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ABSTRACT: Due to flexible structure tunability and abundant
structure diversity, redox-active polymers are promising cathode
materials for developing affordable and sustainable Na-ion
batteries (NIBs). However, polymer cathodes still suffer from
low capacity, poor cycle life, and sluggish reaction kinetics.
Herein, we designed and synthesized a polymer cathode
material bearing carbonyl and azo groups as well as extended
conjugation structures in the repeating units. The polymer
cathode exhibited exceptional electrochemical performance in
NIBs in terms of high capacity, long lifetime, and fast kinetics.
When coupled with a low-concentration electrolyte, it shows
superior performance at low temperatures down to —50 °C,
demonstrating great promise for low-temperature battery
applications. Raman spectroscopy, X-ray photoelectron spec-
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troscopy (XPS), and scanning electron microscopy (SEM) were employed to study the reaction mechanism, interphase
structure, and morphological evolution, confirming reversible redox reactions between azo/carbonyl groups in the polymer
and Na'/electrons, a NaF-rich interphase, and high structure stability upon cycling. This work provides an effective approach
to developing high-performance polymer cathodes for affordable, sustainable, and low-temperature NIBs.
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azo group

storage devices in portable electronics, electric vehicles,

and grid-scale energy storage due to their high capacity
and long cycle life."® However, commercial LIBs, consisting
of graphite-based anodes and transition-metal-oxide-based
cathodes, face challenges such as the high toxicity of cobalt
resources, the high cost of lithium, and the scarcity of certain
transition metals. To overcome these challenges, significant
research efforts have been devoted to exploring advanced
materials and chemistries to replace conventional LIB
chemistry for next-generation sustainable energy storage
systems.4_7 Among various battery chemistries, Na-ion
batteries (NIBs) are promising because of low cost and
abundance of sodium resources, as well as similar redox
chemistries of NIBs with LIBs." " Therefore, the develop-
ment of high-performance, affordable, and sustainable NIBs is
paramount.

To date, the cathode continues to be a limiting factor for the
development and application of NIBs, presenting major
challenges. Among various NIB cathodes, layered transition
metal oxides attract significant research interests because they
have similar properties as layered lithium transition metal

l ithium-ion batteries (LIBs) are dominant energy
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oxides such as high theoretical specific capacity and high redox
potentials."'~'* Additionally, Prussian blue analogues are also
promising cathodes for NIBs because of their low cost, high
theoretical capacity, facile synthesis methods, and environ-
mental benignity. However, most layered transition-metal-
oxide-based cathodes in NIBs suffer from time- and energy-
consuming synthetic processes and have a moderate cycle life
caused by structural degradation, while the presence of
interstitial water molecules and defects in Prussian blue
analogue channels blocks Na-ion insertion, resulting in
reduced capacity, short lifespan, and slow reaction ki-
netics.'°~" Therefore, developing high-performance cathodes
for NIBs is vital to achieving next-generation sustainable
energy storage systems.
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Scheme 1. (a) Synthetic Procedure of PTAD; (b) Proposed Reaction Mechanism of the PTAD Cathode, Where M Represents
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Figure 1. Material characterizations for PTAD and the PTAD-NGr composite: (a) XRD patterns; (b) FT-IR spectra; (c) Raman spectra of
PTAD and its pristine electrode; (d) C 1s, (e) N 1s, (f) O 1s XPS spectra for PTAD; (g) *C, (h)'7O solid-state NMR (note, peaks with *
indicate isotropic chemical shifts, and the other peaks without * are magic-angle spinning sidebands); (i) SEM image for PTAD.

In addition, low-temperature applications of rechargeable
batteries have been surging because of ever-increasing
exploration in polar regions and outer space. However, the
performance of state-of-the-art batteries cannot satisfy the
requirements for low-temperature batteries.””*" In this regard,
the higher reactivity of sodium compared to lithium facilitates
reaction kinetics, enabling the development of low-temperature
NIBs. The design and synthesis of advanced materials and
electrolytes are essential for achieving high-performance NIBs
at low temperatures.zz_24 To this end, all of the components in
NIBs need to be researched to optimize the electrochemical
performance. For example, a low-concentration electrolyte
with low viscosity and high ionic conductivity was designed to

enable low-temperature NIBs.”>~>” Further performance

optimization is also dependent on advanced cathode materials.

Among various cathode materials, organic small molecules
and polymers stand out due to their lightweight, low cost,
abundance, high sustainability, and flexible tunability. Various
redox-active functional groups, such as carbonyl (C=0),
imine (C=N), thioester (C=S), azo (N=N), and free
radicals, have been designed into organic electrode materials to
store sodium ions. However, challenges such as low
conductivity, high solubility in the electrolyte, and significant
volume change during the sodiation/desodiation process
impede the development of organic NIBs.*® To address
these challenges, carbon coating, salination, polymerization,
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etc. have been applied. Among these methods, polymerization
is promising due to the flexible structure, high stability, and
negligible solubility of polymers. Incorporating multiple
functional groups and extended conjugation structures into
the repeating units of redox-active polymers can enhance the
electrochemical performance, resulting in high capacity, a long
lifetime, and fast kinetics. However, the correlation between
the structure and performance remains elusive. Furthermore,
the performance of redox-active polymers in low-temperature
NIBs is of significant interest, but it remains largely
unexplored.

Herein, we designed a polymer cathode material consisting
of azo and carbonyl groups along with extended conjugated
structures in the repeating units. This polymer was synthesized
through a polycondensation method employing perylenete-
tracarboxylic dianhydride (PTCDA) and 4,4’-azodianiline
(ADA) monomers. The synthetic procedure and proposed
reaction mechanism of the polymer product (PTAD) are
illustrated in Scheme la and b, respectively. The structure and
morphology of PTAD were confirmed by using various
techniques, including X-ray diffraction (XRD), Fourier-trans-
form infrared spectroscopy (FTIR), Raman spectroscopy,
solid-state nuclear magnetic resonance (NMR), X-ray photo-
electron spectroscopy (XPS), and scanning electron micros-
copy (SEM). To enhance cathode conductivity and stability,
nitrogen-doped single-layer graphene (NGr) was employed as
an additive in the cathode to facilitate 7—7 stacking between
the conjugation structures in graphene and PTAD. The PTAD
cathode exhibits high reversible capacity (206.8 mAh g™" at S0
mA g'), long cycle life (1,500 cycle), and fast rate capability
(up to 10 A g™") in NIBs at room temperature. When coupled
with a low-concentration electrolyte, it demonstrates superior
performance in terms of high capacity and high stability at
temperatures as low as —50 °C, illustrating great promise for
low-temperature applications. The reaction mechanism,
interphase structure, and morphology evolution were studied
using Raman spectroscopy, XPS, and SEM, confirming the
reversible redox reactions between azo/carbonyl groups in the
polymer and Na*/electrons, as well as the presence of a NaF-
rich interphase and high structural stability upon cycling.
Therefore, the PTAD polymer represents a promising cathode
material for affordable, sustainable, and low-temperature NIBs.

RESULTS/DISCUSSION

To confirm molecular, crystalline, and morphological struc-
tures of PTAD, we employed FTIR, Raman spectroscopy,
XRD, XPS, solid-state NMR, and SEM. In the XRD patterns
(Figure 1a), PTCDA and ADA monomers exhibit sharp peaks
in the range from 10 to 32°, while PTAD does not show any
peaks in the XRD spectra, indicating an amorphous structure.
In the FTIR (Figure 1b), intense peaks were detected at 1688
and 1684 cm™', representing the stretching vibration of the
carbonyl (C=O0) group in PTCDA and PTAD, respectively.
The FTIR spectra of ADA and PTCDA also exhibited the
stretching vibration of the azo group (N=N) at 1502 and
1498 cm™'. Additionally, absorption peaks at 1142 and 1135
cm™ indicated C—N stretching in ADA and PTAD. For the
ADA monomer, absorption peaks at 3455 and 3369 cm™! were
induced by N—H stretching from the —NH, group.””*
However, N—H stretching peaks were not observed in PTAD,
demonstrating the conversion of N—H, to imide through the
condensation reaction. The Raman spectra of PTAD and the
pristine electrode are shown in Figure 1c. The Raman peaks at

1063.5, 1308, and 1380.7 cm™! indicate the stretching
vibration of the azo group.’’ The carbonyl vibration induces
a peak at 1578.13 cm™' (Figure 1c). The pristine PTAD
electrode exhibits Raman peaks similar to those of the PTAD
powder. XPS was further employed to study the structure of
PTAD. As shown in Figure 1d—f, XPS spectra of PTAD exhibit
elemental composition with peaks corresponding to C 1s, N 1s,
and O Is. In the C 1s spectrum, three peaks were observed at
284.8, 285.6, and 287.7 eV, indicating C—C/C=C, C—N, and
C=0, respectively. The C 1s peak at 284.8 eV is the reference
peak for XPS. In the N 1s spectrum, two peaks at 400.1 eV for
graphitic-N and 399.0 eV for N=N were detected. In O 1s
spectrum, only one carbonyl peak was observed at 531.2 eV.
The XPS results are well matched with the molecular structure
of PTAD. Since PTAD is insoluble in organic solvents, solid-
state NMR was performed to confirm the molecular structure
(Figure 1gh). In the '*C NMR spectrum, the peak at 160 ppm
indicates carbon from the carbonyl group. The peak at 150
ppm corresponds to the aromatic carbons bonding with C—N,
while the four peaks at 110—140 ppm stand for the other
aromatic carbon bonds in the benzene rings. In 7O NMR
spectrum, the single strong peak at 380 ppm originates from
the oxygen of carbonyl groups in PTAD.””** To measure the
molecular weight of PTAD, it must be dissolved in
dimethylformamide (DMF) or tetrahydrofuran (THF) sol-
vents for the gel permeation chromatography test. However,
PTAD did not dissolve in either dimethylformamide (DMF)
or tetrahydrofuran (THF) solvents. DMF was used to purify
the PTAD product and wash away the impurities, while PTAD
does not dissolve in THF as evidenced in Figure S1. The
morphology of PTAD was analyzed by SEM, which shows the
irregular shape of microsized PTAD particles (Figure 1i).
Therefore, the material characterization results confirm the
molecular, amorphous, and microsized structures of PTAD.
The electrochemical performance of the PTAD electrode
was evaluated in NIBs using 0.5 M NaPF in diethylene glycol
dimethyl ether (DEGDME) electrolyte, which is appropriate
for both room-temperature and low-temperature battery tests.
To determine the appropriate concentration of NaPF in the
electrolyte, we conducted a freezing test on electrolytes with
different concentrations ranging from 0.5 to 1.0 M (Figure S2).
These electrolytes were placed in a low-temperature chamber
at =50 °C for 24 h. Frozen solids were observed in the
electrolytes with concentrations ranging from 0.6 to 1.0 M,
while only 0.5 M NaPF in the DEGDME electrolyte remained
as a clear solution. To further assess the electrochemical
stability window of this electrolyte, a cyclic voltammetry (CV)
test (Figure S3) at a scan rate of 2.0 mV s~ was employed.
The CV diagram showed a pair of redox peaks centered at 0V,
indicating plating and striping of the Na metal anode. No
additional peaks were observed in the voltage range from 0 to
3.5V, demonstrating that the 0.5 M NaPF in the DEGDME
electrolyte is stable and suitable for evaluating the performance
of the PTAD cathode. We conducted solubility tests for the
PTAD cathode and powder in various solvents and the
electrolyte. To verify the solubility, UV-light spectroscopy was
also employed. Each cathode was immersed in 3 mL of
DEGDME solvent and 0.5 M NaPFs DEGDME electrolyte as
shown in Figure S4. The color of pristine PTAD is dark red,
but there is no color change after PTAD cathodes were added
to the solvent or electrolyte at the beginning and overnight,
demonstrating that PTAD is insoluble in DEGDME or the
electrolyte. To further confirm this, these solutions were
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Figure 2. Electrochemical performances of the PTAD cathode in NIBs. (a) Galvanostatic charge—discharge curves at 500 mA g”'; (b) cyclic
voltammograms at 0.1 mV s™; (c) specific capacity and Coulombic efficiency versus cycle number at 500 mA g~ '; (d) rate capability at
various current densities; (e) galvanostatic charge—discharge curves at 2000 mA g™; (f) charge capacity and Coulombic efficiency versus

cycle number at 2000 mA g™

measured by UV—vis spectroscopy tests. As shown in Figure
S4c and f, no absorption peak was detected from the solutions,
confirming the insolubility of PTAD in the solvent and
electrolyte. Subsequently, further electrochemical measure-
ments were carried out in this low-concentration electrolyte at
room and low temperatures.

The electrochemical performance of the PTAD cathode in
NIBs was measured within the voltage cutoft window of 0.5—
3.0 V. The galvanostatic charge—discharge curves are shown in
Figure 2a. The PTAD cathode delivered an initial capacity of
211.33 mAh ¢! at 500 mA g~ with four pairs of sloping redox
plateaus centered at 1.1, 1.4, 2.0, and 2.2 V for the azo reaction
and carbonyl reaction, respectively. There are two electro-
chemically active sites in PTAD, which are carbonyl and azo

groups. The low discharge plateau at ~1.5 V is caused by the
redox reaction between azo groups and Na ions, while carbonyl
groups react with Na ions at ~2.2 V. To enhance the average
discharge voltage of the PTADIINa cell, more carbonyl groups
and some electron-withdrawing functional groups can be
introduced into PTAD. In the CV test (Figure 2b) at a scan
rate of 0.1 mV s, four cathodic peaks at 1.0, 1.4, 1.9, and 2.1
V and four anodic peaks at 1.2, 1.4, 2.0, and 2.2 V were
observed. These correspond to the redox plateaus observed in
the galvanostatic charge—discharge curves. The redox peaks at
1.9/2.0 V and 2.2/2.3 V correspond to sodiation/desodiation
of the carbonyl groups, while the redox peaks at 1.0/1.24 V
and 1.4/1.4 V correspond to sodiation/desodiation of the azo
groups. In the long term cycling tests, PTAD retained 83% of
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cathodes.

its initial specific capacity (174.7 mAh g'), with high
coulombic efficiency close to 100% after 1400 cycles (Figure
2¢), demonstrating a very slow capacity decay rate of 0.012%
per cycle. To exclude the capacity contribution from NGr, we
prepared two electrodes: the PTAD cathode without NGr and
the graphene electrode. The PTAD cathode without NGr was
prepared using PTAD, carbon black, and sodium alginate (SA)
in a mass ratio of 8:1:1. The graphene electrode was prepared
by using NGr, carbon black, and SA with a mass ratio of 8:1:1.
The cycling tests were conducted at room temperature with a
current density of S00 mA g_l. As shown in Figure S5a,b, the
initial specific capacity of the pure PTAD cathode was 136.6
mAh g™, It was reduced to 101.1 mAh g~ in the second cycle,
and then the pure PTAD cathode delivered a stable cycle life of
500 cycles. The graphene electrode exhibited an initial capacity
of 32.4 mAh g™' and a stable cycle life of 100 cycles (Figure
SSc,d). The m—7 stacking between NGr and PTAD, caused by
the overlap between conjugation structures in NGr and PTAD,
contributes to the superior performance of the PTAD cathode.
It improves the conductivity and stability of the PTAD
cathode. To provide evidence of 7—x stacking between NGr
and PTAD, we compared the performance of the PTAD
cathode with NGr to that of the PTAD cathode without NGr
and the graphene electrode. As shown in Figures 2 and SS, the
PTAD cathode with NGr outperforms the PTAD cathode
without NGr and the graphene electrode in terms of high
reversible capacity and a long cycle life. Though there was an
extra 20% NGr in the PTAD cathode compared to the PTAD

cathode without NGr, the capacity of the PTAD cathode with
NGr is higher than the sum of the capacities of the PTAD
cathode without NGr and the graphene electrode. The
improved electrochemical performance is attributed to 7—x
stacking between PTAD and NGr."' To further prove 7—x
stacking, CV was employed to compare the PTAD cathodes
with and without NGr. The content of carbon black in the
PTAD cathode without NGr for the CV test was enhanced to
30 wt %. As shown in Figure S6, the redox peaks of the PTAD
cathode with NGr are much stronger than those of the PTAD
cathode without NGr, confirming that 7—z stacking between
PTAD and NGr enhances the electrochemical performance of
the PTAD cathode.””** Since the PTAD cathode with NGr
exhibited the best performance among the three electrodes, it
was used for further tests. The rate performance of the PTAD
cathode at room temperature is depicted in Figure 2d, where
specific capacities of 206.7, 184.2, 176, 169.2, 163.3, 155.6,
139, and 119.8 mAh g~' were obtained at different current
densities of 50, 100, 200, 500, 1000, 2000, 5000, and 10 000
mA g~'. After cycling at 10 000 mA g, the current density
was returned to 50 mA g~', and the specific capacity was
immediately recovered to 183.5 mA g~' (Figure 2d), indicating
robust reaction kinetics. Consequently, the PTAD cathode was
further cycled at a high current density of 2000 mA g~'. The
initial specific capacity was 191.4 mA g™, and it was retained at
134 mAh g™' after 1500 cycles (Figure 2ef), demonstrating
high cyclic stability and fast charging capability.
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Figure 4. Low-temperature performance of the PTAD cathode. (a) Galvanostatic charge—discharge curves at 50 mA g~' and various
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°C; (d) specific capacity and coulombic efficiency versus cycle number at 50 mA g™' and —50 °C.

Since the PTAD cathode exhibited exceptional performance
in NIBs, its electrochemical performance was also measured in
K-ion batteries (KIBs). The performance of PTAD in KIBs
was tested in the cutoff window of 1.0-2.9 V. The PTAD
cathode delivered an initial capacity of 172.5 mAh g™' at SO
mA g~ (Figure S7a). The CV plot exhibited four pairs of
peaks at 1.3, 1.7, 2.3, and 2.6 V (Figure S7b). In the long term
cycling test, 75.9% (131 mAh g™') of initial specific capacity
with close to 100% of Coulombic efficiency was retained after
100 cycles at S0 mA g~* (Figure S7c). The rate performance of
the PTAD cathode in KIBs is shown in Figure S7d. The
current densities of the KIB rate performance were set the
same as those in NIBs. When the current density was returned
to SO mA g, the specific capacity was recovered to 134.9
mAh ¢!, The PTAD cathode exhibited high capacity, long
cycle life, and fast rate capability in KIBs, representing a
promising polymer cathode for alkali-ion batteries.

To gain insight into the high performance of the PTAD
cathode, further investigation of reaction kinetics is conducted
through CV at various current densities, Randles—Sevcik
analysis, electrochemical impedance spectroscopy (EIS), and
the galvanostatic intermittent titration technique (GITT). To
assess the polarization of the PTAD cathode in NIBs, CV tests
were performed under scan rates from 0.1 to 1.0 mV s~
(Figure 3a). The cathodic and anodic peaks exhibited slight
shifts as the scan rates increased from 0.1 to 1.0 mV s7),
indicating that PTAD does not undergo significant polarization
with increased scan rates. The anodic peak at 2.2 V and the

cathodic peak at 2.1 V were used to construct the Randles—
Sevcik plot (Figure 3b). According to the Randles—Sevcik
equation, the slope values for the cathodic and anodic peaks
are 0.7928 and 0.7651, respectively. A slope value close to 1
suggests that the redox reaction is controlled by surface
reaction and pseudocapacitive behavior, while a slope close to
0.5 indicates diffusion-controlled kinetics. Since the slope
values for PTAD fall in the middle of 0.5 and 1, it suggests that
reaction kinetics are influenced by both surface reaction and
diffusion.’*** To further understand the reaction kinetics,
GITT was performed at a current density of 50 mA g~'. In
Figure 3¢, specific capacities of discharge and charge curves at
50 mA g_1 are 190.89 mAh g_1 and 222.09 mAh g_l,
respectively. Small overpotentials were observed during charge
and discharge in GITT, demonstrating fast reaction
kinetics.>> ™" To analyze the interfacial impedance between
the PTAD electrode and electrolyte, EIS was employed. The
depressed semicircle and curved line in the Nyquist plot
indicate the interfacial and diffusion impedances. The
interfacial impedance of the pristine electrode was 8.39 ohm.
After the first cycle, the interfacial impedance was decreased to
7.07 ohm, and it was stabilized at 9.12 ohm after 50 cycles.
This result indicates that a stable cathode electrolyte
interphase (CEI) layer was constructed on the PTAD cathode.
The low interfacial impedance and stable CEI are crucial for
enabling the fast-charging capability and high cyclic stability of
the PTAD cathode in NIBs. Therefore, the results from CV,
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Figure S. PTAD cathode characterization before and after cycling: SEM images of (a) the pristine, PTAD cathode surface, and cycled PTAD
cathodes after (b) 10th, (c) 20th, and (d) Raman spectra at different charge and discharge stages.

EIS, and GITT collectively confirm the rapid kinetics of the
PTAD cathode in NIBs.

Since the PTAD cathode exhibited superior electrochemical
performance in NIBs at room temperature, we further
investigated its performance at low temperatures from 0 °C
to —50 °C. Galvanostatic charge—discharge curves at various
testing temperatures are displayed in Figure 4a. The redox
plateaus at low temperatures resembled those at room
temperature, and the specific capacity at room temperature
was 195.6 mAh ¢! at S0 mA ¢! (Figure S8). When the
temperature was lowered to 0 °C, the specific capacity was
retained at 173.1 mAh g~'. Even at —50 °C, the specific
capacity was still retained at 137.1 mAh g~'. The decrease in
the capacity is due to slower reaction kinetics at low
temperatures. Upon returning to room temperature, the
specific capacity was recovered to 179.4 mAh g™/, correspond-
ing to 91.8% of initial room temperature capacity (Figure 4b).
The small capacity loss (—8.2%) after return from —50 °C to
room temperature is probably due to the shuttle reaction
caused by the low-molecular-weight PTAD polymer as
evidenced by the high Coulombic efficiency of >100% in the
initial cycles. In the room-temperature cyclic stability test
(figure S8b), the PTAD cathode exhibits a similar capacity loss
in the initial 10 cycles at SO mA g'. After 10 cycles, the
reversible capacity of the PTAD cathode is stable. This is
coincident with the capacity loss after 40 cycles in the low-
temperature battery test shown in Figure 4b. To further assess

the long-term cycling performance of the PTAD cathode at
low temperatures, it was cycled at SO mA g~ and —50 °C. The
charge—discharge curves at —50 °C (Figure 4c) resembled
those at room temperatures (Figure S8a). In Figure 4c, the
galvanostatic charge—discharge test was started at —50 °C.
Due to the low testing temperature, reaction kinetics were
slow, and there was an activation process to achieve full
utilization of the active material in the initial cycles. The
reversible capacity gradually increases in the initial five cycles.
However, in the various temperature tests (Figure 4a,b), the
galvanostatic charge—discharge test was started at room
temperature, and then the temperature was slowly decreased
to 0 °C, —10 °C, —20 °C, =30 °C, —40 °C, and —50 °C after
five cycles at each temperature. The initial test at room
temperature avoids the activation process. Therefore, the first
cycle for the various temperature test did not exhibit low
specific capacity. To further confirm the results at —50 °C in
Figure 4c, we repeated the cyclic stability test at a low
temperature (—S0 °C) and obtained similar results in the first
cycle as shown in Figure S9. At —50 °C, the PTAD cathode
retained a specific capacity of 133 mAh g~' with a Coulombic
efficiency close to 100% for 150 cycles (Figure 4d),
demonstrating high cyclic stability at a low temperature.
These results confirm that coupling the polymer cathode with
a low-concentration electrolyte is an effective approach to
developing low-temperature NIBs.
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Figure 6. C 1s, N 1s, O 1s, and F 1s XPS spectra for the PTAD cathodes at various charge and discharge stages.

Given the exceptional performance of the PTAD cathode in
NIBs at both room and low temperatures, SEM, Raman
spectroscopy, and XPS were employed to gain insight into the
morphology, reaction mechanism, and interfacial chemistry.
SEM images in Figure Sa—c represent the pristine PTAD
cathode and cycled PTAD cathodes after 10 and 20 cycles. No
obvious cracks or particle pulverization were observed after
cycling, demonstrating high structure integrity of the PTAD
cathode. In the ex situ Raman results (Figure 5d), the azo
peaks at 1060, 1300.6, and 1378 cm™! for pristine PTAD
disappeared when discharged to 0.5 V. New Raman peaks at
1248.39 and 1342.77 cm™' appeared at 0.5 V, representing the
sodiated azo group. After the PTAD cathode was charged back
to 3.0 V, the azo peaks were recovered, demonstrating a
reversible redox reaction between the azo group and the Na
ions/electrons in NIBs. The Raman peaks corresponding to
carbonyl groups in PTAD were overlapped with the peak for
the graphitic carbon (G band) of carbon black at 1579 cm™,
resulting in no apparent change upon cycling.”®

To further investigate the reaction mechanism and
interfacial chemistry, XPS was employed (Figure 6). The
reference peak of graphitic carbon (C—C/C=C) was
calibrated at 284.8 eV in the C 1s XPS spectra. The XPS
peak at 291.9 eV corresponds to the C—F bond originating
from the polytetrafluoroethylene (PTFE) binder. The peak of
the carbonyl (C=0) bond in the imide moiety exhibited low
intensity at 287.8 eV, and the peak for C—N was detected at
285.5 eV. In the N 1s spectra, the graphitic N peak was
detected at 400.1 eV, and the azo (N=N) peak was observed
at 399.0 eV in the pristine electrode. When PTAD was fully
discharged to 0.5 V, the azo peak disappeared, and a new peak
emerged at 398.4 eV, corresponding to the N—Na bond. After
being charged to 1.7 V, the N—Na peak disappeared, and the
azo peak was recovered, demonstrating the reversible reaction
between azo groups and Na ions. In the O 1s spectrum of the
pristine electrode, only the carbonyl (C=0) peak was present
at 531.7 eV. After being discharged to 1.7 V, two new peaks
appeared at 532.7 and 536.6 eV, representing the C—O bond
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and Na KLL. The peak intensity for the C—O bond was
increased when discharged to 0.5 V, and it was decreased when
charged back to 3 V, demonstrating the reversible reaction
between carbonyl groups and Na ions. In F 1s spectra, the peak
for the Na—F bond appeared after discharge, and it is retained
during discharge and charge, demonstrating the formation of
Na—F in the interphase of the PTAD cathode. Since NaF has
high mechanical strength and is stable upon cycling, a NaF-rich
interphase benefits the high cyclic stability and structure
integrity of the PTAD cathode in NIBs.””***

CONCLUSIONS

In summary, PTAD, composed of carbonyl and azo groups
with extended conjugation structures in the repeating unit, was
employed as a polymer cathode in room- and low-temperature
NIBs. The carbonyl and azo groups act as active centers in
PTAD, enabling multistep reversible reactions with Na* ions
and electrons, thereby resulting in a high reversible capacity.
The extended conjugation structure in PTAD enables 7—x
stacking between NGr and the polymer, enhancing the
conductivity and stability of the PTAD cathode. The PTAD
cathode demonstrated a high performance, including a high
reversible capacity of 206.7 mAh g™' at 50 mA g7', an
extended lifespan of 1500 cycles, and fast-charging capability
up to 10 A g™ in NIBs at room temperature. This exceptional
performance was also extended to KIBs at room temperature
in terms of high capacity, long cycle life, and fast-charging
capability. Moreover, when combined with a low-concen-
tration electrolyte, the PTAD cathode exhibits exceptional
performance in NIBs at low temperatures from 0 to —50 °C,
demonstrating significant potential for low-temperature battery
applications. The reaction mechanism and interfacial chemistry
of the PTAD cathode were investigated using Raman
spectroscopy and XPS, confirming the redox reactions between
azo/carbonyl groups and Na® ions/electrons, as well as the
formation of a NaF-rich interphase. Therefore, this work
demonstrates an effective approach to developing low-
temperature NIBs through the design of bifunctional polymer
cathode materials and low-concentration electrolytes.

METHODS/EXPERIMENTAL

Synthesis of PTAD. The PTAD polymer was synthesized using a
polycondensation method. 1.1770 g of perylenetetracarboxylic
dianhydride (98%) and 20 g of imidazole (>99.5%) were transferred
into a 50 mL double-necked round-bottom flask. The flask was heated
under a nitrogen atmosphere until the temperature of the oil bath
reached 150 °C. The solid materials turned into a solution at that
temperature. 0.6115 g of 4,4’-azodianiline (>95%) was slowly added
to the flask, and the solution was stirred under a nitrogen atmosphere.
The temperature of the oil bath was increased to 170 °C and
maintained for 24 h. Subsequently, the temperature was reduced to 60
°C, leading to solidification of the solution. To dissolve the solidified
solution, 25 mL of methanol was slowly injected into the flask. When
all solid particles disappeared, the temperature was lowered to 25 °C.
The solution was filtrated, and dark red precipitates were washed by
centrifugation with dimethylformamide (99.8%) and ethanol,
respectively. The collected powder was dried at 80 °C in a vacuum
oven, yielding 85.7%.
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