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HsBW1,04 (BWA), a heteropolyacid with B** as the central heteroatom, was developed as an electrolyte for solid

supercapacitors. Structural properties of synthesized BWA were investigated using FTIR and XRD and were compared to a
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known silicotungstic acid (HsSiW1,040, SIWA) electrolyte. Factors affecting the cell voltage of supercapacitors using liquid
BWA and SiWA electrolytes were identified using an in-situ electrode potential tracking method. The respective

contributions of electrodes and electrolyte were revealed and BWA showed a wider potential window than SiWA. Solid

supercapacitors enabled by BWA- and SiWA-based polymer electrolytes were demonstrated and exhibited excellent rate

performance. The solid device leveraging a BWA-based polymer electrolyte achieved a cell voltage of 1.6 V, better than

the 1.4 V achieved by the SiWA-based device.

Introduction

Proton-conducting polymer electrolytes have shown great
promise and become key enablers for solid-state, light weight,
and flexible supercapacitors.1 Most of these electrolytes are
based on perfluorosulphonic acid membranes (e.g. Nafion®
and derivatives)l'4 or polymer gel electrolytes with liquid acids
(e.g.H3PO, or H,SO,) blended into the polymer hosts, such as
polyvinyl alcohol (PVA).l' > Their performance is strongly
dependent on the humidity and the temperature of the
operating environment. For solid-state supercapacitors,
polymer electrolytes are required to have high
conductivity and good environmental stability at ambient
Solid proton conductors in a polymer-in-salt
configuration have proven to be a good alternative.” ®°

ionic
conditions.

The most promising solid proton conductors are Keggin-
type heteropolyacids (HPAs). These are hydrous acids which
possess the highest proton conductivity at room temperature
1014 HpAs belong to a
large family of metal-oxygen clusters of early transition metals
formulated as H,[X,M,0,], where M is the addenda atom and
X is the heteroatom.**™® Two familiar HPAs are silicotungstic
acid (SiWA, H,SiW;,0,0) and phosphotungstic acid (PWA,
H3PW;,04). Both share the same Keggin structure (i.e. x=1,
m=12, y=40). Aqueous HPA solutions’”? and solid HPAs**™?®
have been demonstrated as electrolytes for fuel cells and
supercapacitors. However their electrochemical stability
potential window is limited due to the electrochemically active
1516 A narrow potential
aqueous-based

among inorganic solid proton conductors.

nature of the heteropolyanions.

window is a shortcoming of almost all
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electrolytes. For HPAs, the electrochemical stability window
can be fine-tuned by choosing constituent addenda and
heteroatoms, since the potential of their redox peaks is highly
dependent on the composition of their primary Keggin anions.
1516, 24 The reduction potentials for Keggin anions decrease
linearly with the charge they carry. These changes in redox
potentials lead to a variation of cell voltage when used as
electrolyte.

In previous studies, we have developed a SiWA-based
polymer electrolyte system and demonstrated it in ultra-high
rate supercapacitor applications.s‘ % The polymer electrolyte-
enabled thin and flexible solid electrochemical double layer
capacitor (EDLC) exhibited an excellent high rate capability of
50 Vst in cyclic voltammograms (CV) and a 10 ms time
constant in impedance analyses at room temperature,8 the
highest rate ever reported. However, the voltage window of
the SIWA-PVA system was limited and needs to be further
expanded.

In the current study, Keggin-type HsBW,,0,, (henceforth
referred to as BWA) where B>'is the central heteroatom was
investigated compared to SiWA (Si4+ as central
heteroatom). Our goal was to first expand the electrochemical
stability window of the solid HPA while maintaining its high
proton conductivity, and then to integrate it into polymer

and

electrolytes for solid-state supercapacitors. Concurrently, a
systematic study of the structure and properties of BWA- and
SiWA-based aqueous electrolytes was performed and their
influence on the maximum cell voltage was investigated.
nanotube-graphite CNT-graphite)
electrodes were utilized for electrochemical double layer
capacitors (EDLCs) in both liquid and solid-state electrolytes.

Carbon (referred as
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Experimental
Preparation of heteropolyacids

H4SiW15,040-xH,0 (SiWA) was used as-received from Alfa Aesar.
HsBW1,0,40:'xH,O (BWA) was synthesized by a modified
Copaux’s method.? Briefly, Na,WO,:2H,0 (5 g) was mixed with
H3BO; (4 g)in hot water (25 mL). The solution was adjusted to
pH 5.5 using 6N HCl and heated at 60 °C for 2 hours under
stirring. Subsequently, the pH was further adjusted to 3.8
using 6N HCI and the solution was heated at 80 °C for 6 hours.
Finally, the solution was allowed to cool to room temperature
and to set for 6 hours. Solid precipitates were filtered out and
the filtrate solution was extracted with diethyl ether. The
isolated solid was washed with DI H,0 and dried, yielding ca. 2
g of a white crystal product.

Preparation of polymer electrolytes

SiWA- and BWA-based solid polymer electrolytes were
prepared by mixing a 5 wt.% PVA (Alfa Aesar, MW=145000
gmol'l) aqueous solution with SiWA or BWA to form a
precursor solution. Glutaraldehyde (CH,(CH,CHO),, Alfa Aesar)
was added as a polymer cross-linking agent. The
glutaraldehyde to PVA unit molar ratio was controlled at 0.013
as reported earlier.® Glycerol was added to the electrolyte as a

plasticizer. The electrolyte films had a composition of ca. 80 wt%

SiIWA or BWA, 10 wt% glycerol, and 10 wt% cross-linked PVA,
assuming that most of the free water was removed during the
film drying process. The films had a thickness of ca. 150 um.
Material characterizations

Infrared (IR) spectra were recorded on a Thermo Scientific
Nicolet iS5 FT-IR spectrometer with iD1 transmission module
at room temperature. A few drops of the HPA solution was
applied on the central portion of an IR transparent silicon
window. Water was allowed to evaporate under ambient
conditions to form solid acids.

X-ray diffraction (XRD) measurements were carried out
using a Philips XRD system, including a PW 1830 HT generator,
a PW 1050 goniometer, and PW 3710 control electronics. The
samples were analyzed with a Cu-Ka source operating at 40
kV/40 mA. The diffraction patterns were recorded from 5° to
50° 26 with a step scan of 0.02° 26 and a scan step time of 2
seconds. All XRD samples were heated at 80-90 °C overnight
before being characterized.

Construction of liquid and solid cells

The electrolytes were characterized in either 3- or 2-electrode
cell configurations using two types of working electrodes: (1)
stainless steel foil as metallic electrodes to characterize the
ionic conductivity of the electrolytes; and (2) CNT-graphite on
Ti foils as EDLC electrodes.

The procedure of manufacturing CNT-graphite electrodes
was described in a previous report.27 The carbon loading was

ca. 3 mgcm'z, which contained 22% CNT, 63% graphite, and 15%

PVA binder (all in wt. %). The geometric area of the stainless
steel and CNT-graphite electrodes was 1 cm?. Ag/AgCl and Pt
mesh were used as reference and counter electrode,
respectively, in 3-electrode cells. The open-circuit potential of

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

the CNT-graphite electrodes was ca. 0.3 V (vs. Ag/AgCl) in both
0.05 M SiWA and BWA.

The liquid electrochemical cells were beaker cells, in which
two electrodes were connected to a potentiostat. An Ag/AgCl
reference electrode was added into the cell and connected
externally to a dual-channel digital oscilloscope (DGS-lZZ).28 In
this configuration, the positive and negative electrodes were
charged and discharged as a regular capacitor, while the
potential variation at each electrode was simultaneously
tracked and recorded. This in-situ electrode potential tracking
method can characterize an individual electrode at the device
level, which is particularly beneficial for analyzing the cell
voltage of supercapacitors.

The solid electrochemical cells were assembled in the
following steps: (1) Coating polymer electrolyte precursor
solutions on both positive and negative electrodes and drying
at ambient temperature; (2) sandwiching the two electrodes
from step (1) for 20 min under 20 to 30 kPa pressure at
ambient temperature; and (3) protecting with tapes.29 All cells
were then stored at 25 °C, 45% relative humidity (RH) in a
desiccator overnight to achieve a steady-state condition
before conducting electrochemical tests.

Electrochemical characterizations

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were performed using a CHI 760 C
bipotentiostat. The EIS spectra were recorded from 100 kHz to
1 Hz (for metallic cells) or 0.01 Hz (for CNT-graphite cells) with
a 5 mV amplitude. Areal capacitance was calculated using
charge (Q) divided by voltage window (U) and the geometric
surface area of the electrode. The conductivity of the
electrolytes was calculated using the cell constant (obtained
with 1M KCI) and the equivalent series resistance (ESR), which
was extracted from the EIS measurements.”’ The reported
conductivity was based on an average of at least five cells. All
electrochemical tests were conducted at room temperature.

Results and discussion
Confirmation of the Keggin structure

The structure of the synthesized material was characterized
and compared to a known HPA (in this case SiWA) to confirm
the presence of a stable Keggin anion and, thus, a solid HPA
that can release protons. The FTIR spectra of HPAs share
similar vibrational features in the 400-1100cm™ region as the
characteristic structures of the primary Keggin unit.?032 Fig. 1
compares the structure of the synthesized BWA in this
frequency region to that of SiWA. Table 1 summarizes the
wave numbers of the bands with their associated bonding
interactions for the two spectra.

Both IR spectra have similar features, representing typical
Keggin structures. In the 400-1100 em™ region, structure and
interaction of the HPA are well characterized as vibrational
stretching modes of four types of oxygen: tetrahedral oxygen
(O,) with a center heteroatom, edge sharing oxygen (Oy),
corner sharing oxygen (O.), and terminal oxygen (Od).33'37

tetrahedral oxygen (O,) connects the central heteroatom X (i.e.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 FTIR band positions and associated bonding information for SiWA and BWA.

Wavenumber Band
SIWA BWA assignment
1019° 1002° N/A
1018° 1006°
1018° 1010°
980° 961° W=0y4 stretching
982° 960°
980° 960"
925° 9127 X-0, stretching
930° 914° (X=Si, B)
926° 920°
880° 902° W-0p-W
885° stretching
878°
778° 814° W-0-W
792° 810° stretching
779° 820"

) 5

d 3
;" reference

b 33 3
? present study; ° reference *°; “ reference

Absorbance (a.u.)

BWA

\SQQ\D(QQ\,,DQQ\,LQQ\\QQ\QQQ QQQ %QQ ,\QQ bQQ ‘)QQ DcQQ

Wavenumber (cm’™)

Figure 1: FTIR spectra of commercial SiIWA as well as synthesized BWA on IR
transparent Si windows.

Si or B) to a W atom. The two types of sharing oxygen
atoms (O, and O, bridge two W atoms in the neighboring
octahedral, whereas the terminal oxygen atom (O4) is bonded
to only one W atom. Although the interaction of W-O,-W was
not observed in the IR spectrum of BWA, similar to the study
by Hu et aI.,34 Fig. 1 still confirmed the successful synthesis of
the Keggin anion structure.

The composition and structure of the bulk BWA crystals
was investigates with XRD. Since the structure of a solid HPA is
highly dependent on the amount of co-crystallized water in the
crystal lattice, their XRD patterns vary significantly with the
levels of hydration.lz’ 3840 14 compare BWA and SiWA at the
same level of hydration, both samples were heated at 80-90 °C
overnight before characterization. Fig. 2 depicts the XRD
patterns of BWA and SiWA. The narrow peaks in the XRD
patterns imply a long-range order crystal structure. Both BWA
and SiWA patterns were very similar and indicative of the

This journal is © The Royal Society of Chemistry 20xx
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Figure 2: Powder XRD patterns of commercial SIWA as well as synthesized BWA, after
2-day heating at 80-90 °C.

same characteristic crystal structure. Experimental evidence
verified the high purity of the synthesized BWA.

lonic conductivity

A test vehicle using two stainless steel electrodes was
employed to measure the ionic conductivity of aqueous
solutions of synthesized BWA. As a baseline, H,SO, and SiWA
with the same concentrations were included in the comparison.
Fig. 3a shows the ionic conductivity of SiWA, BWA, and H,SO,
at three concentrations. As expected, ionic conductivity
increased with an increase in concentration. BWA showed the
highest ionic conductivity while H,SO, had the
conductivity across the tested concentration range.

To understand the origin of the high ionic conductivity of
the BWA electrolyte, the molar ionic conductivity of the three
solutions was plotted in Fig. 3b. Since all three solutions are
strong electrolytes, Kohlrausch’s law was used to estimate the
limiting molar ionic conductivity for each electrolyte. Both
BWA and SiWA exhibited higher molar ionic conductivity than
H,S0,, resulting from their higher ionic strength and anion
mobility. It has been reported that the mono-valent anion of

lowest

SIWA %[SiW,,0,40] demonstrates a high limiting molar
.. 2 -1 41 .
conductivity of 237 Scm®mol™,”" much higher than that of
0.10 2000 b
0.09—(a) ~ 1@;()0—(,)__~~ .
o = SiWA 5 L
g %1 . Bwa oo [ .E 1997 jimiting=1935 bl }
(%) ] Pid 4
; 0074 1,50, o § 1400 w_____ e
=z 0.06 ’,’ - ; 12004 o “E--a
g o0s] o E 10001 limiting=1592
R R 2 800
s ] o € e-_ .
; 0.03 ,":,»’ JUEE § 600 AR b R
E 0.02 ":" - 5 4004 limiting=809 " SiwA
= e 3 ¢ BWA
0.014 .- 2 2004 N HZSO
0.00 T

4
T T T T 0-+— T T T T T T
0.01 0.02 0.03 0.04 0.05 0.10 0.12 0.14 0.16 0.18 0.20 022 0.24

Conc. (M) sqrt(Conc.) (M)

Figure 3: Comparison of SiWA, BWA, and H,SO, in terms of (a) ionic conductivity in
0.01, 0.02, 0.03, 0.04, and 0.05 M concentrations; and (b) molar conductivity as a
function of concentration.
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Figure 4: (a) CVs of EDLC cells with 2 CNT-graphite electrodes in 0.05 M aqueous SiWA, BWA, and H,SO;; (b) capacitance variation at different scan rates; (c) real part of ac

capacitance (C'); and (d) imaginary part of ac capacitance (C").
%[S0,4]) (80 Scmzmol'l)42 due to the un-solvated nature of SIWA
anion. For the same reason, BWA was expected to exhibit
similar anion mobility. Because of the high mobility together
with a greater amount of dissociated protons, both HPAs
demonstrated higher limiting molar conductivity than H,SO,.
BWA showed even higher limiting molar conductivity (343
Scmzmol'l) than SiWA, due to its extra protons.42

Electrochemical characterization of carbon EDLC

Having confirmed the structure of BWA and demonstrated its
high ionic conductivity, BWA was studied as an electrolyte for
liguid EDLC devices and compared to an EDLC using a SiWA
electrolyte. The CVs of both BWA- and SiWA-based EDLCs were
overlaid on that of a H,SO,-based EDLC (Fig. 4a). The BWA-
based EDLC achieved a voltage window of 1.6 V, comparable
to that of H,SO,4, while the SiWA-based EDLC reached only 1.4
V. This difference in cell voltage will be discussed in the next
section. The capacitance of the three EDLCs at different scan
rates is shown in Fig. 4b. Similar to the trend in conductivity,
the capacitance increased with the increase in scan rate in the
order H,SO,<SiWA<BWA. Since the charge separation process
in EDLCs is dominated by the rate of ionic movement and the
number of dissociated ions in the electrolyte, as expected BWA
showed the highest capacitance.

EIS analysis was performed to complement the dc
characterization and to confirm the trend in Fig. 3 and Fig. 4b.
We used the approach of Taberna et al.® to separate the real
part of the capacitance (C') from its imaginary part (C") and
plot them as a function of frequency (Figs. 4c and d). C'
represents the accessible capacitance per area of the device at

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

the corresponding frequency, while C" is related to the energy
dissipation of an irreversible process. The maximum of the C"
vs. frequency curve represents a time constant at which a
transition from resistive to capacitive behavior occurs. At the
low frequency portion of Fig. 4c, both SiWA and BWA cells
approached 9 mFem™ while C' of the H,SO, cell approached 6
chm'z, consistent with the values obtained from CV profiles
(Fig. 4a) and the trend in capacitance (Fig.4b). C" of the H,S0,
cell and the HPA-enabled ELDCs exhibited maxima at around 2
Hz and 8-10 Hz, respectively (Fig. 4d). This characteristic
relaxation frequency analogous to the RC time constant of a
supercapacitor.43 Even though the BWA-enabled cell showed
the highest capacitance, it exhibited the smallest time
constant (i.e. higher relaxation frequency). This is another
indication of good conductivity, making BWA an
electrolyte for supercapacitors.

Analysis of operating cell voltage

ideal

The wider electrochemical operation window of BWA-enabled
EDLCs is interesting and is the subject of further investigation.
Before analyzing the capacitor cell voltage, CVs of a single CNT-
graphite electrode in 0.05 M SiWA and 0.05 M BWA were first
acquired, and are depicted in Fig. 5. It is clear from the CVs
that both HPAs are redox active at negative potentials. The
positive potential limit for SIWA was about 1.2 V due to oxygen
evolution while the negative potential limit was ca. -0.25 V,
corresponding to the redox reactions of its anion,*** yielding
a 1.45 V potential window for SiWA with the CNT-graphite
electrode. In the CV of SiWA we can observe a pair of redox
peaks from the carbon functional groups at around 0.3-0.4 V,

This journal is © The Royal Society of Chemistry 20xx
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Figure 5: CVs of a CNT-graphite electrode in 0.05 M aqueous (a) SiWA and (b) BWA
(scan rate = 100 mVs ™).

which are often seen in other aqueous electrolytes such as
H,SO,. The CV of BWA (Fig. 5b) with the same electrode
material had a negative potential limit of ca. -0.45 V and a
positive limit of 1.2 V, yielding a 1.65 V potential window,
about 200 mV wider than that of SiWA which supports the
hypothesis that replacing Si with B in the HPA can increase the
electrochemical potential window due to the further negative
potentials of the redox reactions. The open circuit potentials
(OCPs) of the CNT-graphite electrodes in SiIWA and BWA are
also shown in Fig. 5. Each voltammogram was divided into two
regions along the OCP. The amount of charge stored/delivered
in region 1 was greater than that in region 2 in both CVs due to
the reaction of the Keggin anions.

For any capacitor, during charging the potentials of both
electrodes move against each other and away from the OCP,
reaching their respective potential limit (E;ni). Tracking the
state-of-charge and the actual potential of each electrode

2.0x10°

04 08 12 16

Cell voltage (V)
() T

0.0

20.6] " positive electrode
* _negative electrode

Electrode potential (vs. Ag/AgCl) (V)

04 0.6 08 1.0 1.2 1.4 16 118 2.0
Cell voltage (V)

during charging and discharging reveals the reactions and
allows deducing the mechanism within the electrochemical
cells during operation. In this study, an external Ag/AgCl
reference electrode was utilized as the 3™ electrode to
the potential of the
supercapacitor cells.

Figs. 6a and b show the CV profiles of the SiWA- and BWA-
based EDLCs as in Fig. 4a but with incremental cell voltages.
Ejimit Of each electrode in the EDLC cell in Figs. 6a and b can be
plotted as a function of the respective cell voltage (Figs. 6¢ and
d). Also marked in Figs. 6¢c and d are the potential limits of the
two HPAs obtained from Fig. 5 (-0.25 V and 1.2 V for SiWA; -
0.45 V and 1.2 V for BWA). For an ideal symmetric
supercapacitor, the change of potential for each electrode
should be the same and the absolute slopes of the Ej,; vs. cell
voltage curves for the two electrodes should be identical.
However, in both SIWA and BWA-based supercapacitors, due
to the non-balanced charge capacity between region 1 and
region 2 of the 3-electrode CV (Fig. 5), the absolute slopes of
the Ejmic vs. cell voltage curves for the two electrodes were
different. The electrode that showed a faster increase with cell
voltage (i.e. higher absolute slope) had a smaller capacity and
vice versa.

In Figs. 6¢c and d, the E;,;; of both positive electrodes
showed a faster increase with cell voltage than that of the
negative electrodes. This can be explained by the higher
charge capacity at the negative electrodes due to the reaction
of Keggin anions as seen in Fig. 5. It was easier for the negative
electrode in the SiWA-based cell (Fig. 6¢) to reach its anion

monitor carbon electrodes in
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Figure 6: CVs of EDLC cells with 2 CNT-graphite electrodes in 0.05 M aqueous (a) SiWA from 0.5 V to 1.5 V; (b) BWA from 0.5V to 1.7 V; and the change in potential at the positive
and negative electrodes of the capacitor during CV scan for 10" cycle as a function of time for (c) the SiWA-based cell and (d) BWA-based cell.
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Figure 7: (a) CVs of two solid EDLCs with CNT-graphite electrodes using SiWA- and
BWA-based polymer electrolytes at 1 Vs~ The inset shows a picture of a polymer
electrolyte film; (b) Cycle life performance of the solid EDLCs using SiWA- and BWA-
based polymer electrolytes at 1.4 V and 1.6 V cell voltages (current density = ImAcm™).

reaction (at -0.25 V), leading to a further increase in the net
charge at the negative electrode and causing an un-desirable
increase in the slope of the Ej,i; curve of the positive electrode.
As a result, the Ej,;; of the positive electrode in SiWA-based
cell reached oxygen evolution at a cell voltage of 1.4 V. On the
other hand, the BWA-enabled cell reached oxygen evolution at
a cell voltage of 1.6 V because of a delayed anion reaction,
explaining the higher maximum cell voltage of the BWA-based
capacitor. Accordingly, to further enhance the voltage window,
other HPAs with wider electrochemical stability windows can
be developed.

BWA-based solid supercapacitors

The developed HPAs were incorporated in a PVA polymer host
to form polymer electrolytes. Two types of solid CNT-graphite
EDLCs with BWA-based and SiWA-based polymer electrolytes
were constructed. Fig. 7a shows the CV overlays of the two
solid cells cycled to their respective maximum cell voltage.
Both capacitors achieved a near-rectangular-shaped profile at
a scan rate of 1 Vs™, suggesting highly capacitive behavior at
this high rate. The capacitance of the EDLCs was ca. 7 chm'Z,
similar to the capacitance of the liquid EDLCs (Figs. 4a, 6a, and
b). This indicates an intimate contact at the electrode/polymer
electrolyte interface and good access to ions in the polymer
electrolytes.

The other good electrolyte for
supercapacitors is its long-term stability and cycle life. The
performance of constant-current cycling of the solid EDLCs is
illustrated in Fig. 7b. The BWA-based device showed very
stable performance with no significant decay in capacitance
after being cycled for 5000 cycles between 0-1.6 V. In contrast,
the capacitance of the SiWA-enabled device dropped by ca. 70%
when cycled to 1.6 V. These results not only demonstrated the
viability these HPA polymer electrolytes, but also confirmed
the difference in voltage operating window of the two
electrolytes. Further optimizations and characterizations of the
BWA-based polymer electrolyte are under investigation.

criterion of a

Conclusions

HsBW;,0,40 (BWA) was synthesized and characterized as proton
conducting electrolyte for applications in liquid- and solid-state

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

supercapacitors. The electrochemical performance of BWA
was compared to H,SiW1,040 (SIWA) and H,SO, electrolytes as
benchmark. BWA exhibited higher ionic conductivity than
SiWA and H,SO, at the same concentrations and achieved a
potential window comparable to H,SO,, ca. 200 mV wider than
that of SiWA. Both BWA-based solid and liquid EDLCs showed
good capacitive response at high rates and exhibited a
maximum cell voltage of 1.6 V. BWA proved to be a promising
electrolyte for solid-state supercapacitors.

Through in-situ electrode potential tracking, an increased
negative potential for the anion reaction in BWA was unveiled
which led to a wider electrochemical stability window than for
SiWA-based capacitors. Understanding the fundamentals of
the interaction between electrolyte and electrode materials in
a cell allowed us to select a proper chemistry and suitable
device components and match them to design high-energy and
high-power supercapacitors.
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