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Cross-linking enhances the performance of four-
electron carbonylpyridinium based polymers for
lithium organic batteriest

Hongyan Li, Ling Chen, Fangfang Xing, Hongya Miao, Jing Zeng, Sen Zhang
and Xiaoming He (& *

Design and integration of multiple redox-active organic scaffolds into tailored polymer structures to
enhance the specific capacity and cycling life is a long-term research goal. Inspired by nature, we
designed and incorporated a 4-electron accepting dicarbonylpyridinium redox motif into linear (DBMP)
and cross-linked polymer (TBMP) structures. Benefiting from the suppressed solubility and higher
electronic conductivity, the cross-linked TBMP based electrode exhibits improved cycling stability and
higher specific capacity than the linear counterpart. After 4000 cycles at 1 A g~%, TBMP can maintain
a high capacity of 252 mA h g™, surpassing the performance of many reported organic cathodes. The
structural evolution and reaction kinetics during charge and discharge have been investigated in detail.
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Introduction

Rapid advances in rechargeable lithium-ion batteries (LIBs)
have revolutionized the portable electronics and electric vehicle
markets."* State-of-the-art LIB cathode materials based on
transition metal oxides are reaching their theoretical limits, and
there is little room for further improvement. In addition, the
limited and unevenly distributed mineral resources and ever-
increasing prices restrict the further large-scale application in
LIBs. In this context, organic materials are promising candi-
dates for next-generation battery systems in view of their
structural diversity and tailored electrochemical properties.’>*®
Thanks to great efforts, various building blocks, including free
radicals,”” azobenzenes,'*** imines,’>'* conjugated carbonyl
groups™# and viologens, have been successfully utilized as
redox-active units to construct organic electrodes. However, the
charge storage capacity is restricted to either one or two elec-
trons per molecule or unit. Therefore, the development of novel
molecular skeletons that can reversibly accept multiple elec-
trons is highly desirable to afford high energy density and
overall capacity; however, it is very challenging and rarely
reported.**>¢

Over billions of years of natural selection, nature has evolved
excellent energy storage and transportation systems, which
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This study demonstrates that cross-linking

is an effective strategy to push the bio-derived

carbonylpyridinium materials for high performance LOBs.

offer researchers tremendous inspiration for the design of high-
performance electrode materials. Recent advances have shown
that chemical engineering of active moieties in biological
systems is a promising approach to design high-performance
organic electrodes for lithium organic batteries (LOBs), due to
the already built-in functionality.”” For instance, Seferos and
coworkers reported a non-conjugated polymer pendant redox-
active flavin (vitamin B2) moiety as the cathode for Li-ion
batteries.?® Inspired by the naturally occurring NAD'/NADH
couple, we recently developed a series of carbonylpyridinium
based key motifs that can reversibly accept multiple electrons
for battery applications.'**-*! In order to realize long cycling life
without obvious capacity decay, one basic requirement is to
suppress the solubility of organics in electrolytes. A solution to
this issue is introducing polymer structures. In particular, for
pyridinium-based redox centers, one simple strategy is poly-
condensation via the Menshutkin reaction of bi-pyridine
precursors with o,o/-dibromo-p-xylene to form linear poly-
cationic polymers. However, the poor solubility of polycationic
polymers in common organic solvents causes precipitation
during the polymerization step, and most of the reported
polymers have relatively low molecular weights (about 4-12
repeat units),>**>** which cannot fully satisfy the long cycling
stability. It is proposed that tailoring the polymer structures
from linear to cross-linked architecture can effectively address
the above issue.*

In this work, we examined two carbonylpyridinium-based
non-conjugated polymers, linear DBMP and cross-linked
TBMP, as cathodes for lithium organic batteries. Both poly-
mers have the same phenyl-bridged dicarbonylpyridinium
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redox unit that can accept four electrons. Our results reveal that
the cross-linked TBMP based electrode has improved cycling
stability and higher specific capacity than the linear counter-
part, not only because of the suppressed solubility but also due
to higher electronic conductivity. Benefiting from the joint
contribution of both the skeleton and redox-active counter Br—
anions, TBMP delivers a high capacity of 252 mA h g™ after
4000 cycles at 1 A g~ ". Its performance ranks at the top among
all reported pyridinium-based LOB electrodes. This work is
a major advancement to push the bio-derived carbon-
ylpyridinium materials for high performance LOBs.

Results and discussion

Aryl-bridged di-carbonylpyridinium systems have been previ-
ously demonstrated by us to be capable of reversibly storing
four electrons.*® In this study, to maximize the theoretical
capacity (Cineor), we shortened the aryl linkers (e.g. biphenyl and
bithiophene) to a phenyl moiety. Toward this goal, a key inter-
mediate, 1,4-phenylenebis(4-pyridylmethanone) (M1) was
prepared according to the literature.*® From M1, linear polymer
DBMP and cross-linked analogue TBMP can be facilely synthe-
sized in excellent yields (>80%) via the Menshutkin reaction by
polycondensation with a,o’-dibromo-p-xylene (S1) or 1,3,5-
tris(bromomethyl)benzene (S2) in dry DMF at 90 °C. In addi-
tion, a model compound M2 was also prepared, in order to
provide a fundamental understanding of the structural and
electrochemical properties of polymers. Detailed preparation
and characterization are presented in the ESI (Fig. S1-S71).
The structure of M2 was confirmed by conventional tech-
niques ("H and *C NMR and MS). Because of the limited
solubility of the two polymers DBMP and TBMP in common
organic solvents, their structures were characterized by FT-IR
and solid-state >C NMR (Fig. 1). Similar to the model
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compound M2, the two polymers displayed characteristic C=0
and C=N stretching peaks at 1672 and 1564 cm™ ", confirming
that carbonylpyridinium redox centers are well preserved in the
polymers (Fig. 1a and S81). Meanwhile, the characteristic C-Br
(652-661 cm™ ") from the two brominated starting materials (S1
and S2) nearly disappeared, further confirming the successful
polymerization. As shown in the solid state *C NMR spectrum
(Fig. 1b), DBMP and TBMP exhibited characteristic C=0
carbon signals at 220-180 ppm and CH,(N') signals at 50-
70 ppm. Several other peaks in the range of 160-110 ppm can be
well assigned to other aromatic carbons. These >C NMR peaks
can be well compared to those of M2. Based on the proton NMR,
the degree of polymerization (DP) was determined to be 13
(detailed method is in ESI, Fig. S77).

Distinct morphologies were observed for the two polymers by
scanning electron microscopy (SEM). As shown in Fig. 1c and d,
cross-linked TBMP exhibits severe aggregation of spherical
particles with a diameter of 2-5 um, while linear DBMP consists
of irregular bulky morphology with comparable size. The
powder X-ray diffraction (PXRD) patterns of the two polymers
display a broad peak in the range of 20-30° (Fig. S91), implying
their amorphous nature in the solid state. The two polymers
have good thermal stability, with the decomposition tempera-
tures determined to be 180 and 200 °C for DBMP and TBMP,
respectively (Fig. S107).

Interestingly, the as-prepared solids of M2, DBMP and TBMP
display pale-yellow, brown and reddish brown colors, respec-
tively (Scheme 1), indicating their different energy band gaps.
To characterize their optical properties, UV-vis experiments
were performed (Fig. 1e). DMF solution of M2 is colorless and
exhibits an intense absorption peak at 279 nm, belonging to the
m-1t* transition. Compared to its solution state, solid-state M2
shows an obvious red shift and has broad absorption in the
visible region of 300-600 nm, which was tentatively attributed
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Fig. 1 Characterization of M2, DBMP and TBMP. (a) FT-IR spectra, (b) solid-state *C NMR spectra, (c) SEM image of DBMP, (d) SEM image of
TBMP, and (e) UV-vis spectra of M2, DBMP and TBMP in the solid state (solid lines) and M2 in DMF solution (dashed line).
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Fig.2 Electrochemistry of M2. (a) CV of M2 in DMF solution (c =1 mM)
with 0.1 M TBAPF¢ as the electrolyte. (b) Reversible redox processes of
carbonypyridinium and Br—.

to the donor-acceptor (D-A) charge transfer from electron-rich
Br~ to the electron-deficient carbonylpyridinium skeleton.*
Due to the close proximity of positive redox units in the poly-
mer, the electron-accepting properties of carbonylpyridinium
would be enhanced, leading to further red shift from M2,
through DBMP, to TBMP. From Tauc plots (Fig. S117), the
calculated optical bandgaps (E,) were found to follow the trend
of M2 (2.20 €V) < DBMP (1.94 eV) < TBMP (1.61 eV). The
apparent narrowest E, of is beneficial to facilitate the electron
transportation, which is confirmed by its higher electronic
conductivity (vide infra).

Before investigating the electrochemistry of the two polymers,
the electrochemistry of model compound M2 was initially evalu-
ated by cyclic voltammetry (CV). As shown in Fig. 2a, both the Br—
anion and carbonylpyridinium skeleton are redox active. The
irreversible peak at a higher potential of 0.8 V (vs. Ag/AgCl) is
assigned to the Br /Br;~ redox couple. The carbonylpyridinium
skeleton displays four reversible redox pairs at a lower potential
range from —0.2 to —1.4 V (vs. Ag/AgCl), with the reduction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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potentials determined to be E;/,(1) = —0.38 V, E1,5(2) = —0.50 V,
E;»(3) = —1.13 V, and E;;(4) = —1.25 V. Fig. 2b depicts the
multiple electron transfer processes of M2. For the positive skel-
eton of M2, the first two electron uptake leads to the formation of
neutral radical species, and the second two-electron reduction
leads to the formation of anionic species. The differential pulse
voltammogram (DPV) of M2 further confirms the multistep
reduction processes of M2 (Fig. S127), and the pattern is consis-
tent with the CV. These results suggest that the two carbon-
ylpyridinium units in M2 are not independent; they affect each
other as a result of the conjugation effect. The voltage separation
between two redox events is approximately 0.74 V, comparable to
a previous report. The electrochemical stability of M2 was also
examined. As shown in Fig. S13,t all the multiple redox signals of
M2 can retain very well at various scanning speeds from 50 mv s~
to 1000 mV s~ ', implying excellent electrochemical reversibility.
According to the Randles-Sevcik equation,® the diffusion coeffi-
cient was calculated to be 1.2-2.3 x 10~7 cm® s, by fitting the
linear plot of the peak current vs. the square root of the scan rate.
Based on the electrochemistry of M2, it is reasonable to
conclude that each carbonylpyridinium redox center in poly-
mers DBMP and TBMP could reversibly take up four electrons.
In addition, by including the contribution of redox-active
counter Br  anions, each repeat unit of DBMP and TBMP
delivers 16/3 electrons and therefore has a theoretical capacity
(Ciheor) Of 259 and 272 mA h g™, respectively.
To study the polymers as cathodes for LOBs, we fabricated
a coin-cell half battery by using Li metal as the counter elec-
trode. The working electrode consisted of 40 wt% polymer as
the active material, 40 wt% carbon black (ECP-600]JD) as the
conductive additive, 20 wt% polyvinylidene fluoride (PVDF)
binder, and 2.0 M LiClOy, in tetraglyme (G4) as the electrolyte.
The cells were first evaluated by CV over the voltage range of
1.2-3.8 Vvs. Li/Li". As shown in Fig. 3a, both DBMP and TBMP
based cathodes present three reversible pairs of redox peaks.
The redox pair at a high potential of 3.47/3.64 V is attributed to
the one-step reaction of the Br /Br;~ redox couple, comparable
to the reported literature.”® The other two redox pairs at 2.40/
2.59 and 2.06/2.25 V belong to the four-electron uptake of the
carbonylpyridinium centers. Note that the voltage separation
between two major redox pairs of carbonylpyridinium is ca.
0.34 V, which is much smaller than that observed for M2 in
solution (0.74 V). The reason could be tentatively attributed to
the space effect of the neighboring positively charged redox
center in the polymer backbone, which can facilitate the elec-
tron injection.’”*® The galvanostatic charge-discharge (GCD)
tests show that both polymers exhibit three distinct plateaus in
both their charge and discharge profiles (Fig. 3b), which agree
well with the three couples of redox peaks in the CV curves.
Fig. 3c shows the rate performance of the two polymers.
Apparently, the crosslinked polymer exhibited much higher
capacities compared with the linear polymer, except for the first
few cycles. Specifically, crosslinked TBMP exhibited a stable
capacity of 190 mA h g™' at 0.2 A g™', as compared with
a capacity of 132 mA h g~ * for its linear analogue DBMP. During
the first 10 cycles at 0.05 A g~ ', the delivered capacity of TBMP is
lower than that of DBMP, but the value underwent a rapid
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Fig. 3 Electrochemical and battery performance. (a) CV curves of DBMP and TBMP at 1.0 mV s *. (b) The GCD curves of DBMP and TBMP at
1.0 A g~* of the third cycle. (c) Rate performance. (d) Cycling performance and coulombic efficiency at 1.0 A g%

increase. The reason is likely because of the gradual swelling
process of the crosslinked polymer that could optimize the
interfaces with the electrolyte and carbon additive.

In order to evaluate the cycle stability, the batteries were
subjected to repeated charge/discharge cycles (Fig. 3d and
S14t). Fig. 3d shows the cycling performance at 1 A g ' in the
1.2-3.8 V (vs. Li/Li") voltage range. Cross-linked TBMP exhibits
much higher capacities than DBMP, except for the initial
decades of cycles. In the initial 100 cycles, capacity fluctuation
was observed for both TBMP and DBMP, which was attributed
to the formation of the SEI film, the decomposition of the
electrolyte and slight solubility of polymers.>*?° After that, the
TBMP-based electrode displays gradually increased capacities
with a maximum value of 252 mA h g~ " after 2000 cycles, and
the capacity can be maintained without decay even after 4000
cycles. We attribute this behavior to gradual swelling of its
cross-linked structure that can optimize the contact with the
electrolyte and carbon additives, leading to more efficient
conductive pathways and high utilization of redox centers. Such
a behavior has also been observed in other lithium-organic
hybrid batteries.*** In contrast, DBMP only delivered
157 mA h g~ after 4000 cycles at 1.0 A g~ *. The smaller capacity
of DMBP can be due to the dissolution of the oligomer with
a low DP. This was further confirmed by the solubility test
(Fig. S1571). After soaking both polymers in G4 electrolyte for 3
days, solution of DMBP displayed a light yellow color, along
with the appearance of a UV-vis absorption peak at 290 nm. In
contrast, the suspended TMBP in G4 remained colorless,
without detectable UV-vis absorption. All these confirm that
TMBP can further suppress the solubility.

To better understand the better performance of TBMP, the
electronic and ionic conductivities of the two polymers were
evaluated. The electrical conductivity was determined by the
linear sweep voltammetry test with a two-point probe. Fig. 4a
shows the I-V plot of the two polymer pellets. The electrical

14402 | Chem. Sci, 2024, 15, 14399-14405

conductivity (o) is determined according to the equation o = L/
(RS), where R, S and L represent the resistance, surface area and
thickness of the pellet.** Experimental data confirm that the
electrical conductivity of TBMP (8.6 x 10~® S cm ') is one order
of magnitude higher than that of DBMP (3.7 x 107° S em ™).
The better electrical conductivity of the cross-linked polymer
was also confirmed by its lower charge-transport resistance in
the electrochemical impedance spectroscopy (EIS) (Fig. S167),
as well as powder conductivity measurement using a four-probe
system (Fig. S171). Such significantly improved electrical
conductivity of the cross-linked polymer is consistent with its
narrowest band gap, due to the more effective charge transfer as
a result of the cross-linking induced space confinement.**

The galvanostatic intermittent titration technique (GITT)
was used to quantify the ion conductivity (Fig. S187). As shown
in Fig. 4b, the calculated apparent diffusion coefficients (Dapp)
for two polymers are comparably in the order of ca. 10~ *° cm?
s~'. These values are much higher than many of the reported
data for organic electrodes (typically in the level of 10~"*~10""
em” s71),**2 which may be because of the unique anion and
cation co-transfer of carbonylpyridinium. Overall, the higher
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Fig. 4 lonic and electronic conductivities of DBMP and TBMP. (a) I-V

plot of DBMP and TBMP pellets for measuring the electrical conduc-
tivity. (b) The ion diffusion coefficient calculated from the GITT profiles
of DBMP and TBMP based electrodes.
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electronic and ionic conductivity means fast electron transfer
and ion diffusion, which is of great significance for the rate
performance of the TBMP based electrode.

The in-depth charge storage mechanism of TBMP and DBMP
based cathodes was investigated by CV analysis with various
sweep rates (Fig. 5). As can be seen from the CV profiles (Fig. 5a
and b), multiple redox pairs at various scan rates were contin-
uously observed, corroborating the electrochemical stability of
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the polymers. Elevating the sweep rate leads to the gradually
increased current response. The capacity contributions can be
analyzed using b values according to the power law i = a x v?,
where i denotes the peak current, v signifies the scan rate, a is
a constant, and b is a variable coefficient that denotes different
mechanisms.**** Specifically, b values of 0.5 and 1 indicate
diffusion-controlled and surface-controlled (capacitive)
kinetics, respectively. Based on the linear fit of log(v) and log(i),
the b-values of multiple redox peaks for cross-linked polymer
TBMP are close to 1, higher than that for the linear counterpart
DBMP (0.74-0.94). More accurately, capacitive contributions of
TBMP and DBMP were determined to be 99% and 88% at
0.2 mV s~ ', A higher capacitive contribution of TBMP further
suggests its fast electrochemical kinetics and good rate
performance.

The proposed redox mechanism and structural evolution of
TBMP is illustrated in Fig. 6a. Both carbonylpyridinium units
and Br~ anions serve as redox centers. The carbonylpyridinium
unit would undergo reversible transformation between three
states: cationic species, neutral radical species, and anionic
species. This structural evolution is also accompanied by
subsequent anion and cation insertion and de-insertion. The
redox-active Br~ would oxidize to Br;~ during charge and reduce
back during discharge.

To characterize the above structural evolution, ex situ FT-IR,
X-ray photoelectron spectroscopy (XPS) and electron para-
magnetic resonance (EPR) analysis were performed (Fig. 6b-f).
Selected points in the discharge/charge curve for the study are
shown in Fig. 6b. FT-IR characterization shows that the peak
intensity of C=0 and C=N at 1668 and 1564 cm™ " was found to
be strongly weakened upon discharging to 1.2 V (vs. Li'/Li)
(Fig. 6¢). The intensity showed a reverse trend during subse-
quent charge, manifesting the reversible electrochemical
process of carbonylpyridinium centers. The structural evolution
was also verified by XPS (Fig. 6d and e). Upon discharging, the O
1s signal at 531.5 eV shifted to 532.5 eV, indicating the reduc-
tion of C=0 to C-O-Li. Moreover, the N 1s peak of C=N at
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Fig. 6

(a) Proposed redox mechanism and structural evolution of the TBMP based electrode. (b) Representative discharge and charge profiles, (c)

ex situ FT-IR spectra, high-resolution O 1s (d) and N 1s (e) XPS spectra, and (f) EPR spectra of the TBMP electrode recorded at marked points in (b).
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401.2 eV in the fresh electrode shifted to low binding energy at
the 399.5 eV index to C-N. The XPS signals can also be nearly
recovered at the fully charged state. To characterize the radical
intermediate, the electron paramagnetic resonance (EPR)
experiment was performed (Fig. 6f). A strong EPR signal at 3366
G appeared after discharging to 2.2 V and then disappeared
after further discharging to 1.2 V. Subsequent recharging to
3.0 V led to a reverse trend, suggesting its reliable reversibility.
These results clearly demonstrate the reversible structural
evolution of the carbonylpyridinium redox center proposed in
Fig. 6a.

The transformation of Br™ to Br;~ was also confirmed by XPS
(Fig. S19af). In the pristine state, two peaks at 67.5 eV and
66.5 €V can be assigned to Br 3d;/, and Br 3ds,, respectively.
After being charged to 3.8 V, these two peaks shift to a higher
binding energy, confirming that Br~ was oxidized to a high
valence state.” In accord with the XPS spectra, Raman spectra
further confirm the oxidation of Br~ to Br;~, with the Br;~
signal observed at 130-170 cm ™' after being charged to 3.8 V
(Fig. S19bf).

Conclusions

In conclusion, we designed two non-conjugated polymers
DBMP and TBMP and evaluated their electrochemistry as
cathodes for LOBs. Owing to the effective ability to suppress
dissolution and higher electronic conductivity resulting from
the cross-linked structure, TBMP exhibited remarkably
improved cyclability and rate performance compared with
DBMP. Even after 4000 cycles at 1.0 A g~ ', TBMP can deliver
a high capacity of 252 mA h g, ranking at the top among the
reported organic materials for LOBs. This work demonstrates
an effective cross-linking approach to boost the battery perfor-
mance of carbonylpyridinium based polymers. It is believed
that such a strategy can be extended to other redox-active
modified pyridinium based polymers.
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