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A B S T R A C T

Organic electrode materials based on the chemical bond cleavage/recombination working principle usually
produce unimpressive reaction kinetics and stability. In this work, polypyrrole (PPy) is investigated as an ultrafast
(87% retention at 20 A g�1) and stable (83% retention across 3000 cycles) cathode material in PPy||graphite dual-
ion batteries. The fast intrinsic reaction kinetics, coupled with a capacitance-dominated mechanism, enable PPy to
bypass the sluggish chemical bond rearrangement process. Electrochemically induced secondary doping improves
the ordered aggregation of polymer chains and thus has a profound impact on anion diffusion and electrical
conductivity. The excellent rate capability presented here changes our understanding of organic electrode ma-
terials and could prove useful for designing ultrafast rechargeable electrochemical devices.
1. Introduction

Energy storage devices such as lithium-ion batteries (LIBs) have
profoundly changed modern ways of living [1,2], but in the face of sus-
tainability requirements, extensive research has been devoted to devel-
oping alternative battery systems [3–5]. Among these, dual-ion batteries
(DIBs) are emerging as promising candidates [6–8]. A prominent
example of DIBs is the dual-graphite battery (DGB), which substitutes a
transition metal-based cathode with carbon-based materials and thereby
is more recyclable and environmentally friendly [9,10]. Unfortunately,
the electrolyte in commercial LIBs decomposes when the anion in-
tercalates with graphite at a high potential, so most DGBs rely on ionic
liquid electrolytes [11,12]. From an economic standpoint, though, the
production cost of batteries will be significantly increased if the current
carbonate-based electrolytes are replaced by ionic liquids. Moreover, the
high viscosity of an ionic liquid significantly restricts ion transport. It is
therefore essential to find suitable cathode materials that will be
compatible with the current electrolyte system.

To accommodate bulky anions reversibly, the host structure should
possess large interstitial sites. As it happens, an inherent characteristic of
organic electrode materials (OEMs) meets this requirement. Assembled
by van der Waals forces, OEMs feature large spacing and flexible hosts,
making them ideal elastic buffer structures for accommodating the
continuous insertion and extraction of anions [13–16]. In the quest to
achieve sustainable energy storage devices, the prospect of using OEMs
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in rechargeable batteries has become increasingly attractive because
their components are readily available and their structures can be engi-
neered at the molecular level [17,18]. Yet despite great achievements
with OEMs, their application is plagued by problems [19]. Aside from
their poor intrinsic electrical conductivity and high solubility in elec-
trolytes, another challenge is their unimpressive rate capability [20].

With the ongoing proliferation of portable electronics and electric
vehicles, the demand for high-power-density batteries has become ur-
gent. Although great efforts have been made to improve their rate per-
formance, most of the strategies are focused on optimizing electron and
ion transport at the electrode interface or shortening their migration
paths [21]. Introducing conductive carbon into organic materials to form
composite electrodes offers opportunities to solve the problem of poor
electrical conductivity [22]. However, a large amount of conductive
carbon is required to ensure sufficient conductivity, which inevitably
dilutes the energy density of the whole device. Nanostructuring has been
widely employed to increase the rate capability of energy storage ma-
terials [20], but the emergence of extrinsic pseudocapacitive electro-
chemical features is unavoidable with nanoscale electrode materials, so
the effect of external assistance is usually limited [23,24].

One fundamental strategy is to prepare an electrode material with
intrinsically high reaction kinetics. Taking conjugated carbonyl (C––O)
compounds as an example, the working principle of an n-type organic
electrode is based on the reversible cleavage/recombination of the C––O
bond between the neutral state and the negatively charged state, making
ember 2021
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the kinetics intrinsically slow [25]. Since the generation of highly active
radical anion intermediates is virtually unavoidable, it is essential to
improve the intrinsic electrochemical stability of OEMs. The chemical
bond rearrangement process generally demands a relatively high acti-
vation energy and is usually accompanied by undesirable side reactions
that adversely affect the stability and redox kinetics [18].

In comparison, p-type organic electrodes such as conductive polymers
(CPs) usually exhibit fast reaction kinetics [25]. Thanks to charge delo-
calization in the conjugated structure, the redox center in CPs can ach-
ieve stability, thereby avoiding chemical bond rearrangement and
enhancing the intrinsic electrochemical stability [26]. Unlike Liþ, which
has a large solvation radius because of its strong Lewis acidity, CPs’weak
degree of solvation ensures the anions have ready mobility in the elec-
trolyte. Hence, CPs are promising candidates for fabricating ultrafast
DIBs.

Among these, polypyrrole (PPy) is especially promising for its
reversible doping mechanism, good conductivity, low cost, and facile
synthesis [20]. As a typical intrinsic pseudocapacitive material, PPy has a
surface redox pseudocapacitive charge storage mechanism, which in-
volves faradaic reactions occurring with charge transfer [26]. Unfortu-
nately, few studies have focused on exploring the potential of PPy in
high-rate electrochemical devices.

In this work, ultrafast DIBs were prepared using PPy as the cathode,
graphite as the anode, and a common LIB electrolyte (1.0 M LiPF6 in EC/
DMC) (Scheme 1). Impressively, these PPy||graphite dual-ion batteries
(PGDBs) charged quickly and showed highly stable cycling performance.
Surprisingly, their inherent high rate performance was also available
with a LiTFSI-based electrolyte and even in a PPy||K battery. To deter-
mine the cause of this outstanding rate capability, we conducted funda-
mental investigations of the electrochemical reaction kinetics, charge
transfer at the electrode/electrolyte interface, and ion diffusion dy-
namics. This work highlights the importance of understanding the
intrinsic reaction kinetics of CPs, presenting new angles for preparing
Scheme 1. Schematic representation o
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high-performance and sustainable energy storage devices.

2. Results and discussion

PPy has been of interest for energy storage applications for decades
[20,27]. Its macromolecular structure and doping state are highly sen-
sitive to reaction conditions, which can disrupt the conjugated backbone
and thereby affect the polymer's electronic and redox properties. Unlike
previous synthesis methods, our process pays particular attention to the
feed procedure. The dropwise addition of oxidant permits homogeneous
nuclei expansion and full growth of the polymer chain. Sodium p-tolue-
nesulfonic acid (pTSNa) and Fe2(SO4)3 were employed as the anionic
dopant and oxidant, respectively (Fig. S1 and Tables S1 and S2). When
doping was done with large surfactant anions, the conductivity of PPy
reached 14.3 S cm�1, guaranteeing intrinsic electronic conductivity and
avoiding the need for a large amount of conductive carbon additive.

As shown in Fig. 1a, the PGDBs displayed sloping charge/discharge
curves with a median discharge voltage of 3.1 V at a current of 50 mA
g�1. With CP-based electrode materials, the charge/discharge profiles of
PGDBs do not exhibit a flat voltage plateau, due to the variable doping
level. Compared with a PPy||Li half-cell, the electrochemical character-
istics of PPy were well retained in dual-ion full cells (Fig. S2). It is worth
noting that a gradual increase in capacity occurred during the initial
cycling (Fig. S2). Due to insufficient contact between polymer and elec-
trolyte, the capacity-increasing stage can be identified as an “activation
process”. Once the polymer surface was sufficiently exposed to the
electrolyte, the active site availability and reaction kinetics improved.
Compared with bulky p-toluenesulfonate (pTS–) and divalent sulfate,
monovalent PF6� anions were newcomers. Consequently, there was an
adjustment and adaptation process in the initial cycles until a steady,
optimal state was reached.

The increase in specific capacity during the activation process was
also revealed by cyclic voltammetry (CV), with the area inside the CV
f PPy||graphite dual-ion batteries.



Fig. 1. (a) Discharge/charge profiles of PGDBs at a current of 50 mA g�1. (b) CV curves of PGDBs at a scan rate of 0.2 mV s�1. (c) Rate performance of PGDBs with
different mass loadings (LiPF6-based electrolyte). (d) Rate performance of PGDBs (LiTFSI-based electrolyte). (e) Cycle performance of PGDBs (LiPF6-based electrolyte)
at a current of 1.0 A g�1.
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curves gradually increasing (Fig. S3b). Electrochemical impedance
spectroscopy (EIS) was used to gain insight into the activation evolution.
As shown in Figs. S3c and 3d, the overall resistance decreased during
activation and tended toward a steady state in the subsequent process.
From these results it can be deduced that both the capacity and the re-
action kinetics underwent an activation process during initial cycling.

The most outstanding feature of the PGDBs was their ultrahigh ca-
pacity retention under ultrafast charging conditions. After the activation
period, the PGDBs showed stable reversible capacities of 120, 118, and
117 mAh g�1 at current levels of 0.5, 1.0, and 2.0 A g�1, respectively.
Unexpectedly, there was no significant capacity drop when the current
increased to 5, 10, and 20 A g�1 (Fig. 1c). Even at a higher mass loading
(10 mgPPy cm�2) and ultrafast charging currents of 10 and 20 A g�1, the
PGDBs still rendered a capacity of 111 and 105 mAh g�1, corresponding
to 92% and 87% of the initial specific capacity (Fig. 1c). Neither serious
electrochemical polarization nor voltage drop were observed, even under
fast discharge/charge conditions (Figs. S2b and S4a). PGDBs with a mass
loading of 5 mgPPy cm�2 achieved a high energy density of 372 Wh kg�1

at various power densities (Fig. S4b). Even at a high mass loading of 10
mgPPy cm�2, the energy density was 356, 344, and 325Wh kg�1 at power
densities of 15, 31, and 62 kW kg�1, respectively (Fig. S4b).

Fig. 1e illustrates the long-term cycling performance of the PGDBs at a
current of 1.0 A g�1. After the activation period and on the way to sta-
bility, the PGDBs delivered a discharge capacity of 122 mAh g�1 and a
3

cycle retention of 87% up to 3000 cycles, corresponding to a capacity
decay of 0.0043% per cycle. Even with high active material loading (10
mg cm�2), the cycling stability was excellent (91% capacity retention at
2.0 A g�1 over 2000 cycles) (Fig. S4c). Notably, the unprecedented high
rate capability presented here changes our understanding of anion-
insertion electrodes and their typically sluggish kinetic behavior with
bulky anions, especially considering the electrode was fabricated without
special techniques such as compositing with conductive carbon materials
(e.g., nanotubes or graphene) and did not require high active material
loading [28,29].

To determine how anions influenced the electrochemical behavior,
we used lithium bis(trifluoromethane)sulfonimide (LiTFSI), a bulky
anion (Figs. S5 and S6). The overall electrochemical behavior was like
that of a LiPF6-based electrolyte, apart from a lower average discharge
potential and specific capacity (Fig. 1a and b). When the anion was
replaced with TFSI–, the rate capability and cycling stability remained
excellent, suggesting anion size did not have a significant impact on
performance and thus demonstrating the wide applicability of PPy as a
high-rate DIB cathode (Fig. S5b). With the LiTFSI system, a lower ca-
pacity of 106 mAh g�1 was obtained, whereas the capacity with LiPF6
was 120 mAh g�1 (Fig. 1a). This was probably because the insertion/
extraction of bulky anions occupied more space around the charged
polymer chains, thus limiting the number of accessible counteranions
and the doping depth.
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It is a well-established working principle that OEMs are adaptable to
various charge carriers, implying the same electrode material is generally
applicable with different counterions. To validate this assumption, we
tested the electrochemical performance of PPy in a potassium organic
battery (PPy||K). The battery delivered a capacity of 110 mAh g�1 and
exhibited excellent reversibility without any obvious voltage hysteresis
from 50 to 2000 mA g�1 (Figs. S8a and S8c). Impressively, the PPy||K
battery also exhibited superior rate capability (Fig. S8b). From 100 to
4000 mA g�1, its capacity did not decay as the rate increased. Even at a
high current of 8.0 A g�1, the capacity remained at 116 mAh g�1. The
battery also exhibited a remarkably long life, retaining 78% of the initial
capacity after 1700 cycles at 1.0 A g�1 (Fig. S8d).

Based on the above investigations, we determined that the intrinsic
fast reaction kinetics played a crucial role in achieving high rate per-
formance. To gain further insight, we analyzed the relevant reaction ki-
netics. Fig. 2a shows the CV curves at various scan rates. As the sweep
rate increased from 0.1 to 2 mV s�1, the cathodic and anodic peaks at
2.74 and 2.60 V shifted to 3.64 and 2.31 V, respectively, and the sepa-
ration of the anodic and cathodic peak potentials (ΔEp) changed from
0.13 to 0.27 V, implying fast reaction kinetics. The ultrafast kinetic
response appeared to be related to the capacitive-controlled reaction
processes [30]. By establishing the correlation between response current
(i) and sweep rate (v), we could analyze the capacitive- and
diffusion-controlled processes. As shown in Fig. 2b, the calculated
4

b-value approached 1.0 for both the anodic peak (1.013) and the cathodic
peak (1.049). Clearly, fast near-surface activities made substantial con-
tributions to the total current. Fig. 2c shows a typical CV curve at 2.0 mV
s�1, where the plotted capacitive current can be integrated into the
pale-yellow area and is differentiated from the total current. The ratios of
stored charge contributed by the capacitive mechanism at various scan
rates are all close to 100%, indicating that the fast kinetics occurring on
the surface of PPy were related to the pseudocapacitive effect (Fig. 2d).

It is generally agreed that the rapid mass transport of counterions is
indispensable for a fast-charging battery. To investigate the anion
diffusion dynamics, we used the GITT method to estimate the diffusion
coefficient (D) of PF6� in PPy (Fig. 2e, Fig. S9). Fig. 2f shows the diffusion
coefficient as a function of potential, with its average value ranging from
10�11 to 10�9 cm2 s�1. In the charge process, the D values were stable in
the potential region from 2.54 to 3.63 V (~10�9 cm2 s�1) before reaching
a minimum when close to the upper cutoff voltage. In the discharge
process, the D values ranged from 3.6 � 10�9 to 1.6 � 10�10 cm2 s�1

before the voltage dropped below 2.45 V. This rapid anion diffusion
occurred even when bulky TFSI– anions were employed (Figs. S10 and
S11).

To achieve high rate performance, two essential factors are rapid
reaction kinetics at active sites and fast charge transport (i.e., electronic
or ionic conduction). Electronic or ionic transport should be rapid
enough to respond to the fast charge transfer reaction. In the charging
Fig. 2. Electrochemical performance of
PPy||Li with 1.0 M LiPF6 EC/DMC as elec-
trolyte. (a) CV curves at various scan rates.
(b) Power law dependence of measured cur-
rent on scan rate at corresponding peak po-
tentials. (c) Capacitive contribution at 2.0
mV s�1. The peach area shows the contri-
bution to capacitive charge storage. (d)
Contribution ratios of capacitive charge
storage at different scan rates. (e) Full
charge/discharge GITT curve. (f) Diffusion
coefficient (D) estimated with GITT methods.



T. Sun et al. eScience xxx (xxxx) xxx
process, electrons are extracted from the π-conjugated polymer chain of
PPy. Afterwards, the positive charge left on the chain is neutralized by
anions from the electrolyte (Fig. 3a, Scheme S2). The charge transfer rate
of the redox-active polymers exerts a decisive effect on the kinetic per-
formance. To maintain charge neutrality, this process should be conju-
gated with the timely diffusion of electrolyte counterions. With the
conjugated polymers, charge transfer is achieved by carriers hopping
between redox centers, accompanied by the diffusion of counterions. The
charge propagation behavior can be described using a heterogeneous
reaction rate constant (k0) [31,32], which can be calculated using the
Laviron method (Fig. 3b, Fig. S7a). Due to efficient charge transfer ki-
netics and facilitated ionic mobility, the k0 value (7.5 � 10�3 cm s�1) is
high, indicating the rapid achievement of reaction equilibrium.

As is known, the “ion transfer” barrier at the electrolyte/electrode
interface originates from two different processes: (1) desolvation of Liþ

before insertion into the host and (2) the subsequent migration of bare
Liþ through the interface [33]. The stripping of the solvation sheath from
Liþ is assumed to be the rate-determining step at the electro-
lyte/electrode interface [34]. Due to the small ionic radius, there is a
strong Coulombic attraction between Liþ and the solvent molecules.
Hence, metal cation desolvation is treated as the most energy-consuming
step in the cation-insertion mechanism [35]. Unlike with the cation (Liþ),
the solvation effect on the bulk anions (PF6� and TFSI–) is weak, due to
their large anionic radii and low electric charge density. In this situation,
anion transport from electrolyte to host structure may be the most
energy-consuming process.

It is generally known that the reductive decomposition potential of
most carbonate-based electrolytes starts below 1.0 V versus Liþ/Li.
Oxidation decomposition is unlikely to occur at potentials below 4.0 V. It
is therefore reasonable to suppose that the battery was operating in a safe
electrochemical window. In a sense, PPy could be considered an “inter-
face-free” electrode material that accommodates anions (PF6� or TFSI–),
Fig. 3. (a) Schematic illustration of the reaction kinetics of PPy. (b) Variations in an
Temperature-dependent EIS analysis of PPy||Li cell with LiPF6-based electrolyte.
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making it possible to study the anion transfer barrier at the electrolyte/
PPy junction. The absence of a passivation layer means migration across
the interface can be ignored. We obtained temperature-dependent
impedance spectra to analyze this thermally activated process and eval-
uated the charge transfer activation energies (Ea,ct), based on Arrhenius
theory. Fig. 3c shows selected impedance spectra of PPy||Li at different
temperatures. In the PF6� system, the activation energy for the charge-
transfer component was around 50.15 kJ mol�1, while bulky TFSI–

overcame a higher energy barrier (62.12 kJ mol�1), indicating the su-
periority of size when anion insertion happens (Figs. S7b and S12).

In the anion-insertion mechanism, the oxidation of PPy removed
electrons from the π-conjugated chain, and PF6� counterions from the
electrolyte moved towards the electrode, balancing the positively
charged polymer chain (Fig. 4a). We used X-ray photoelectron spec-
troscopy (XPS) to probe the PF6� anion reaction process (Figs. 4b and c,
Fig. S13). In the fully charged state, the appearance of P 2p and F 1s
signals implied that the PF6� anions were incorporated into the PPy
cathode. When discharged to 1.4 V, neither of those peaks were
observable, indicating the release of the PF6� back to the electrolyte
during the reduction process.

A polymer's microstructure exerts fundamental effects on the elec-
trode's reaction kinetics [36–38]. It has been found that large aromatic
dopants such as pTSNa affect the arrangement of polymer chains,
engaging with the aromatic pyrrole ring through π–π interactions that
lead to laminar growth [39,40]. The electron-rich pTS– groups act as
electron tanks, which can exchange electrons with the conjugated
backbone of PPy and undoubtedly enhance interchain interactions.
Increased conjugation length is a direct consequence of the π–π interac-
tion between the polymer backbone and the dopant pTS–, wherein the
pTS– helps form conducting domains of large magnitude [41,42]. It can
also impact the conduction channel inside the polymer matrix through
the formation of bipolaronic and polaronic species for effective charge
odic and cathodic peak positions (Ep), and ΔEp as a function of the scan rate. (c)



Fig. 4. (a) Schematic illustration of the reaction mechanism of PPy during PF6� storage. (b) XPS spectra of F 1s region. (c) XPS spectra of P 2p region. (d) XRD pattern
of PPy electrode at different cycles.
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transfer [43]. Due to the anions stored between the chain layers of
polymers, an ordered arrangement of the polymer matrix balances the
electrostatic forces between the positively charged segments of PPy
chains and the negatively charged dopant ions distributed across the
interchain space. The electrostatic attraction between the positively
charged segments of PPy chains and dopant anions can effectively pre-
vent the electrode from cracking or being pulverized (Figs. S14–S16). In
another sense, the continual insertion/extraction of counteranions with
the polymer electrode material can be regarded as secondary doping
induced by the electrochemical conditions [44,45]. Just as inorganic
electrode materials undergo structural reconstruction or phase trans-
formation in an electrochemical environment, a similar phenomenon can
be observed in organic materials [46,47].

In the present work, we studied the structure of PPy crystalline re-
gions after repeated charge/discharge cycles with PF6� as the counterion.
We propose that the continual electrochemical stimulation improved the
crystallinity of PPy or the packing of its polymer chains, which was
beneficial for effective charge transfer among the intrachains or in-
terchains of PPy. As shown in Fig. 4d, better aggregation of the polymer
chains was apparent after the activation process finished.

The ordered packing in conjugated polymers originates from a
coplanar stacked structure that exhibits strong π-orbital overlap. Conju-
gated polymer chains are inclined to form stacked aggregates with a
relative degree of crystallinity, which can be detected by the width and
strength of their XRD scattering peaks. Fig. 4d shows the XRD pattern for
PPy, which displays two obvious broad peaks at approximately 2θ ¼
15.4� and 22.5�. The diffraction peak at 15.4� is generally assigned to the
distance between pyrrolic planes with interfaced aromatic rings. The
peak situated at 22.4� is ascribed to the interplanar spacing of pyrrole
rings. Clearly, the polymer could be ordered in various crystallographic
directions. This assumption was also supported by the micro-level
structure of cycled PPy, in which crystalline islands with ordered ori-
entations were discerned (Fig. S15). Hence, the continual doping/de-
6

doping process improved the crystallinity of PPy or the packing of its
polymer chains, which exhibiting a self-adapting capability for the
intercalated anions.

We know that π–π stacking is a relatively strong interchain interaction
where unpaired π electrons are shared by overlapping with the adjacent
conjugated ring [45]. Tuning the degree of crystallinity to improve the
packing structure as well as the orbital shape, orientation, and symmetry
can facilitate charge transport in aggregates. It is believed that conju-
gated chains closely stacked along a specific direction result in longer
conjugated chain segments, yielding better electrical conductivity. This
assumption could also explain the sluggish activation process during
cycling, in which the electrochemical resistance decreased as the cycling
depth increased.

In the quest for electrochemical energy storage devices with both high
energy density and power density, the line between electrochemical ca-
pacitors and batteries is becoming blurred [48–50]. There is now an
accepted trend toward integrating the two devices, especially for redox
electrode materials with pseudocapacitive activity [51]. To some extent,
the DIBs presented here can also be regarded as dual-ion hybrid elec-
trochemical devices. Unlike common electrical double-layer capacitors,
this hybrid energy storage device is constituted by an anion host pseu-
docapacitive cathode and a Liþ intercalated graphite anode. Combining
the merits of capacitors and batteries yields a hybrid electrochemical
device with simultaneously better energy and power densities (Fig. 5).

3. Conclusion

In summary, we have demonstrated that PPy can be used as an ul-
trafast, stable organic cathode for DIBs. The distinctive operating
mechanism afforded PGDBs a reversible capacity of 125 mAh g�1 at a
median discharge voltage of 3.1 V, together with an outstanding lifespan
across 3000 cycles (83% capacity retention). With a higher mass loading
(10 mgPPy cm�2) and under ultrafast charging currents of 10 and 20 A



Fig. 5. Rate performance compared with other reported organic cathodes (CCF–PPY [52], 3D PPG [53], PPy nanofiber [54], p-DPPZ and p-TPPZ [55], mPPy
nanosheets [56], PPy@CNT [57], PPy/AQS/r-GO and PPy/AQS [58], Ppy/DS [59], PPy/r-GO [60], and PPy nanospheres [61]).
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g�1, PGDBs still delivered a reversible capacity of 111 and 105 mAh g�1,
corresponding to 92% and 87% retention of the initial capacity. Apart
from in a LiPF6-based electrolyte, high rate performance was also
observed in a LiTFSI system and even in a PPy||K battery. The intrinsic
fast redox kinetics, coupled with a capacitance-dominated mechanism,
explain the outstanding rate capability. We postulate that electrochem-
ically induced secondary doping improved the ordered aggregation of the
polymer chains, thereby having a profound impact on anion diffusion
and electrical conductivity. The findings presented here not only further
consolidate the family of high-rate OEMs but also provide rich mecha-
nistic insights into intrinsic factors for further exploring advanced energy
storage devices.
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