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gels based on conjugated
polyelectrolytes: thickness and ion diffusion
limitations†

Ricardo Javier Vázquez, ‡ab Glenn Quek,‡b Yan Jiang,b Benjamin Yip Rui Peng,b

Samantha R. McCuskey,bc David Ohayon,b Binu Kundukad,c Xuehang Wangd

and Guillermo C. Bazan *abc

Conjugated polymer hydrogels (CPHs) are emerging pseudocapacitive materials capable of forming redox-

active hydrogels. Current efforts focus on increasing their areal capacitance (CAreal) and cycling stabilities by

using binders tolerant to H2SO4-based electrolytes, while alternatives in more environmentally friendly

electrolytes underperform due to low-capacity values. Herein, we demonstrate that it is possible to use

conjugated polyelectrolyte (CPE), namely CPE-K, to create a single-component binder-free

pseudocapacitive gel in environmentally friendly electrolytes (2 M: NaCl, MgCl2, and MgSO4), with CAreal

1.9 times larger than those reported for single-component binder-free CPHs. The resulting

pseudocapacitive gel exhibited CAreal (523 mF cm−2 at 0.25 mA cm−2) scalable with its thickness in NaCl

electrolytes, providing an attractive solution to improve the capacitance of devices while maintaining

a minimal charge-collecting electrode surface footprint. In addition, the CPE-K gel demonstrates 86%

capacitance retention after 100 000 cycles at 10 mA cm−2, which is higher than those reported for

conventional state-of-the-art conjugated polymers. Electrochemical characterization revealed that CAreal

at all cycling rates tested is proportional to dThk up to 750 mm, primarily due to facile ionic diffusion

within the 3D conductive network of the gel. Thicker electrodes (dThk = 1250 mm) can be operated at

a rate of 15 mA cm−2 with minimal capacity loss. These results demonstrate the potential applications of

self-doped CPE gels in designing the next generation of multi-functional electrochemical energy storage

and conversion technologies for targeting high energy and power density applications.
1. Introduction

Pseudocapacitors deliver intermediate power and energy
densities to batteries and electrical double-layer capacitors
(EDLC).1–8 The fast charge storage capabilities in pseudocapa-
citors occur via a combination of near-surface faradaic redox
reactions concomitant to the interaction with stabilizing
counterions.6,8 However, the successful implementation of
pseudocapacitive devices calls for materials that allow low-cost
and scalable fabrication, while maintaining a large electroactive
surface area (EASA).2,9,10 To this end, conjugated polymers (CPs)
ials, National University of Singapore,
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of Chemistry 2023
offer attractive properties, including economic viability,
mechanical exibility, and a diverse and readily available set of
molecular structures for performance optimization.11–16

However, optimizing ionic conductivity and electrolyte acces-
sibility in CP-based pseudocapacitors is still needed to maxi-
mize pseudocapacitance.6,17–19

Conductive polymer hydrogels (CPHs) are gaining interest as
pseudocapacitive electrode materials due to specic physico-
electrochemical properties that are difficult to achieve with
traditional CP thin lms.9 In particular, CPHs can exhibit a large
EASA when an interconnectedmorphology is present, leading to
useful ionic and electrical conductivities and competitive
capacitance per unit of area of the charge-collecting working
electrode (areal capacitance, CAreal).20,21 Relevant examples
include single-component CPHs based on polyaniline (PANI;
CAreal= 270mF cm−2 at 0.5 mA cm−2)22 and PEDOT (CAreal= 120
mF cm−2 at 0.5 mA cm−2),23 see Table 1. Improvements in the
CAreal and the overall pseudocapacitive performance of CPHs
based on PANI, PEDOT, and other CP were achieved by creating
multi-component CPHs through various additives, such as
graphene, inorganic materials, phytic acid, polyvinyl alcohol
(PVA), or acrylic acid, among others.10,24–26 These additives
J. Mater. Chem. A
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Table 1 Summary of CPH pseudocapacitive systems for energy storage applications

Active material Electrolyte Capacitancea (mF cm−2) h Jib (mA cm−2) Stabilityc dThk
d,c (mm)

Single-component CPH
CPE-K* 2 M NaCl 90 0.5 96%/10 K cycles 250
CPE-K* 2 M NaCl 208 10 86%/100 K cycles 750
CPE-K* 2 M NaCl 523 0.25 86%/100 K cycles 1250
CPE-K2 MSBM + Mg2+ 72 2.5 76%/100 K cycles 250
PANI22,40 1 M H2SO4 271 0.5 83%/10 K cycles N/A
PEDOT23 PVA/H2SO4 120 0.5 82.5%/5 K cycles* 100
PPy41 PVA-H3PO4 210 (F g−1) 10 (A g−1) 31%/4 K cycles N/A

Multiple-component CPH
CPE-K/Graphene9 SBM + Mg2+ 80 0.25 85%/1 K cycles 250
PANI/Graphene17 1 M H2SO4 578 0.5 97%/10 K cycles N/A
PPy/Fe-PAA25 Fe-PAA 2033 2 90%/4 K cycles 1000
PEDOT/PANI42 PVA/H2SO4 740 6.7 N/A N/A
PEDOT : PSS/PVA43 1 M H2SO4 128.9 0.5 90%/10 K cycles 1500
PEDOT/PANI23 PVA/H2SO4 240 0.5 82.5%/5 K cycles 100
PPy/TiO2/GO

27 1 M NaSO4 300 (F g−1) 0.5 (A g−1) 90%/3 K cycles N/A
PPy/ATA41 PVA-H3PO4 500 (F g−1) 10 (A g−1) 31%/4 K cycles N/A

a Values are represented in terms of areal capacitance (CAreal = mF cm−2). b Current density (J = mA cm−2) unless indicated otherwise. c Stability
refers to the capacitance retention upon multiple cycles. d dThk refers to the thickness of the CPE-K gel. SBM refers to Shewanella Basal Medium.
Polyaniline (PANI), polypyrrole (PPy), polyvinyl alcohol (PVA), and this work*.
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improve the mechanical stability, conductivity, and redox-active
sites of the resulting multi-component CPHs.10,24–27 High elec-
trical conductivity has also been achieved by chemical doping
the CPH material using acids, such as H2SO4.28,29 Thus, oppor-
tunities exist for developing high-performance pseudocapaci-
tive CPHs that require no additives and are compatible with
environmentally benign electrolyte solutions.

Conjugated polyelectrolytes (CPEs) are a particular class of
CPs bearing pendant side chains with ionic functional-
ities.2,9,30,31 Of relevance is poly[2,6-(4,4-bis-potassium butane-
sulfonate-4H-cyclopenta-[2,1-b; 3,4-b′]-dithiophene)-alt-4,7-
(2,1,3-benzothiadiazole)] (CPE-K, see Fig. 1), a self-doped, p-type
CPE that can self-assemble into a hydrogel with pseudocapaci-
tive properties when dispersed in water.2,9,32–35 Of relevance is
that the mechanical and electrochemical properties of CPE-K
hydrogels can be tuned by the identity of the electrolyte solu-
tions.31,36,37 For example, improvements in capacitance and
cycling stability were demonstrated by creating two-component
CPE-K/2D-electrolyte gels with a thickness of 250 mm. The 2D-
graphene electrolyte increased capacitance retention from
40% to 85% of the initial CAreal (78 mF cm−2 at 0.25 mA cm−2)
aer 1000 cycles.9 Moreover, increasing the molecular weight
Fig. 1 Pseudocapacitive mechanism of the self-doped p-type CPE-K. L
doped (oxidized; charged) CPE-K with stored positive charges compens

J. Mater. Chem. A
(Mn) from 19 kDa to 32 kDa has also been shown to lead to
greater stability without the need for 2D electrolytes, ultimately
retaining 76% of the initial CAreal (82 mF cm−2 at 2.5 mA cm−2)
aer 100 000 charge/discharge cycles (see Table 1).2 A higherMn

most reasonably promotes interchain contacts, resulting in
a mechanically more robust percolated 3D conductive network
and higher tolerance to volumetric changes upon
cycling.2,9,10,35,38,39

In this contribution, we show that the pseudocapacitive and
mechanical properties of single-component CPE-K gels are
improved in traditional aqueous electrolyte solutions, namely
2 M NaCl, 2 M MgCl2, and 2 M MgSO4, relative to previously
investigated biocompatible electrolytes. We also identify/
investigate how the pseudocapacitive performances of CPE-K
gels are affected by increasing thickness (dThk) from 250 to
1250 mm via increments in mass loading of active material.
Electrochemical characterization reveals that CAreal scales pro-
portionally to thickness, reaching values as high as 523 mF
cm−2, which is 1.9 times higher than those reported for state-of-
the-art single-component binder-free CPHs in H2SO4-contain-
ing electrolytes (Table 1).22 Furthermore, CPE-K gels retained
over 86% (180 mF cm−2) of their initial capacitance aer 100
eft: undoped (neutral; discharged) conjugated polyelectrolyte. Right:
ated by anions from the electrolyte solution.

This journal is © The Royal Society of Chemistry 2023
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000 charge/discharge cycles at 10 mA cm−2. Another relevant
feature of our work is that CPE-K gels achieve state-of-the-art
performances in aqueous and environmentally friendly elec-
trolytes, a feature oen overlooked in the performance race. We
envision that our work will stimulate further consideration of
self-doped CPE gels for enabling electrochemical energy storage
and conversion technologies.44,45

2. Results and discussion

Relevant physico-electrochemical properties of CPE-K gels,
namely mechanical robustness, pseudocapacitive window,
CAreal, and ionic diffusion, improve when Mg2+ is added to
a biocompatible electrolyte.2,9 Historically, such electrolytes
were based on phosphate buffers with ionic strength <1 M and
were chosen for operating under biocompatible conditions with
S. oneidensis.32,33 Therefore, we examined the impact of using
conventional electrolytes (NaCl, MgCl2, and MgSO4) at higher
concentrations (2 M), to better reect the traditional testing
conditions of pseudocapacitive materials. We rst carried out
rheological measurements on 100 mL of 20 mg mL−1 CPE-K gels
Fig. 2 Physical and electrochemical characterization of 20 mgmL−1 CPE
(A) rheological measurements; (B) cyclic voltammetry (CV) measuremen
densities (hJi); (D) representative cycling stability characterization at 10 m

This journal is © The Royal Society of Chemistry 2023
(aer ion exchange, see Methods) to investigate the effects of
the electrolytes on the gel's mechanical properties.2,37 In prin-
ciple, rheology informs about the material's solid (elastic; G′)
and liquid (viscous; G′′) behavior.46,47 As shown in Fig. 2A, G′ and
G′′ values are independent of frequency and G′ > G′′ across the
measured frequency range, indicating that all gels exhibit solid-
like characteristics regardless of the electrolyte.37,48 Gels equil-
ibrated in 2 M NaCl, MgCl2, and MgSO4 solutions showed
average G′ values of 34 kPa, 38 kPa, and 42 kPa, respectively.
These G′ values are approximately one order of magnitude
higher than previously reported values for CPE-K gels in elec-
trolyte solutions with ionic strength <1 M, highlighting the
importance of electrolyte selection for rigidifying mechanical
properties.2,31 Note that the physical aspect of the hydrogel
changes aer ion exchange with the reservoir of the electro-
chemical cell (Fig. S1 and S2†), consistent with the higher G′

values reported in previous studies. This could be attributed to
the effect of the highly concentrated electrolyte solution in
exchanging the charge-compensating cation, enabling ner
structural control of the CPE-K solution behavior.31
-K gels with 250 mm thickness in 2 M NaCl, 2 M MgCl2, and 2 MMgSO4:
ts at 5 mV s−1, (C) areal capacitance in mF cm−2 at different current
A cm−2. Measurements were carried out in ambient conditions.

J. Mater. Chem. A

https://doi.org/10.1039/d3ta02820h
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The electrochemical response of CPE-K gels (dThk = 250 mm)
was examined in 2 M NaCl, MgCl2, and MgSO4 via cyclic vol-
tammetry (CV) using a 3-electrode setup using a 2 cm2 CPE-K-
coated Au working electrode, as described previously.32,34 CV
measurements were carried out daily at a rate of 5 mV s−1 until
the traces stabilized (2–4 days) to demonstrate equilibration of
ion exchange with the electrolyte solution in the reservoir, see
Fig. S3.† 9 The potential window was conned from −0.5 V to
+0.6 V (all electrochemical measurements are reported vs. Ag/
AgCl 3 M KCl) to avoid oxidation and irreversible electro-
chemical reactions of the working electrode.2,49 As shown in
Fig. 2B, CV curves of the CPE-K gel in all electrolytes display
quasi-rectangular shapes with oxidation peaks at 0.05 V
(MgSO4) or 0.18 V (NaCl and MgCl2), indicative of pseudoca-
pacitive characteristics.4,6,32 The CV traces are symmetric along
the x-axis with coulombic efficiencies (CE) ∼1 for all three
electrolytes, as determined by dividing the charge (Q) of the
discharge process over that of the charging process, suggesting
high electrochemical reversibility, see Fig. S4 and S5.† 50,51 Of
note is that the current peak maxima (hIip) of the CV followed
the trend of NaCl, MgCl2, andMgSO4, regardless of the scan rate
used. For instance, the hIip for the NaCl, MgCl2, and MgSO4

electrolytes is 1.4 mA, 1.2 mA, and 0.8 mA, respectively, at 5 mV
s−1.

The pseudocapacitive performances of the CPE-K gels were
examined using galvanostatic charge/discharge (GCD)
measurements. GCD cycles were performed to determine CAreal

values for CPE-K gels under different conditions using eqn (1):

CAreal = I × Dt/a × DV (1)

where I is the constant discharge current, Dt is the discharge
time, a is the working electrode area, and DV is the potential
operation window excluding the voltage drop (IRdrop). The DV
range was set between +0.2 and +0.6 V.32 At low cycling rates, the
CAreal values converge to∼90 mF cm−2 for the three electrolytes,
see Fig. 2C and Table S1.† However, at rates up to 30 mA cm−2,
the CAreal values followed the trend NaCl > MgCl2 > MgSO4. For
instance, at 10 mA cm−2, the CAreal in NaCl is 65 mF cm−2, while
in MgCl2 and MgSO4 is 61 mF cm−2 and 24 mF cm−2, respec-
tively. Higher capacitance values indicate a higher percentage of
doped structure units (see eqn (S1) and Table S2†), possibly due
to a more facile anion association with the redox sites on the
CPE-K backbone upon oxidation and transport within the
bulk.39 The CAreal values reported here are based on a higher
applied current (10 mA cm−2) than previous studies using
similar CPE-K gels but with different electrolyte conditions.
This emphasizes the importance of carefully selecting the
electrolyte solution for optimal electrochemical response within
the gels.

Among the electrolytes tested, NaCl possesses the higher
diffusion coefficient (D) and is the stronger electrolyte (lower
dissociation energy in water),52 which may explain the higher
hIip and Careal at every rate tested. At a given concentration,
MgCl2 has twice the number of anions (Cl−) thanMgSO4 (SO4

2−)
to participate in anionic charge compensation. In addition, the
Hofmeister series establishes that SO4

2− (kosmotrope) interacts
J. Mater. Chem. A
more strongly with water than Cl− (chaotrope) due to the more
localized valence charge binding strongly with water mole-
cules.53,54 We hypothesize that Cl− anions in MgCl2 exhibit
improved transport and association with the redox-active site of
CPE-K compared to SO4

2− in MgSO4, echoing the greater Careal

observed (close to that in NaCl). Furthermore, the lower CAreal

with MgSO4 could also result from additional steric effects due
to the SO4

2− size and larger solvation shell.55–57 That Na+ has
a lower charge density and higher ligand exchange rates relative
to that of Mg2+ may also contribute to the higher Careal of the
gels with NaCl over MgCl2, as Cl

− are more readily available in
NaCl than in MgCl2.58,59 This analysis is further supported by
trends in IRdrop determined from the GCD curves, see Fig. S6.†
For instance, the IRdrop obtained from the GCD curves of the
gels in 2 M NaCl electrolytes (2 mV) is 2-times and 4-times
smaller than those for the gels in 2 M MgCl2 electrolytes (4 mV)
and 2 M MgSO4 electrolytes (8 mV), respectively, indicating
lower internal and electrolyte diffusion resistance.60 All gels
retained over 95% of their capacitance over 10 000 cycles when
tested at hJi = 10 mA cm−2 regardless of the electrolyte, see
Fig. 2D, thereby demonstrating excellent stability.

Aer determining the effect of the electrolyte on the pseu-
docapacitive performance of CPE-K gels, we sought to under-
stand ion transport. Quantitative information was obtained by
analyzing the log–log plot of the hIip from the CV (Fig. 3A–C)
measurements vs. scan rates (v), as summarized in Fig. 3D, S7,†
and Table 2. Fig. 3D illustrates the power law in eqn (2):61,62

hIip f vb (2)

where the slope of the linear t of the log–log plot corresponds
to b. Note that CPE-K gels yield an increasing b value from 0.88
to 0.91 and 0.95 in MgSO4, MgCl2, and NaCl, respectively, at
scan rates# 100 mV s−1. These b values, close to unity, indicate
a mechanism mostly dominated by surface adsorption events
for low scan rates before diffusion becomes limiting. These
results align with typical pseudocapacitive behavior, as pseu-
docapacitors are kinetically limited at low scan rates only by
surface faradaic reactions and bulk electrolyte diffusion at
higher scan rates.61–64

Electrochemical impedance spectroscopy (EIS) from 100 kHz
to 100 mHz was used to understand the electrochemical
behavior in different electrolytes, particularly charge transfer
resistances and ionic mobility. The resulting Nyquist plots were
tted to a modied equivalent Randles circuit and, when
appropriate, complemented with an additional Warburg
impedance (W) to account for diffusion effects (Fig. S8†). The
resulting circuit accommodates the ∼45° diffusion-controlled
electrochemical response detected at low frequencies. This
approach gave the simplest equivalent circuit RS + (Qgeom/RCT) +
W, where Rs is the series resistance, Qgeom stands for constant
phase element, and RCT represents the charge transfer resis-
tance.8,32,65 No evident semi-circles were observed from the
Nyquist plots of the gels in NaCl andMgCl2, but a sizable charge
transfer resistance (RCT) of ∼1.5 U was obtained when gels were
immersed in MgSO4, as shown in Fig. 3E and Table 2. The
sizable RCT of the gels in MgSO4 aligns with our hypothesis
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ta02820h


Table 2 Characterization of CPE-K gels (dThk = 250 mm) in different electrolyte solutionsa

Electrolyte (2 M) G′ (kPa) D52 (cm2 s−1) CE (%) Stabilityb (10 k cycles) b # 100 RCT (U) s (U s−1/2) a ESR (U)

NaCl 34 1.6 × 10−5 100 >95% 0.95 <1 1.50 0.24 4
MgCl2 38 1.1 × 10−5 99 >95% 0.91 <1 1.68 0.23 7
MgSO4 42 0.9 × 10−5 98 >95% 0.88 1.5 0.96 0.22 10

a G′ = gel-like elastic modulus coefficient obtained from rheological measurements. D = diffusion coefficient of the electrolyte. CE = coulombic
efficiency. b Stability refers to the capacitance retention upon multiple cycles. b = slope of the log–log plot of hIi vs. scan rate, s = Warburg
factor, a = doping percentage of the polymeric backbone (via electrochemical charge compensation) determined at 0.25 A g−1, and ESR =
equivalent series resistance. All measurements were conducted in ambient conditions.

Fig. 3 Scan-rate dependent CV traces of CPE-K gels with dThk = 250 mm in (A) 2 M NaCl, (B) 2 MMgCl2, and (C) 2 MMgSO4 electrolyte solutions;
(D) log–log plot of peak current vs. scan rate comparison of CPE-K gels in each electrolyte; (E) Nyquist-plot comparison of the CPE-K gels and (F)
the relationship of Z′ andu−1/2 of the investigated systems for determining theWarburg factor in the different electrolyte solutions, both obtained
via electrochemical impedance spectroscopy (EIS). Measurements were carried out under ambient conditions.
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regarding ion transport in CPE-K and its corresponding smaller
CAreal at higher rates.

Gels in NaCl have the lowest equivalent series resistances –

ESR (∼4U), which corresponds to the overall series resistance of
the system and includes the electronic resistances of the solu-
tion and electrodes, the contact resistance, and ion diffusion
resistance (determined by extrapolating the vertical portion of
the Nyquist plot to the real axis).32,66 In all cases, the – ESR re-
ported here are lower than those reported in previous studies
using similar CPE-K gels but with electrolyte solutions with
lower ionic concentrations.2,32 That the Nyquist plot for the gels
in NaCl becomes more vertical at higher frequencies indicates
This journal is © The Royal Society of Chemistry 2023
a closer approximation to ideal capacitive behavior for CPE-K in
this electrolyte.3 This observation was further veried by
determining the Warburg factor (s) of the gels using eqn (3):

Z′ = RE + RCT + su−1/2 (3)

where RE is the resistance between the electrolyte and the
electrode, RCT is the charge transfer resistance, and u is the
angular frequency, see Fig. 3F and S9.† 67 Note that gels
exhibited a similar s value in NaCl (1.5 U s−0.5) andMgCl2 (1.7U
s−0.5), in line with their similar performances. However, the
ideal capacitive behavior for the gels in NaCl starts at a higher
J. Mater. Chem. A
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frequency (1.6 Hz) than that for gels in MgCl2 (1.0 Hz). These
results indicate that the CPE-K gels in NaCl benet from faster
ionic diffusion kinetics,3,10,62 in line with our previous analysis
regarding NaCl higher diffusion coefficient (D) and lower
dissociation energy in water than the other investigated elec-
trolytes (MgCl2 and MgSO4). Altogether, these data suggest that
the CPE-K gels benet from higher ionic diffusion within its 3D
conductive network in NaCl electrolyte, allowing for enhanced
ionic–electronic coupling response of the CPE-K redox-active
sites during cycling.2,10,32,66 Therefore, it is reasonable to
concentrate on using NaCl electrolytes for all subsequent
investigations.

It was of interest to understand the inuence of gel thickness
on electrochemical performances. We examined the scalability
of the gel capacitance as a function of dThk (250 mm, 500 mm, 750
mm, and 1250 mm, obtained from incremental mass loading, see
Methods) from the charge-collecting Au electrode surface. As
shown in Fig. 4A, all gels maintained their pseudocapacitive
Fig. 4 Electrochemical characterization of 20mgmL−1 CPE-K gels with d
cm−2 at different hJi; (C) charge/discharge curve at 7.5 mA cm−2; (D) cap
mA cm−2. Measurements were carried out in ambient conditions.

J. Mater. Chem. A
nature with increasing thickness, as illustrated by their quasi-
rectangular CV curves (5 mV s−1).4,6,32 GCD measurements at
hJi = 0.5 mA cm−2 reveal that the CAreal of the gels scales pro-
portionally with dThk, see Fig. 4B and Table S3.† Specically,
increasing dThk from 250 mm to 1250 mm increases CAreal from
92mF cm−2 to 523mF cm−2. The CAreal value for dThk= 1250 mm
is 1.9 times larger than that reported for the single-component
binder-free CPHs based on PANI, as shown in Table 1.22,29,68–70 It
is important to note that the specic capacitance (F g−1) of the
hydrogels remains with a similar value when increasing dThk for
specic current <0.5 A g−1, see Table S4.† That the value of the
specic capacitance at <0.5 A g−1 of the hydrogels remains
similar when increasing dThk agrees with the increment of
CAreal, as the charge collecting surface remains the same in all
cases. However, the specic capacitance of the gel is compro-
mised at >0.5 A g−1 upon increasing dThk, indicating that the
thicker gels possess a lower EASA/gram than the thinner gels at
high charging/discharging rates.
ifferent dThk in 2 MNaCl. (A) CV at 5 mV s−1; (B) areal capacitance in mF
acitance retention upon electrochemical charge/discharge cycles at 10

This journal is © The Royal Society of Chemistry 2023
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The linear increase of CAreal with dThk occurs at every rate
tested (up to 30 mA cm−2) up to dThk = 750 mm, aer which
thicker gels exhibit smaller CAreal at high discharge rates (>10
mA cm−2). For example, at 15 mA cm−2, the gel with dThk= 1250
(62 mF cm−2) exhibits a similar Careal to those with dThk = 250
mm (56 mF cm−2) despite containing 5 times more CPE-K, see
Fig. 4B and Table S3.† We then investigated the dThk on the
electrochemical reversibility of the CPE-K gels. The CE
decreased from ∼100% at dThk = 250 mm to 96% at dThk = 1250
mm, indicating a partial loss of electrochemical reversibility for
thicker gels, see Fig. S10.† The corresponding CV traces show
that increasing dThk also results in anodic shiing of hIip,
associated with increased internal resistances.2 This analysis is
further supported by the trends in voltage loss (IRdrop) deter-
mined from the GCD curves taken at 1 mA cm−2 (Fig. S11†) and
7.5 mA cm−2 (Fig. 4C). For instance, the IRdrop when dThk = 1250
mm (IRdrop ∼25 mV) is ∼12.5 times larger than that when dThk =
250 mm (IRdrop ∼2 mV) for the same discharge rate of
1 mA cm−2.

CPE-K gels are remarkably stable regardless of dThk, retain-
ing over 85% of initial CAreal aer 100 000 charge/discharge
Fig. 5 CV representing the contributions from surface-controlled and di
gel thicknesses: (A) 250 mm, (B) 750 mm, and (C) 1250 mm, all measured a
surface-controlled (SC) and diffusion-controlled (DC) pseudocapacitive
ments were carried out in ambient conditions.

This journal is © The Royal Society of Chemistry 2023
cycles (CAreal 100K) even when operated at 10 mA cm−2, see
Fig. 4C and Table 2. These cycling stabilities outperform
previously reported CPE-K gels in biocompatible media (Table
1), even though the measurements reported here were carried
out at an applied current 10 times larger.2,9,10 A possible reason
for the increased stability may be the higher mechanical prop-
erties of the gel in NaCl, as the hydrogel keeps better its elec-
trochemical integrity due to higher tolerance to volumetric
changes upon cycling. Post-cycling CV characterization revealed
only a minimal reduction in the pseudocapacitive window, see
Fig. S12.† UV-vis absorption measurements of the CPE-K before
and aer conducting the cycling stability measurements
revealed no noticeable wavelength shis of the peaks nor
changes to the relative contributions of neutral and polaronic
states, implying no signicant chemical degradation of the CPE-
K chemical structure (Fig. S13†).

To gauge how diffusion limitations within the gel matrix
contribute to the more pronounced CAreal decrease at higher
cycling rates when dThk approaches 1250 mm, we deconvoluted
CAreal into fractional contributions from surface-controlled (SC)
ffusion-controlled processes determined following eqn (4) for different
t 10 mV s−1. (D) Fractional contributions of the CAreal corresponding to
behaviors at different rates for each thickness investigated. Measure-

J. Mater. Chem. A
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Fig. 6 (A) Nyquist-plot comparison of the CPE-K gels at different with different dThk and (B) the relationship of Z′ and u−1/2 of the same systems
for determining the Warburg factor. (C) log–log plot of peak current vs. scan rate comparison for each dThk investigated in NaCl (2 M). See
Fig. S16† for raw measurements. Measurements were carried out in ambient conditions.
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and diffusion-controlled (DC) pseudocapacitive behavior
following eqn (4):1

hIi = k1v + k2v
0.5 (4)

where hIi is the current response at a given potential, v corre-
sponds to the scan rate during CV, and k1 and k2 correspond to
the hIi contributions from SC and the DC, respectively (see
Fig. S14, 5A–D, and ESI† for more details). At low thicknesses SC
governs CAreal. For example, when dThk = 250 mm and
measurements are carried out at a rate of 2.5 mV s−1, 87% of its
total CAreal (88 mF cm−2) corresponds to SC, while 13% corre-
sponds to DC, see Fig. S15 and Table S5.† However, the frac-
tional contribution to the total CAreal corresponding to DC

increases with dThk. For example, when dThk = 1250 mm, 56%
(244 mF cm−2) of the total CAreal (455 mF cm−2) corresponds to
DC, while 46% (211.3 mF cm−2) corresponds to SC.

Upon increasing the cycling rate, the CAreal contribution
corresponding to SC remains relatively constant at all dThk,
while the contribution from DC decreases, see Fig. 5D. For
example, the CAreal originating from SC in dThk = 250 mm gels is
77 mF cm−2 at 2.5 mV s−1 and 80 mF cm−2 at 15 mV s−1, while
for gels with dThk = 1250 mm, is 211 mF cm−2 and 193 mF cm−2,
respectively. Conversely, the CAreal corresponding to DC in dThk
= 250 mm gels decreases from 12 mF cm−2 to 5 mF cm−2 upon
increasing the cycling rate, while for dThk = 1250 mm, it
decreases from 245 mF cm−2 to 49 mF cm−2. This analysis
Table 3 Electrochemical characterization of CPE-K gels with different t

Hydrogel thickness
(dThk) CE (%) Stabilityb (100 k cycles)

b
# 100 (m

250 mm 100 >85% 0.95
500 mm 99 >85% 0.91
750 mm 98 >85% 0.88
1250 mm 97 >85% <0.6

a CE = coulombic efficiency at 5 mV s−1. b Stability refers to the capacitan
scan rate, RCT = charge transfer resistance, s = Warburg factor, ESR = eq
investigated systems aer 100 000 cycles.

J. Mater. Chem. A
reveals that the decrease in CAreal at high dThk upon increasing
the charge/discharge rate is primarily due to ionic diffusion
limitations. As a result, the redox-active sites of CPE-K gels with
dThk approaching 1250 mm are not fully accessible by anions
when cycling at higher rates.32,66

EIS characterization revealed that increasing dThk compro-
mises the ideal capacitive behavior of the electrode, see Fig. 6A.
For example, when dThk = 250 mm, ideal capacitive behavior
starts at 1.6 Hz and extends to 0.1 Hz (Fig. S17†). Contrarily, no
ideal capacitive behavior is observed when dThk = 1250 mm at
the frequencies tested. In addition, Fig. 6B shows that the
frequency range in the Warburg domain increases with gel
thickness, echoing our previous CV analysis. Our current
thinking is that increasing thickness requires more time for the
ions to travel and associate with the redox active sites of CPE
when dThk increases. This feature becomes more apparent when
b is considered, as b decreases from >0.88 to <0.6 when dThk
approaches 1250 mm, see Fig. 6C, S18,† and Table 3. Altogether,
the increments in ESR, b, and the frequency range in the War-
burg domain, along with the deviation of ideal capacitive
behavior when dThk = 1250 mm, explains its minimal CAreal at
higher rates, as compromised ionic conductivity and increased
internal resistances hampers the charge storing mechanism of
the gel. These results are consistent with the increased contri-
butions from DC processes upon increasing dThk, and are in
alignment with the lower EASA/gram (∼specic capacitance; F
g−1) in thicker gels at high charging/discharging rates.2,10,32,62
hicknesses in 2 M NaCla

V s−1) RCT (U)
s

(U s−1/2) ESR (U) CAreal 100K (mF cm−2)

<1 1.50 4 56
<1 1.59 6.5 88
<1 1.77 8.5 155
1.5 1.69 12.5 180

ce retention upon multiple cycles, b = slope of the log–log plot of hIi vs.
uivalent series resistances, and CAreal 100K = the areal capacitance of the

This journal is © The Royal Society of Chemistry 2023
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3. Conclusions

We have shown that using 2 MNaCl electrolyte improves the CAreal

of CPE-K gels, as anions (Cl−) are readily available in NaCl to
participate in the pseudocapacitive process over the conventional
electrolytes MgCl2 and MgSO4, without signicantly compro-
mising mechanical properties and robustness. We further
demonstrated that it is possible to scale up the CAreal of CPE-K gels
with dThk in 2 M NaCl electrolyte solutions, providing an attractive
approach to improve charge storage with a given charge-collecting
electrode area. Specically, gels with dThk= 1250 mmpossess CAreal

(523mF cm−2) ve times higher than those with dThk= 250 mm (92
mF cm−2) when determined at 0.5mA cm−2. In addition, this value
is 1.9 times larger than that for single-component binder-free
CPHs, see Table 1. The electrode with dThk = 1250 mm can still
be operated at a rate of 15 mA cm−2, with CAreal = 60 mF cm−2.
Electrochemical characterization revealed that the charge storage
mechanism is dominated by surface-controlled events at low rates,
while diffusion limitations become more prominent at high rates.
We further show that it is possible to maintain efficient ion
transport within the CPE-K gels up to a critical thickness of 750
mm, aer which, for thicker gels, diffusion-controlled mecha-
nisms limit the performances at higher rates as observed by the
lower EASA/gram (∼specic capacitance; F g−1). CPE-K gels can
achieve excellent cycling stability, retaining over 86% of their
initial capacitance aer 100 000 cycles, even at 10 mA cm−2,
regardless of dThk. Such cycling stabilities were achieved due to
their superior mechanical strength in 2 M NaCl relative to previ-
ously examined electrolytes.2,9 To our knowledge, the CAreal and
cycling stabilities reported here are higher than those reported for
state-of-the-art single-component CPH (Table 1). Altogether, these
results suggest that creating thicker CPE-K gels is a relevant
approach for storing and delivering charges at a slow rate, while
thinner gels might be benecial for storing and providing charges
at higher rates. We envision that our work will stimulate the
consideration of self-doped CPE gels for enabling electrochemical
energy storage and conversion technologies.
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