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sites accepting one or more electrons per repeating unit5 but
lack a π-conjugated backbone as found in π-conjugated
polymers, which is crucial for eﬃcient electron conduction.
Since the advantages of the two classes of polymers perfectly
complement each other, the weakness of both polymers could
be addressed by a rational combination of the characteristics
from each class, such as a “π-conjugated redox polymer”
(Figure 1a). Pioneering attempts to construct such a polymer

ABSTRACT: We report here the ﬁrst successful demonstration of a “π-conjugated redox polymer” simultaneously
featuring a π-conjugated backbone and integrated redox
sites, which can be stably and reversibly n-doped to a high
doping level of 2.0 with signiﬁcantly enhanced electronic
conductivity. The properties of such a heavily n-dopable
polymer, poly{[N,N′-bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)}
(P(NDI2OD-T2)), were compared vis-à-vis to those of the
corresponding backbone-insulated poly{[N,N′-bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt5,5′-[2,2′-(1,2-ethanediyl)bithiophene]} (P(NDI2ODTET)). When evaluated as a charge storage material for
rechargeable Li batteries, P(NDI2OD-T2) delivers 95% of
its theoretical capacity at a high rate of 100C (72 s per
charge−discharge cycle) under practical measurement
conditions as well as 96% capacity retention after 3000
cycles of deep discharge−charge. Electrochemical, impedance, and charge-transport measurements unambiguously
demonstrate that the ultrafast electrode kinetics of
P(NDI2OD-T2) are attributed to the high electronic
conductivity of the polymer in the heavily n-doped state.

O

rganic π-conjugated polymers are emerging as a materials
class for energy-related applications enabling a path to a
more sustainable energy landscape without the need of energyintensive, expensive, and sometimes toxic metal-based compounds.1 Furthermore, the possibility to fabricate lightweight
and mechanically ﬂexible devices makes polymeric materials
even more attractive. Hole-transporting (semi)conducting
polymers with substantial redox activity and electronic
conductivity have been long recognized as electrode materials
for batteries, supercapacitors, and thermoelectrics.2 However,
all-polymer devices of this type have been diﬃcult to realize due
to the limitations of electron-transporting polymers.3 Two
general classes of electron-transporting polymers are known: πconjugated polymers and nonconjugated redox polymers.2a
Electron-transporting (or n-type) π-conjugated polymers
typically need multiple repeating units in the backbone to
stabilize injected electrons. Thus, the inability to stably and
reversibly store these charges limits the n-doping level,4 which
in turn reduces the amount of free electrons and therefore
restricts the electronic conductivity. On the other hand,
nonconjugated redox polymers have dedicated redox active
© 2015 American Chemical Society

Figure 1. (a) Graphical illustration of the structural characteristics of
π-conjugated polymers, redox polymers, and π-conjugated redox
polymers. (b) Molecular structure of the nonconjugated P(NDI2ODTET) and the π-conjugated P(NDI2OD-T2).

were limited by insuﬃcient reversibility of the doping process,6
unknown doping level,6b,c,7and/or uninvestigated/poor conductivity of the n-doped state.6,7 Thus, it remains a major
challenge to develop heavily n-dopable π-conjugated polymers
with high electronic conductivity.
Herein we report the ﬁrst demonstration of a π-conjugated
redox polymer in poly{[N,N′-bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} (P(NDI2OD-T2)), which can be stably and reversibly n-doped to
a high doping level (2.0) and exhibits signiﬁcant electronic
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less discernible for P(NDI2OD-T2), reﬂecting the charge
delocalization by the π-conjugated backbone. Judging from the
charge injected during n-doping, both polymers roughly
complete the two-electron reduction, leading to high n-doping
levels of 1.8 and 2.0 for P(NDI2OD-TET) and P(NDI2ODT2), respectively. If considered as a Li storage material, the
speciﬁc capacity of P(NDI2OD-T2) is 54.2 mAh g−1, or 100%
of its theoretical capacity (54.2 mAh g−1; calculated for a 2electron redox reaction), whereas the speciﬁc capacity of
P(NDI2OD-TET) is 47.4 mAh g−1, or 90% of its theoretical
capacity (52.7 mAh g−1). Thus, the π-conjugated backbone of
P(NDI2OD-T2) does not decrease the n-dopability.
The electrode kinetics of P(NDI2OD-T2) and P(NDI2ODTET) were compared via fast charge−discharge measurements.
As shown in Figure 3a, the capacity retention at 10C (12 min

conductivity, enabling the realization of ultrafast rechargeable Li
batteries (Figure 1b). P(NDI2OD-T2) is an electron-transporting π-conjugated polymer extensively studied in organic
electronics, but only in its intrinsic and slightly n-doped states
(doping level ≤0.1).8 Our results demonstrate that P(NDI2OD-T2) meets key criteria for an eﬃcient π-conjugated
redox polymer: a linear π-conjugated alternating naphthalene−
bithiophene backbone providing an electron-transport pathway
and a naphthalene dicarboximide (NDI) unit, which is a highly
reversible two-electron acceptor,5bensuring a high n-doping
level. The advantage of a π-conjugated redox polymer as an
energy storage material over a nonconjugated one is highlighted
by the design of a control polymer, poly{[N,N′-bis(2octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt5,5′-[2,2′-(1,2-ethanyl)bithiophene]} (P(NDI2OD-TET, for
synthetic details see SI)), where a saturated −CH2-CH2−
group is inserted in between the two thienyl units to break
polymer backbone π-conjugation, leaving all the other
P(NDI2OD-T2) structural components unaltered (Figure 1b).
The vis-à-vis n-dopability of the two polymers was
investigated using an in situ electrochemical doping method.
This method enables precise control of the doping process and
monitoring of the property change of the polymer. Li is an ideal
doping reagent because the small size of Li+ prevents phase
segregation (vide inf ra). For this purpose, coin-type rechargeable Li cells were fabricated with a polymer/conductive carbon
mixture as the working electrode and metallic Li as the counter
and reference electrode (see SI). Polymer/carbon black
composite ﬁlms containing 60 wt % of polymer with an active
mass of 0.3 mg cm−2 was galvanostatically cycled in a Li+containing ethereal electrolyte solution to realize the redox
process. Every NDI unit of our polymers contains four carbonyl
groups, two of which are expected to be reversibly reduced via a
two-step two-lithium addition reaction (Figure 2a; further

Figure 3. Electrochemical measurements for the indicated polymers.
(a) Capacity retention of Li cells at increased charge−discharge rates.
(b) Nyquist plot from EIS measurements of Li cells at a depth-ofdischarge of 25%. (c) Solid-state Li diﬀusivity measured with GITT at
diﬀerent doping levels. (d) Electronic conductivity of polymer ﬁlms
without carbon additive in diﬀerent chemically n-doped states.

per cycle) is 99% and 80% for P(NDI2OD-T2) and
P(NDI2OD-TET), respectively, whereas at the ultrafast rate
of 500C (14 s per cycle) the capacity diﬀerence between the
two polymers is larger (79% and 43%, respectively). The
potential diﬀerence between charge and discharge curves is also
smaller for P(NDI2OD-T2) at all C-rates (Figure S1). Clearly,
P(NDI2OD-T2) exhibits much faster electrode kinetics than
that of P(NDI2OD-TET).
The kinetics of a solid-state battery electrode is determined
by three major parameters: (1) reaction rate of the redox site,
(2) solid-state ion (Li+) transport, and (3) electronic
conduction. Thus, we have measured these parameters for
our polymers to understand the origin of the fast electrode
kinetics of P(NDI2OD-T2). First, the redox activity was
probed with electrochemical impedance spectroscopy (EIS).
The obtained Nyquist plots (Figure 3b) for the two polymers
at a depth-of-discharge of 25% (corresponding to a doping level
of 0.5) show semicircles of about the same size in the low- to
mid-frequency region, which can be ﬁtted to yield almost
identical charge transfer resistance (Rct = 206.7 and 210.4 Ω for
P(NDI2OD-T2) and P(NDI2OD-TET), respectively). The Rct
values for the two polymers remain very similar (235.5 and
223.8 Ω) at a depth-of-discharge of 75% (corresponding to a
doping level of 1.5). Since Rct is a measure of the

Figure 2. (a) Two-step n-doping/lithiation mechanism of the
naphthalene diimide unit. (b,c) Potential proﬁle of P(NDI2ODTET) (b) and P(NDI2OD-T2) (c) during n-doping−undoping at 1C
(2 h per cycle).

reduction of more carbonyl groups leads to irreversible
transformation of the NDI structure).9 During the twocarbonyl reduction, two electrons will be delocalized in the
polymer backbone repeating units, corresponding to an ndoping level of ∼2.0. Figure 2b,c shows the potential proﬁle
during the n-doping−undoping process, demonstrating that
both polymers undergo two-step reduction. The two stages are
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with previous studies showing similar phase segregation of
molecular dopants in the polymer host ﬁlms for N-DPBI
dopant ratio >10 mol %,8b thus precluding further doping. In
contrast, the electrochemically Li+-doped P(NDI2OD-T2) ﬁlm
exhibits negligible phase segregation and the increased surface
roughness is due to the exceptionally large (200 mol %) dopant
content (Figure 4c). Because of the much higher doping level,
it is expected that Li-ion-doped ﬁlms should exhibit similar
trends but with far higher conductivities than those measured
for the N-DPBI-doped ﬁlms in Figure 3d.
The improved redox kinetics of P(NDI2OD-T2) encouraged
us to further explore its fast charge−discharge capability.
Electrodes with higher loading (up to 1.3 mg cm−2; see Figure
S3) and higher active mass ratio (up to 80 wt % active mass; see
Figure S4) were fabricated, and the results are compared to the
state-of-the-art organic electrode materials (Table S1). For
relatively “standard” high-rate conditions (∼1 mg cm−2, ∼60 wt
% active mass, ∼10C), very few materials approach the capacity
retention level of P(NDI2OD-T2). Under more harsh testing
conditions such as an ultrahigh-rate of 100C (72 s per cycle)
and a high active mass ratio of ≥80 wt % (unusually high for
organic electrode materials), the superiority of P(NDI2OD-T2)
becomes even more evident (Table 1). Note that all these

electrochemical reactivity of an electrode material at a given
discharged state, the almost identical values indicate no obvious
diﬀerence in the reaction rate for the two polymers in any ndoped state. Second, the solid-state Li diﬀusivity was assessed
with galvanostatic intermittent titration technique (GITT), and
the calculated diﬀusivity values are plotted against doping level
(Figure 3c). The Li diﬀusivity−doping level dependence is
similar for both polymers. The average Li diﬀusivities are 1.45
× 10−11 and 3.38 × 10−11 cm2 s−1 for P(NDI2OD-TET) and
P(NDI2OD-T2), respectively, again very close to each other.
These similarities are not unexpected given the largely identical
functional groups in the two polymers. The slight advantage of
P(NDI2OD-TET) over P(NDI2OD-T2) in Li diﬀusivity may
be due to the less eﬃcient stacking of P(NDI2OD-TET)
compared with P(NDI2OD-T2) (Figure S2), which allows
faster Li diﬀusion. Finally, the ﬁlm electronic conductivity of
our polymers was measured for chemically doped samples.
Note, conductive carbon was not used in these measurements
to extract the intrinsic conductivity of the polymers. Both
pristine polymers exhibit a conductivity of ∼10−8 S cm−1.
However, when reduced with progressively larger amounts of
the molecular dopant 4-(1,3-dimethyl-2,3-dihydro-1H-benzimidazol-2-yl)-N,N-diphenylaniline (N-DPBI),10 the conductivity
of P(NDI2OD-T2) rapidly increases by 5 orders of magnitude
to ∼10−3 S cm−1, whereas that of P(NDI2OD-TET) only
increases slightly (∼10−7 S cm−1). These data indicate that
intrachain charge transport within the π-conjugated backbone
of P(NDI2OD-T2) dramatically enhances electronic conductivity, whereas that of P(NDI2OD-TET) must rely only on the
less eﬃcient interchain charge hopping. In our lithium cells,
although the addition of conductive carbon will increase the
apparent conductivity of the electrodes based on both
polymers, the electron transport within the polymer domains
will be still dominated by the intrinsic conductivity of the
doped polymers. The combined results demonstrate that the
presence of the π-insulating ethanyl group in P(NDI2ODTET) does not alter the redox activity nor the ionic
conductivity and that the highly conducting nature of the
heavily n-doped P(NDI2OD-T2) is unambiguously responsible
for the ultrafast energy storage capability.
We believe that the electronic conductivity saturation
observed in Figure 3d for P(NDI2OD-T2) at N-DPBI molar
doping ratio >15 mol % is due to ineﬃciencies of the dopant
rather than an intrinsic limitation of the polymer. Indeed,
Figure 4 compares the morphology of the pristine P(NDI2ODT2) ﬁlm, the chemically doped polymer ﬁlm with 28 mol % of
N-DPBI, and the electrochemically doped polymer ﬁlm with
200 mol % of Li ion. The pristine ﬁlm shows ﬁber-like structure
as previously reported.8a N-DPBI-doped ﬁlm at 28 mol %
shows grainy aggregates, indicating signiﬁcant phase segregation of the molecular dopant. This observation is in agreement

Table 1. Comparison of the Rate Capability of P(NDI2ODT2) with Those of State-of-the-Art Electrode Materials
compound

doping
type

active
ratioa

P(NDI2OD-T2)

n

PTCDA−PI2
PVK
PTMA
Li4C6O6

n
p
p
n

60%
80%
60%
55%
50%
80%

capacity
retentionb
95%
81%
28%
78%
71%
27%

(100C)
(10C)
(80C)
(100C)
(50C)
(6C)

ref
this work
12
11a
11b
13

a

Only the results obtained with an active mass ratio of ≥50% and nonthin-ﬁlm devices (e.g., thickness >1 μm) are included. bRelative to the
highest capacity recorded at low rates. Only the results obtained at
≥50C (for active ratio ≥50 wt%) or ≥5C (for active ratio ≥80 wt%)
are included.

results were achieved without the need for the construction of
porous polymer structures, incorporation of nanostructured 1-/
2-/3-dimensional conducting reagents, or nanoscale morphology control, which are strategies usually necessary to achieve
fast kinetics for organic electrode materials.5c,11 The fact that
P(NDI2OD-T2) exhibits the best electrode kinetics despite the
presence of signiﬁcant amount (∼57% by mass; >65% by
volume from DFT computations) of redox-inactive/insulating
alkyl chains in the molecular structure fully demonstrates the
potential of this molecular design for energy storage purposes.
The stability of P(NDI2OD-T2) when heavily n-doped and
the reversibility of the doping process were investigated
through repeated doping/undoping cycles. Impressively, after
3000 cycles to a doping level of 2.0 and complete undoping to
the intrinsic state, the dopability of P(NDI2OD-T2) remains
intact (Figure 5), with a capacity retention of 96% and an
average Coulombic eﬃciency >99.95%. These results demonstrate for the ﬁrst time that π-conjugated redox polymers can be
stably and reversibly n-doped to such high levels. As a charge
storage material, the speciﬁc capacity of P(NDI2OD-T2) (∼54
mAh g−1) is lower than that of inorganic counterparts due to
the unoptimized long solubilizing alkyl chains that do not

Figure 4. AFM height images of (a) pristine P(NDI2OD-T2) thinﬁlm, (b) P(NDI2OD-T2) thin-ﬁlm doped with 28 mol % of N-DPBI,
and (c) P(NDI2OD-T2) thin-ﬁlm doped with 200 mol % of Li ion.
Scale bar: 500 nm. The rms roughness for three ﬁlms is 1.07, 1.33, and
5.14 nm, respectively.
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Figure 5. Reversibility of P(NDI2OD-T2) during repeated deep ndoping−undoping at 10C (12 min per cycle).

contribute to redox reaction. Thus, improved molecular design
of π-conjugated redox polymers should result in signiﬁcant
improvement in energy density.
In summary, we have successfully demonstrated that πconjugated redox polymers are a class of heavily n-dopable
conducting polymers combining the high redox activity of
redox polymers and the high electronic conductivity of πconjugated polymers. A model polymer, P(NDI2OD-T2), was
stably and reversibly n-doped to a high doping level of 2.0, a
signiﬁcant progress for electron-transporting π-conjugated
polymers. The high electronic conductivity of the heavily ndoped P(NDI2OD-T2) leads to unprecedented electrode
kinetics when evaluated as an organic electrode material for
rechargeable Li batteries. With rational molecular design, πconjugated redox polymers will establish new design space in
polymer chemistry and see widespread applications especially in
energy-related ones such as batteries, supercapacitors, and
thermoelectrics.14
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Experimental
Materials and general methods. P(NDI2OD-T2) was synthesized at Polyera Corp. as reported.1
Compound 1 was synthesized according to the literature.2N-DPBIwas purchased from Sigma-Aldrich
and used as is. All solvents are anhydrous grade from Sigma-Aldrich and TCI America and they were
used without further purification.Unless otherwise stated, all reactionswere carried out under inert
atmosphere using standard Schlenk line techniques.NMR spectra were recorded onVarian Unity
Plus400 (400 MHz, room temperature) spectrometers, and chemical shifts are referenced to residual
protio-solventsignals. Elemental analyses (EA) of monomers and polymer samples were performed
byMidwest Microlab (Indianapolis, IN). Polymer molecular weights were determined on a Polymer
LaboratoriesPL-GPC 220 using trichlorobenzene as eluent at 150 °C vs polystyrene standards.Scanning
electron microscopy (SEM) was performed on a Gemini LEO 1525 microscope. Atomic force
microscopy was performed on an Innova-IRIS microscopy (Bruker).

S1

Synthesis of P(NDI2OD-TET).

Synthesis of compound 2: A mixture of trans-1,2-bis(2-thienyl)ethylene (compound 1, 2.05 g, 10.66
mmol) and Pd/C (10%) (1.0 g) in toluene (50 mL) was vigorously stirred at rt, followed by addition of
acetic acid (2.4 mL). Sodium borohydride (3.0 g, 79.30 mmol) was then added carefully in one portion.
The resulting mixture was allowed to stir vigorously at rt for about 5 h, before it was cooled by an icewater bath. The reaction was then quenched by addition of hydrochloride solution (0.1 M, ~10 mL).
After it was basified by adding sodium hydroxide solution (1 M) to pH ~11, the mixture was filtered
and the filter cake was rinsed with hexane (50 mL×2). The filtrate was then washed with water (100
mL), and the aqueous layer was further extracted by hexane (50 mL). The combined organic layer was
washed with water (100 mL×2) and brine, dried over anhydrous magnesium sulfate, and concentrated in
vacuo. The residue was recrystallized from methanol, leading to colorless crystals (1.19 g, 57.5%). 1H
NMR (CDCl3, 400 MHz): δ: 7.13 (dd, J = 5.2 Hz, J = 1.2 Hz, 2H), 6.92 (dd, J = 5.2 Hz, J = 3.2 Hz, 2H),
6.80 (d, J = 3.2 Hz, 2H), 3.20 (s, 4H).
Synthesis of compound 3: A solution of compound 2 (0.33 g, 1.70 mmol) in anhydrous THF (30 mL)
was cooled to about -40 oC by an IPA/dry ice bath under argon. A solution of n-BuLi in hexane (2.5 M,
1.5 mL, 3.75 mmol) was then added slowly over a course of 15 min. The reaction was stirred at this
temperature for additional 15 mins, before it was warmed to 45−50 °C and maintained for 2h. Upon
cooling to −40 °C again by IPA/dry ice bath, a solution of trimethyltin chloride solution in hexane (1M,
3.8 mL, 3.80 mmol) was added slowly. The resulting reaction mixture was stirred this temperature for
30 min, before it was allowed to warm to rt and stirred at rt overnight. This reaction mixture was diluted
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with ethyl ether (150 mL), washed with saturated ammonium chloride solution (100 mL× 2), dried over
anhydrous sodium sulfate, and concentrated in vacuo. The residue was dried in vacuum, leading to
colorless crystals (0.83 g, 93.7%), which was directly for next step without further purification. 1H
NMR (CDCl3, 400 MHz): δ: 7.02 (d, J = 3.2 Hz, 2H), 6.95 (d, J = 3.2 Hz, 2H), 3.25 (s, 4H), 0.35 (m,
18H).
Synthesis of polymer P(NDI2OD-TET): Under argon, a mixture of NDI2OD-Br2 (0.58 g, 0.59 mmol),
compound 3 (0.31 g, 0.59 mmol), and Pd(PPh3)2Cl2 (16.5 mg, 0.024 mmol) in anhydrous toluene (35
mL) was stirred at 90 °C for 25 h. Bromobenzene (0.3 mL) was then added and the reaction mixture was
maintained at 90 °C for an additional 20 h. Upon cooling to room temperature, the reaction mixture was
precipitated in methanol (200 mL). The mixture was stirred at rt for 45 min, before the precipitate was
collected by filtration, and washed with methanol and acetone. This crude product was then subject to
Soxhlet extraction with methanol (18 h), acetone (25 h), and hexane (24 h). Finally it was extracted with
chloroform (~50 mL). Upon cooling to rt, the chloroform extract was precipitated in methanol (200
mL). The precipitates were collected by filtration, washed with methanol, and dried in vacuum, leading
to a red-purple solid as the product (0.49 g, 79.2%). 1H NMR (CDCl3, 400 MHz): δ: 8.78 (s, br, 2H)
7.20 (m, br, 2H), 6.96 (m, br, 2H),4.09 (m, br, 4H), 3.33 (m, br, 4H), 1.96 (m, br, 2H), 1.15-1.44 (m, br,
64H), 0.80-0.88 (m, br, 12H).GPC: Mn = 11.4K Da, PDI = 1.8. Elemental analysis (calc. C, 73.23; H,
8.83; N, 2.67): found C, 73.56; H, 9.11; N, 2.66.
Fabrication of electrochemical cell.For the fabrication of Li cells, composite electrodes containing
P(NDI2OD-T2) and P(NDI2OD-TET) as the active materials were used as the positive electrode and
metallic lithium was used as the reference and negative electrode. The polymers and Super-P carbon
were hand-groundwith pestle and mortar with the aid of 1,2-dichlorobenzene without use of binders.
The resulted slurry was spread onto stainless steel foil and dried at 100 °C under vacuum. For highloading tests, the resulted films were transferred onto stainless steel mesh with mesh size of 400 × 400
and wire diameter of 0.001”. CR2032 coin cells were assembled in an Ar-filled glovebox. A
polypropylene membrane (Celgard) was used as the separator, and the solution of 1 M LiClO4 in
dioxolane−dimethoxyethane (1:1 v/v) serves as the electrolyte.
Cathode case
Stainless steel substrate
1 M LiClO4 in
dioxolane−dimethoxyethane
Anode case

Conductive carbon
Active polymer
Separator
Metallic Li

Electrochemical measurements. Electrochemical n-doping−dedoping was carried out in situ in Li
cells. Charge−discharge was performed on a battery test system under galvanostatic mode (CT2001A,
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LANHE). The current density at 1C is 54.2 mA g−1 for P(NDI2OD-T2) and 52.7 mA g−1 for
P(NDI2OD-TET).Electrochemical impedance spectroscopy (EIS) was performed on a potentiostat
(VMP3, Biologic) within 105−10−2 Hz. Cells were discharged−charged for 3 cycles and then discharged
to the desired depth-of-discharge and left still for 1 h prior to measurement. Charge-transfer resistance
(Rct) values were fitted with a Rs(C(RctZw))equivalent circuit where Rs is the series resistance, C is a
constant phase element, Zw is the Warburg impedance.Galvanostatic intermittent titration technique
(GITT) was performed with cycled cells with pulse and rest time being 15 min and 30 min, respectively,
and a discharge−charge rate of C/2. Li diffusivity was calculated according to the literature.3
Electronic conductivity measurements.The electronic conductivity of (chemically doped) polymers
films was measured using a two-probe technique on a semiconductor characterization system (4200SCS, Keithley). All sample preparation and measurements were carried out in a N2−filled glovebox.
Solutions of 10 mM polymer and 10 mMN-DPBI in 1,2-dichlorobenzene−chloroform (1:1 v/v) were
mixed to afford the desired dopant ratio. The mixed solutions were spin-coated on glass substrates at
1000 rpm for 30 s, followed by annealing on a hotplate at 110 °C for 30 min to yield the doped polymer
films. The thickness of the resulted films is 60 ± 20 nm. Ag fingers with a thickness of 100 nm were
depositedonto the polymer films at a reduced pressure of 2 × 10−6 mbar.
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Figure S1. Charge−discharge profiles of P(NDI2OD-T2) (a) and P(NDI2OD-TET) (b) as positive
electrode materials in Li cells at different charge−discharge rates. The conjugated P(NDI2OD-T2) has
much better retention of both capacity and working potential than the non-conjugated P(NDI2OD-TET)
as the current density increases.
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Figure S2.AFM observation of the film morphology of intrinsic and chemically doped P(NDI2ODT2)and P(NDI2OD-TET).Both polymer show relatively uniform morphology at the intrinsic and 8
mol% doped states. At the 28 mol% doped state, aggregates form on both films, indicating phase
segregation between the molecular dopant and the polymer.
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Figure S3. Investigation of P(NDI2OD-T2) electrode in high-loading conditions: the mass of active
material is 1.3 mg cm−2, electrode thickness is 55 µm. (a) SEM observation of the cross section of a
high-loading electrode fabricated on a stainless steel mesh substrate. (b) Capacity retention of a Li cell
with the high-loading electrode as the positive electrode at increasing charge−discharge rate. (c) The
corresponding charge−discharge profile of the same electrode at different charge−discharge rates.
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Figure S4. Performance of P(NDI2OD-T2) electrodes with a high ratio of active material in the
electrode composites. The loading of active material is ca. 0.25 mg cm−2.
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Table S1. Comparison of the rate capability of P(NDI2OD-T2) with those of state-of-the-art
organic electrode materials.
Entry Compound

Doping type Active ratioa Active loadingb Capacity retentionc Ref.

A: Results obtained with active mass ratio at a moderate 50−70% and at high C-rates of ~10C.
1
P(NDI2OD-T2) n
60%
1.3 mg
95% (10C)
2
Li2PDHBQS
n
60%
1.5 mg
91% (8C)
3
PAQS@FGS
n
56%
n/a
70% (10C)
4
PI@FGS
n
53%
n/a
68% (10C)
5
Li4-p-DHT
n
67%
n/a
74% (5C)
6
Li4-p-DHT NS n
59%
1.2 mg
65% (5C)
7
Na4C8H2O6 NR n
65%
1.0 mg
55% (5C)
8
CADS NW
n
70%
0.6 mg
50% (6C)
9
graphene oxide n
70%
0.4 mg
25% (5.6C)
10
PTCDA-PI2
n
60%
n/a
70% (8C)
11
HATN-CMP
n
55%
1.4 mg
33% (6.7C)
12
BFFD
n
60%
1.0 mg
78% (10C)
13
CTF BPPF
n
70%
n/a
42% (15C)
14
Na2bpdc
n
57%
1 mg
78% (10C)
15
poly(S-TTN)
p
70%
n/a
77% (10C)
16
PTMA
p
50%
n/a
97% (10C)
17
PVK
p
50%
n/a
69% (10C)
18
PVK
p
55%
0.3 mg
95% (10C)
19
PTPAn
p
70%
n/a
90% (20C)
20
PTPAn
p
60%
n/a
92% (10C)
B: Results obtained at ultrahigh C-rates of ≥ 50C.
21
P(NDI2OD-T2) n
60%
0.3 mg
95% (100C)
22
PTCDA-PI2
n
60%
n/a
28% (80C)
23
PVK
p
55%
0.3 mg
78% (100C)
24
PTMA
p
50%
n/a
71% (50C)
C: Results obtained with a high active mass ratio of ≥ 80 wt%.
25
P(NDI2OD-T2) n
80%
0.3 mg
81% (10C)
26
Li4C6O6
n
80%
n/a
27% (6C)

This work
[4]
[5]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
This work
[11]
[19]
[17]
This work
[22]

a

Only the results obtained with anactive mass ratio of ≥ 50% areincluded.

b

Only the results from non-thin-film devices (e.g. thickness > 1 µm) are included.

c

Relative to the highest capacity recorded at low rates.Only the results obtained at ≥ 5C areincluded.

Abbriviations:
Li2PDHBQS: poly(2,5-dihydroxy-p-benzoquinonyl sulfide)
Li2PDHBQS: poly(2,5-dihydroxy-p-benzoquinonyl sulfide)
PAQS@GS: poly(anthraquinonyl sulfide) supported on functionalized graphene sheets
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PI@FGS: poly(ethylene-naphthalenetetracarboxylicdiimide) supported on functionalized graphene
sheets
Li4-p-DHT (NS): dilithium (2,5-dilithium-oxy)-terephthalate (nanosheets)
Na4C8H2O6 (NR):tetrasodium salt of 2,5-dihydroxyterephthalic acid (nanorods)
CADS (NW): Croconic acid disodium salt (nanowires)
PTCDA-PI2: poly(ethylene-3,4,9,10-perylenetetracarboxylic diimide)
HATN-CMP:Hexaazatrinaphthaleneconjugated microporous polymers
BFFD: benzofuro[5,6-b]furan-4,8-dione
CTF BPPF: covalent triazine-based frameworks (bipolar porous polymeric frameworks)
Na2bpdc: 4,4’-biphenyldicarboxylate sodium salts
poly(S-TTN): poly(tetrathionaphthalene-1,2,4,5-sulfide)
PTMA: poly(2,2,6,6-tetramethyl-1-piperidinyloxy-4-yl methacrylate)
PVK: poly(N-vinylcarbazole)
PTPAn: Polytriphenylamine
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