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A H;BW,,040-polyvinyl alcohol polymer electrolyte and its
application in solid supercapacitors

Han Gaot and Keryn Lian*

A polymer electrolyte comprised of HsBW1,040 (BWA) and cross-linked polyvinyl alcohol (BWA-XLPVA) has been developed
and characterized for solid supercapacitors. The performance of this polymer electrolyte was compared to a known
polymer electrolyte based on H,SiW1,04 (SiWA). An enhanced proton conductivity was observed for BWA-XLPVA
compared to its SIWA counterpart, especially under low humidity conditions (5% RH). Dielectric analyses revealed an
increase of proton density and proton mobility in the BWA-based electrolyte. Solid-state 'H NMR study showed that all
protons in the BWA-based electrolyte were hydrated at the low humidity environment. This indicated that BWA had more
crystallized water content than SiWA, resulting in higher proton mobility in the PVA matrix. An in-situ tracking of electrode
potential in solid supercapacitors was utilized to identify the reactions and the factors limiting solid supercapacitor cell
voltage for both BWA- and SiWA-based polymer electrolyte systems. A solid device leveraging the BWA-based polymer

electrolyte  achieved a cell

Introduction

In  conventional supercapacitors, ion-permeable and
electrically insulating separator films are sandwiched between
electrodes soaked with a liquid electrolyte.l'8 Since leakage of
the liquid electrolyte is a potential safety issue, especially
when the material is environmentally hazardous, efforts
abound to replace them with polymer electrolytes for next-
generation solid supercapacitors that are not only safer, but
also offer high performance, light weight, and flexible form
factors.”™?

An ideal polymer electrolyte for supercapacitors should
exhibit the following properties: (a) high ionic conductivity for
high power output; (b) good ion accessibility at the
electrode/electrolyte interface for high capacitance; (c) a wide
electrochemical stability window for maximum cell voltage;
and (d) high environmental and temperature stability for
device safety and long service life. Polymer-in-salt electrolytes
have shown promising performance, for the development of
solid-state proton conductors. The major content of a
polymer-in-salt electrolyte is a solid ionic conductor embedded
in a polymer matrix. Because of the small polymer content, the
ionic conduction mechanism depends on the solid “salt” and
often obeys Arrhenius-type dependence.

Keggin-type Heteropolyacids (HPAs) are hydrous salts
exhibiting the highest proton conductivity at room
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voltage

of 13 V, 0.2 V wider than a SiWA-based device.

temperature among inorganic solid-state proton conductors.™
19 They belong to a large family of metal-oxygen clusters of the
early transition metals formulated as HZ[X”+M1204O](8'”)', where
M is the addenda atom and X is the heteroatom.”?
HsPW1,040 (PWA) and H,SiW;,04 (SIWA)

excellent performance for liquid electrolyteszz'
24,25 Polymer electrolytes based on SiWA
have demonstrated higher ambient proton conductivity and

have shown

23 .
and solid

polymer electrolytes.

environmental stability than conventional perfluorosulphonic
acids (e.g. Nafion®), sulfonated hydrocarbons, or acidic
hydrogels (e.g. H3PO4—PVA).12 Recently, we have synthesized
HsBW1,04 (BWA) as liquid
electrolyte for supercapacitors.26 BWA not only exhibited
higher ionic conductivity than SiWA but it also had a 200 mV
wider potential window when used as a liquid electrolyte.

and characterized aqueous

To understand the feasibility of integrating BWA in polymer
electrolytes, an electrolyte based on BWA and polyvinyl
alcohol (PVA) was developed and investigated in terms of its
proton conductivity and dielectric properties and compared to
its known SiWA counterpart. Solid supercapacitor cells were
demonstrated leveraging this polymer electrolyte. An in-situ
electrode potential tracking method was utilized to monitor
the individual potential changes in both positive and negative
electrodes of the supercapacitors in the solid-state. In this
paper, we report: (a) the mechanism and attributes for proton
conductivity of a BWA-based polymer electrolyte; and (b) the
potential window of the BWA-based polymer electrolyte and
its interactions with the supercapacitor electrodes in solid
cells.

Experimental
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Figure 1 — Schematic diagrams of (a) 3-electrode system for single electrode
characterization and (b) 2-electrode system for supercapacitor device characterization
with in-situ potential tracking (the inset shows a photo of a polymer electrolyte film).

Preparation of polymer electrolytes

SiWA was purchased from Alfa Aesar and used as-received.
The process of synthesizing BWA have been reported.26 Both
BWA and SiWA were blended in a cross-linked polymer matrix
(XLPVA), which was prepared by mixing a 5 wt.% PVA
(MW=145000, Sigma Aldrich) aqueous solution with
glutaraldehyde (CH,(CH,CHO),, Alfa Aesar). The molar ratio of
glutaraldehyde to PVA repeating unit was controlled at
0.013.” Both BWA- and SiWA-based electrolytes had a
composition of ca. 90 wt% HPA and ca. 10 wt% XLPVA,
assuming that most of the free water was removed in the
drying process. Free-standing electrolyte films were obtained
by solution-casting of the precursor solutions on
polytetrafluoroethylene (PTFE) plates and dried under ambient
conditions.

Construction of solid cells

Metallic cells for examining proton conductivity and dielectric
characterizations were constructed by sandwiching a cast
polymer electrolyte film between two stainless steel
electrodes under 20 to 30 kPa pressure to form a two-
electrode cell (stainless steel/polymer electrolyte/stainless
steel). The geometric area of the electrodes was 1 cm?. Ti or
stainless steel spacers (100-250 um thick) were used to obtain
a consistent electrolyte thickness in the solid cells.

An aqueous-based graphite conductive ink (Alfa Aesar) was
coated on thin stainless steel foils and dried in air as carbon
electrodes for supercapacitor cells. The geometric area of the
electrodes was 1 cm?’. Loading of graphite was ca. 5 mgcm'z.
Two different solid cells, a 3-electrode system (Figure 1a) and a
2-electrode system (Figure 1b), were used for single electrode
characterization and device characterization, respectively.

Solid carbon cells were assembled in the following steps: (i)
casting a free-standing polymer electrolyte film (2 x 2 cm)
described above; (ii) coating the graphite electrodes with the
electrolyte precursor solution via solution casting; (iii) cutting
Ag pseudo-reference electrodes from screen-printed
electrodes (Zensor R&D) and attaching them firmly to the
polymer electrolyte film; (iv) assembling cells by sandwiching
the free-standing electrolyte film with the reference electrode
between the two graphite electrodes from step (ii) for 20 min
under 20 to 30 kPa pressure at ambient temperature (Figure
1).

2| J. Name., 2012, 00, 1-3

The difference between the “3-electrode” cell and the “2-
electrode” cell
electrode. An electrode with the same graphite material but
with much higher mass loading (ca. 20 mgcm'z) was used in a
3-electrode cell for single electrode characterization (Figure
1a), while electrodes with identical graphite loadings were
used as positive and negative electrodes to mimic a 2-
electrode cell for supercapacitor device characterization
(Figure 1b). An external reference electrode was connected to
the 2-electrode cells to track the potential of both electrodes
in solid supercapacitor devices.

Storage of polymer electrolytes and cells

was in the capacitance of the counter

All polymer electrolytes and the enabled-solid cells were
stored under controlled conditions. The equilibrated relative
humidity (RH) at 25 °C was controlled to emulate different
environments (Table 1).28 The three RH levels were chosen to
represent conditions with stable and repeatable values in an
ambient environment. Prior to performing measurements, the
solid cells were kept in the desired RH for at least 15 days to
reach equilibrium, unless  otherwise specified. A
temperature/humidity chamber (Espec SH-241) was used to
conduct tests at different temperature and humidity level.
Electrochemical characterizations

All solid cells were characterized using cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS). CV was
performed either on a CHI 760D bipotentiostat or an EG&G
PAR 263A potentiostat/galvanostat. EIS was performed on a
Solartron 1255 frequency response analyzer interfaced with
the EG&G 263A. The EIS spectra were recorded from 100 kHz
to 1 Hz with 5 mV amplitude under zero voltage bias. Unless
otherwise specified, all electrochemical experiments were
carried out at room temperature.

For the 2-electrode cells, a DGS-122 digital oscilloscope
was used to simultaneously track the change of both positive
and negative electrode potentials against the pseudo-
reference electrode during CV scans. Both potentiostat and
oscilloscope were in a “floating” state for these
measurements. The voltammogram of the supercapacitor cells
and the corresponding potential tracking curves were obtained
at the tenth CV cycle after reaching the steady state of both
positive and negative electrode potentials. All solid 3-electrode
and 2-electrode cells were stored at 75% RH overnight before
any electrochemical tests to achieve steady-state conditions
for ion conduction and at the electrode/electrolyte interfaces.
Dielectric characterizations of polymer electrolytes

Dielectric measurements of the metallic cells were carried out
from -30 to 50 °C with a 10 °C interval. A 30 min equilibrium
time was used at each temperature. The frequency-dependent
response of an electrolyte is measured in complex impedance
(Z*) and permittivity (e*), which reflect the motion of mobile
ions and dipoles.29 The key parameters of interest are: proton
conductivity (o), dielectric constant (&), dielectric time
constant (t), free proton density (pg), and mobility (pn). The
solid sandwich cell can be considered as a capacitor such that
the real part of the capacitance (C’) can be extracted using its

This journal is © The Royal Society of Chemistry 20xx
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impedance data.®® The dielectric constant (g/’) is extracted
using

Table 1: Shelf storage conditions at room temperature.

RH Controlled by Comment
75 (x3)% saturated NaCl solution High humidity condition
45 (£3)% saturated K,CO; Normal humidity condition
solution
5(+2)% dried silica gel Extremely low humidity

condition

, _C -7 d

g =—=—"X—
T Cy 2mfZ2 7 gA

(1)

where Z is the complex impedance, Z” is the imaginary part of
the complex impedance, d is the electrolyte thickness, and A is
the electrode area. The dielectric loss (g,”) can be determined

from
1

_tane

g = (gr) X ( ) @
where 0 is the phase angle (or phase shift) of the metallic cell.

The Macdonald and Coelho model (a single ion approach)
was used to deconvolute the different contributions to proton
conductivity under the presence of electrode polarization.31'34
The free ions in the polymer electrolyte were assumed to be
protons due to the high Keggin HPA content and the immobile
HPA anions. The proton transference number in HPAs is close
to unity, which is also true for the polymer electrolytes. The
free proton density, pg, can then be obtained by

2

_ 4tgpkTo 3)

P, =
0 q%d?ts

where k is Boltzmann's constant, g is elementary charge, and T
is temperature. Here tgp is the dielectric time constant with
electrode polarization at low frequencies while T, is the static
dielectric time constant at high frequencies. T is directly
related to the dielectric constant and dc conductivity

€r,Ep€o
Tgp = —— (4)
£r,s€0
Ty = —= (5)

where €, and g, are the static dielectric constant and low
frequency dielectric constant, respectively. Arrhenius relation
was used to describe proton density and proton conductivity
at different temperatures:

A = Awexp(ﬁ (6)
where A.. is a pre-exponential factor, R is the gas constant, and
E, is the activation energy. Free proton density and mobility of
the polymer electrolytes at low temperatures of -30 and -20 °C
were directly calculated. At higher temperatures, the proton
density was obtained by linear fitting using the Arrhenius

relation, and mobility (4) was calculated based on dc
conductivity and free proton density:
(o3
=— (7)
H qPo

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 — Temperature dependence of proton conductivity for BWA-XLPVA and SiWA-
XLPVA at 75%, 45%, and 5% RH from -30 to 50 °C.

Material characterizations

'H solid-state nuclear magnetic resonance (NMR) spectra of a
pre-dried (at ca. 5% RH) free-standing BWA-XLPVA film were
recorded on an Agilent DD2-700 with the Larmor frequency
700 MHz and chemical shift has externally been referenced to
tetramethylsilane (TMS). The 'H NMR measurements have
been taken as a function of temperature from -30 to 50 °C with
a 10 °Cinterval.

Results and discussion

To study BWA and compare it with SiWA as a proton
conductor in polymer electrolyte, the proton conductivity of
the electrolytes was measured in a controlled environment.
Dielectric properties were obtained and used to extract the
free proton density and the mobility of both electrolytes from
the obtained conductivity. The 'H NMR spectra of BWA-XLPVA
were analyzed to clarify the nature of protons in the polymer
electrolyte. The potential window of both polymer electrolytes
was studied utilizing an in-situ electrode potential tracking
method in the solid-state.

Proton conductivity

A higher ionic conductivity of BWA over SiWA in the liquid
solutions has been confirmed in a previous report.26 In this
work, we investigate the proton conductivity of these polymer
electrolytes in the solid state. The high proton conductivity of
HPAs results from the large number of crystallized water
molecules in the HPA crystal hydrate, leading to a “quasi-
liguid” state. However, the HPA crystals tend to dehydrate
when heated or placed in a low RH atmosphere, resulting in a
reduction in proton conductivity.15 Therefore, a comparative

J. Name., 2013, 00, 1-3 | 3
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study of the conductivity of BWA-XLPVA and SiWA-XLPVA was
performed at three RH levels: 75%, 45%, and 5% (Table 1).
Arrhenius plots of proton conductivity (o) for BWA-PVA and
SiWA-PVA over a temperature range of -30 to 50 °C are shown
in Figure 2 and the corresponding activation energy is
summarized in Table 2.

Table 2: Proton conduction activation energies of BWA-XLPVA and SiWA-XLPVA at 75%,
45%, and 5% RH.

RH Activation energy (kJmol™)
BWA-XLPVA SIWA-XLPVA
T>0°C T<0°C T>0°C T<0°C
75% 8.7 17.7 8.7 21.3
45% 17.1 34.1 16.8 37.2
5% 47.0 56.3 42.5 57.0

The plots of proton conductivity in Figure 2 for both
electrolytes can be divided into two regions: above and below
0 °C. The high linearity of the fitted lines in the two regions,
opposed to the curved Arrhenius plots, suggested the
conduction of protons via Grotthuss (i.e. hopping) mechanism.
The activation energy was obtained from the slopes of the
linearly fitted lines using Eq. 6 and increased with decreasing
temperature (Table 2). Fast proton transportation within a
polymer electrolyte is enabled by the rotation of crystallized
water molecules in the HPA structure. The motion of water
molecules is limited at temperatures below the water freezing
point. This constitutes a higher energy barrier against
structural reorganization/reorientation of water molecules and
H*-nH,0O clusters at low temperatures, limiting the proton
conduction. In addition, the activation energy of both polymer
electrolytes increased with dehydration (Table 2) in all
temperature regions. This increase in the activation energy
further confirmed the importance of water molecules in the
polymer electrolytes. Not only the freezing of water molecules
at low temperatures but also the removal of water molecules
at low RH caused a discontinuity in the proton conduction
path, resulting in a higher activation energy.

Further studies were focused on a comparison of the
conductivity of BWA-XLPVA and SiWA-XLPVA. Both electrolytes
exhibited similar proton conductivity at high and normal
humidity conditions. For example, their conductivity at 20 °C
was 35 mScm™ (at 75% RH) and 13 mScm™ (at 45% RH). At a
higher temperature of 50 °C, proton conductivity increased to
ca. 48 mScm™ (at 75% RH) and 21 mScm™ (at 45% RH). Due to
the dehydration (i.e. loss of crystallized water molecules) in
the HPA at 5% RH, both BWA-XLPVA and SiWA-XLPVA suffered
from a reduction in conductivity. However, BWA-XLPVA
demonstrated a roughly three times higher conductivity than
SiWA-XLPVA, e.g. 1.4 vs. 0.5 mScm™ at 20 °C and 7 vs. 2.5
mScm™ at 50 °C. This enhancement in conductivity of BWA-
PVA at such low humidity environment is beneficial, especially
for thin and solid electrochemical devices that operate under
ambient conditions with little or no packaging.

Dielectric characterizations

Since the effect of replacing SiWA with BWA on the proton
conductivity of the polymer electrolytes was more pronounced
at 5% RH (Figure 2), further comparative investigations based

4| J. Name., 2012, 00, 1-3
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Figure 3 — Dielectric constant of (a) BWA-XLPVA, (b) SiWA-XLPVA, and dielectric loss of
(c) BWA-XLPVA, (d) SiWA-XLPVA, from -30 to 50 °C.

on ac impedance measurements were carried out under low
humidity conditions to identify the origin of the difference in
conductivity. Figure 3 shows the dielectric constant and
dielectric loss of BWA-XLPVA and SiWA-XLPVA as a function of
frequency at different temperatures.

Because of the low polymer content and limited chain
movements in a polymer-in-salt electrolyte, polarization
caused by polymer main chain and/or side chain motions are
small and negligible. Therefore, the two dominating types of
polarization are: (i) dipole polarization of HPA hydrates and
PVA as well as interfacial polarization among these
components at high frequencies; and (ii) electrode polarization
(i.e. formation of an electric double-layer) at low frequencies.
In Figure 3a and b, both polymer electrolytes showed a high
apparent dielectric constant at low frequencies related to
electrode polarization. As frequency increased, the dielectric
constant decreased. The low frequency dielectric constant
(e.g. at 1 Hz) of BWA-XLPVA was higher than that of SiWA-
XLPVA, indicating a higher capacitance of the BWA-enabled
cell. Also at any frequency, the dielectric constant decreased
with the decrease of temperature.

In the dielectric loss vs. frequency plots (Figure 3c and d),
peaks from both relaxation of electrode polarization (at high
frequencies) and conduction loss (at low frequencies) were
observed. Shifting of the electrode polarization peak with
temperature was much more pronounced and the conduction
loss peak only appeared partially. Shifting of the electrode
polarization peak is due to a higher sensitivity of proton
conductivity with temperature variation at this extremely dry
condition while shifting of the conduction loss peak is a result
of limited ion mobility. In both BWA-XLPVA and SiWA-XLPA,
the frequency of the dielectric loss peak decreased with the
decrease of temperature (Figure 3c and d). Although BWA-
XLPVA exhibited higher magnitude of loss peak than SiWA-

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 — (a) Proton density and (b) proton mobility of BWA-XLPVA and SiWA-XLPVA at
5% RH from -30 to 50 °C.

XLPVA due to its higher dielectric constant, BWA-XLPVA
exhibited a faster response with shorter relaxation (i.e. peaks
at higher frequency) when compared to SiWA-XLPVA at all
temperatures, confirming the higher proton conductivity of
BWA-XLPVA. In addition, due to the more conductive nature of
BWA-XLPVA, the tail in its dielectric loss spectra occurred at -
10 °C while the tail in the dielectric loss spectra of SIWA-XLPVA
occurred at 10 °C.

Table 3: Protons density (po), mobility (n), and conductivity (o) of BWA-XLPVA and
SiWA-XLPVA at 5% RH (Temperature = -30 and -20 °C).

T(°C) Polymer Po W o
electrolyte (m's) (mZV‘ls'l) (mScm'l)
-30 BWA-XLPVA 2.38x10” | 3.53x10™° 0.013
SIWA-XLPVA 1.67x10” | 3.14x10™° 0.006
-20 BWA-XLPVA 2.64x10% 1.02x10° 0.043
SIWA-XLPVA 1.91x10” | 9.15x10™ 0.020

Using a single-ion approach as

described in our pervious

study,29 proton densities were calculated as a function of
temperature. To minimize the influence of self-resonance on
the dielectric response of the polymer electrolytes, the
dielectric constant at -30 and -20 °C was first analyzed. The
proton density of each electrolyte was first calculated from the
respective dielectric time constant (t; and tg) using Eq. 3,
where T, was related to the steady-state dielectric constant
(ers) and Tt was related to the dielectric constant at 1 Hz
(erep). We started at a low temperature to minimize the
influence of self-resonance at high frequencies. The calculated
po and p at -30 and -20 °C are listed in Table 3.

The value of g, is difficult to extract from Figure 3a and b
at temperatures above -20 °C due to the lack of a clear plateau
in the high frequency region of the dielectric constant plots.
Thus, an indirect approach was used to calculate proton
density leveraging the density at -30 and -20 °C (Table 3) and
the Arrhenius relationship to obtain the proton density at
temperatures from -20 to 50 °C (Figure 4a). This is because, at
a low RH of 5%, the proton conductivity of both electrolytes
was based on proton density rather than proton mobility. This
is especially true at low temperatures. Since BWA (HsBW;,0,0)
has more protons than SiWA (H,;SiW,,04,), the BWA-based
electrolyte showed consistently higher proton density than
that of its SiWA counterpart throughout the temperature
range. The ratio of proton density shown in Figure 4a also
agreed well with the theoretical value of 5/4.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5 — Solid-state "H NMR spectra of BWA-XLPVA from -30 to 50 ° C (stored at 5%
RH).

Proton mobility at 5% RH for BWA-XLPVA and SiWA-XLPVA was
calculated based on proton conductivity and proton density using
Eqg. 7. Figure 4b depicts the mobility of both polymer electrolytes as
a function of temperature. Both BWA-XLPVA and SiWA-XLPVA
showed higher proton mobility with increased temperature. At low
temperatures, while both electrolytes had very low proton mobility
due to the freezing of water, BWA-XLPVA showed higher proton
mobility than its SIWA counterpart at temperatures above 0 °C. A
hypothesis was that BWA contained more water in this condition,
facilitating proton transportation. Since at a low RH of 5%, all free
water has likely been eliminated, the water in the electrolyte films
was mainly from crystallized water molecules. It is well known that
at low RH, SiWA forms hexahydrate, where three of its four protons
are hydrated forming a protonated dimer H,0--H"--OH, (i.e.
HSO{).BS'39 This results in a single isolated proton (i.e. non-hydrated
proton) in SiWA. To gain an understanding of the level of hydration
of BWA at low RH condition, the condition of protons in BWA
should be compared to SiWA.

NMR characterization of polymer electrolytes

Different from impedance and dielectric analyses which focus
on the dynamics of proton transportation in the long range
order, solid-state "H NMR analysis provides a microscopic view
on the short range localized motion of protons. Therefore, the
nature of protons in BWA-XLPVA stored at 5% RH can be
investigated and compared to available data describing
isolated protons in dried HPAs (e.g. SiWA).36' 4

J. Name., 2013, 00, 1-3 | 5
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Figure 7 - (a) Solid-state "H NMR line width of BWA-XLPVA and (b) line position of BWA-
XLPVA extracted from Figure 5.

Figure 5 shows the 'H NMR spectra of BWA-XLPVA from -
30 to 50 °C. The extracted peak width and peak position are
shown in Figure 6. In Figure 5, relatively broad peaks (e.g. a
few kHz wide) were observed at all temperatures, primarily
due to the strong 'H-tH dipolar interactions in the electrolyte
film. This peak broadening can be used as an indicator for
proton mobility. At low temperatures, the peak width (defined
as full width at half maximum) was broader (Figure 6a),
implying that the protons were essentially immobile because
of the strong dipole-dipole interaction. With an increase in
temperature, the peak width decreased as a result of
increased proton mobility. The proton mobility at higher
temperatures was high enough to balance dipolar interactions,
producing this peak narrowing effect (Figure 6a). The NMR
results also supported the trend in proton mobility analyses
depicted in Figure 4b.

Further investigations focused on the peak position to
identify the origin of these peaks (Figure 6b). Typically the
resonance (i.e. peak position) moves to lower frequencies with
an increase in temperature as a result of the reduction in

hydrogen bonding within the polymer electrolyte at elevated
temperatures, where the hydrogen bonds begin to elongate
and break. At room temperature (i.e. 20 °C), the proton
chemical shift was ca. 12 ppm. It has been reported that the
chemical shift of isolated protons in HPAs (including SiWA) is 9
ppm36 and the predicted chemical shift of hydrated protons in
the form of HsO,” and H;O0" is 10.6 and 13.4 ppm,
respectively.40 Therefore, the observed peak in Figure 6b could
be regarded as a coalesced peak of H;0" and H:O,". These
results indicate that all protons in BWA-XLPVA were hydrated
with no isolated protons. Since BWA (HsBW;,0,40) has more
protons associated with its anion than SiWA (H,SiW,,04),
BWA must contain more crystallized water molecules as well.
Rashkin et. al. identified that dried BWA is present in the form
of decahydrate (HsBW1,0,0°10 HZO)41 while the potassium salt
of BWA contained eleven crystallized water molecules
(K5BW12040-11H20).42 Both cases support the notion that BWA
possesses more crystallized water content than SiWA in dry
conditions, resulting in a higher proton conductivity of BWA-
XLPVA (Figure 2).

Analysis of operating cell voltage

Having confirmed that the higher proton conductivity of BWA-
XLPVA resulted from its higher proton density and the larger
amount of crystallized water molecules, BWA-XLPVA was
studied as an electrolyte for solid supercapacitors and
compared to a cell using SIWA-XLPVA. The electrochemical
potential window of an electrolyte is an important property as
it affects the operating cell voltage and thus energy density.
Previously we have identified that an increased negative
potential for the anion reaction in agueous BWA led to a wider
electrochemical stability window than for aqueous SiWA-based
supercapacitors.26 In this work, we used the same approach,
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Figure 6 — 3 electrode CVs of graphite electrodes with (a) SIWA-XLPVA and (b) BWA-XLPVA (scan rate = 100 mVs™); CVs of (c) a SIWA-XLPVA-enabled
and (d) a BWA-XLPVA-enabled solid graphite-graphite cell at incremental cell voltage (10‘h cycle, scan rate = 100 mVs™); electrode potential limits of
both positive and negative electrodes as a function of cell voltage in the (e) SIWA-XLPVA-enabled and (f) BWA-XLPVA-enabled solid cells.
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but in solid-state, to study the difference in potential window
between the SiWA- and BWA-based polymer electrolytes as
well as to understand the interactions between the polymer
electrolytes and the electrodes in solid supercapacitors.

The electrochemical behavior of 3-electrode systems of
both SiWA-XLPVA and BWA-XLPVA was first studied using CV
and is depicted in Figure 7a and b. In this configuration, high
graphite loading counter electrodes and external reference
electrodes were used as shown in Figure 1b. In SIWA-XLPVA
(Figure 7a), the open-circuit potential (OCP) of the graphite
electrode with SiWA-XLPVA electrolyte was about O V. A pair
of redox peaks from the carbon functional groups was also
observed at around 0 V. The positive potential limit is about
0.65 V due to oxygen evolution, while the negative potential
limit was -0.4 V and can be attributed to the reduction of WVI
in [SiW12040]4'. The OCP of the graphite electrode with BWA-
XLPVA was ca. 0.2 V (Figure 7b). A pair of redox peaks from the
carbon functional groups was observed in the CV. The positive
potential limit of the cell was about 0.7 V while the negative
potential limit was -0.6 V due to hydrogen evolution. This
extended negative potential limit agrees well with the
difference between the onsets of the first electron reduction
between BWA and SiWA in aqueous solutions % A broad
anodic peak related to the oxidation of hydrogen was
observed at -0.1 V. Since the generation of hydrogen can only
occur at potentials lower than -0.6 V the anodic peak will not
affect the overall performance of the solid supercapacitor as
long as the potential of the negative electrode does not
exceed the limit of -0.6 V.

Further studies were performed using the 2-electrode
system for SIWA-XLPVA and BWA-XLPVA. The CV profiles with
incremental cell voltages are shown in Figure 7c and d. Both
solid cells depict near-rectangular-shaped profiles, suggesting
highly capacitive behavior. While the increased current density
limited the maximum cell voltage of the SiWA-enabled
supercapacitor to ca. 1.1 V, the cell voltage of the BWA-
enabled supercapacitor had a maximum cell voltage of 1.3V,
0.2 V wider than its SIWA counterpart.

During charging of a capacitor, the potentials of both
electrodes move against each other and away from the OCP,
reaching their respective potential limit. Figure 7e and f show
the positive and negative potential limits of the two electrodes
as a function of cell voltage for each solid supercapacitor. Also
marked in Figure 7e and f are the onsets of the anion
reduction reaction and oxygen evolution of SiWA or BWA
obtained from Figure 7a and b. In Figure 7e, the negative
electrode of the SiWA-enabled cell reached the reduction
reaction of the SiWA anion at a cell voltage of 0.9 V. Further
increase in cell voltage led to the positive electrode reaching
the oxygen evolution potential and limited the maximum cell
voltage to 1.1 V. In Figure 7f, both the negative and positive
electrodes reached their limits simultaneously resulting in the
maximum cell voltage of the BWA-enabled capacitor of 1.3 V.
This further confirms the wider electrochemical potential
window of BWA-XLPVA and the higher maximum cell voltage
of the BWA-XLPVA-enabled solid supercapacitor. In our
previous study, the BWA-based solid supercapacitor showed

This journal is © The Royal Society of Chemistry 20xx

very stable performance with no significant decay in
capacitance after being cycled for 5000 cycles.26 The higher
proton conductivity and wider electrochemical potential
window of BWA-XLPVA suggest that this material is a very
promising electrolyte for high-rate and high-power solid-state
supercapacitors.

Conclusions

HPA-based polymer electrolytes demonstrate high solid-state
proton conductivity (10"3 to 107 Scm™) at room temperature
due to fast proton hopping through conduction networks. In
this work, properties of BWA for a HPA-based polymer
electrolyte were studied. BWA-XLPVA showed two major
advantages over SiWA-XLPVA: (a) A higher proton conductivity
at a low humidity environment; and (b) a wider
electrochemical potential window.

The higher proton conductivity of BWA-XLPVA was
attributed to its higher proton density and proton mobility
through dielectric analysis. These properties were derived as a
function of temperature using a single-ion approach. '"H NMR
results revealed that BWA contained more crystallized water
molecules than SiWA, which resulted in higher proton
mobility. An in-situ electrode potential tracking method
unveiled an increased negative potential for the anion reaction
in BWA, which led to a wider electrochemical stability window
of BWA-XLPVA than for its SIWA counterpart. These properties
of the BWA-based polymer electrolyte are highly desirable for
high-rate and high power solid electrochemical energy storage
devices.
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