Medium Low Low Medium
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List of abbreviations

CNT carbon nanotube

Cv cyclic voltammograms

DEC diethyl carbonate

DMA dimethyl amine

DMAC dimethyl acetamide

DMF dimethyl formamide

EC ethylene carbonate

EDLC electrochemical double layer capacitor
EIS electrochemical impedance spectroscopy
ESR equivalent series resistance

GA glutaraldehyde

HPA heteropolyacids

HUP hydrogen uranyl phosphate
MEMS microelectromechanical systems
MWCNT multi-wall carbon nanotube
P2VP poly(2-vinylpyridine)

P4VP poly(4-vinylpyridine)

PAA poly(acrylic acid)

PAAK potassium polyacrylate

PAAM poly(acrylamide)

PAMPS poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
PAN poly(acrylonitrile)

PANI polyaniline

PBI polybenzimidazole

PC propylene carbonate

PEEK poly(ether ether ketone)
PEEKK poly(ether ether ketone ketone)
PEK poly(ether ketones)

PEO poly(ethylene oxide)

PES poly(ether sulfones)

PFENO poly(fluorenyl ether nitrile oxynaphthalate)
PFSA perfluorosulphonic acid

PMA polymethacrylate

PMMA poly(methylmethacrylate)

PPy polypyrrole

PSS poly(styrene-4-sulphonate)
PTFE polytetrafluorethylene

PVA poly(vinyl alcohol)

PVP poly(vinylpyrrolidone)

RH relative humidity

SWCNT single-wall carbon nanotube
VTF Vogel-Tamman-Fulcher
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