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A bipolar polymer cathode material, containing redox-active azo
benzene and diamine moieties, was synthesized for sodium-ion
batteries. The n-type azo group and p-type amine group enable a wide
cutoff window with an initial capacity of 93 mA h gt at 50 mA g *and
a high voltage plateau at ~3.3 V.

The pursuit of sustainable energy storage technologies has
uncovered many research paths in renewable energy. Among
those, sodium-ion batteries (SIBs) have shown great promise as
sustainable and renewable alternatives to lithium-ion batteries
(LIBs) due to the widespread availability and low cost of sodium
resources. Sharing similar monovalent chemistry, many con-
cepts and experiences from LIBs can be extended to SIBs.
However, the sodium ion’s larger radius (1.0 A vs. Li 0.7 A),
higher mass (22.99 ¢ mol™"' vs. Li 6.94 ¢ mol™ ") and higher
standard redox potential (—2.71 V vs. Li —3.04 V), and lower
binding energy compared to the lithium ion require new
considerations in the design of SIB electrode materials."
Organic materials are a maturing class of electrode materials
that show comparable performance to conventional inorganic
electrode materials that rely on rare and toxic transition metals,”
while achieving the green and affordable goals required to
feasibly match global energy storage demands. These organic
electrode materials (OEMs) offer high tunability through
chemical modification and synthetic design to maximize perfor-
mance for a wide array of applications. Several n-type functional
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groups have been identified as redox active centers in organic
SIBs, including carbonyl, thioketone, imine, and azo groups.
They show universal reversible redox activity with Li', Na*, and
K" ions, and have been employed in both small organic mole-
cules and high-molecular-weight polymers.*”> Additionally,
p-type anion-insertion functional groups can undergo oxidation
to reversibly interact with anions.®”® Understanding the electro-
nic environment and microstructure of materials possessing
these redox active groups is important to realizing the rational
design of OEMs for SIBs.

Recently, porous organic polymers (POPs) gained consider-
able research interests. The high porosity affords many benefits
to electrochemical performance. The capacity and rate capabil-
ity are improved due to fast ion transport and charge transfer
rates.” The increased surface area enables intimate contact
between active materials and electrolytes, as well as offers more
active sites for redox reactions, enhancing the reaction
kinetics.'®** The high molar mass and cross-linking of POPs
inhibit solubility in the electrolyte, a common challenge for fast
capacity loss in organic batteries.” So far, POPs have been
employed as OEMs in SIBs."? In addition, it was shown that
azo groups can uptake two Na" cations with redox potentials at
~1.3 V.'*7'8 Alternatively, p-type functional groups, such as
triphenylamine and related derivatives, can uptake anions such
as the counter ion of the electrolyte salt (i.e. PFs or ClO, ),
with a higher redox potential close to 3.3 V."*>*> A number of
redox-active polymers incorporating one of these groups with a
variety of linking monomers have been reported. Additionally,
dual-ion polymers that incorporate redox active groups in the
anodic window (<1.0 V) paired with cathodic groups (>1.0 V)
have also been reported.>*>* They can function as symmetric
electrodes in dual-ion batteries. However, a few dual-ion poly-
mers that function only as cathodes, with both redox plateaus
above 1.0 V, have been reported in SIBs.>®

In this work, a two-dimensional dual-ion porous polymer
containing both triphenylamine groups and azo groups was
synthesized and used as a cathode material in SIBs. A control
polymer with only the amine groups was also prepared. The
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Fig. 1 (a) The molecular structure of TPDA-ABDC and TPDA-TCL, (b) The
proposed redox mechanisms for both functional groups of TPDA-ABDC,
with M representing Na* cations, and A representing PFg~ anions.

structures of both polymers and the proposed mechanism for
the cationic and anionic redox reactions are shown in Fig. 1.
The amide group was employed as a linker to connect the azo
benzene/benzene moiety with the diamine moiety in TPDA-
ABDC and TPDA-TCI (Fig. 1a). As shown in Fig. 1b, the azo
group can reversibly react with four Na" cations and electrons,
while the N atoms in the amine groups can reversibly react with
two anions and lose two electrons. These reversible reactions
provide electrochemical energy for SIBs.

The synthesized polymers were characterized by Fourier-
transform infrared (FTIR) and Raman spectroscopy, and scan-
ning electron microscopy (SEM). Porosity was measured using
Brunauer-Emmett-Teller (BET) method. The FTIR spectrum for
TPDA-ABDC (Fig. 2a) shows absorptions for aryl rings at
1650 cm™ ' and conjugated amide carbonyl groups at 1500 cm ™.
The FTIR spectrum for TPDA-TCI (Fig. S2a, ESIt) is very similar
because both polymers possess the same amide linker and diamine
moiety with the azo linkage as the only difference. Symmetric trans
azo groups do not typically absorb FTIR frequencies and thus do
not appear in the spectra,®® whereas Raman spectroscopy can
reveal the presence of such functional groups. The Raman spec-
trum for TPDA-ABDC in Fig. 2b shows a signal at 1149 cm™ ',
indicating the presence of the -N—N- azo linkage, which is absent
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Fig. 2 Characterization of TPDA-ABDC. (a) FTIR spectrum, (b) Raman spec-
trum, (c) N, adsorption/desorption curve, (d) SEM image of TPDA-ABDC.
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from the Raman spectrum of TPDA-TCl (Fig. S2b, ESIt). The
slanted baseline is due to autofluorescence from the conjugated
aromatic structures in the polymer. The pore diameter of TPDA-
ABDC was determined by BET to be 18.75 nm, and the pore
diameter of TPDA-TCI is 14.26 nm, showing that both polymers
are mesoporous. Fig. 2c shows the N, adsorption/desorption curve
for TPDA-ABDC. The curve’s shape indicates type II isotherm
adsorption behavior of the polymer, showing readily reversible
adsorption, and the hysteresis loop between the adsorption and
desorption suggests cylindrical pore shapes.”” The morphology of
the polymer was investigated by SEM (Fig. 2d) and shows micron
sized rough particles. Powdered X-ray diffraction was also per-
formed, and the results (Fig. S3, ESIT) show that neither polymer
was crystalline, classifying the polymers as POPs instead of covalent
organic frameworks.

The electrochemical performance of TPDA-ABDC was tested
through galvanostatic and voltametric methods in half-cells
with sodium metal as the counter electrode and a 0.3 M NaPF,
in a EC:PC (1:1 v/v) electrolyte system.?® This electrolyte was
selected after showing a high Coulombic efficiency (>99%),
which was unattainable in 1.0 M and 2.0 M NaPFy in EC:DEC
electrolytes (Fig. S4, ESIf). The galvanostatic charge and
discharge curves in Fig. 3a showed a crossover point at about
3.1 V, which was attributed to the anion insertion of the
triphenylamine groups. This crossover point matched with
the galvanostatic charge and discharge curve graph for TPDA-
TCl (Fig. S5, ESIT). Unique to the azo linked polymer was the
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Fig. 3 Electrochemical and kinetic tests on TPDA-ABDC. (a) Galvanostatic
charge and discharge curves of select cycles at a 50 mA g~* current
density, (b) cycling performance at a current density of 50 mA g2, (c) rate
performance test from 0.02-1 A g2, (d) cyclic voltammetry at various scan
rates, (e) plot of natural log of scan rate vs. natural log of peak current, (f)
GITT with a 30 min pulse time at 20 mA g~ and 3-hour rest period.
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plateau witnessed around 1.6 V on the discharge curve, indica-
tive of the cation insertion of the azo groups. This matched well
with previous literatures.'®?*3° As shown in Fig. 3b, the initial
capacity was 93.7 mA h g™, which decreased to 73.1 mAh g*
after 100 cycles. The TPDA-TCI analogue displayed an initial
capacity of 69.2 mA h g, which decreased to 52 mA h g~ " after
50 cycles, but the Coulombic efficiency did not reach 99%
(Fig. S6, ESIt). The cycling behavior of TPDA-ABDC was further
investigated with a rate performance test from 20 mAg 'to 1Ag "
(Fig. 3c). The capacity decreased from an initial capacity of
123.1 mA h ¢~ ' at a current density of 20 mA g ', to 177 mAh g "
at 1.0 A g '. When the current density decreased back to
20 mA g, it recovered to 80 mA h g~' immediately. Cyclic
voltammetry (CV) was performed on TPDA-ABDC, and the initial
cycles at a 0.1 mV s~ " scan rate are shown in Fig. S7 (ESI) (initial
scans of TPDA-TCI shown in Fig. S8, ESIt). The current response
of the anion insertion and extraction is witnessed above 3.0 V and
is clearly reversible. Alternatively, the current response below
1.8 V, attributed to the azo redox reaction, suggests that the
sodiation of the azo groups occurs at a specific potential, but
desodiation occurs over a wider voltage range above 1.6 V. To
explore this unique behavior, CV was run across increasing scan
rates (0.1-1.0 mV s~ '), and selected cycles are overlayed in Fig. 3d.
Above 3 V, both the cathodic and anodic current peaks increased
with the increasing polarization at higher scan rates, but below
1.8 V, only the cathodic peak current increased significantly with
scan rate. The anodic region between 1.5-2.8 V shows an increase
but remains primarily linear with no significant current response
peaks. The natural log of the peak current values from each scan
rate was plotted against the natural log of the scan rate to better
determine the kinetic behavior of both redox groups in the
polymer. The slope of the fitted trendline can reveal the cell’s
driving mechanism with a slope closer to 0.5, indicating a
diffusion-controlled reaction, while a slope closer to 1.0 indicates
that the surface reaction drives the kinetics. Fig. 3e shows that the
cathodic and anodic slopes are 0.7753 and 0.8461, respectively,
showing that both diffusion and surface reactions contribute to
the reaction kinetics of the polymer cathode. Electrochemical
impedance spectroscopy (EIS) was also employed to further
understand the kinetics. EIS was performed on a pristine half-
cell, and after cycling (Fig. S9, ESIt). The depressed semi-circle
representing the interphase and charge transfer resistance
decreases, suggesting improved kinetics upon cycling. Interest-
ingly, the Warburg tail’s slope steepens upon cycling, indicating
additional diffusive capacity upon cycling. The kinetics of the cell
was also tested by galvanostatic intermittent titration technique
(GITT), and the results are shown in Fig. 3f. The overpotentials
around the anion insertion redox potential of 3.2 V are 85 mV and
86 mV for discharge and charge, respectively. The overpotentials
around the azo redox point at 1.8 V are notably larger, 296 mV
during discharge, and 294 mV during charge, demonstrating the
slow diffusion of Na" cations within the electrode.

X-ray photoelectron spectroscopy (XPS) was employed to
confirm reversibility of the redox reactions and interfacial
chemistry (Fig. 4). The C 1s spectra shows the aryl carbon peak
at 284.8 eV (C-C/C—C), amide carbonyl (N-C—0) peak at
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288.0 eV, and aryl C-N peak at 285.7 eV. A fluorinated carbon
(C-F) peak at 292.5 eV is present in the electrode spectra due to
the PTFE binder. The O 1s spectra confirms the carbonyl
oxygen presence with a peak at 531.5 eV. A peak at 532.7 eV
appears upon cycling, attributed to C-O bonds due to the
formation of cathode electrolyte interphase (CEI) by electrolyte
decomposition.” The N 1s spectra confirms the presence of the
amide functional group at 401.6 €V, and triphenyl amine/aryl azo
C-N peak at 400.1 eV. The azo (N—=N) peak at 399.7 eV disappears
when the electrode is discharged to 1.0 V, and a reduced N-Na
peak appears at 398.5 eV.’’ The azo peak reappears upon
charging the electrode to 2.2 V, with a diminished sodiated
azo peak remaining that matches the slower desodiation rate in
the CV in Fig. 3d. This confirms the reversible redox reaction of
the azo group. The PF,  insertion is also confirmed by the N 1s
spectra by the appearance of the oxidized nitrogen (N'---PFg")
peak at 400.9 eV in the fully charged electrode,”* that subse-
quently disappears after discharging. This confirms the reversi-
bility of both cationic and anionic redox reactions of TPDA-ABDC.

Post-cycling characterization of TPDA-ABDC was also per-
formed to study its structure stability after cycling. FTIR
spectroscopy was employed to confirm the chemical stability
of pristine and cycled electrodes. Fig. 5a shows consistent
peaks through 50 cycles, highlighting the stability of TPDA-
ABDC upon cycling. The surface morphology of the electrodes
was investigated by SEM. The pristine electrode morphology
(Fig. 5b) stays consistent in the cycled electrodes after 1 and
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Fig. 4 XPS characterization of pure TPDA-ABDC, pristine and cycled
TPDA-ABDC electrodes at various states of discharge and charge.
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Fig. 5 Post-cycling characterization of TPDA-ABDC, (a) FTIR spectra of
TPDA-ABDC before and after cycling, (b) SEM image of a pristine elec-
trode, (c) SEM image after 1 cycle, (d) SEM image after 5 cycles.

5 cycles (Fig. 5¢ and d), showing that no significant changes
occur in the bulk electrode composite throughout cycling.
These results confirm the structure stability of the polymer
cathode upon cycling, demonstrating that TPDA-ABDC is a
promising polymer cathode for SIBs.

In summary, a bipolar organic polymer (TPDA-ABDC), contain-
ing redox-active azo and triphenylamine groups, was designed
and synthesized. An analogue polymer, TPDA-TCI, lacking the azo
functional group, was also studied as a control sample. The azo
group was shown to undergo reversible redox with sodium ions,
as well as increasing the pore size of the TPDA-ABDC compared to
its analogue, which enables higher capacity, cycling stability, and
Coulombic efficiency. The overall results show that the combi-
nation of the n-type azo group and p-type amine group in the
porous polymer enables a polymer cathode with an initial capacity
of 93 mAh g ' at 50 mA g ' and a high-voltage plateau at ~3.3 V
in SIBs. Moreover, the polymer cathode exhibits a stable cycle life
of 100 cycles and high rate capability up to 1.0 A g~ ', demonstrat-
ing a promising cathode for SIBs. This work provides a structural
design strategy by combining the n-type and p-type functional
groups in the porous polymer to achieve high-performance cath-
odes for affordable and sustainable SIBs.
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