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ABSTRACT: This study focuses on the synthesis and electro-
chemical characterization of nanoscale particles of semiconducting
poly-3,4-ethylenedioxythiophene (PEDOT) functionalized with a
disulfide/thiolate redox couple, specifically 2,5-dimercapto-1,3,4-
thiadiazole (DMcT), allowing for dual redox particles designed for
use as an organic cathode electrode. The nanoscale PEDOT-
DMcT-Li dual redox particles have specific discharge capacities in a
lithium half-cell of 91.9 mAh/g (85% of the maximum theoretical
specific capacity, assuming both disulfide and polaron access on
PEDOT) at low C-rates. This accessible capacity is attributed to
the nanoscale particle size and the integration of a semiconducting
conjugated backbone, which reduces internal resistance during
oxidation. Comprehensive analyses, including cyclic voltammetry and galvanostatic cycling, reveal the contribution of the two
individual redox components, namely, disulfide/thiolate and PEDOT, in this redox active material. Long-term cycling stability tests
further suggest minimal degradation over 400 cycles with the observed capacity decay primarily attributed to charge trapping. Using
an asymmetric charge/discharge rate cycling method to mitigate charge trapping results in an increase in Coulombic efficiency as
well as capacity. Moreover, asymmetric cycling improved discharge capacity retention to 69% compared with 52% under symmetric
rate cycling conditions after 400 cycles, without additional chemical modifications. These findings outline the redox behavior of the
PEDOT-DMcT-Li system with dual-redox properties and point to their potential use as a cathode in organic batteries.

■ INTRODUCTION
The rise of electric mobility has imposed significant demands
on lithium-ion batteries, leading to a considerable depletion of
transition metal resources.1 Reliance on transition metals has
raised considerable apprehension with respect to their finite
availability and the environmental impact associated with their
extraction and usage.2 Considering these concerns, organic
rechargeable batteries, devoid of transition metals, emerge as
eco-friendly and cost-effective alternatives with the potential to
address resource scarcity and environmental sustainability
issues and present a promising alternative to conventional
lithium-ion batteries in the area of flexible electronics, electric
vehicles, and the power grid.3 Organic compounds that contain
persistent (stable) radicals,4 carbonyls,5 thioether,6,7 and
organodisulfides8,9 have emerged as a promising alternative
cathode materials on account of their accessibility, sustain-
ability, substantial theoretical capacity, and robust power
characteristics.10−14 In addition, the versatility of the molecular
design and synthesis of organic active materials are well-suited
for storing ions with tunable reaction kinetics and perform-
ance.15 The versatility of these organic materials to function
with multiple metal counterions enhances their potential as
promising electrodes for various metal-ion batteries, including

those based on lithium, sodium, and other multivalent
metals.16

Among those redox-active organic compounds suitable for
use as cathodes, a noteworthy group of materials are
organosulfur compounds (OSCs). The disulfide motif (C−
S−S−C), which contains a labile bond between two sulfur
atoms, has a distinctive n-type redox mechanism; the S−S
bond is broken after accepting two electrons, with each R−S−

compensated by a countercation at a relatively low redox
potential (approximately 2.2 V vs Li+/Li).17−19 Because of this
multielectron redox motif, these compounds can display high
specific capacities and have thus been intensively studied.
Some of the first studied OSCs included tetraethylthiuram
disulfide,20 phenyl disulfide,19 and 1,3,4-thiadiazole disulfide
(TDDS) and its analogues.9,21−23 From this early work, the
TDDS derivatives, such as 2,5-dimercapto-1,3,4-thiadiazole
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(DMcT), stand out in their promise as redox-active small
molecules. Over the years, reported studies have highlighted
DMcT as a compelling candidate for cathodes in lithium
batteries on account of its ability to transition between Li−S
and disulfide states, offering high energy density and
exceptional cyclability.9,24−26 However, the disulfide redox
reactions inherently suffer limited reversibility due to the
dissolution of the produced thiolate from disulfide reduction,
consequently diminishing capacity.27 Recently, the integration
of disulfide moieties into polymers or polymer networks has
become a strategy to address this issue. Pioneering efforts in
this domain have included the use of various redox polymers,
like poly(2,4-dithiopyrimidine)28 and poly(trithiocyanuric
acid),29 which have successfully mitigated the problem of
electrode dissolution by integrating disulfide into the polymer
backbone or side chains. Another benefit of immobilizing these
redox-active moieties within polymer networks is the known
sluggish electrochemical reaction kinetics of disulfides,
characterized by rate constants of approximately 1 × 10−7

cm/s.30,31 Immobilizing these compounds onto a substrate has
been demonstrated to enhance the reversibility of the redox
couple by preventing the diffusion of reduced species away
from the electrode and other charged moieties necessary for
recombination.
Despite this, polymer functionalization does not address the

interaction between disulfides and the electrode itself. Efforts
have been made to improve the performance in this aspect
through electrocatalysis, utilizing additional molecular species
that can accelerate charge transfer kinetics without being
consumed. One notable example is the use of conjugated
polymers, such as the well-studied poly(3,4-ethylenedioxythio-
phene), or PEDOT, to enhance both the rate of charge transfer
and the reversibility of the DMcT redox couple.30,31 Pioneer-
ing work by Oyama et al. involved electrochemically
polymerizing PEDOT on a glassy carbon electrode and
comparing the electrochemical activity of DMcT on coated
versus bare electrodes.22 Subsequent computational studies
provided insights into the favorable thermodynamics of the
system, whereby electron transfer occurs from the highest
occupied molecular orbital (HOMO) of neutral PEDOT to
the lowest unoccupied molecular orbital (LUMO) of oxidized
forms of DMcT, facilitating DMcT reduction alongside
PEDOT oxidation to a doped state.31 Kinetic studies
demonstrated a 12,000-fold increase in the redox reaction
rate when using a PEDOT coated-electrode compared to a
glassy carbon electrode.26 Initial investigations showcased
enhanced reactivity of DMcT solutions on a PEDOT-coated
electrode and subsequent studies focused on a composite
material by integrating solid DMcT into PEDOT prior to cell
assembly.30 While this electrocatalytic approach improved the
overall performance, the diffusion of DMcT limited the cycling
lifetime of the material.
Contrasting with the composite materials mentioned

previously, one approach is to covalently functionalize
conjugated polymers with redox-active components to form
dual redox polymers, which combines the benefit of
immobilizing the redox active component on the polymer
backbone to prevent dissolution and the use of the conjugated
polymer to improve reaction kinetics. Such dual redox
polymers have been effectively demonstrated with various
redox-active moieties. Examples include attaching terephtha-
late units to polythiophene,32 creating cross-hybrids of quinone
and polyaniline,33 and combining PEDOT with quinone34 or

stable nitroxide radical compounds (TEMPO).35 More
recently, the covalent attachment of DMcT to electro-
polymerized poly(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl-
methyl) 4-methylbenzenesulfonate (PEDOT-OTs) films
yielded a polymeric material that consisted of a redox active
disulfide attached to a conducting PEDOT backbone. This
dual redox material exhibited impressive cycling stability, on
account of the fixation of the DMcT moiety, the electro-
catalytic activity of dual redox material, and the conductivity
provided by the PEDOT backbone.36 Nonetheless, these
electrodes suffered from a reduced overall capacity, which was
attributed to the film thickness, which led to limited
accessibility throughout the depth of the film.
Building upon this prior work, this study seeks to introduce

a new synthetic approach designed to access nanoscale
PEDOT-DMcT-Li dual redox particles. Such an approach
aims to address and mitigate inherent limitations associated
with bulk hybrid materials like those in the previously
discussed work that include less than desirable capacity and
cycling stability, both paramount properties in the realm of
active materials for battery electrodes. Additionally, the particle
architecture enables a straightforward electrode fabrication
method where drop-casting of homogenized dispersions is
applicable. The improvements gained by synthesizing this
active material at the nanoscale are demonstrated through a
comprehensive exploration of various cycling methodologies.

■ RESULT AND DISCUSSION
Synthesis and Characterization of PEDOT-DMcT-Li

Nanoparticles. To obtain the PEDOT-DMcT-Li particles it
was proposed to first synthesize EDOT particles that could be
functionalized with the DMcT. Thus, the tosylated EDOT
compound (EDOT-OTs)36 was synthesized from hydrox-
ymethyl EDOT (EDOT-OH) as the starting monomer for this
work. On account of the low solubility of EDOT-OTs,
standard emulsion polymerization techniques were not suitable
for synthesizing PEDOT-OTs nanoparticles via oxidative
polymerization.37−39 However, a water-free synthesis ap-
proach40 using polyvinylpyrrolidone (PVP) as a surfactant
did allow access to PEDOT-OTs nanoparticles (Figure 1a and
Scheme S1a, see Experimental Section and Supporting
Information for more details). PEDOT-OH nanoparticles
were synthesized using EDOT-OH with the same procedure
shown in Scheme S1b as a control. The purified PEDOT-OTs
nanoparticles are then reacted with lithiated DMcT (DMcT-
2Li) to yield PEDOT-DMcT-Li nanoparticles as described in
the Experimental Section. The resulting size of the PEDOT-
DMcT-Li nanoparticles after drying in a vacuum oven at 55 °C
was determined through analysis of the scanning electron
microscopy (SEM) image (Figure 1b), which revealed dry
PEDOT-DMcT-Li nanoparticles with an average diameter of
107 ± 10 nm. Additionally, dynamic light scattering (DLS)
measurements of the PEDOT-DMcT-Li nanoparticles im-
mersed in 1 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) in tetraglyme (G4) (electrolyte of choice for
electrochemical characterization) indicate that the particles
swell to an average diameter of 153 ± 24 nm with a narrow
distribution (Figure 1c). The functionalization with lithiated
DMcT was confirmed through TGA analysis (Figure S1a),
UV-vis-NIR (Figure S1b), and FT-IR (Figure S1c). In the
TGA result, a distinctive mass loss was observed in the
temperature range of 120−200 °C, which corresponds to the
thermal decomposition temperature range for the DMcT
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moiety.41 The UV-vis-NIR spectrum of the PEDOT-DMcT-Li
nanoparticle dispersion further confirms successful DMcT
functionalization, indicated by a characteristic peak at λ = 346
nm corresponding to the DMcT moiety. Using a calibration
curve constructed from lithiated DMcT small molecules
(Figure S2b), it was determined that approximately half of
the mass from PEDOT-DMcT-Li originates from thiolate
components consistent with the (near) completion of DMcT
functionalization (see Supporting Information for more
details). The UV-vis-NIR spectrum on the PEDOT-OTs
nanoparticle dispersion (Figure S1b) confirms that they are in
the oxidatively p-doped state. Notably, the broad absorption
bands at λ ≳ 800 nm correspond to the polaronic and
bipolaronic states of the oxidized PEDOT backbone, while
there is a strong absorption band at 489 nm for the neutral
PEDOT backbone.42 Additionally, a notable reduction in the
oxidative p-doped state of the final PEDOT-DMcT-Li
nanoparticles, compared with the starting PEDOT-OTs
nanoparticles, was observed. This reduction is evidenced by
a weaker polaron absorption band at λ ≳ 800 nm, suggesting
significant removal of residual iron.
Electrochemical Properties PEDOT-DMcT-Li Nano-

particles. To explore the accessible electrochemical reactions
in the dual redox PEDOT-DMcT-Li nanoparticles, cyclic
voltammetry (CV) of PEDOT-DMcT-Li was performed with
particles coated on carbon paper (CP) as the working

electrode. CV of PEDOT-DMcT-Li revealed a strong disulfide
redox couple in the region anticipated for DMcT at 3.6 V for
thiolate oxidation and 3 V for disulfide reduction vs Li/Li+
(Figure S3a). Additional peaks can be deconvoluted to peaks
observed in the PEDOT backbone at approximately 3.3 V
during oxidation and 2.5 V during reduction (Figure S3b). The
CV experiment was also performed in a lithium coin cell with
PEDOT-DMcT-Li nanoparticles as the cathode electrode. In
short, cathodes were prepared as follows: nanoparticles were
sonicated in dimethylformamide (DMF) overnight with
poly(vinylidene fluoride) (PVDF) binder and carbon black
(CB) at a PEDOT-DMcT-Li:CB:PVDF ratio of 90:5:5 wt %,
resulting in a homogeneous dispersion. The dispersion was
then drop-cast onto CP and dried to yield the cathode
electrode assembly (Figure S4a and S4b). The cathode
composition of 90:5:5 wt % PEDOT-DMcT-Li:CB:PVDF
was selected to maximize the redox-active nanoparticle mass,
with sufficient CB for electronic conduction and PVDF as a
polymer binder to ensure good adhesion between the redox-
active nanoparticle and the current collector, thereby
preventing detachment from the electrode. Carbon paper
was selected as the cathode substrate as a prior study revealed
that carbon paper allows for favorable electrochemical
reversibility for disulfide redox molecules.43 The PEDOT-
DMcT-Li electrode was then assembled into a coin cell in a
half-cell configuration versus a lithium foil anode with 1 M
LiTFSI in tetraglyme (G4) as the electrolyte. G4 was selected
as it has been shown to be stable with lithium metal and
disulfide redox species.44

The cyclic voltammetry (CV) experiment was carried out on
the coin cell held at 45 °C at a slow scan rate of 0.1 mV/s to
clearly discern the accessible electrochemical redox reactions
(Figure 2b). During the forward scan from 2.0 to 4.0 V vs Li/
Li+, three oxidation peaks were observed. The first peak at
Ep,Ox1 at 2.8 V vs Li/Li+ corresponds to the oxidation of the
PEDOT backbone to form polarons (hole/radical pairs), the
second peak at Ep,Ox2 = 3.1 V vs Li/Li+ corresponds to the
oxidation of thiolate to disulfide, and the third peak at Ep,Ox3 =
3.7 V vs Li/Li+ corresponds to further oxidation of PEDOT
backbone to form bipolarons (hole/hole pairs) (Figure 2a).45

During the reverse scan from 4.0 to 2.0 V vs Li/Li+, only two
reduction peak potentials were observed (Figure 2b). The
reduction peak at 2.9 V vs Li/Li+ (Ep,Red2) coincides with the
reduction of disulfide to thiolates and the following reduction
peak at 2.6 V vs Li/Li+ (Ep,Red1) coincides with the reduction of
polaronic PEDOT to neutral PEDOT. Of note is the lack of a
clear reduction peak at high potential relating to the
conversion of bipolaronic charges back to polaronic charge
(Ox3 → Red3). It is possible that the charge compensation of
bipolarons with TFSI− anions stabilizes and thus traps the hole
charge carriers, making them inaccessible to reduction. Such a
phenomenon has been observed in PEDOT and other
thiophene-based conjugated polymers with bipolarons.46−50

Overall, the redox peaks from the CV experiments provide
clear evidence of the successful attachment of thiolate moieties
to the PEDOT backbone and demonstrate the reversible dual
redox behavior of PEDOT-DMcT-Li.

Galvanostatic Cycling of Li Metal Half Cells with
PEDOT-DMcT-Li Cathodes. Room temperature (RT)
galvanostatic cycling was performed at a low current density
(i) of 0.017 mA/cm2 (0.05C) to determine the charge and
discharge profiles and the accessible capacity. The coin cells
consist of PEDOT-DMcT-Li as cathode material and were

Figure 1. (a) Reaction scheme for the synthesis of PEDOT-DMcT-Li
nanoparticles. (b) Scanning electron microscopy (SEM) image of dry
PEDOT-DMcT-Li nanoparticles 107 ± 10 nm in diameter. (c)
Particle size measured by dynamic light scattering (DLS) in 1 M
LiTFSI in a tetraglyme (G4) electrolyte.
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fabricated in the same procedure as described above. The
applied i is determined using the highest possible theoretical
capacity of PEDOT-DMcT-Li, which is calculated to be 129.7
mAh/g. This is based on the PEDOT-DMcT-Li particles
exhibiting 1.5 electrons reaction per monomer unit, accounting
for a one-electron oxidation of the thiolate to form a disulfide
and a half-electron contribution due to the oxidation of the
PEDOT backbone to yield a polaron and bipolaron (Figure
2a). Figure 2c shows the representative charge/discharge
cycling profiles with potential limits of 2 to 4 V vs Li/Li+. The
observed charging and discharge potential plateaus are
consistent with the redox peaks from the CV measurements.
To emphasize this point, Figure 2d replots the galvanostatic
cycling in the form of a differential capacity (dQ/dV) plot,
which clearly shows that the oxidation potentials align well
with coin cell CV data presented in Figure 2b. The dQ/dV plot
further demonstrates the absence of the Red3 peak (Figure
2d), highlighting the presence of trapping of bipolaronic
charge during reductive discharge.
Considering that PEDOT is a p-type semiconductor, the

oxidation and reduction of PEDOT through electrochemical
doping can modulate the electronic conductivity of the
PEDOT-DMcT-Li nanoparticles during cell cycling. To further
probe the change of conductivity, electrochemical impedance
spectroscopy (EIS) measurements were performed on the Li/
PEDOT-DMcT-Li cell. Specifically, the cell was cycled at a
rate of 0.1C (0.034 mA/g) for 15 min, followed by EIS
measurements, and then cycling was resumed until the
predefined potential limits for charging and discharging were
reached. Figure 3a shows the representative Nyquist plots of
the cell before the charging cycle (2.2 V), at the end of the
charging cycle (4.0 V), and at the end of the discharging cycle
(2.0 V). The cell has the highest impedance at 2.2 V; then the

Figure 2. (a) Electrochemical reactions of dual redox PEDOT-DMcT-Li during charge/discharge, consisting of a thiadiazole disulfide/thiolates
redox center and an electronically conductive redox active PEDOT backbone. (b) CV of PEDOT-DMcT-Li in a coin cell at 45 °C, 1 M LiTFSI in
G4 as the electrolyte, Celgard 2325 as the separator, 0.1 mV/s scan rate. (c) Representative charge−discharge curve of galvanostatic cycling and
(d) differential capacity (dQ/dV) plot of PEDOT-DMcT-Li particles at 0.05C.

Figure 3. (a) Nyquist plots from Li/PEDOT-DMcT-Li coin cells
prior to charging (2.2 V), after charging (4.0 V), and after discharge
(2.0 V). (b) Charge/discharge cycling of PEDOT-DMcT-Li at 0.1C
at 15 min intervals and the corresponding internal electrode resistance
from EIS measurements at each interval. The black square represents
the neutral state (2.2 V), green diamond represents the charged state
(4.0 V), and orange pentagon represents the discharged state (2.0 V)
of the PEDOT-DMcT-Li cathode.
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cell impedance decreases at 4.0 V and increases again at 2.0 V.
These changes in impedance can result only from the variation
in the electronic conductivity PEDOT-DMcT-Li.
An equivalent circuit (shown in Figure 3a) was used to fit

the experimental impedance spectra to provide a more granular
quantification of the electrode resistance as a function of
potential during charging and discharging. In the circuit, RS is
series resistance at high frequency due to resistance from the
electrolyte solution, wires, and contacts; the parallel combina-
tion R1 and CPE1 (constant phase element) is the total
resistance and nonideal capacitance, respectively, from the
electrode, and CPE2 models low frequency capacitive
behavior.51,52 The extracted R1 values (internal electrode
resistance) are plotted and superimposed on the charge/
discharge profile in Figure 3b. Prior to the charging cycle, R1
was 282 Ω·cm2 at 2.2 V. Upon charging, there was a
monotonic decrease in R1 until reaching a local minimum at
3.1 V (R1 = 67 Ω·cm2) arising from the oxidation of the
PEDOT backbone to form polarons. Upon further oxidation,
an increase in R1 was observed until reaching the charging
potential limit of 4 V where R1 = 101 Ω·cm2. This observation
suggests that at higher voltages, the conductivity of the
PEDOT-DMcT-Li cathode initially increases and then
decreases, a trend similarly reported in several other organic
semiconductors, due to lower mobility of bipolaron compared
to polaron.53−55 Upon reduction by discharging to 2.2 V, R1
increased back to 163 Ω·cm2 as the PEDOT backbone is
reduced. Note that R1 does not increase to the initial higher
value, suggesting the PEDOT does not return to the fully
neutral state upon discharge.
When using dual-redox organic electrodes materials, self-

discharge is possible on account of intermolecular electron
transfer between redox centers.56−61 To determine the extent
of self-discharge, PEDOT-DMcT-Li coin cells were galvanos-
tatically charged to 4.0 V and then allowed to rest at open
circuit, as shown in Figure S5. The initial drop and subsequent
stabilization in voltage are attributed to the dissipation of cell
polarization from electrode overpotentials and salt concen-
tration gradients established from the galvanostatic charging.
Notably, after stabilization, PEDOT-DMcT-Li electrodes
overall demonstrated exceptional stability with minimal self-
discharge. Voltage measurements recorded at 3.44 V after 1
day of rest, when plotted against the representative charge−
discharge curve, showed that the cell retained over 99.7% of its
initial specific discharge capacity (SDC). However, at the end
of a seven-day monitoring period, the OCV measured 3.28 V,
indicating a slightly reduced but still commendable SDC
retention of 98.8%. This performance stands in contrast to
batteries incorporating other polymer-based electrodes, which
exhibited an approximate 1% daily decrease in specific capacity
due to noticeable self-discharge.62

Rate Dependence Cycling of PEDOT-DMcT-Li and
PEDOT-OH Nanoparticles. To assess the cycling rate
capability, lithium half cells equipped with PEDOT-DMcT-Li
and PEDOT-OH nanoparticle cathodes were cycled at room
temperature at rates ranging from 0.05C to 1C. Following this,
the cells were returned to 0.1C and 0.05C to evaluate the
stability of their accessible capacity during extended, sequential
C-rate cycling (Figures 4a). During these cycles, both the
specific charge capacity (SCC) and the specific discharge
capacity (SDC) were recorded. For PEDOT-DMcT-Li, an
SDC of 69.5 mAh/g is achieved (53.6% of maximum
theoretical capacity) at 0.05C (6.5 mA/g), while at 1C

(129.5 mA/g), an SDC of only 7.6 mAh/g is achieved (5.9% of
maximum theoretical capacity). Additionally, CE data are also
included in the upper graphs of Figure 4a and 4b to evaluate
the effectiveness of the cycling process, which is defined as the
SDC divided by the SCC. At the lower C-rate of 0.05C, the
PEDOT-DMcT-Li has CE of 80.0% which improves to a CE of
93.8% at 1C.
To distinguish the specific impact of the PEDOT backbone

and disulfide components, cathodes consisting of PEDOT-OH
nanoparticles were assembled as a comparison (Figure 4b).
When cycling at the same gravimetric current density as
PEDOT-DMcT-Li, PEDOT-OH achieves an SDC of 18.7
mAh/g at 0.05C (6.5 mA/g) and an SDC of 6.2 mAh/g at 1C
(129.5 mA/g). As depicted in Figure 4c, a modified Peukert
plot illustrates the SDC of PEDOT-DMcT-Li and PEDOT-
OH with gravimetric current density, indicating that the
majority of capacity in the PEDOT-DMcT-Li system is coming
from disulfides at lower rates, whereas at higher rates, the
majority of capacity is coming from the PEDOT backbone.

Figure 4. (a) Coulombic efficiency (CE) and specific capacities at
various C-rates for PEDOT-DMcT-Li and (b) PEDOT-OH cycled at
the same gravimetric current density (mAh/g) based on the
theoretical capacity of PEDOT-DMcT-Li. (c) Modified Peukert
plot of PEDOT-DMcT-Li and PEDOT-OH with specific discharge
capacity (SDC) at different gravimetric current densities (normalized
current) .
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While bipolaron charging and discharging plateaus were indeed
observed at very slow cycling rates for PEDOT-DMcT-Li
nanoparticles, specifically at rates of 0.2C and below (Figure
S6), PEDOT is known to be challenging to charge to a fully
bipolaron state.63 As shown in Figure S7, PEDOT-OH
demonstrated a more capacitive behavior with no clear
observation of the bipolaron charging plateau. The fact that
a bipolaron can be formed and accessed in PEDOT-DMcT-Li
nanoparticles is likely due to the increased swelling of PEDOT-
DMcT-Li in LiTFSI/G4 electrode compared to PEDOT-OH
(swollen particle size of 153 nm (Figure 1c) vs 138 nm (Figure
S8), respectively). A control study of PEDOT-OH cycled at
various C-rates was used to examine the accessibility of the
PEDOT backbone, where the C-rates were determined based
on the theoretical capacity of PEDOT-OH assuming 0.25 e−

per EDOT unit (only forming polaron) rather than being set at
the same current density as PEDOT-DMcT-Li. At 0.05C, the
highest capacity achieved was 31.8 mAh/g (Figure S9), which
is notably closer to the theoretical capacity of PEDOT-OH
forming only polarons (theoretical specific capacity of 39.0
mAh/g) than when assuming the formation of bipolarons
(theoretical capacity of 77.9 mAh/g). Therefore, it is
reasonable to conclude that the theoretical specific capacity
for PEDOT-DMcT-Li nanoparticles is 108.1 mAh/g for the
case where PEDOT only forms polarons (Table S1).
Charge−Discharge Optimization via Asymmetric

Cycling Rate Conditions. The charge−discharge data
shown previously reveal a gap between the measured SCC
and SDC, as indicated by CE, in the range of 80−90%. Of the
multiple potential sources of this phenomenon, one possible
cause is the difference in reaction rates associated with the
charging (oxidation) and discharging (reduction) of PEDOT-
DMcT-Li particles. Differences in the relative ease of charging
and discharge of redox-active materials are acknowledged
phenomena that are known to impact different battery
electrode chemistries.64−66 In order to probe this behavior,
CV sweeps were examined to determine the difference
between the amount of charge transferred in and out of
PEDOT-DMcT-Li nanoparticles over a fixed potential window
and a constant scan rate (Figures 2b and S10a). Total charge
transferred during the half sweep was determined by
integrating the CV peaks: three oxidation peaks at 2.8 V:
0.076 C/cm2 (11%), 3.1 V: 0.517 C/cm2 (72%), and 3.7 V:
0.012 C/cm2 (17%) (Figure S10e) and two reduction peaks at
2.6 V: 0.109 C/cm2 (23%) and 2.9 V: 0.360 C/cm2 (77%)
(Figure S10f). Integration of these peaks reveals that the
amount of disulfides reduced during the return sweep is less
than the amount of thiolates initially oxidized. A reasonable
hypothesis for the cause of this observation is charge trapping
within the particle core due to reduced electronic conductivity
at the particle surfaces after discharge (Scheme S2). This
observation aligns with the data discussed in Figure 3b, which
shows that the resistance R1 at 2 V after discharge is lower than
R1 at 2.2 V before cycling. This indicates that due to charge
trapping the electronic conductivity of the PEDOT-DMcT-Li
nanoparticles does not return to its original state after cycling.
Similar behavior can be observed in other semiconducting
polymer systems. S.H. Oh and co-workers reported using
polythiophene as an electroactive species, and they attributed
the relatively low utilization of the battery capacity to the
change in the conductivity of the conducting polymer.67

Charging (oxidation) converts polythiophene to a conductive
state, aiding further charge transfer, while discharging

(reduction) converts doped polythiophene to a nonconductive
state near the current collector interface, limiting electronic
access to the interior of the particles.
A second approach to address the issue of the difference in

rate controlled accessible capacity in a battery assembly is to
increase the overall time allowed for discharge relative to
charging time. With a slower discharge rate, a greater
extraction of overall energy is possible before the electrode
reaches a “fully discharged” state, as defined by a prescribed
lower voltage threshold. To test this hypothesis, PEDOT-
DMcT-Li half-cells were prepared in an identical fashion and
cycled using asymmetric rates, with the discharging rate being
half that of the charging rate (e.g., 1C charging followed by
0.5C discharging), the results of which are shown in Figures
5a. At slower charging rates, the discharge capacity of the half-

cell showed modest improvement, but the CE was significantly
higher (91% with asymmetric cycling vs 80% with symmetric
cycling for a 0.05C charge rate). Moreover, sequential
asymmetric cycling allows for greater SCC at higher C-rates
compared with symmetric cycling. Consequently, a greater
SDC is achievable in the higher rate regime. For example, at a
1C charge rate, an SDC of 29.0 mAh/g was observed for
asymmetric cycling compared to 7.6 mAh/g for symmetric
cycling (Figure 5b). Overall, asymmetric cycling provides a
pathway to address the differences in charge and discharge
kinetics, leading to enhanced accessible capacity and CE.
The impact of asymmetric charging on the cycling stability

of PEDOT-DMcT-Li was also tested. Half-cells were subjected
to 400 cycles of galvanostatic charging at a charging rate of
0.1C with either 0.1C or 0.05C discharge rates (Figure 6). At
100 cycles, the SDC of PEDOT-DMcT-Li cycled with
symmetric charging conditions showed an SCC of 60.7

Figure 5. (a) Coulombic efficiency (CE) and specific capacity at
asymmetric charge/discharge cycling rates of PEDOT-DMcT-Li at
room temperature (2× slower discharging). (b) Comparison of SCC
and SDC of PEDOT-DMcT-Li at symmetric cycling and asymmetric
cycling (2× slower discharging) for the higher rate regime.
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mAh/g and an SDC of 51.2 mAh/g, and that with asymmetric
cycling showed an SCC of 63.0 mAh/g and an SDC of 58.8
mAh/g, both of which reach 84% capacity retention relative to
their SDC on the first cycle. At 400 cycles, PEDOT-DMcT-Li
cycled with symmetric charging conditions showed an SCC of
35.6 mAh/g and an SDC of 31.8 mAh/g (52% capacity
retention). In contrast, the one cycled under asymmetric
conditions maintained an SCC of 48.8 mAh/g and an SDC of
47.7 mAh/g (69% capacity retention). Making this more
impressive, the samples cycled under asymmetric charging
conditions exhibited a much higher CE across the lifetime of
the cycling experiment (94.7% vs 78.7% at 100 cycles and
98.2% vs 90.6% at 400 cycles), indicating less charge trapping
when the asymmetric cycling rate method was adopted. As a
final observation, the deeper discharging of the PEDOT-
DMcT-Li material with a reduced discharge rate does not
appear to impact the ability of the half-cell to recover most of
their capacity when returned to a significantly lower C-rate of
0.01C. The half-cell that underwent asymmetric C-rate cycling
achieved an SDC of 88.0 mAh/g, with a CE of 91.5%.
Similarly, the half-cell cycled at a symmetric C-rate exhibited
an SDC of 90.6 mAh/g with a CE of 94%. Both conditions
show a nearly complete recovery compared to the freshly
prepared half-cell cycled at 0.01C (SDC of 91.9 mAh/g and
CE of 90.0%) (Figure S11). The achievable SCC and SDC are
very close to the theoretical capacity of PEDOT-DMcT-Li,
assuming only polarons form on the PEDOT backbone (108.1
mAh/g). Collectively, these findings underscore that the active
material experiences minimal degradation over 400 cycles. The
gradual decline in capacity is primarily attributed to charge
trapping phenomena occurring within the PEDOT-DMcT-Li
dual redox materials, a challenge for which the initial
optimization steps have been shown in this work.

■ CONCLUSION
In conclusion, the research presented describes the develop-
ment of organic cathode materials for Li-ion batteries, using

nanosized conjugated PEDOT polymer particles with dense,
redox-active disulfide cross-links. Through detailed CV and
galvanostatic cycling experiments, it was possible to isolate the
distinct contributions of the various redox components,
namely, the redox responsive DMcT disulfide/thiolate redox
couple and PEDOT. Moreover, EIS measurements on the Li/
PEDOT-DMcT-Li cell show that changes in impedance during
cycling are directly related to the variation in electronic
conductivity of the PEDOT-DMcT-Li nanoparticles and thus
can influence rate dependent charge/discharge cycling. At low
C-rates, battery cycling tests revealed that these PEDOT-
DMcT-Li dual redox materials demonstrate excellent specific
capacities�achieving 91.9 mAh/g (85% of theoretical
maximum capacity, using only polaron access for PEDOT).
Importantly, PEDOT-DMcT-Li electrodes exhibited minimal
self-discharge, maintaining a 98.8% capacity after 7 days.
Asymmetric rate cycling was explored to address the

observed charge trapping caused by the difference in the
reaction rates between the charging (oxidation) and
discharging (reduction) of PEDOT-DMcT-Li particles.
Specifically, using asymmetric cycling�where the discharge
rate is two times slower than the charge rate�improved the
specific discharge capacity (SDC) and significantly increased
the Coulombic Efficiency (CE) to 91% at 0.05C, compared to
80% with symmetric cycling. At higher C-rates, asymmetric
cycling conditions led to a dramatic increase in SDC to 29.0
mAh/g compared to just 7.6 mAh/g under conventional
symmetric cycling. This method of asymmetric cycling
addresses disparities in charge and discharge kinetics, resulting
in improved accessible capacity and CE. Long-term cycling
stability tests further showed that capacity retention was
primarily due to charge trapping rather than material
degradation, as evidenced by capacity recovery after 400
cycles. Notably, asymmetric cycling achieved 69% discharge
capacity retention compared to 52% under symmetric
conditions. Overall, this work demonstrates a promising
approach for designing, testing, and operating dual redox
polymers as cathode materials, enabling high capacities and
improved rate capabilities in organic batteries.

■ EXPERIMENTAL SECTION
Materials. Dimethyl sulfoxide, anhydrous, ≥99.9%, p-toluenesul-

fonyl chloride, ReagentPlus, ≥99%, lithium hydroxide, reagent grade,
98%, propylene carbonate, ReagentPlus, 99%, hydroxymethyl EDOT,
95%, and chloroform-d (99.8 atom % D, contains 0.03 % v/v TMS),
were from Sigma-Aldrich. Spectra Por S/P 1 Dialysis Membrane Trial
Kit, 6000−8000 Da, 32 mm Flat Width, was from Cole-Parmer.

Synthesis and Characterization of EDOT-OTs. 2,3-
Dihydrothieno[3,4-b][1,4]dioxin-2-ylmethyl 4-methylbenzenesulfo-
nate (EDOT-OTs) was synthesized with a method modified from
Rodriǵuez-Calero et al.36 2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)-
methanol (EDOT-OH) monomer was purchased and used as-is.
EDOT-OH:1H NMR (400 MHz, CDCl3) δ 6.35 (dd, 2H, S−CH),
4.30−4.05 (m, 3H, O−CH2−CH−O), 3.95−3.78 (m, 2H, CH2),
1.84 (t, 1H, −OH). 13C NMR (400 MHz, CDCl3) δ 141.4, 99.8, 74.0,
65.7, 61.6.

A solution of 5 g (29.0 mmol) of EDOT-OH, triethylamine (TEA)
(4.4 g, 6.06 mL, 43.4 mmol), and 4-dimethylaminopyridine (DMAP)
(11 g, 90.0 mmol) in 25 mL of dichloromethane was maintained at 0
°C by an ice bath. To this solution was added p-toluenesulfonyl
chloride (TsCl) (12.15 g, 63.7 mmol) incrementally, and the reaction
mixture was stirred and allowed to warm to room temperature
overnight. The organic layer was washed with DI water three times
and then dried with anhydrous MgSO4. The organic layer was
concentrated by rotary evaporation. The resulting tosylated EDOT

Figure 6. Long-term cycling Coulombic efficiency (CE), specific
charge capacity (SCC), and specific discharge capacity (SDC) of
PEDOT-DMcT-Li (a) at symmetric rate cycling at 0.1C for 400
cycles then return to 0.01C for 10 cycles and (b) the corresponding
asymmetric rate cycling condition, 0.1C for charging and 0.05C for
discharging across 400 cycles then return to 0.01C for 10 cycles.
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(EDOT-OTs) was purified via flash chromatography. The column
was run with pure hexane, 10% DCM in hexane, 30% DCM in hexane,
and finally 50% DCM in hexane for 10 column volumes each. The
resulting EDOT-OTs were concentrated by rotary evaporation
followed by a vacuum. 8.16 g of EDOT-OTs was obtained in a
yield of 86.3%. EDOT-OTs: 1H NMR (400 MHz, CDCl3) δ 7.8 (d,
2H), 7.37(d, 2H), 6.32 (d, 1H), 6.26 (d, 1H), 4.36 (m, 1H), 4.20 (m,
3H), 4.03 (d, 1H), 2.46 (s, 3H). 13C NMR (400 MHz, CDCl3) δ:
145.3, 140.9, 140.3, 132.4, 130.0, 128.0, 100.3, 70.8, 66.9, 65.0, 21.7.
Synthesis of PEDOT-OTs Particles. A 2 g portion of PVP was

dissolved in 300 mL of ethanol. To the solution was added 1 g of
EDOT-OTs dissolved in 100 mL of propylene carbonate (PC). The
solution was stirred at 800 rpm for 15 min. A total of 7 g of anhydrous
iron(III) chloride was added, and the reaction was carried out for 1
day. The mixture turned into a yellow-green dispersion. The result
particle dispersion was concentrated by rotary evaporation and then
transferred to a Spectra Por S/P 1 dialysis membrane, 6−8 kDa. The
dialysis membrane was then placed in 3.5 L of methanol. Methanol
was replaced 2 times a day for 4 days. The PEDOT-OTs particle
dispersion was then concentrated by rotary evaporation and dried
under a vacuum for 2 days.
Synthesis of PEDOT-OH Particles. PEDOT-OH particles were

synthesized by the same procedure as described above. Instead of the
EDOT-OTs monomer, hydroxymethyl EDOT was used. A total of 0.8
g of PVP was dissolved in 120 mL of ethanol. To the solution was
added 400 mg of EDOT-OH dissolved in 40 mL of PC. The solution
was stirred at 800 rpm for 15 min. A total of 2.8 g of anhydrous
iron(III) chloride was added, and the reaction was carried out for 1
day. The mixture turned into a yellow-green dispersion. The resulting
particle dispersion was concentrated by rotary evaporation and then
transferred to a Spectra Por S/P 1 dialysis membrane of 6−8 kDa.
The dialysis membrane was then placed in 3.5 L of methanol.
Methanol was replaced 2 times a day for 4 days. The PEDOT-OH
particles dispersion was then concentrated by rotary evaporation and
then dried under a vacuum for 2 days.
DMcT-2Li. DMcT (21.18 g, 140.9 mmol) and LiOH (6.749 g,

281.8 mmol) were dissolved in ethanol. The resulting solution was
stirred at 300 rpm for 1 day. The solution was dried by rotary
evaporation and then under a vacuum.
Synthesis of PEDOT-DMcT-Li. PEDOT-OTs (340 mg) was

dispersed with 0.5 M of DMcT-2Li in DMF solution via bath
sonication. The resulting dispersion was heated at 90 °C for 24 h. The
resulting particles were concentrated by rotary evaporation and then
transferred to a Spectra Por S/P 1 dialysis membrane, 6−8 kDa. The
dialysis membrane was then placed in 3.5 L of methanol. Methanol
was replaced 2 times a day for 4 days. PEDOT-DMcT-Li particle
dispersion was then concentrated by rotary evaporation and then
dried under vacuum for 2 days.
UV-Vis-NIR Spectroscopy. The Shimadzu UV-3600 Plus UV-vis-

NIR spectrophotometer was employed to conduct measurements
ranging from 280 to 1650 nm, with a sampling interval of 1 nm. DMF
was utilized as the supporting solvent for all sample solutions or
dispersions. Particle characterization was performed using 0.05 mg/
mL particle suspensions.
Scanning Electron Microscopy (SEM). For bare particles, a

silicon substrate was sectioned into 1 cm × 1 cm squares and
underwent a thorough cleaning process involving sonication in
acetone followed by methanol. Subsequently, 50 μL of a 0.3 mg/mL
particle dispersion in water was deposited onto the silicon substrates
and left to dry on an 80C hot plate. Silicon substrates with polymer
particles were adhered to the SEM mounts. Cathodes with polymer
active material were adhered onto SEM mounts with conductive
copper tape. Prior to SEM imaging, 8 nm of platinum/palladium was
coated onto samples with a sputter coater (Cressington 208HR
sputter coater). Carl Zeiss Merlin SEM, a high-resolution Field
Emission Scanning Electron Microscope (FE-SEM), was used to
analyze all samples using a 3 kV beam voltage. Twenty particles were
averaged to obtain the average diameters for particles
Thermogravimetric Analysis (TGA). TGA was performed by

using a TA Instruments Discovery TGA 5500 at a rate of 10 °C/min.

Samples were predried in a vacuum oven at 55 °C overnight to
remove residual water.

Cathodes Fabrication of Polymer Active Material. Polymer
particle active material cathodes were fabricated using Sigracet GDL
39 AA carbon paper, which was cut into 0.5 in. round substrates using
a paper punch. The substrates were then placed on a flat Teflon sheet
for casting. Cathode suspensions were prepared in DMF with 5 mg/
mL of PVDF (polyvinylidene fluoride) and 5 mg/mL of CB (carbon
black) to achieve a total solids concentration of 100 mg/mL, while the
ratios of active material, carbon black, and PVDF were kept at 90:5:5
by weight. The suspensions were homogenized overnight by using a
bath sonicator. Once cast onto the carbon paper substrates, the
samples were dried in a vacuum oven at 55 °C overnight before being
transferred into an argon glovebox for coin cell fabrication as
described below.

Coin Cell Fabrication. Coin cells (size 2032) were assembled
using polished Li foil punched into 12 mm circles (1.13 cm2 in area).
A total of 90 μL of electrolyte (1 M LiTFSI in G4) was applied in
three separate aliquots of 30 μL each, one atop each of the Li foils, a
Celgard 2325 separator, and the cathode layer. The cells were
crimped using an MTI Corporation MSK-110 crimper to a pressure of
600 psi (approximately 42 kg/cm2). Subsequently, the coin cells were
equilibrated overnight to fully equilibrate. Finally, the cells were
examined using electrochemical impedance spectroscopy (EIS) to
detect any instances of shorting or other irregularities prior to cycling.

Galvanostatic Cycling (GC). GC experiments were conducted
utilizing a Neware CT-4008T-5 V50 mA eight-channel battery cycler.
Coin cells were positioned in 2032 cell holders with lead wires
soldered to the terminals and insulated by using fiberglass felt pockets
to mitigate abrupt temperature fluctuations. For elevated temperature
cycling, a Neware 25L temperature chamber was used.
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