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The effects of electrode material loading and operating temperature on solid-state electrochemical double layer capacitors (EDLCs)
with Na2SO4-polyacrylamide-DMSO electrolyte were studied. Two types of solid EDLC cells, using carbon nanotube (CNT) or
activated carbon (AC), with very different surface areas and pore structures were compared to reveal the limitations in designing
solid capacitive devices. Based on the gravimetric capacitance values, the utilizable portion of the electrode for EDLC can be
estimated. Although increasing carbon loading leads to higher capacitance, there are two possible adverse effects especially at low
temperatures. A high loading and thick electrode may reduce the penetration of viscous polymer electrolyte precursor solutions and
may increase diffusion limitation leading to lower material utilization. These phenomena are more aggravated at faster rates and on
micropore-rich materials. The results from this work can be used to quantify the effective utilization of the materials at different
temperatures and the insights can be added to the guiding principles for designing and developing solid EDLCs.
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Polymer electrolytes are the key enablers for safe, thin, flexible,
and solid-state electrochemical capacitors (ECs) that can power
emerging wearable electronics and Internet-of-Things devices.1,2

Many polymer electrolytes, functioning as both ion conductors and
separator, have been reported for their high ionic conductivity, good
processability, and environmental stability in recent years.2–6

Aqueous-based neutral pH polymer electrolytes are particularly
promising for their wider cell voltage window over proton- or
hydroxide ion-conducting counterparts,7–10 due to their high over-
potential of water decomposition reactions.11–13 One such example
is a ternary polymer electrolyte comprising of Na2SO4 ion con-
ductor, polyacrylamide (PAM) host, and dimethyl sulfoxide
(DMSO) additive, referred to as Na2SO4-PAM-DMSO. This
polymer electrolyte has several desirable characteristics: high ionic
conductivity of ca. 30 mS cm−1 at ambient temperature, wide 1.8 V
window with carbon electrodes, and stable performance across
long shelf-life (>30 d) and wide temperature range (−20 °C to
+80 °C).14

The next generation ECs will have a wide variety of forms with
each individual recommended electrode thickness depending on the
specific application, e.g., 100 μm in practical EDLCs with liquid
electrolytes,15 1–100 μm for flexible electronics16,17 or <50 μm in
microelectrodes18; but these standards may not be directly applicable
in polymer electrolytes-based EDLCs. To apply polymer electrolytes
to solid ECs, in addition to the same practices in liquid devices (e.g.,
matching of electrolytes to the chemistry and pore size/structures of
electrodes, operating conditions, cell configurations, etc.15,19–25), their
viscous nature of precursor solutions must also be considered (e.g., ca.
9,000 vs <1 cP in precursor solution of Na2SO4-PAM-DMSO vs
0.5 M Na2SO4 solution). This effect is more noticeable when applying
polymer electrolytes to those electrodes possessing small and tightly-
closed pore structures (e.g., commercial YP-50 activated carbon
(AC)).26 This was demonstrated by a systematic study on 2 different
ACs with 3 polymer electrolytes at different loadings and compared to
their respective liquid counterparts by Wu et al.27

The development of solid ECs that can function at sub-zero
temperatures is challenging but important for applications in sub-
polar climates or outdoor winter environments.20,28,29 At low
temperatures, the electrode utilization can be even more limited,

not only from lower electrolyte accessibility but also from the
greatly reduced conductivities of the electrolytes.29 For example,
in Na2SO4-PAM-DMSO, the ionic conductivity decreased from
19 mS cm−1 at +20 °C to 0.2 and 0.02 mS cm−1 at −10 and
−20 °C respectively,30 which can significantly impact the operation
of the solid devices at low temperatures. Thus, it is of fundamental
and practical importance to quantify the effective electrode loading
for different types of carbon material at low temperatures and
compare them to their respective baselines at ambient. Although the
ternary Na2SO4-PAM-DMSO electrolytes were functional in solid
ECs with carbon nanotubes (CNT) electrodes at as low as −20 °C,
the loading of the active material was low and might not reflect the
maximum performance.14

In this work, a systematic study of Na2SO4-PAM-DMSO
electrolytes on 2 carbon materials with different pore structures
and surface areas was performed using solid ECs to reveal the
insights on effective loading at ambient and low temperatures. Two
case studies were conducted based on 2 known commercial carbon
materials: (1) CNT with mostly open mesopores (pore sizes ranging
between 10 and 100 nm size31,32) and but small specific surface area
(SSA) of ca. 100 m2 g−1, and (2) YP-50 AC that has high SSA of
1,700 m2 g−1 but containing mainly small and closed micropores.27

By comparing the cell performance using these two carbon
materials, the effective electrode utilization can be estimated to
reveal the influences of temperature and electrode pore structure on
the solid EC performance.

Experimental

Preparation and characterization of polymer electrolyte.—The
preparation of the Na2SO4-PAM-DMSO electrolyte has been de-
scribed in a previous report.30 On a dry weight basis, the polymer
electrolytes comprised of 16, 62, and 22 wt% of Na2SO4, PAM, and
DMSO, respectively; corresponding to a molar ratio between
Na2SO4:PAM:DMSO of 10,000:1:25,000. The precursor solutions
were prepared by mixing an aqueous solution containing 3 wt%
PAM (Scientific Polymer Products, Mw 5,000,000–6,000,000) with
Na2SO4 (Alfa Aesar, ACS >99%) and DMSO (Alfa Aesar) and
stirred for 3–4 d. PAM with high molecular weight was chosen as
the polymer host for its chemical compatibility with Na2SO4, high
water retention, and ability to form a mechanically stable polymer
electrolyte.

The thermal properties of the ternary electrolytes were studied
using differential scanning calorimetry (DSC). To prepare the DSCzE-mail: alvin.virya@utoronto.ca
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samples, electrolyte precursor solutions were directly cast onto a pan
(Tzero™ hermetic pan) and let water evaporate. The pans were
sealed using a hydraulic press when the sample reached a water
content of 70 wt%, mimicking the pristine electrolyte in an
electrochemical test cell. The thermal diagrams were recorded on
TA instrument Q2000 system, between −30 °C and +20 °C with a
scan rate of 2 °C min−1, under N2 atmosphere.

Electrode fabrication.—The preparations of the CNT-graphite33

and YP-50 AC34 electrodes were described in previous reports. Both
carbon materials were selected from commercial sources with good
consistency and highly uniform structures that allow for fair and
systematic comparison among various cells under different test
conditions. The CNT-graphite electrodes consisted of 60 wt% multi-
walled CNT (MWCNT), 20 wt% graphite, and 20 wt% crosslinked
PVA binder. Briefly, MWCNT (Cheap Tubes Inc., partially graphi-
tized with outer diameters of 10–20 nm), graphite (Alfa Aesar), and
glutaric acid as crosslinker were added into 5 wt% aqueous solution
of PVA (Alfa Aesar, Mw of 145,000) and stirred as slurry over
several days. The CNT electrodes were prepared by casting the
water-based slurry onto titanium current collector and left to dry
followed by curing at 120 °C for 1 h. The loadings of CNT
electrodes ranged from 0.8 (thin), 3.1 (medium), to 6.4 mg cm−2

(thick). The variation in CNT loading was achieved by adjusting the
wet thickness coated (Table I), leading to the thickness of the dry
electrodes from 60 (thin) to 150 μm (thick).

The AC electrodes consisted of 85 wt% AC, 5 wt% carbon black,
and 10 wt% poly(vinylidene fluoride) (PVDF) binder. An NMP-
based slurry containing AC (Kuraray YP-50), carbon black (Alfa
Aesar), and PVDF (Arkema Kynar HSV900) binder was stirred
overnight. PVDF is used as binder for its better material compat-
ibility and film formability with YP-50 AC. The slurry was also
deposited onto titanium current collector and dried at 120 °C.
Electrodes with two loadings of YP-50 AC were constructed
containing either 0.8 (thin) or 3.0 mg cm−2 (medium) active material
loading. The thin electrode was achieved by diluting YP-50-
containing slurry with NMP solvent from its regular formulation (see
Table II). Once the electrodes were dried, the coated thicknesses
were ca. 28 (thin) and 52 μm (medium), respectively.

Solid EC cells assembly and electrochemical characteriza-
tions.—Both types of solid EC cells had an apparent area of
1 cm2. The solid cells were assembled by casting the electrolyte
precursor solution onto each electrode followed by sandwiching the
semi-dried electrolyte between the two electrodes and protecting it
with tape. The thickness of these cells was measured using a
Mitutoyo digital micrometer; the total cell thickness was between
0.6–0.7 mm with a 0.2–0.3 mm thick electrolyte.

All cells were characterized using cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) at temperatures
between −20 and +20 °C inside an environmental chamber
(ESPEC SH-241). The cells were acclimated at each tested

temperature for 1 h before measurement. The electrochemical
measurements were conducted using EG&G Princeton Applied
Research 263 A potentiostat/galvanostat interfaced with a Solartron
1255 frequency response analyzer. The cell capacitance (Ccell) from
CV was calculated via Eq. 1, through dividing the charge (Q) by the
cell potential window (V ):

= [ ]C
Q

V
1cell

The CVs were recorded with various scan rates, ranging from
10 mV s−1 to 10 V s−1 for CNT cells, and from 1 mV s−1 to 5 V s−1

for AC cells. To estimate the gravimetric capacitance (Cgrav) of a
single electrode, the cell capacitance (Ccell) was normalized against
the average weight of carbon materials from both electrodes (mC)
(Eq. 2):

= × [ ]C
C

m
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EIS spectra were recorded from 100 kHz to 0.1 Hz (for CNT cells)
or to 0.01 Hz (for AC cells). The frequency-dependent complex
capacitance can be deconvoluted into real and imaginary compo-
nents via Eqs. 3 and 4, respectively:

π
′ = ″
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where the ′Z and ″Z are the real and imaginary components of
impedance and f is the frequency in Hz. The real component ′C
corresponds to the amount of accessible charge in a capacitor,
whereas the imaginary capacitance ′′C signifies the energy dissipa-
tion of the device.35 The values of ′C and ′′C from single electrodes
were normalized to the weight of carbon materials using Eq. 2,
similar to the DC response counterpart.

Results and Discussion

The influence of temperature and active material loading on CNT
(Case-1) and YP-50 (Case-2) were studied by analyzing the
capacitance and rate capability for their respective solid cells. In
addition to their differences in surface area and pore size distribu-
tion, CNT possesses higher electronic conductivity due to the higher
portion of graphitic carbon than AC as reflected by almost double
the ID/IG ratio in the Raman spectra (Fig. S1a (available online at
stacks.iop.org/JES/169/070522/mmedia)). Nevertheless, the effects
from such differences were negligible when compared to the
expected decrease in ionic conductivity at low temperatures. On
the other hand, both YP-50 AC and CNT contain mostly carbon

Table I. List of CNT electrodes with varying carbon loading.

Active Materials Wet Slurry Thickness (μm) Carbon Loading (mg cm−2) Electrode Label

MWCNT (SSA: 100 m2 g−1)
400 0.8 Thin

800 3.1 Medium

1,000 6.4 Thick
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with small variation in the oxygen-containing quinone group (in
Fig. S1b). However, the pseudocapacitive contributions of the
quinone groups are relatively minimal in a neutral pH environment
and both carbons can be well-wetted with PAM-based electrolytes.9,14,27

Thus, the results from these two carbons can be used to estimate
the effective electrode utilization and to reveal the impact of
electrode pore structure on device performance at different
temperatures.

Case-1: solid devices with various CNT loadings.—CV study on
solid cells with 3 different CNT loadings was conducted at +20,
−10, and −20 °C. Figs. 1a to 1c were obtained at the slow scan rate
of 10 mV s−1, while Figs. 1d to 1f were acquired at the faster rate of
100 mV s−1. At a slow rate of 10 mV s−1, the capacitive CV profiles
and gravimetric capacitance of the cells with thin (black curves) and
medium electrodes (blue curves) were similar at all 3 temperatures,
suggesting a comparable material utilization. Although the ionic
conductivity of Na2SO4-PAM-DMSO electrolyte was considerably
lower (retaining only 10 and 1% respectively at −10 and −20 °C), it
had a relatively negligible effect on these lower loading electrodes.
On the other hand, the CVs of the cells with thick CNT electrodes

(red curves) showed lower gravimetric current at all 3 temperatures,
indicating a lower material utilization.

At a higher rate of 100 mV s−1 (Figs. 1d to 1f), the rate capability
of these devices deteriorated with decreasing temperatures due to the
significant loss of ionic conductivity. For example, while all cells
exhibited highly rectangular profiles at +20 °C (Fig. 1d), none were
able to maintain the rectangular CV profile at −20 °C (Fig. 1f). The
degradation in rate performance was more aggravated with thicker
electrodes when comparing the CVs at −10 °C (Fig. 1e), where the
cells having thick CNT electrodes were mostly resistive.

The areal capacitances of these devices were calculated from the
CVs and plotted as a function of scan rates in Figs. 2a to 2c. Under
ambient conditions, the capacitance was proportional to the loadings
of the active materials at low scan rates (Fig. 2a) but deviated at
higher scan rates. At 10,000 mV s−1, the cells having the thick
electrodes retained only 29.4% of the capacitance at 10 mV s−1,
below the 71.6 and 55.6% from those of thin and medium electrodes.
This is expected from their longer time constants (τ = RC) of the
devices that have higher capacitance. The slower response translates
into a poorer rate performance, which results in less rectangular CVs
and lower deliverable capacitance of devices with increased

Table II. List of YP-50 AC electrodes with varying carbon loading.

Active Materials Wet Slurry Thickness (μm) Carbon Loading (mg cm−2) Electrode Label

YP-50 AC (SSA: 1,700 m2 g−1) 100 (3 × dilution) 0.8 Thin
100 3.0 Medium

Figure 1. CVs of CNT cells with various electrode loading using 10 mV s−1 scan rate (top) at (a) +20, (b) −10, and (c) −20 °C; and using 100 mV s−1 rate
(bottom) at (d) +20, (e) −10, and (f) −20 °C. The current responses were normalized to the weight of CNT.
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electrode loading at faster scan rates. On the other hand, at sub-zero
temperatures (Figs. 2b and 2c), there was little difference in
capacitance between the devices with medium and thick electrodes
at 10 mV s−1, implying a significant portion of unutilized active
material on the thick electrode. These under-utilized electrodes
resulted in the lower gravimetric capacitance across all 3 tempera-
tures (red lines in Figs. 2d to 2f). At +20 °C, despite having higher
capacitance on the areal basis, the device with thicker electrodes
showed lower gravimetric capacitance which suggests significantly
lower electrode utilization. This effect is worsened at lower
temperatures due to the sluggish movement of ions, especially at
sub-zero temperatures.

The unutilized portion of the thicker electrodes resulted in waste
of materials, poor rate performance, and high cell resistance under
sub-zero temperatures. In Figs. 2a to 2c, the areal capacitances of
devices with thick electrodes are worse than those containing thinner
electrodes at higher scan rates. The Nyquist plots (Figs. S2a to S2c
in appendix) also revealed that, while the cells with thin and medium
electrodes remained highly capacitive even at −20 °C, those cells
with thick electrodes showed significantly higher interfacial polar-
ization resistance as shown through the larger semi-circles at sub-
zero temperatures. Using the scan rate-dependent gravimetric
capacitance values from Figs. 2d to 2f, Trasatti’s method was
applied to deconvolute the capacitance into their pure EDL and
diffusion-limited component.36 Through this approach, the max-
imum capacitance value, reflecting the theoretical maximum capa-
citance at slow scan rate approaching zero (C0), was estimated by
interpolating the plot of inverse of capacitance (1/C) against the
square-root of scan rate (ν0.5) in Fig. S3a. Meanwhile, the pure EDL
component can be estimated using the theoretical capacitance values
at infinitely large scan rates (i.e., ∞C which represents pure EDL
component) through interpolation of the capacitance value (C)
against the inverse-square-root of scan rate (ν−0.5) (Fig. S3b). The

deconvolution revealed that the capacitances were mostly pure EDL
component but with increased portion of diffusion-limited capaci-
tance with carbon loading (Figs. S3c and S3d for +20 and −10 °C).
As a result, there are some crossover points (circled in each figure)
where additional active materials no longer contribute any capaci-
tance at the fast rates (e.g., between medium and thick electrodes at
500 mV s−1). A similar observation was also seen on the frequency-
dependent complex capacitance in Fig. 3. The time constant τ,
derived from the peak in imaginary capacitance (C’)-frequency
curve in Fig. 3a, was 0.8 s for the thick electrode, much longer than
0.15 and 0.06 s in the medium and thin electrodes at +20 °C. At the
sub-zero temperatures (Figs. 3b and 3c), while cells having thin and
medium electrodes began to be capacitive at 0.01 Hz, those with
thick electrodes remained close to their resistance-dominated state—
consistent with the trend in their DC responses in Fig. 1.

Case-2: solid devices with various YP-50 AC electrode load-
ings.—Similar analysis was conducted on a commercial YP-50 AC
that has smaller pores (primarily between 1–2 nm size) and a more
closed pore structure. The CVs at all 3 temperatures are displayed in
Figs. 4a to 4c for slow scan rate of 1 mV s−1 and in Figs. 4d to 4f for
the faster rate of 10 mV s−1. Both thin (black curves) and medium
electrodes (blue curves) had similar CV profiles at 20 °C in Figs. 4a
and 4d. The resulting gravimetric capacitance of the medium
electrodes is slightly less than those with thin electrodes (i.e., 75 vs
87 F g−1), due to the lower infiltration of the electrolyte precursor
solution as reported by Wu et al.27

Some of the observations from CNT cells were also seen in AC
cells: less rectangular CVs at lower temperatures than those at
ambient (e.g., Figs. 4c vs 4a), and reduced rate capability with the
increase of active material loading. Nevertheless, the threshold
loading that triggered resistive performance at sub-zero temperatures
is significantly lower in loading for YP-50 AC. Using Trasatti’s

Figure 2. Capacitance of CNT cells in various scan rates normalized with apparent area (top, red circles indicate crossover points in areal capacitance) at
(a) +20, (b) −10, and (c) −20 °C; and normalized to the carbon loading (bottom) at (d) +20, (e) −10, and (f) −20 °C.
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analysis to deconvolute the capacitance (Figs. S4a and S4b), a >20%
of diffusion-limited portion was obtained at +20 °C (Fig. S4c),
likely from the tortuous ion path through the closed pore structure of
YP-50 AC. Consequently, the medium loading of ca. 3.0 mg cm−2,
the CV profile became more resistive on AC electrodes even at a
slower rate of 1 mV s−1 in Figs. 4a and 4b compared to CNT with
the same loading at a higher rate (Figs. 1a and 1b). The reduction in
the rate capability from higher carbon loading or lower temperature
was quantified through their frequency-dependent complex capaci-
tances (Figs. 5a to 5c) and related Nyquist plots (Fig. S5). The cells
having thick electrodes exhibited slower frequency response across
all 3 tested temperatures. At +20 °C, this trend was expected as the

higher loading increased the overall capacitance and a greater τ
(Fig. 5a). Meanwhile, at −20 °C where the ESR is much higher
compared to that at +20 °C (3,000–4,000 Ω cm2 vs 2.5 Ω cm2, from
Figs. S5a and S5c), both cells could barely enter the capacitive state
even at 0.01 Hz (τ >100 s, shown in the inset to Fig. 5c). This
observation is consistent with the non-rectangular CV profiles at
10 mV s−1 at the same temperature in Fig. 4f.

The areal capacitances of both YP-50 cells were plotted as a
function of scan rates at all 3 temperatures (Figs. 6a to 6c). At
+20 °C, the capacitance of cells with medium-loading electrodes
was 112.2 mF cm−2 at low scan rate (Fig. 6a), almost 3 × of those of
the thin electrodes (38.1 mF cm−2). However, this gap diminished at

Figure 3. Frequency-dependent complex capacitance (real C’ and imaginary C’ on the top and bottom, respectively) calculated from EIS on solid CNT cells at
(a) +20, (b) −10, and (c) −20 °C.

Figure 4. CVs, normalized to the weight of active materials, obtained from YP50-based EDLCs with various electrode loading using 1 mV s−1 scan rate (top) at
(a) +20, (b) −10, and (c) −20 °C; and using 10 mV s−1 rate (bottom) at (d) +20, (e) −10, and (f) −20 °C.
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−20 °C, where the areal capacitance of the medium electrode-
containing cells was only slightly higher than that with thin electrode
(37.4 vs 27.2 mF cm−2, Fig. 6c). This implies that there was
significantly more unutilized material that no longer contributes to
deliverable capacitance in the thicker electrode at −20 °C, leading to
the lower gravimetric capacitance in Figs. 6d to 6f.

Comparison of CNT vs AC in Na2SO4-PAM-DMSO at low
temperatures.—From the two case studies of Na2SO4-PAM-DMSO

with different carbon materials, the maximum active materials
loadings, usable capacitance, and their rate performance in solid
EDLCs are strongly influenced by the SSA, pore structure, and
operating temperature. There is a need to balance the benefit of
higher capacitance between the loading of active materials and the
performance (rate, temperature, etc). Through the comparison of
their capacitive behavior from ambient to low temperatures, the
actual utilization of these two carbon electrodes can now be
quantified.

Figure 5. Frequency-dependent complex capacitance (real C’ and imaginary C’ on the top and bottom, respectively) calculated from EIS on solid YP-50 cells at
(a) +20, (b) −10, and (c) −20 °C.

Figure 6. Capacitance of YP-50 cells in various scan rates normalized with area (top) at (a) +20, (b) −10, and (c) −20 °C; and normalized with carbon loading
(bottom) at (d) +20, (e) −10, and (f) −20 °C.
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One way to explore these differences is to normalize the
gravimetric capacitance at low temperatures by their respective
baselines at +20 °C, where the maximum capacitance was reached.
The comparisons of these capacitance retentions at low temperatures
at different loadings are shown in Fig. 7a for CNT and 7b for YP-50
AC. In both cases, the capacitance retained at low-loading electrodes
(grey bar, at 0.8 mg cm−2) remained high, suggesting full utilization
at all temperatures despite the reduction in ionic conductivities of the
Na2SO4-PAM-DMSO electrolytes. High capacitance retention can
still be achieved at medium electrode loading in CNT cells, but not
in those with YP-50 AC electrodes with the same 3 mg cm−2 loading
(cyan bar), especially at −20 °C. This implies a severe under-
utilization of the electrode materials at low temperatures in AC, even
though the thickness of YP-50 AC electrodes is only half of the CNT
electrode at comparable mass loading (52 vs 103 μm for medium
loading). These findings strongly suggest that the optimal thickness
can vary significantly depending on the pore accessibility of the
electrode materials. The under-utilization of electrodes was only
observed in very heavy/thick CNT electrodes (e.g., 6.5 mg cm−2,
150 μm thick, magenta bar).

So far, the evidence showed a strong influence from carbon
loading on electrode utilization, but the effects of electrolyte
properties must also be considered. The thermal property of the
Na2SO4-PAM-DMSO electrolyte was characterized using DSC and
revealed a melting peak below −10 °C. The DSC curve was overlaid
with the ionic conductivities in Fig. 8 together with the electrode
utilization estimated on all tested temperatures. The percentages of
electrode utilization obtained from their gravimetric capacitances at
the low scan rates, under the assumption that low-loading electrodes
of 0.8 mg cm−2 in Figs. 2 and 4 are fully utilized at +20 °C. These
three tested temperatures also reflected the situations at ambient,
before and after freezing.

Starting from +20 °C, both CNT and YP-50 electrodes were still
able to utilize most of the surface area (100% for CNT and 86% for
YP-50) for EDLC at the medium loading of ca. 3 mg cm−2. The
higher utilization in CNT can be explained through deeper electro-
lyte infiltration facilitated by the more open and larger meso-pores of
CNT. While carbon containing smaller pores with larger SSA can
lead to higher apparent capacitance, they can also lead to lower
material utilization with increased deadweight portion from un-
infiltrated pores. Furthermore, the increased tortuosity in the smaller
pores of YP-50 can also restrict fast movement of the ions and cause
a significantly greater portion of diffusion-limited capacitance than

in CNT (i.e. Figs. S1c vs S3c). This will adversely impact the
capacitive performance of the carbon electrodes, especially during
fast charging/discharging. Nevertheless, there is still a limitation for
CNT electrodes in an even higher loading of 6.5 mg cm−2, which
was only 76% utilized so that the rest became deadweight without
access of the electrolyte solutions during cell fabrication.

At −10 and −20 °C, the ionic conductivity of the
Na2SO4-PAM-DMSO electrolyte is only about 1 and 0.1% of the
values at 20 °C, representing different phases: mostly in liquid phase
at −0 °C and completely frozen with some crystal hydrates at −20 °
C (Fig. 8). At −10 °C, the bulk of the electrodes can still be highly
utilized for up to 3.0 mg cm−2 (>90% in CNT and >75% in YP-50
AC). The impact of lower ionic conductivity on Na2SO4-
PAM-DMSO electrolyte became more apparent when the CNT
loading increased to 6.4 mg cm−2, in which only half of the
electrodes were utilized. These phenomena were more pronounced
at −20 °C, as many of the small pores were blocked by ice and/or
crystal hydrates. All the electrodes, except the ones containing
<1 mg cm−2 loading, became severely limited by the slow ionic
conduction and diffusion of ions, as evidenced by the fast decay
proportional to ν0.5 (Fig. S6). The significant differences in electrode
utilization between −10 °C and −20 °C are more severe on high
SSA micro-pore-rich YP-50 AC than that of low SSA meso-pore-
rich CNT. In both cases, devices constructed with thinner electrodes
can be more tolerant to the freezing of electrolytes and were still
functional (with >70% electrode utilization) at −20 °C, which is
below the melting point of Na2SO4-PAM-DMSO electrolyte.

Using the findings in Fig. 8, the effective utilizable carbon
loadings with Na2SO4-PAM-DMSO electrolyte in solid cells were
established. For CNT, it was 4.8 mg cm−2 under ambient, decreasing
to ca. 3 and 2.4 mg cm−2 at −10 °C and −20 °C respectively. The
usable YP-50 AC loading is likely to be at least ca. 2.6 mg cm−2 at
ambient, decreasing to approximately 2.2 and 1.0 mg cm−2 at −10
and −20 °C, respectively. It should be noted that these values are
specific to the Na2SO4-PAM-DMSO system, and they are probably
extremely sensitive to two factors: (i) differences in the ionic
conductivities between ambient and low temperatures, and (ii) the
viscosity of the precursor solution to form polymer electrolytes.
From the perspective of polymer electrolyte development, lowering
the viscosity of precursor solution (e.g., by increasing the amount of
solvent or employing polymer matrices with lower molecular
weight) may be helpful to increase its infiltration into the electrodes.
Nonetheless, the framework of this systematic approach can be

Figure 7. Low temperature capacitance retention (shown as percentage retained from the values at ambient) calculated from (a) CNT cells and (b) YP-50 cells
with various electrode loading.
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applied to aid the design and guide the optimization of solid
electrochemical devices with different polymer electrolytes and
electrode materials. In general, although thicker electrodes posses-
sing larger amounts of active materials can enhance the cell areal
capacitance, they may inflict adverse effects on the rate capability
and low temperature performance of the devices, especially to those
micro-porous materials.

Conclusions

The performance of solid devices with CNT or YP-50 AC
electrodes and Na2SO4-PAM-DMSO electrolyte were compared to
reveal the effects of carbon loading and porosity on their perfor-
mance under ambient and low temperatures. Both carbon materials
shared similar surface chemistries, but possessed different pore
structures (i.e., CNT contains mostly larger meso-pores, whereas
YP-50 AC has a larger surface area with mostly smaller micro-
pores). In both cases, similar observations were obtained: a thicker
electrode with higher carbon loading can increase the areal capaci-
tance but this may not be true for gravimetric capacitance.
Leveraging the gravimetric capacitance, the utilizable portion of
the electrodes can be estimated. The material utilization in electrodes
possessing small and closed pore structures (i.e., YP-50 AC) was
lower than those having open mesopores (i.e., CNT) because of the
larger portion of inaccessible area in AC electrodes, especially for
viscous polymer electrolyte solutions.

At low temperatures, the material utilization is even lower due to
the sluggish movement of ions in the electrolyte and poorer
electrode/electrolyte interface from pore blockage. The increase in
diffusion-limited capacitance will result in a less capacitive profile
and poorer rate capability. Although devices constructed with lower
carbon loading/thin electrodes have considerably lower deliverable
capacitance at ambient temperature, they can still benefit from
increased tolerance to the freezing of electrolytes. Also, the optimal
electrode thickness can vary significantly depending on the types and
pore accessibility of the carbon electrodes. These carbon structures
and loading considerations must be accounted for in designing EC

cells (liquid and solid) and tailored for their intended applications.
Furthermore, the framework developed for comparing material
utilization can be used to aid the design and optimization of future
generations of solid electrochemical cells with polymer electrolytes.
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