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High-Performance Aqueous Supercapacitors Based on a
Self-Doped n-Type Conducting Polymer

David Ohayon, Glenn Quek, Benjamin Rui Peng Yip, Fernando Lopez-Garcia, Pei Rou Ng,
Ricardo Javier Vázquez, Daria V. Andreeva, Xuehang Wang,* and Guillermo C. Bazan*

Environmentally-benign materials play a pivotal role in advancing the scalability
of energy storage devices. In particular, conjugated polymers constitute
a potentially greener alternative to inorganic- and carbon-based materials.
One challenge to wider implementation is the scarcity of n-doped conducting
polymers to achieve full cells with high-rate performance. Herein, this work
demonstrates the use of a self-doped n-doped conjugated polymer, namely
poly(benzodifurandione) (PBDF), for fabricating aqueous supercapacitors.
PBDF demonstrates a specific capacitance of 202 ± 3 F g−1, retaining 81%
of the initial performance over 5000 cycles at 10 A g−1 in 2 m NaCl(aq). PBDF
demonstrates rate performances of up to 100 and 50 A g−1 at 1 and 2 mg cm−2,
respectively. Electrochemical impedance analysis reveals a surface-mediated
charge storage mechanism. Improvements can be achieved by adding
reduced graphene oxide (rGO), thereby obtaining a specific capacitance of 288
± 8 F g−1 and high-rate operation (270 A g−1). The performance of PBDF is
examined in symmetric and asymmetric membrane-less cells, demonstrating
high-rate performance, while retaining 83% of the initial capacitance after
100 000 cycles at 10 A g−1. PBDF thus offers new prospects for energy storage
applications, showcasing both desirable performance and stability without the
need for additives or binders and relying on environmentally friendly solutions.
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1. Introduction

Sustainable and efficient energy storage
continues to be a driving force in materials
science innovation and electrochemical en-
gineering. Three key areas are of particular
relevance: wearable electronics —requiring
power sources of flexible shapes and forms
with low but fast and stable charge, elec-
tric mobility —calling for high power and
high energy sources for long-range driving,
and low cost and stationary long life storage
devices for balancing the electricity grid.[1]

Batteries store charges through Faradaic
processes and constitute the most widely
used platform for energy storage, with the
Li-ion battery technology as their gold stan-
dard. While this storage mechanism grants
batteries high energy densities, it is also
one of their biggest tradeoffs, endowing
batteries with comparatively slow charging
and discharging rates, therefore restricting
the achievable power density. Supercapaci-
tors, on the other hand, are characterized
by their high power density and extended
cycling life (>1 million cycles) through

surface-controlled charge storage processes.[2] However, the ever-
growing demand for energy storage places important pressure
on the supply of lithium (batteries) and transition metals (super-
capacitors) that are used as electrode materials.[3,4] Both types
of devices also often rely on corrosive and/or flammable elec-
trolytes, and thus present safety and environmental concerns,
while their aqueous-based alternatives remain commercially un-
derdeveloped. As our society moves toward electromobility and
decarbonization of its energy supply, there is an obvious need
for developing energy storage devices that provide compromis-
ing performance metrics, such as intermediate power and en-
ergy densities, fast charging capabilities, and long cyclability, in
combination with increased safety and minimal environmental
footprint.

Within the context of the preceding background, electrochem-
ical pseudocapacitors provide an alternative, presenting perfor-
mances mid-way between capacitors and batteries thanks to near-
surface redox reaction or pseudocapacitive counter ion.[5] As
such, conjugated polymer-based pseudocapacitors have emerged
as promising candidates for sustainable energy storage, as
they comprise earth-abundant carbon, oxygen, hydrogen, and
nitrogen.[4,6–8] Indeed, conjugated polymers present characteris-
tic features that set them apart from other materials.[9,10] They
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can be processed from solution at room temperature, potentially
enabling low-cost and scalable manufacturing, while other inor-
ganic/carbon materials may require high sintering temperatures
and more complex fabrication processes. Moreover, conjugated
polymers can be designed to enable transport of both electronic
and ionic charges throughout their bulk, where these mixed con-
duction properties, together with their inherent softness and tun-
able mechanical properties, open opportunities for fabricating
devices with flexible form factors. Last but not least, their versatile
chemistry allows for a fine-tuning of their electronic properties,
in particular, the design of hole (p-type) and/or electron (n-type)
transporting materials.[7]

Despite these compelling properties, conjugated polymer-
based supercapacitors are not yet technologically competitive,
mainly due to generally lower conductivity and cycling stabil-
ity compared to carbon-based counterparts, thus requiring ad-
ditives or post-processing steps to improve properties relevant
to cell performance.[6,11,12] Another limitation lies in the re-
stricted library of available n-type materials for supercapacitor
electrodes, thereby restricting all-polymeric supercapacitors to
predominantly p-type symmetric cell configurations with lim-
ited performance due to narrow voltage windows.[10] Alterna-
tive asymmetric cells pairing a p-type polymer with a carbon
electrode are hampered by the double-layer dominated carbon
electrode.[10] Therefore, an asymmetric all-polymeric superca-
pacitor would benefit from an optimized voltage window and
high redox-based capacitance. The few viable n-type polymers
display generally lower conductivity and more instability than
their p-type counterparts, typically because of their sensitivity to-
ward oxygen and water.[13–15] It is worth highlighting the sem-
inal work on perylenediimide contorted electrodes and subse-
quent iterations representing the current state-of-the-art per-
formances for n-based electrodes.[16–18] However, these exam-
ples typically require the use of carbon additives and binders
to operate, thereby increasing fabrication complexity. In con-
trast, there are only a few all-polymeric supercapacitors re-
ported, most leveraging different p-type polymers, while the
poly(benzimidazobenzophenantroline) -BBL-based supercapaci-
tor of Volkov et al. remains a noteworthy competitive asymmet-
ric example.[19–22] Furthermore, among the very few n-type poly-
mers used in energy storage applications, there is an absence of
n-type polymers that can deliver high-rate performance. Overall,
high-performance n-type conjugated polymers for electrochemi-
cal supercapacitors remain a challenge that must be overcome to
achieve further improvements in all-conjugated polymer pseudo-
capacitors.

Herein, we report the pseudocapacitive performance of the
n-type conjugated polymer poly(benzodifurandione) (PBDF).[23]

We show that PBDF, which was first synthesized in Huang’s
group, can be processed using environmentally friendly
dimethyl sulfoxide solution for the fabrication of aqueous
supercapacitors.[24] PBDF demonstrates a high specific capaci-
tance of 202 ± 3 F g−1, high rate capabilities (200 A g−1), and good
cycling stability. Electrochemical impedance spectroscopy analy-
sis (EIS) reveals characteristics associated with surface-mediated
storage mechanisms. We also examined the performance of
PBDF in more practical configurations, both in symmetric and
asymmetric membrane-less cells. The resulting devices are
among the best-performing polymer-based supercapacitors with

relatively high power (104–105 W kg−1) and energy (≈10 Wh kg−1)
densities, while presenting the advantage of single-component
composition. Further improvements in PBDF performance can
be achieved by adding reduced graphene oxide (rGO) to increase
the polymer utilization rate. The PBDF:rGO blend achieves a
specific capacitance of 288 ± 8 F g−1 and high-rate operation,
as high as 270 A g−1. When implemented in symmetric and
asymmetric cells, PBDF:rGO maintained its high-rate operation,
while demonstrating excellent cyclability, retaining 83% of its
capacitance after 100 000 cycles at 10 A g−1. Moreover, PBDF was
shown to maintain its good rate capabilities (up to 100 and 50
A g−1 at 1 and 2 mg cm−2, respectively) and high stability (>90%
after 5000 cycles) at mass loadings meaningful for practical
applications, an unprecedented feat for a single-system n-type
conjugated polymer. Overall, the excellent performance and
stability of PBDF are of important scientific significance and
argue in favor of the practical use of polymeric-based energy
storage technology.

2. Results and Discussion

PBDF was synthesized following literature precedent (see Meth-
ods section and Figure 1a for the chemical structure).[24] The re-
sulting PBDF was then purified by dialysis to yield a PBDF so-
lution in DMSO with an initial concentration of 1.83 mg mL−1.
The solution of PBDF in DMSO was drop cast (5 μL) on a polished
glassy carbon electrode (GCE; ø = 3.0 mm) and left to dry in a vac-
uum oven at 60 °C for at least 4 h. Scanning electron microscopy
(SEM) images reveal a smooth surface with small cracks (Figure
S1, Supporting Information), similar to previous reports.[24] The
resulting film is conductive, as measured by 4-point probe, with
a conductivity of 321 ± 123 S cm−1 (Figure S2a, Supporting In-
formation). The relatively large error in the conductivity estima-
tion stems from the uncertainty in the thickness estimation (1.04
± 0.32 μm), mainly due to high roughness. Electron paramag-
netic resonance spectroscopy (EPR) reveals an unpaired signal
in PBDF, in line with the self-doped state and high conductivity
of the film (Figure S2b, Supporting Information).[24]

To assess the feasibility of using PBDF for electrochemical su-
percapacitor applications, we first examined the redox behavior
and kinetics of PBDF by using a three-electrode cell. Figure 1a
shows the cyclic voltammogram (CV) of a PBDF film in 2 m
NaCl(aq), which exhibited a reduction onset at ≈0.41 V, in line
with previous reports.[24,25] We further note a capacitive envelope
in the negative potential region (from 0 to −0.8 V), foreshad-
owing the potential of PBDF as an n-type conducting polymer
for energy storage applications. CV measurements were also car-
ried out at different scan rates (from 5 to 500 mV s−1, see Figure
S3a, Supporting Information) and the resulting traces were an-
alyzed according to the power law ip = a𝜈b, where the b value
describes the reaction-diffusion behavior.[26] Generally, a b value
of 0.5 is characteristic of an ion diffusion-controlled process. In
contrast, a value of 1.0 suggests a surface-controlled electrochem-
ical process.[27] The log(ip)-log(𝜈) plot reveals a b value of 0.9 up
to 500 mV s−1, in line with a surface-controlled charge storage
mechanism (Figure S3b, Supporting Information). Moreover, the
method developed by Trasatti et al. on the relationship between
the capacity Q and scan rate provides further insights.[28,29] A plot
of 1/Q as a function of 𝜈1/2 exhibits a linear dependence for the
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Figure 1. Electrochemical characterization of PBDF for energy storage. a) CV curve of PBDF thin film drop casted atop a glassy carbon electrode and
chemical structure of PBDF. The scan rate is 20 mV s−1 and the arrow indicates the scan direction. Schematic of the suggested electrochemical charge
storage mechanism of PBDF via a 1 electron reduction. b) Nyquist plot of PBDF at open-circuit potential (0.124 V versus Ag/AgCl) from 100 kHz to
0.1 Hz shows a small 45° slope (red line) followed by a near 90° slope, characteristic of a restricted linear diffusion (inset). The equivalent electronic
circuit is shown with the corresponding fit. c) Real Capacitance C’ as a function of frequency and potential. d) CV of a PBDF electrode for electrochem-
ical supercapacitor characterization. Scan rate is 20 mV s−1 and the arrow indicates the scan direction. e) Rate performance of PBDF obtained from
Galvanostatic charge-discharge (GCD). The specific capacitance (charge in red and discharge in blue, left axis) and Coulombic efficiency (black, right
axis) are represented for each current density (A g−1). Each current density is applied for 20 cycles. Dotted lines demark each current density and their
corresponding value is indicated above the x-axis. f) Cycling stability (from GCD) over 5000 cycles at a current density of 10 A g−1. The left axis displays
the specific capacitance (charge in red and discharge in blue), and the right axis the coulombic efficiency (black).

scan rate range investigated here, from which the extrapolation to
𝜈 = 0 mV s−1 estimates the total accessible charge of PBDF (Qtot).
Alternatively, the extrapolation of Q versus 𝜈−1/2 to 𝜈 =∞ provides
an estimation of the capacity at an infinite sweep rate, that is, the
outer charge of the material (Qouter). We find Qouter = 611 C g−1,
representing 66% of the total charge Qtot = 926 C g−1 (Figure
S4, Supporting Information), confirming a kinetic behavior sim-
ilar to surface-dominated charge storage mechanisms. Further-
more, extracting the number of electrons from the cathodic and
anodic capacity at the different scan rates reveals ≈0.7–0.9 elec-
trons per structural repeating unit, echoing previously reported
results (Table S1, Supporting Information).[24]

The redox kinetics of the PBDF films were examined. Apply-
ing the Randles–Ševčík equation (see Equations (S1) and (S2),
Supporting Information in Methods) yields an apparent diffu-
sion coefficient Dapp = 5.38 × 10−12 cm2 s−1, in the range of
other redox-active and conjugated polymers.[30,31] We calculated
the self-exchange reaction rate constant kex using the Dahms-Ruff
model and found kex = 1.11 × 106 m−1s−1, within the same range
of the calculated kex = 3.96 × 105 m−1s−1 for BBL, one of the only
few n-type conjugated polymers studied in the context of energy
storage.[30] These values translate into fast charge transport kinet-
ics, essential for high performance. Insights into the electronic
and ionic resistances of the system were obtained by recording

the EIS spectra of PBDF under different biases (from +0.8 to
−0.8 V). The Nyquist impedance does not exhibit any observable
semi-circle, while a short 45° slope at mid-high frequencies (red
line) transitioning into a near 90° slope at mid-low frequencies is
observed. These observations are in agreement with the expected
surface-controlled charge storage mechanism of supercapacitors
where most of the reactive sites are easily accessible within a
short period of time (Figure 1b, inset).[27,32] We used a modified
Randles circuit to fit the impedance spectra, replacing the tradi-
tional Warburg element with a restricted modified linear diffu-
sion element Ma, more representative of the diffusion slope tran-
sition observed (Figure 1b, Table S2, Supporting Information).[33]

An excellent fit is achieved (𝜒2 = 2.33 × 10−3), from which the
Ma impedance equation (Equation 1) enables the extraction of
relevant diffusion-related parameters, namely the diffusion resis-
tance (RD) and diffusion time constant (𝜏D) —representing how
hard and fast a solute can diffuse, according to:

ZMa

(
f
)
= RD

coth(𝜏Dj2𝜋f )𝛼∕2

(𝜏Dj2𝜋f )𝛼∕2
(1)

where j is (−1)−1/2, f is the frequency, 𝜏D is the diffusion time con-
stant and RD is the diffusional resistance, and 𝛼 is a dispersion
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parameter.[34] Further, 𝜏D is directly related to the ion diffusion
coefficient Dion and thickness of the electrode (𝛿), according to:[33]

𝜏D = 𝛿2

Dion
(2)

Through this analysis, we determined that RD = 3.33 ± 0.14
Ω and 𝜏D = 4.29 ± 0.19 ms, yielding an ion diffusion coefficient
Dion = 2.53 × 10−6 cm2 s−1, demonstrating overall rapid ion dif-
fusion and comparable ionic transport to conjugated polyelec-
trolytes and PEDOT:PSS.[35,36]

We aimed to build a more complete description and under-
standing of the capacitive storage mechanism of PBDF using
a 3D-Bode plot analysis (Figures 1c and S5, Supporting Infor-
mation). This analysis visualizes the frequency- and potential-
dependent capacitance and phase impedance, where the possible
superposition of multiple charge-storage processes (i.e., double
layer, pseudocapacitive, or faradaic) becomes more evident.[37–39]

The 3D representation of the real part of the capacitance C’
and phase angle as a function of potential and frequency re-
veals a complex charge storage mechanism over the poten-
tial range investigated (Figures 1c and S5, Supporting Infor-
mation). From −0.8 to +0.3 V, C’ displays a “waterfall” shape,
slightly decreasing from −0.8 V with more positive potentials
and falling off as frequency increases, while the phase angle
is relatively constant at −88°, both characteristic of a capacitive
charge storage mechanism.[37] From +0.3 to +0.8 V, however,
that is, when PBDF reverts to its neutral state, both C’ and the
phase angle decrease sharply with potential while preserving the
same frequency-dependence, exemplary of a pseudocapacitive
mechanism.[37] These results are further supported by in situ
conductivity measurements, where PBDF demonstrates a con-
stant conductivity from −0.8 V up to +0.3 V, after which the con-
ductivity drops (Figure S6, Supporting Information). Taken all
together, these results support a rapid surface-dominated charge
storage mechanism within the negative potential region.

We probed the charge storage performance of PBDF in a three-
electrode configuration. From the previous EIS analysis, PBDF
demonstrates a capacitive charge storage mechanism in the neg-
ative potential region (from 0 to −0.8 V), while its capacitance
falls off when approaching its redox couple region. Moreover,
PBDF was previously shown to display cycling instability when
poised near its neutral state.[24] Therefore, we selected a poten-
tial window from 0 to −0.8 V to evaluate the charge storage
performance of PBDF. This potential window displays a rectan-
gular box-like CV trace (Figure 1d) and was used in galvanos-
tatic charge-discharge (GCD) cycles to evaluate the rate perfor-
mance. Of note is that we tested 2 m NaCl(aq), 2 m KCl(aq), and
1 m Na2SO4(aq) (Figure S7, Supporting Information). Out of the
different electrolytes, PBDF displays the best performances in
NaCl(aq) – a previously observed phenomenon attributed to the
lower ionic radius of Na+ and Cl− compared to K+ and SO4

2−, re-
spectively, and consequently, higher ionic mobility.[40] Therefore,
unless stated otherwise, all subsequent measurements were per-
formed in 2 m NaCl(aq).

PBDF displays triangular GCD traces with minimal IR drop,
even at 200 A g−1 (Figure S8, Supporting Information), and
demonstrates excellent rate performance up to 200 A g−1, yield-
ing a specific capacitance of 202 ± 3 F g−1 at 1 A g−1 and 174

Table 1. Electrochemical performance of PBDF-based electrodes measured
in a three-electrode configuration in degassed 2 m NaCl(aq).

Voltage
window

Specific
Capacitance

Rate
Capability

[V] [F g−1] [%Specific Capacitance]

PBDF 0.8 202 ± 3 86% at 200 A g−1

PBDF:GO (2:1) 0.8 225 ± 2 81% at 270 A g−1

PBDF:GO (5:1) 0.8 262 ± 3 75% at 270 A g−1

PBDF:rGO (2:1) 0.8 288 ± 8 77% at 270 A g−1

PBDF:rGO (5:1) 0.8 223 ± 5 83% at 270 A g−1

± 1 F g−1 at 200 A g−1, thereby maintaining 86% of its capaci-
tance at high operation rate (Figure 1e). Further, PBDF displays
good operation reversibility by retaining ≈100% of its specific ca-
pacitance at 10 A g−1 after more than 200 cycles at increasing
current densities (Figure 1e), and exhibits good cycling stabil-
ity, retaining 81% of its initial capacitance after 5000 cycles at 10
A g−1 (Figure 1f). Overall, PBDF demonstrates promising spe-
cific capacitance and reversible operation, both under variable
and constant load, outperforming numerous recently reported
state-of-the-art n-type organic materials.[13,17,19,41–44] Other caveats
of PBDF compared to other reported materials: the performances
presented here are from a single component system in the ab-
sence of additives or binders.[16,41] Furthermore, many reports
employ corrosive aqueous electrolytes (e.g., 6 m KOH or 1 m
H2SO4), while PBDF displays excellent performance in neutral
NaCl(aq), unlocking more straightforward device fabrication and
safer applications. We summarize the performance metrics for
PBDF (along with PBDF blends, see below) measured in a 3-
electrodes cell configuration in Table 1.

We sought to understand the charge storage and cycling effects
on the PBDF chemical structure. Spectroelectrochemistry mea-
surements highlight the change in optical absorption as a func-
tion of PBDF doping levels (Figure S9, Supporting Information).
The spectra of the pristine PBDF exhibit a broad absorption peak
centered ≈500 nm. Application of a doping potential leads to the
decrease in intensity of the band at 500 nm, concomitant with
the appearance of a new feature centered ≈400 nm. The changes
in optical absorption of PBDF with increasing doping potential
suggest that in its pristine state, PBDF is not fully doped. FTIR
spectroscopy was used to probe possible changes in chemical
structure as a result of charging–discharging cycles (Figure 2a
and Table S3, Supporting Information). Upon charging PBDF,
the hetero-ring C─O─C (1190 and 1278 cm−1) and C═C (1464
cm−1) vibrations shift toward higher wavenumbers. The C═O
(1774 cm−1) vibration shifts toward lower wavenumbers (Table
S3, Supporting Information), suggesting the complexation be-
tween the carbonyl group and Na+.[45] Further, we note a decrease
in intensity and broadening of the C═C and C═O peaks in the
charged sample (Figure 2a, red), which recovers after returning
to the discharged state (Figure 2a, blue). Last, the FTIR spectrum
of PBDF after 1000 GCD cycles does not exhibit any significant
changes compared to the pristine sample, suggesting that PBDF
is able to maintain its molecular integrity through cycling, echo-
ing the capacitance retention demonstrated above in Figure 1e,f.
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Figure 2. Electrochemical charge storage mechanism of PBDF. a) ATR-FTIR spectra of the pristine (black), charged (red), discharged (blue), and cycled
1000 times at 10 A g−1 (orange) PBDF films. The hetero-ring C─O─C (orange), C═C (grey), and C═O (blue) characteristic stretching vibrations are
highlighted. b) XRD peak patterns of the pristine (black) and after 1000 GCD cycles at 10 A g−1 (presented in its discharged state, orange) PBDF films.
The calculated distance for the d100 peak (at ≈7.96°) is shown for each sample. c) CV curves of the PBDF|PBDF (orange) and PBDF|CPE-K (blue)
supercapacitors in 2 m NaCl(aq). Scan rate is 20 mV s−1 and arrow indicates the scan direction, FF = fill factor. d,e) Rate performance of symmetric
PBDF|PBDF (d) and asymmetric PBDF|CPE-K (e) supercapacitors. The specific capacitance (charge in red and discharge in blue, left axis) and coulombic
efficiency (black, right axis) are represented for each current density (A g−1). Each current density is applied for 20 cycles. Dotted lines demark each
current density and their corresponding value is indicated above the x-axis.

We monitored for any changes in the molecular conforma-
tion of PBDF as a function of doping potential using in situ
Raman spectroscopy (Figure S10, Supporting Information).[46]

We noticed a progressive decrease in the intensity of the main
peak components (aromatic stretching, C─O─C, C═C, and C═O
vibrations) with increasing doping potential, echoing the bleach-
ing of these peaks in the FTIR spectra of the charged sample.
Moreover, the width of Raman peaks can provide structural in-
formation, as it is characteristic of the distribution of molecular
orientations in the sample.[47] We noticed a slight broadening
of the main peaks with increasing doping potential, indicating
a small change in the distribution of the polymer conforma-
tions (Figure S10a and Table S4, Supporting Information).[48]

Moreover, the Raman spectra of PBDF after 1000 GCD cycles
do not display any significant changes compared to the origi-
nal deposited material, confirming no significant changes in
molecular structure after GCD cycling (Figure S10b and Table
S5, Supporting Information).

We also aimed to examine morphological characteristics. X-ray
diffraction (XRD) spectra of the PBDF thin film (pristine) dis-
play multiple peaks, suggesting a relatively ordered microstruc-
ture (Figure 2b). As expected, the pristine sample exhibits a (100)
peak, associated with a lamellar spacing of 11.10 Å.[24] Ex situ
XRD characterization reveals a decrease in intensity and broad-
ening of the (100) peak only upon cycling, with the lamellar spac-

ing decreasing down to 10.20 Å, suggesting decreased order but
a generally stable lattice.

In parallel, we monitored for any changes in PBDF electro-
chemical impedance under GCD cycling to gain insights into
changes in the ion transport characteristics by recording the EIS
response every 1000 cycles. In the Nyquist plots as a function of
GCD cycles (Figure S11, Supporting Information), one observes
a progressive decrease of the equivalent series resistance. How-
ever, the concomitant decrease of the 45° diffusion slope region
indicates less facile mass transport after continuous strain. This
is confirmed by the apparent decrease of the dielectric relaxation
time constant (𝜏0), which demarks the mass transfer-controlled
region as the film is cycled, which is further reflected in the
decreasing trend of the fitted diffusion time constant 𝜏D (Figure
S11b, c, Supporting Information). On the other hand, the fitted
resistance and capacitance (represented by the real part of the
capacitance C’) remain relatively stable, at 1.68 ± 0.79 Ω and
13.7 ± 4.6 mF, respectively (Figure S11c, Supporting Informa-
tion). The 3D plot of C’ versus frequency and cycle number
indicates that PBDF maintains its surface-controlled storage
mechanism throughout the GCD cycling (Figure S11d, Support-
ing Information).

Taken together, the results presented here argue in favor of
PBDF as a practical electrode material for electrochemical su-
percapacitors, leading us to further investigate its use in a more

Adv. Mater. 2024, 36, 2410512 © 2024 Wiley-VCH GmbH2410512 (5 of 11)
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Table 2. Electrochemical performance of PBDF-based supercapacitor cells measured in degassed 2 m NaCl(aq).

Voltage window Energy density Power density Capacitance retentiona)

[V] [Wh kg−1] [W kg−1] [%]

PBDF|PBDF 1.0 4.66 ± 0.07 9.02 × 104 80% after 50 000 cycles

PBDF|CPE-K 1.2 5.65 ± 0.01 9.76 × 104 97% after 10 000 cycles

PBDF:rGO|PBDF:rGO 1.0 8.08 ± 0.05 9.18 × 104 16% after 50 000 cycles

PBDF:rGO|CPE-K 1.2 5.63 ± 0.04 9.60 × 104 83% after 100 000 cycles

PBDF|PBDF 1) 1.0 4.66 ± 0.10 9.97 × 104 50% after 20 000 cycles

PBDF:rGO|CPE-K 1) 1.2 6.18 ± 0.02 1.10 × 105 78% after 20 000 cycles

PBDF|PBDF 2) 1.0 4.60 ± 0.12 1.04 × 105 70% after 20 000 cycles

PBDF:rGO|CPE-K 2) 1.2 6.10 ± 0.03 1.20 × 105 5% after 20 000 cycles
1)

Swagelok with a (filter paper) separator configuration;
2)

Swagelok without a separator configuration;
a)

Capacitance retention under GCD cycling at 10 A g−1.

practical architecture. We first examined the performance of
a symmetric membrane-less (i.e., without a separator) cell —
PBDF|PBDF (Figures 2c and S12a–c, Supporting Information).
The symmetric cell demonstrates a fill factor (FF) of 81% with a
voltage window of 1.0 V, and exhibits rate performances of up to
200 A g−1 with 74% capacitance retention, and excellent stabil-
ity with 100% capacitance retention (comparing at 10 A g−1). The
symmetric cell maintains 99.8% Coulombic efficiency through-
out all the current densities applied (Figure 2c,d). Furthermore,
the PBDF|PBDF cell retains 80% of its capacitance after 50 000
cycles at 10 A g−1 (Figure S12c, Supporting Information).

Going one step further, we assembled an asymmetric cell
using a p-type conjugated polyelectrolyte, leveraging the syner-
gistic effect of conjugated polymers with complementary elec-
tronic transport.[10] We chose the conjugated polyelectrolyte CPE-
K as the pairing material, as its stability and rate performance
(maintaining 85% of the original capacitance (84 F g−1) at 500
A g−1 and 93% capacitance retention after 100 000 cycles at a cur-
rent density of 35 A g−1) were recently demonstrated in aqueous
electrolytes.[26] The asymmetric cell maintains a FF of 89% with
an extended voltage window of 1.2 V (Figures 2c and S12e, Sup-
porting Information), and exhibits high-rate operation up to 200
A g−1, maintaining 74% of its initial capacitance with Coulombic
efficiency >99% at all rates. For ease of comparison between the
different cell configurations reported here, we summarized the
relevant cell performance metrics in Table 2 below. The asymmet-
ric cell also shows reversible operation with 100% capacitance re-
tention when stressed back to a lower load of 10 A g−1 (Figure 2e).
Additionally, the asymmetric cell displays 97% capacitance reten-
tion after 10 000 cycles at a load of 10 A g−1 (Figure S12f, Support-
ing Information).

The average specific capacitance of 202 ± 3 F g−1 mea-
sured for PBDF represents only 42% of its theoretical capac-
itance (477 F g−1 assuming a 1 electron storage per repeat-
ing unit —as calculated above for a 1 V voltage window).[24]

We thus sought to explore possible composite formulations to
further improve the material utilization efficiency and noted
the practice of increasing conductivity via the incorporation of
carbon-based materials.[49–52] Therefore, we incorporated either
graphene oxide (GO) or reduced graphene oxide (rGO) with
PBDF at different weight ratios with the goal of simultaneously
improving film conductivity and hydrophilicity. Relevant perfor-
mance metrics for the different PBDF blends measured in a

3-electrode cell configuration are summarized in Table 1 and
Figure 3a.

PBDF:rGO (2:1) demonstrated the highest performance, dis-
playing a specific capacitance of 288 ± 8 F g−1 and a rate capabil-
ity up to 270 A g−1. The blend shows high operational reversibil-
ity, displaying a 76% capacitance retention at 270 A g−1 with a
Coulombic efficiency of ≈99% at all rates, and recovered 98% ca-
pacitance retention at 10 A g−1 after operation at 270 A g−1 (Figure
S13, Supporting Information). The addition of rGO to PBDF may
marginally improve the film conductivity, from 329 ± 132 to 437
± 36 S cm−1 (although we recognize the lack of certainty due to
the large error from thickness measurements), without intrinsi-
cally modifying the ionic transport, as shown by 4-point probe
and EIS (𝜏0), respectively (Figure S13d–f, Supporting Informa-
tion). Raman spectroscopy confirms the incorporation of rGO in
the PBDF matrix, evidenced by the presence of the D band at 1347
cm−1 and possible G band (≈1583 cm−1) overlapping with the
C = C of PBDF at the same wavenumber (Figure S14, Support-
ing Information).[53,54] From here on, the best-performing blend
with a weight ratio of 2:1 PBDF to rGO will be simply referred to
as PBDF:rGO.

Using PBDF:rGO, we built symmetric and asymmetric (paired
with CPE-K) cells (Figure S18, Supporting Information, and
Figure 3b–d). The symmetric PBDF:rGO|PBDF:rGO cell demon-
strates good rate capability as it retains 76% capacitance at 200
A g−1 and maintains >99% Coulombic efficiency throughout all
the current densities tested. The cell recovered 100% capacitance
retention at 10 A g−1 after operation at 200 A g−1 (Figure S18e,
Supporting Information). However, the symmetric cell is rela-
tively unstable and can only maintain 16% of its initial capaci-
tance after 50 000 cycles at 10 A g−1 (Figure S18f, Supporting In-
formation). On the other hand, the asymmetric PBDF:rGO|CPE-
K cell maintains a FF = 88% with an increased voltage window
of 1.2 V. Rate performance-wise, the asymmetric supercapaci-
tor exhibits high rate operation up to 200 A g−1 with 67% ca-
pacitance retention. This asymmetric cell shows high reversibil-
ity (100% when cycled back to 10A g−1 after 200 A g−1) and ex-
hibits 83% capacitance retention after 100 000 cycles at 10 A g−1,
cementing the potential of PBDF-based electrodes for energy
storage applications (Figure 3d). Alternatively, when charged to
1.2 V, the asymmetric cell shows relatively slow self-discharge
with a behavior comparable to other organic supercapacitor ma-
terials, retaining 80% of its voltage after 1 h, and 35% (420 mV)

Adv. Mater. 2024, 36, 2410512 © 2024 Wiley-VCH GmbH2410512 (6 of 11)
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Figure 3. PBDF performance in aqueous supercapacitors. a) Rate performance of PBDF as a function of additives. Error bars represent the standard
deviation (N = 10). b) CV curve of the PBDF:rGO|CPE-K supercapacitor in 2 m NaCl(aq). Scan rate is 20 mV s−1 and arrow indicates the scan direction.
FF = fill factor. c) Rate performance of an asymmetric PBDF:rGO|CPE-K supercapacitor. The specific capacitance (charge in red and discharge in blue,
left axis) and coulombic efficiency (black, right axis) are represented for each current density (A g−1). Each current density is applied for 20 cycles. Dotted
lines demark each current density and their corresponding value is indicated above the x-axis. The weight ratio of PBDF to rGO is 2:1. d) Cycling stability
of PBDF:rGO|CPE-K supercapacitor over 100 000 cycles at a current density of 10 A g−1. The left axis displays the specific capacitance (charge in red and
discharge in blue), and the right axis the coulombic efficiency (black). e) Change in PBDF:rGO|CPE-K cell voltage (open circuit) versus time after being
charged to 1.2 V at 10 A g−1. Inset represents the change in cell voltage over the total time period investigated.

after 1 day (Figure 3e).[16,55] The main contributors of the poten-
tial drop under self-discharge are (i) side Faradaic reactions, (ii)
ohmic leakage, and (iii) charge redistribution.[56] In our case, the
observed linear dependency of the cell voltage drop on the loga-
rithm of time suggests a Faradaic origin to the first hour of self-
discharge (Figure S15, Supporting Information).[57]

A relative comparison of the PDBF supercapacitor cells de-
scribed here to other polymeric-based reported in the literature
is provided in Figure 4. Although rGO improves the perfor-
mance, cells based on PBDF alone are on par or better than most
polymeric-based systems, and present the further advantages of
neutral and safe aqueous electrolyte and unique composition. On
the latter, the solution-processable properties of PBDF, without
the need for additional additives, promise scalable fabrication of
PBDF-based electrodes.

We also examined the performances of PBDF-based electrodes
by using a Swagelok-cell configuration to illustrate their oper-
ation in an ideal, realistic configuration, with and without a
membrane separator. The advantage of this configuration is the
minimized distance (<5 mm in our setup) between the anode
and cathode, which reduces the overall resistance of the cell.
As shown in Figure 4, all PBDF-based electrodes maintained
their performances in both Swagelok configurations, albeit with
a decrease in cycling stability (Table 2 and Figure S16, Support-
ing Information). Another advantage of the Swagelok configura-
tion is the decrease in the cell IR drop, ensuring maximal ex-

ploitation of the cell voltage window (Figure S17, Supporting
Information). The ability to operate membrane-less cells may
prove advantageous for practical implementation by streamlin-
ing the overall fabrication process and decreasing the device’s
weight.

After establishing the performance and stability of PBDF-
based supercapacitors, we aimed to demonstrate their appli-
cability to power small electronics. CPE-K was drop cast onto
an interdigitated channel to yield an accumulation mode or-
ganic electrochemical transistor (OECT) (Figure S18a,b, Sup-
porting Information).[58,59] We connected a PBDF|CPE-K cell,
charged to 0.6 V (within 1.8 s), to the Ag/AgCl gate elec-
trode of the OECT, independently biased at a drain voltage of
−0.6 V. As the PBDF|CPE-K cell supplies the power to apply
a voltage at the gate electrode, the source-drain current of the
OECT increased, consistent with the OECT operation. The ap-
plied gate voltage is thus modulated by the PBDF|CPE-K cell
voltage. Figure S18c, Supporting Information illustrates that
PBDF|CPE-K can provide a stable output voltage for more than
10 min, demonstrating the stable operation of small power
electronics.

Thereafter, we aim to evaluate PBDF electrochemical perfor-
mances at higher mass loadings. The PBDF solution concen-
tration was adjusted to yield PBDF thin films with mass load-
ings of 1 and 2 mg cm−2, an important requirement for practi-
cal applications.[27] The CV traces do not show any significant

Adv. Mater. 2024, 36, 2410512 © 2024 Wiley-VCH GmbH2410512 (7 of 11)
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Figure 4. Ragone plot. Power density versus energy density for various PBDF-based supercapacitors and other recently reported organic pseu-
docapacitor materials. Filled sphere symbols represent 3D-contorted electrode materials. See refs.[16,19,26,41,60–62] for the compared sys-
tems. Performances are calculated based on the total active materials weight. PHATN: perylene diimide–hexaazatrinaphthylene; AC: Activated
Carbon; HPOP-1: hexaazatrinaphthylene porous organic polymer; BBL: poly(benzimidazobenzophenanthroline); p(g42T-T): poly(2-(3,3′-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)ethoxy)-[2,2′-bithiophen]−5-yl)-thiophene); EVPP-PEDOT: evaporative vapor-phase polymerization PEDOT; PANI: polyani-
line.

differences at higher mass loading (Figure S19a, Supporting In-
formation). However, impedance spectra revealed an increased
influence of ion diffusion limitation, evidenced by the length-
ened Warburg region scaling with mass loading (Figure S19b,
Supporting Information). When subjected to GCD cycles, PBDF-
based electrodes maintain relatively good performances, show-
ing a specific capacitance of 131 ± 3 F g−1 and 120 ± 4 F g−1 at
1 and 2 mg cm−2 at 1 A g−1, respectively, with Coulombic effi-
ciency >99% at all rates (Figures S19c and S20, Supporting In-
formation). PBDF still demonstrates high-rate capabilities, pre-
serving 78% and 72% of its initial specific capacitance at 50 A g−1

when loaded at 1 and 2 mg cm−2, respectively. When subjected
to higher current densities, PBDF shows a significant decrease
in its specific capacitance at 100 A g−1 (63% and 52% reten-
tion for 1 and 2 mg cm−2, respectively). The capacitance loss is
mainly due to IR drop, becoming more significant at high current
densities (Figure S19d, Supporting Information). Furthermore,
PBDF stability is maintained at higher mass loadings, showing
a >90% capacitance retention after 5000 cycles at 10 A g−1 with
Coulombic efficiency >99% (Figure S20c, Supporting Informa-
tion). However, we noted decreased adhesion of the PBDF thin
films to the GCE current collector, hampering longer-term char-
acterization. Overall, PBDF demonstrates relevant metric perfor-
mances as a new n-type conjugated polymer for practical en-

ergy storage applications, while further optimization of the cell
design and components can further increase the performances.
A performance comparison of electrode materials developed for
organic supercapacitors can be found in Table S6, Supporting
Information.

Last, one of the befitting properties of PBDF is its low-lying
LUMO level, with a reduction potential reported at −5.18 eV.[24]

This potential provides the material with stability to O2 and H2O
in its n-doped state. Indeed, Huang. et al. showed that PBDF can
retain 95% of its initial conductivity after 35 days of air exposure.
Therefore, we sought to investigate if PBDF could retain its
performance for energy storage under ambient conditions.
Accordingly, we measured the electrochemical performance of
PBDF in a three-electrode configuration in ambient 2 m NaCl(aq)
and compared it to its demonstrated operation in degassed
electrolyte. We note no significant differences in the CV trace,
and comparable specific capacitance, rate performance, and
cycling stability for the PBDF material (Figure 5a–c). We then
investigated the influence of oxygen on symmetric (PBDF|PBDF
and PBDF:rGO|PBDF:rGO) and asymmetric (PBDF:rGO|CPE-
K) configurations. In the symmetric cells, oxygen affects the
PBDF:rGO device more than the pristine PBDF one, with the
PBDF:rGO cells showing a more pronounced decrease in its rate
performance under ambient conditions (Figures 5d and S21,

Adv. Mater. 2024, 36, 2410512 © 2024 Wiley-VCH GmbH2410512 (8 of 11)
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Figure 5. PBDF performance in aqueous supercapacitors under ambient conditions. a) CV curves of PBDF thin film dropcasted on glassy carbon
electrode in degassed (red) and ambient (blue) 2 m NaCl(aq) electrolyte. Scan rate is 20 mV s−1 and the arrow indicates the scan direction. b) Rate
performance of a symmetric PBDF cell in ambient conditions. The specific discharge capacitance (Y-left) and coulombic efficiency (Y-right) degassed
(red) and ambient (blue) 2 m NaCl(aq) electrolyte, for each current density (A g−1). Each current density is applied for 20 cycles. Dotted lines demark
each current density and their corresponding value is indicated above the x-axis. c) Cycling stability over 5000 cycles at a current density of 10 A g−1

in degassed (red) and ambient (blue) 2 m NaCl(aq) electrolyte. d) Rate performance of symmetric PBDF|PBDF, PBDF:rGO|PBDF:rGO, and asymmetric
PBDF:rGO|CPE-K supercapacitors in ambient (empty symbols) and degassed (filled symbols) 2 m NaCl(aq) electrolyte. Error bars represent the standard
deviation (N = 10). e) Cycling stability of PBDF:rGO|CPE-K supercapacitor in degassed (red) and ambient (blue) 2 m NaCl(aq) electrolyte over 100 000
cycles at a current density of 10 A g−1. The left axis displays the specific discharge capacitance and the right axis the coulombic efficiency. In d and e, the
weight ratio of PBDF to rGO is 2:1.

Supporting Information). However, cycling stability appears
to be affected by the presence of oxygen, particularly for the
asymmetric cell, retaining 50% of its initial capacitance after
only 5000 cycles —versus 83% in degassed electrolyte after
100 000 cycles (Figure 5e). We further summarize the perfor-
mance comparison between degassed and ambient operation
for the PBDF-based cells in Table 3. Overall, PBDF exhibits
stable performance under ambient conditions as a material for
energy storage. Furthermore, air operation seems to only affect
the whole cell cycling stability, while their capacitance and rate
performance are maintained.

3. Conclusion

Motivated by the limited number of n-type conjugated polymers
used in energy storage devices and the particularly relevant physi-
cal properties of PBDF, we unveiled the potential of this solution-
processable, side chain-free, and self-doped n-type conducting
polymer as a relevant material for energy storage. Indeed, we
show that PBDF-based pseudocapacitive cells boast high spe-
cific capacitance and rate capabilities for n-type electrodes, all
the while retaining the advantage of a single-component system,
thereby simplifying the fabrication process. On that point, the

Table 3. Electrochemical performance of PBDF-based supercapacitor cells measured in 2 m NaCl(aq).

PBDF|PBDF PBDF:rGO|PBDF:rGO PBDF:rGO|CPE-K

Degas Ambient Degas Ambient Degas Ambient

Energy Density [Wh kg−1] 4.66 ± 0.07 5.34 ± 0.09 8.08 ± 0.05 7.82 ± 0.12 5.63 ± 0.04 6.27 ± 0.01

Power Density [Wh kg−1] 9.02 × 104 8.96 × 104 9.18 × 104 1.17 × 105 9.60 × 104 9.28 × 104

Capacitance retentiona) [%] 80%
after 50 000 cycles

50%
after 9000 cycles

91%
after 20 000 cycles

50%
after 6000 cycles

83%
after 100 000 cycles

50%
after 5000 cycles

a)
Capacitance retention under GCD cycling at 10 A g−1.

Adv. Mater. 2024, 36, 2410512 © 2024 Wiley-VCH GmbH2410512 (9 of 11)
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preparation of PBDF supercapacitors from DMSO solution ar-
gues in favor of ease of application. The facile formation of ac-
tive layers via drop-casting atop electrode contacts represents a
simple and cost-effective fabrication method. A further notable
advantage of the approach is the use of DMSO as a solvent for
cell fabrication, rendering the process environmentally friendly.
The resulting devices operate effectively in an aqueous NaCl elec-
trolyte, making them not only highly efficient but also safe and
environmentally sustainable, compared to systems that incorpo-
rate highly acidic or concentrated alkaline electrolytes.

We also explored to what extent additives can further improve
cell performance, and found that the PBDF:rGO (2:1 weight ra-
tio) blend approaches state-of-the-art performances. When as-
sembled in a symmetric cell or paired with a p-type polyelectrolyte
for asymmetric supercapacitor, the PBDF:rGO blend demon-
strates power density as high as 105 W kg−1 and energy density
approaching 10 of Wh kg−1. The asymmetric cell demonstrates
high-rate operation and sustained performance (83% capacitance
retention) over 100 000 cycles. Each configuration showed po-
tentially practical performance for targeted applications. For in-
stance, the symmetric PBDF:rGO|PBDF:rGO cell displays high
power density and reversible high-low rate of operation, while its
asymmetric configuration using the CPE-K conjugated polyelec-
trolyte exhibits sustained cycling stability, an important charac-
teristic for wearable or implantable bioelectronics. Furthermore,
although sacrificing their cycling stability, air-operable PBDF su-
percapacitors hold promises for future streamlined and simpli-
fied fabrication of high-performance aqueous electrochemical su-
percapacitors.

Overall, without extensive optimization, PBDF-based superca-
pacitors not only showcase state-of-the-art characteristics among
conjugated polymer-based supercapacitors but also exhibit stabil-
ity over prolonged cycles, addressing the critical aspects of perfor-
mance and safety. We envision that further optimization of var-
ious parameters (e.g, electrolyte mixture, solid-state electrolytes,
alternative additives such as MXenes, and optimized device de-
sign) hold the potential to further improve the cell performances
and cement PBDF as a competitive material in the practical use
of energy storage technologies.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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