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This work reports triphenylamine-based polynaphthalimides
that can be fabricated as cathodes, anodes, and binders in
lithium-ion batteries, simultaneously. The mechanistic studies
revealed that the outstanding electrochemical performance of
polynaphthalimide electrodes is highly related to the proper
structural design thus fine-tuning their activation energy and
charge-stored behavior as well as cycling stability. This work
offers new opportunities for the development of various
high-performance multifunctional energy storage systems
for a wide range of applications.
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Multifunctional energy-storage devices show great promise in reducing the size and volume of devices,
improving the storage capacity, and minimizing the cost of materials and fabrication while eliciting the
benefits of additional functions to the system. Herein, we report three new triphenylamine-based
polynaphthalimides (TPA-PNIs) that can work as a cathode, anode, and binder in lithium-ion batteries
simultaneously. A TPA-PNI cathode delivered a high specific capacity up to 195 mA h g~ after 100
cycles at 50 mA g~1. A maximum capacity of 1092 mA h gt could be stored in the TPA-PNI anode after
100 cycles at 100 mA g™t A binder-free TPA-PNI cathode showed stable cycling performance with
a maximum capacity of ~202 mA h g~! after 100 cycles at 50 mA gt TPA-PNI electrodes also
demonstrated good cycling stability over 5000 cycles under a high current density of 2000 mA g%, as
well as excellent rate capability at a current density up to 5000 mA g~ The electrochemical
performance of TPA-PNI was among the best compared with that of other reported polymer-based
electrodes. Detailed mechanistic studies and structural design of these ambipolar TPA-PNI electrodes

Received 2nd February 2023 could: (i) offer insights into the material selection and performance optimization of multifunctional
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energy storage devices at this early stage of research and development; and (ii) open new opportunities
DO 10.1035/d3ta00596h for the development of various high-performance multifunctional energy-storage systems for a wide

rsc.li/materials-a range of applications.

Therefore, the utilization of sustainable and environmentally
friendly materials is encouraged. Organic-based materials have
been considered to be potential candidates for LiBs electrodes
because they are cost-effective, sustainable, and can potentially

Introduction

Thanks to light weight, high energy density, fast charging
ability, and low self-discharge rate, lithium-ion batteries (LiBs)

have crucial roles in portable energy-storage devices and have
replaced many other energy-storage systems.'” Besides their
technological advancement, the use of inorganic electrode
materials in LiBs is hindered by the limited source of non-earth-
abundant elements, cost, and environmental unfriendliness.®®
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deliver a high specific capacity with appropriate material/
structural design.'™ Organic materials also offer flexibility in
molecular structure for the design of a suitable electrode.”
Organic materials such as organosulfur compounds,”™*
organic radicals,"*>* imine compounds,
compounds,”?* and carbonyl compounds*?
explored for employment as electrode materials for LiBs.
Carbonyl-based compounds have become potential candi-
dates for organic-based electrodes due to their high theoretical
capacity, abundant raw materials, and good electrochemical
activity.”>**** However, the use of carbonyl-based compounds is
hindered due to their low electrical conductivity and high
solubility in organic electrolytes.'>***” Several approaches have
been proposed to increase the solubility of organic-based
compounds in an electrolyte solution: polymerization,>*?%%°
use of high-concentration electrolytes,**** nanostructures,***
and composite formation with advanced carbon
materials.>*****” Among those strategies, polymerization could
solve the dissolution problem and improve the material
stability of a carbonyl-based electrode in an electrolyte.?*3*84°

22-24 azo

have been

This journal is © The Royal Society of Chemistry 2023


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ta00596h&domain=pdf&date_stamp=2023-05-26
http://orcid.org/0000-0001-8408-6726
http://orcid.org/0000-0001-5730-5524
http://orcid.org/0000-0003-3725-3768
http://orcid.org/0000-0002-6316-9124
https://doi.org/10.1039/d3ta00596h
https://doi.org/10.1039/d3ta00596h
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA011021

Published on 11 April 2023. Downloaded on 6/4/2023 7:52:45 AM.

Paper

Polymerization could also open the opportunity of an active
material having a dual role in the electrode (i.e., simultaneous
use of an active material and electrode binder), thereby
reducing the production cost significantly.

As carbonyl-based compounds, polyimides (PIs) are high-
performance polymeric materials due to their thermal
stability, solvent resistance, good electrical and mechanical
properties, and chemical resistance.”***** The redox-active
carbonyl group in the structure of PIs is responsible for the
Li-ion storage capability thanks to a two-electron enolization
reaction as a cathode material.>*** Compared with small
molecular imide analogs, PI cathode materials have improved
cycling stability. However, they deliver a relatively lower specific
capacity due to electrochemically inert units which are
commonly used to link the electrochemically active imide
moieties.*** In addition, the low working potential of a PI
cathode material based on an enolization reaction (2.0-2.5 V)
hinders its practical application.*® Therefore, an additional
redox-active unit with higher voltage operation is needed to
improve the electrochemical performance of a PIl-based
electrode.

Triphenylamine (TPA)-based polymers have been studied
intensively due to their interesting physical properties: excellent
charge transport, electroluminescence, as well as thermal and
morphological stabilities.*** In LiB applications, TPA has been
reported to have high voltage operation and cycling stability if
used as a cathode material.>*~** The nitrogen radical in the TPA
structure has been reported to participate actively in the elec-
trochemical redox process, which can be reversibly doped and
de-doped by PFs.*"** However, the theoretical capacity of TPA
is relatively low (109 mA h g~ *),2*** which is lower than the state-
of-the-art LiCoO, (LCO; 140 mA h g~ '), which limits its practical
application. TPA could be incorporated with a carbonyl-based
compound to improve their electrochemical performance.
Huang and colleagues reported a double-ion-embedded tri-
phenylamine polymer (TPA-AQ) by introduction of an anthra-
quinone unit as a side-chain for a cathode LiB.*® This polymeric
design improved the battery performance by delivering an
initial specific capacity of 159 and 106 mA h g™ ' (after 100
cycles) at 0.1C and enhanced the working voltage up to 4.2 V.
However, partial dissolution of the TPA-AQ polymer could be
observed in the electrolyte after 24 h, which was responsible for
the reduced cycling performance.®® In addition, a crosslinked
TPA-PI has been synthesized, resulting in a specific capacity of
125 mA h g7 ' (at 0.1C) and relatively stable cycling up to 100
cycles.’” Furthermore, a triphenylamine derivative, N,N,N',N'-
tetraphenyl-1,4-benzenediamine (TPPA), has been introduced
in the PI structure via a one-step synthetic method, and
improved the electrochemical performance of resulting hybrid
polymer cathode significantly.”® The reported TPPA-naph-
thalenediimide and TPPA-perylenediimide could deliver
a specific capacity of 150.9 and 119.4 mA h g~ " after 70 cycles at
0.1C. However, this combination of TPPA and a PI unit as
electrode material is still far from practical practical application
in LiB.”® Therefore, optimizing the molecular design of TPA-
based PI cathode materials with good cycling stability,
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intrinsic high capacity, and excellent rate capability simulta-
neously is a challenge.

Herein, we report three new polynaphthalenediimides (PNIs)
based on arylamine via one-step imidization for LiB electrodes:
PNI-1, PNI-2, and PNI-3 (Scheme 2). In this hybrid polymer
design, the cyano functional group was introduced in the main
backbone of the PNI-based polymer to lower the lowest unoc-
cupied molecular orbital (LUMO) energy so that the reduction
voltage and energy density could be boosted.* Results indicated
that the TPA-PNIs polymer could serve as a cathode material,
but could also be applied as an anode with excellent battery
performance. A high specific capacity of 195 mA h g™ * after 100
cycles at a current density of 50 mA g~ could be delivered by the
TPA-PNI-based cathode. Meanwhile, as an anode, the TPA-PNIs-
based material exhibited a maximum capacity of 1092 mAh g~*
after 100 cycles at 100 mA g . The TPA-PNIs also demonstrated
good cycling stability over 5000 cycles under a high current
density as well as an excellent rate capability. Mechanistic
studies revealed the outstanding electrochemical performance
of TPA-PNIs materials to be closely related to an appropriate
structural design based on tuning of activation energy and
charge-stored behavior as well as cycling stability. Our study
could unleash the full potential of PNIs for next-generation
organic LiBs.

Results and discussion
Preparation and characterization of materials

A new diamine monomer, Diamine-2, was synthesized by
hydrazine Pd/C-catalyzed reduction of the dinitro compound 1
resulting from the CsF-mediated aromatic nucleophilic substi-
tution reaction of N,N'-di(4-nitrophenyl)-1,4-phenylenediamine
with 4-fluorobenzonitrile (Scheme 1). Elemental analyses,
Fourier transform-infrared (FT-IR) spectroscopy, and nuclear
magnetic resonance (NMR) spectroscopy were used to identify
the structures of the intermediate dinitro compound and tar-
geted diamine monomer. The FT-IR spectra of both synthesized
compounds are illustrated in Fig. S1.}

The nitro groups of compound 1 exhibited characteristic
bands at 1584 and 1312 cm ™' due to NO, asymmetric and
symmetric stretching, respectively, accompanied with a charac-
teristic band for nitrile at 2220 cm ™" (C=N stretching). After
reduction to the diamine monomer, the characteristic absorp-
tion bands of the nitro group disappeared and the primary
amino group showed a typical absorption pair at 3444 and
3359 cm ™' (N-H stretching). Fig. S2 and S31 illustrate the *
and *C NMR spectra of dinitro compound 1 and diamine
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Scheme 1 Synthetic route to a TPPA-based diamine monomer:
Diamine-2.
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Scheme 2 Synthesis of polynaphthalimides by one-step

polyimidization.

monomer Diamine-2, respectively, which agree well with the
proposed molecular structures.

Three PNIs bearing pendent CN-TPA units were prepared by
a one-pot, high-temperature solution polycondensation. Briefly,
the dianhydride NTDA and diamines were polymerized in m-
cresol at 210 °C in the presence of benzoic acid as the catalyst.
Under these conditions, chain growth and imidization occurred
spontaneously. The polymerization proceeded
homogenously and led to formation of highly viscous polymer
solutions. The resulting polymer solutions precipitated into
tough, fiber-like forms when poured slowly into methanol.

The inherent viscosities and solubility behavior of PNIs are
summarized in Table S1, and structural information was
confirmed with IR and NMR spectroscopy. Fig. S41 shows the
FT-IR spectra of as-synthesized PNIs, and reflects their struc-
tural similarity. The FT-IR spectra shown in Fig. S47 exhibited

reactions
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characteristic imide absorption bands at around 1715
(symmetrical C=0), 1675 (symmetrical C=0), 1345 (C-N), and
770 cm ™! (imide-ring deformation) with a characteristic band
for nitrile at ~2222 cm ™" (C=N stretching). Unlike the diamine
monomers, PNIs are insoluble in most common organic
solvents, which ultimately led to difficulties for full structural
characterizations. The 'H NMR spectra of PNIs in some
conventional deuterated solvents such as CDCl; and dimethyl
sulfoxide-ds (DMSO-d) showed no H signal due to their low
solubility. Luckily, due to the strong protonation ability of
concentrated sulfuric acid, PNI-1 was found to exhibit limited
solubility. Therefore, we could ascertain the exact structure of
PNI-1 via NMR spectra using D,SO, as a solvent. As shown in
Fig. S5,7 five peaks were observed (corresponding to aromatic-
CH carbons) in the distortionless enhancement by polarization
transfer (DEPT)-135 spectrum for PNI-1 and, along with 'H
NMR spectrum, the results suggested successful polyimidiza-
tion and structural formation.

Thermogravimetric analysis (TGA) was employed to evaluate
the thermal stability of the resulting PNIs. Fig. S6F shows the
TGA curves of PNIs with a decomposition temperature (5%
weight loss) >450 °C in nitrogen and air. Notably, the decom-
position temperature of all PNIs was much higher than the
working temperature of LiBs which, in general, lies between
—20 °C and 80 °C. These data indicated that the PNIs satisfied
the requirements of high thermal stability for LiBs.

Redox properties of TPA-PNI electrodes

Cyclic voltammetry (CV) was carried out by applying TPA-PNIs
as LiB cathode and anode materials to ascertain the redox
properties (Fig. 1). As the cathode, the CV of TPA-PNIs was
undertaken in a potential window between 1.5 and 4.5 V (vs. Li/
Li") at a scan rate of 0.1 mV s~'; as the anode, it was operated
within 0.02 and 3.0 V (vs. Li/Li"). As shown in Fig. 1a, one
reduction peak could be observed at 2.34 V in the cathodic scan
of the PNI-1 cathode, along with an oxidation peak at 2.47 V in
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Fig. 1 Cyclic voltammetry of TPA-PNI electrodes as cathodes (a—c) and anodes (d—f) at a scan rate of 0.1 mV s
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the anodic scan. This pair of redox peaks was associated with
the two-electron enolization reaction of the naph-
thalenediimide (NTDI) unit.>**>*" Furthermore, the oxidation
and reduction processes of the radical-cation triarylamine unit
in PNI-1 could be observed at 4.21 and 4.04 V, respectively,
which suggested a successful doped/de-doped process of
PF¢ .*"5%°¢ Interestingly, the well-defined two reduction peaks
of the NTDI unit in PNI-2 could also be observed in the cathodic
scan but shifted slightly to a lower voltage at 2.23 and 2.38 V
(difference of ~0.15 V), along with oxidation peaks at 2.45 and
2.56 V, than that of PNI-1 (Fig. 1b). These phenomena could be
ascribed to the presence of two cyano groups in PNI-2. The
electron-withdrawing character of the cyano group has been
reported to lower the LUMO energy of PIs and make them more
reducible.”>*® In addition, PNI-3 (structural isomer of PNI-2)
exhibited a slightly higher reduction potential of the NTDI unit
at 2.26 and 2.43 V (with a higher potential difference of ~0.17 V)
(Fig. 1c). This finding suggested that the different conformation
of the cyano group in the polymer backbone had an important
role in tuning the intrinsic properties of TPA-PNIs. At a higher
operating voltage, PNI-2 and PNI-3 showed almost identical
redox pairs at ~3.65/3.75 and 3.96/4.09 V (Fig. 1b and c), which
could be ascribed to the doped/de-doped process of PF¢ ™ in the
two radical nitrogen atom of diamine units.*>** The first redox
couple at 3.65/3.75 V was attributed to the first reaction of the
radical cation during p-type doping, and another redox couple
at a higher potential (3.96/4.09 V) was associated with the
reaction of the second radical cation.*

To further evaluate the TPA-PNI electrodes, we also eluci-
dated their redox properties as an anode. As shown in Fig. 1d-f,
all TPA-PNIs exhibited almost identical CV curves when applied
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as LiB anodes. As shown in Fig. 1d, reduction peaks were
observed at a potential of 1.79, 0.84, and 0.02 V for PNI-1,
accompanied with oxidation peaks at 1.98, 0.93, and 0.14 V,
respectively. The first redox peak at 1.79/1.98 V could be
attributed to the redox reaction of the carbonyl NTDI unit
during the lithiation-de-lithiation process.*»** Meanwhile, the
redox process at 0.84/0.93 V was ascribed to Li" insertion/de-
insertion on the cyano group.? The Li" insertion/de-insertion
on the carbonaceous units was noted at 0.02/0.14 V.%%%
Although PNI-2 and PNI-3 had similar CV behavior to that of
PNI-1, the redox potential associated with the NTDI unit was
found at a slightly higher potential than that of PNI-1 (Fig. 1e
and f). This behavior could be related to the introduction of two
cyano groups with a higher charge polarization and their
electron-withdrawing character. Furthermore, the redox poten-
tial associated with NTDI unit in PNI-3 was slightly higher than
that of PNI-2. This finding again confirmed that the confor-
mational unit position tuned the intrinsic electrochemical
behavior of TPA-PNI-based electrodes.

Battery performance of TPA-PNI cathodes

To evaluate the battery performance of TPA-PNI cathodes,
a half-cell LiB was assembled and charged-discharged galva-
nostatically at potential window of 1.5-4.5 V (vs. Li/Li").
Fig. S7a-ct shows the galvanostatic charge-discharge profile of
TPA-PNI cathodes at a current density of 50 mA g~ . As depicted
in Fig. S7a,} the PNI-1 cathode exhibited a specific capacity of
125 mA h g (after 100 cycles) along with a major plateau at
2.47 V. This plateau could be assigned to the enolization and
dianion formation of the NTDI unit. Notably, the plateau
ascribed to the doped/de-doped process of PNI-1 was hardly
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seen in the galvanostatic profile. Furthermore, plateaus could
be seen at 2.27, 3.67, and 3.98 V for PNI-2 and PNI-3, respec-
tively, indicating successful formation of the lithium enolate
and dianion of the NTDI unit and doped/de-doped process of
the nitrogen radical cation in the TPPA moiety. Interestingly,
although PNI-2 and PNI-3 showed an almost identical galva-
nostatic profile, PNI-2 had a significantly higher storage
capacity (195 mA h g™ ') than that of PNI-3 (170 mA h g™ ). This
finding further indicated that the structural design played an
important part in the performance of TPA-PNIs.

Fig. 2a shows the capacity profile of TPA-PNI cathodes at
a current density of 50 mA g~ *. As shown in Fig. 2a, all TPA-PNI
cathodes demonstrated stable cycling performance for up to
100 cycles. Notably, the PNI-2 cathode exhibited the highest
storage capacity of 195 mA h g™, with ~95% coulombic effi-
ciency (CE), after 100 cycles at 50 mA g~ than that of PNI-1
(125 mA h g ') and PNI-3 (170 mA h g '), indicating that an
appropriate structural design boosted the performance of TPA-
PNI cathode significantly. In addition, PNI-2 and PNI-3 showed
a remarkable rate capability up to 5000 mA g~ (Fig. 2b). PNI-2
demonstrated a specific capacity of 162, 155, 151, 141, and
124 mA h ¢! at a current density of 100, 500, 1000, 2000, and
5000 mA g ', respectively. A specific capacity of 170, 153, 145,
134, and 112 mA h g~ could be obtained by PNI-3 at a current
density of 100, 500, 1000, 2000, and 5000 mA g ', respectively.
Unlike PNI-2 and PNI-3, the PNI-1 cathode exhibited a relatively
low performance of rate capability. As depicted in Fig. 2b, the
specific capacity of PNI-1 was reduced significantly from 120,
98, 75, 47, and 26 mA h g~ when the current density was 100,
500, 1000, 2000, and 5000 mA g ', respectively. Even so, the
long-cycling performance indicated that all TPA-PNI cathodes
demonstrated excellent stability and reversibility by retaining
their high capacity up to 130 mA h g~ over 5000 cycles under
a high current density of 2000 mA g ' (Fig. 2c). This
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outstanding performance of TPA-PNI cathodes was out-
performed among the reported organic polymeric battery
cathodes (Table S4+).

To investigate the storage mechanism in TPA-PNI cathodes,
ex situ X-ray photoelectron spectroscopy (XPS) was carried out
for PNI-2 at different stages (Fig. S87). As shown in Fig. S8a,} the
C 1s spectra of the fresh PNI-2 cathode (before cycling) and full
discharge stage were found similar by exhibiting four peaks
which could be ascribed to the binding energy (BE) of C-C, C-N,
C=0, and 7t-Tv at 284.5, 285.7, 288.6, and 290.7 eV, respectively.
However, these spectra were different than that at the fully
charged stage. A new BE of C-O could be observed at 286.2 eV
during full charging, indicating successful association of Li* on
the carbonyl group in the NTDI unit. Furthermore, a new BE of
PF¢ at 685.5 eV was observed in F 1s spectra at the fully charged
stage (Fig. S8bt). This peak then disappeared at the discharge
stage, indicating successful doping/de-doping of PF¢ . In good
agreement with F 1s spectra, the N 1s spectra of PNI-2 slightly
shifted from 400.4 eV to 399.6 eV at the fully charged stage and
recovered back during full discharge (Fig. S8ct). This process
could be ascribed to the reduction of electron density of the N
atom on the TPPA unit during oxidation of the radical.”®

Based on the ex situ XPS study, Scheme 3 was proposed to
represent the possible reaction of TPA-PNI cathodes during the
electrochemical process. The enolization reaction of NTDI units
took place at 1.5-3.0 V (Fig. 1a-c). In this voltage range, two
electron-transfer processes facilitated the carbonyl group in the
NTDI unit to mobilize their electrons and form delocalized
carbonyl sites, which was accompanied by the association and
dissociation of Li".?**? Furthermore, the doped/de-doped
process of the nitrogen radical cation in TPPA units took
place at a higher potential window (3.3-4.3 V). As depicted in
Scheme 3a, PFs~ could be reversibly inserted into the TPA unit
within PNI-1 at a potential of 3.9-4.3 V, which was identified by
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a small redox peak at 4.21 and 4.04 V (Fig. 1a). Meanwhile, two
PF; ™ anions could be stored in the TPPA units of PNI-2 and PNI-
3 via two-electron transfer (Scheme 3b and c). This process was
depicted by symmetrical redox peaks at around 3.65/3.75 and
4.0/4.10 V (Fig. 1b and c).

To further investigate ion diffusion in PNI systems, the gal-
vanostatic intermittent titration technique (GITT) was carried
out at 50 mA g~ '. As shown in Fig. S9,T the diffusion coefficient
for Li* (Dyy) was found at around 10™° to 10 ' ecm? s™* at
a potential of ~2.5-4.3 V during charge-discharge. Interest-
ingly, PNI-2 had a slightly faster D;;- at a potential of 3.5-4.2 V
than that of PNI-3. This finding indicated that the structural
design in PNI-2 could promote higher charge mobilization. In
addition, electrochemical impedance spectroscopy (EIS) was
carried out to probe the interfacial resistance and transport
properties in TPA-PNI cathodes before and after cycling.
Fig. S107 shows the Nyquist plots of TPA-PNI cathodes before
and after 200 cycles at 100 mA g~ '. As shown in Fig. S10,} one
semicircle was observed for all TPA-PNI cathodes in the mid-
frequency region, along with typical Warburg impedance in
the low-frequency region. This semicircle could be ascribed to
charge transfer resistance (R.) in the electrode interphase
(Fig. S10dt). Interestingly, all TPA-PNIs demonstrated signifi-
cant reduction in semicircles after 200 cycles (Fig. S10a-ct). As
presented in Table S2,1 the R, of TPA-PNIs was reduced from
375.90, 336.50, and 276.60 Q (before cycling) to 191.80, 88.29,
and 105.64 Q (after 200 cycles) for PNI-1, PNI-2, and PNI-3,
respectively. These data indicated a faster charge-transport
ability of TPA-PNI cathodes due to the formation of a less
resistive interphase during cycling. Importantly, PNI-2 had the
lowest R after 200 cycles than that of PNI-1 and PNI-3 (Table
S2t), suggesting that appropriate arrangement of structural/
conformational units had important roles in the charge-
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transfer ability of TPA-PNI cathodes, and could improve the
storage capacity (Fig. 2). Moreover, in good agreement with R
values, the Dy;- of PNI-2 after cycling was one order magnitude
faster (1.96 x 10”'* cm” s~ ') than that of PNI-3 (6.96 x 10 **
cm?® s~ 1), and two orders of magnitude faster than PNI-1 (6.19 x
107" ecm® s™') (Table S27). These data further confirmed that
the structural design in PNI-2 could provide significantly better
Li" mobility during cycling, which was responsible for its
outstanding storage capability.

Series of spectroscopy analysis were carried out at different
cycling intervals to probe the stability of PNIs under long-term
operation. Surface and cross-sectional field emission scanning
electron microscopy (FESEM) images were obtained to evaluate
morphological changes. As shown in Fig. S12,1 the morphology
of electrodes was changed significantly after 5000 cycles
compared with that before cycling (Fig. S117). As depicted in
Fig. S12,1 significantly reduced porosity can be observed on
surface and cross-sectional images of PNI cathodes after 5000
cycles, which possibly resulted from electrolyte decomposition.
Notably, although the electrode morphology was changed, there
were no significant changes for PNI-active materials after 5000
cycles. This observation confirmed their excellent material
stability during long cycling operations. In addition, ex situ XPS
was also used for PNI-2 as a representative of PNI cathodes
under long-term operation. As depicted in Fig. S13,t the specific
BE of C-C, C-N, and C=0 remained at 284.75, 285.90, and
288.70 eV, respectively, on C 1s spectra after 5000 cycles
(Fig. S13at). The BE of C=N, N-amine, and N-imide was
observed at 399.05, 400.01, and 400.80 eV, respectively, on N 1s
spectra (Fig. S13b7) before and after 5000 cycles. These data
further confirmed the excellent stability of PNIs under long
cycling operations.
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Battery performance of TPA-PNI anodes

To probe the capability of TPA-PNIs as LiB anodes, half-cell LiBs
were fabricated and charged-discharged galvanostatically at
a potential window of 0.02-3.0 V (vs. Li/Li’). As depicted in
Fig. S14,1 two major plateaus could be seen for all TPA-PNI
anodes at ~0.9 and ~0.02 V, along with slightly increased
capacity during cycling at 100 mA g~ *. These similar plateaus in
the galvanostatic profile indicated an identical Li'-storage
characteristic for all TPA-PNI anodes, which was in good
agreement with CV data (Fig. 1d-f). Moreover, the PNI-1 anode
exhibited a specific discharge capacity of 520 mA h g~' during
an initial five cycles, before it gradually increased up to
650 mA h g~' after 100 cycles. PNI-2 and PNI-3 anodes also
demonstrated a gradual increase in capacity up to
1100 mA h g~ after 100 cyclic. In line with the galvanostatic
profile, the increasing specific capacity is clearly depicted in
Fig. 3a. The overall increased capacity during cycling could be
associated by two parameters. First, it could be assigned to the
increasing Li* transport during cycling. Second, it was related to
the activation period for TPA-PNIs to get Li-binding sites fully
lithiated.'>**%%%>"¢> The phenomenon of increasing capacity has
also been reported for other polymeric anodes.>*° Notably, the
electrochemical performance of TPA-PNI anodes is among the
best as compared with reported polymeric battery anodes (Table
S51).

Furthermore, the TPA-PNI anodes showed excellent rate
capability up to 5000 mA g~' (Fig. 3b). As shown in Fig. 3b,
a reversible capacity of 611, 508, 460, 408, and 344 mA h g~ " was
obtained for the PNI-1 anode when the current density varied
from 100, 500, 1000, 2000 to 5000 mA g, respectively. In good
agreement with the capacity profile, PNI-2 delivered the highest
specific capacity of 920, 756, 632, 582, and 450 mA h g™' at
a current density of 100, 500, 1000, 2000, and 5000 mA g *,
respectively. PNI-3 exhibited a specific capacity of ~760, 605,
490, 410, and 350 mA h g~" at a current density of 100, 500,
1000, 2000, and 5000 mA g’l, respectively. This outstanding

View Article Online

Paper

rate capability was confirmed by the recoverable specific
capacity of 650, 1130, and 970 mA h g~* for PNI-1, PNI-2, and
PNI-3, respectively, when the current density was switched back
to 100 mA g~ * (Fig. 3b). Moreover, this long cycling performance
indicated that TPA-PNI anodes could sustain up to 2000 cycles
under a significantly high current density of 5000 mA g~ *
(Fig. 3c). As shown in Fig. 3c, a peak capacity of 1000, 1350, and
1375 mA h ¢~ was observed for PNI-1 (after 625 cycles), PNI-2
(after 680 cycles), and PNI-3 (after 1250 cycles), respectively.

Scheme S1t represents the possible reaction mechanism of
TPA-PNI anodes during charge-discharge. It has been reported
that four carbonyl groups in naphthalimide units can be fully
utilized to accommodate Li* binding sites via a four-electron
transfer reaction as LiB anodes,***"**®” and so are additionally
responsible for the storage capability of four Li-ions. Unlike
graphitic carbon, which limits its storage capacity of
372 mA h g~ via formation of LiCg, each carbonaceous benzene
ring in a polymer structure has been reported to be capable of
reversibly storing up to six Li-ions and form LisCs species.®®
Therefore, TPA-PNI anodes could reversibly store up to 37, 50,
and 50 Li" for PNI-1, PNI-2, and PNI-3, respectively (Scheme
S17).

As illustrated in Scheme S1,f two reaction steps were
assumed to take place during charge-discharge. First, four Li"
were attached to four carbonyl groups in the NTDI unit during
the first reduction. This process was followed by further Li"
insertion in the cyano groups and aromatic rings of TPA-PNI
anodes to form LigCs, which was consistent with the three
reduction peaks on CV curves. Furthermore, Faraday's law can
be applied to estimate the theoretical capacity of TPA-PNI
anodes using the following equation:

nxF

3.6M
theoretical capacity of TPA-PNI, 7 is the total number of elec-

trons received, F is the Faraday constant (96 485 C mol '), and
M is the molecular mass of the repeating unit.***’° Hence, the

C (mA hgl)= (mA h g), where C represents the
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theoretical capacity of PNI-1, PNI-2, and PNI-3 was estimated to
be 1762, 1775, and 1775 mA h g~ ', respectively.

Mechanistic studies of TPA-PNI electrodes

To gain deeper understanding of the charge-storage behavior
for diamine and the NTDI units in TPA-PNI electrodes, we
undertook sweep rate CV at scan rates of 0.1-1.0 mV s~ * (ESI
Text 31). Fig. 4a, d and h show the typical CV curves of PNI-1,
PNI-2, and PNI-3 cathodes, respectively, at various scan rates.
They depict a gradual increase in the total current as the scan
rate varied from 0.1 to 1.0 mV s~ *. Further analysis of the total
current at different voltage ranges revealed the b-value of TPA/
TPPA and NTDI units in TPA-PNIs to be 0.61-0.89 (Fig. S15a-
ct), indicating that the total charge stored in TPPA and the
NTDI unit resulted from the synergetic contribution of diffusion
and a surface-controlled (capacitive) process. The quantitative
analysis of capacitive (k;v) and diffusion (k") contributions in
the TPPA and NTDI units of TPA-PNI cathodes could be ob-
tained from the slope and intercept from the i/v"/? against v*/
plot, respectively (Fig. S15d-ft). As shown in Fig. 4d, the NTDI
unit (voltage range, 1.7-3.0 V) in PNI-1 exhibited nearly 70%
capacitive contribution at a high scan rate of 1-0.5 mV s,
before gradually decreasing up to 46% at 0.1 mV s~ *. A similar
trend could be observed at the TPA unit (voltage range, 4.0-4.3
V) in PNI-1, which showed a gradual decrease in capacitive
contribution from ~50% at a high scan rate of 1-0.5 mV s to
34% at a scan rate of 0.1 mV s~ .

Interestingly, replacing a diamine unit from TPA to TPPA
tuned the charge-storage characteristics of TPA-PNIs signifi-
cantly. As depicted in Fig. 4e and f, attaching a TPPA unit to the
PNIs PNI-2 and PNI-3 drastically increased the capacitive
contribution in the total charge stored of the NTDI unit by
nearly 80% at a high scan rate of 1-0.5 mV s~ ' and 40% at the
lowest scan rate of 0.1 mV s~ . Furthermore, the two radicals of
nitrogen in TPPA exhibited almost similar behavior by deliv-
ering nearly 80% capacitive contribution at scan rate of 1-
0.5 mV s~ ' that decreased gradually to ~55% at 0.1 mV s "
(Fig. 4e and f). This phenomenon could have resulted from the -
C=N functional group having an almost identical electronic
environment as that of TPPA. As shown in Fig. 4f, the diffusion
contribution in the NTDI unit from PNI-3 was increased nearly
by 3% than that of PNI-2. The increase in diffusion contribution
could also be observed for the TPPA unit (Fig. 4e). The diffusion
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contribution for the first radical cation in PNI-3, which was
close to the nitrogen atom with two ~-C=N functional groups (at
a potential of 3.3-3.9 V), was found to exhibit ~5% more
diffusion contribution at a high scan rate of 1-0.5 mV s~ * and
an almost 10% increase at the lowest scan rate of 0.1 mV s~
(Fig. 4f) than that of PNI-2 (Fig. 4e). Meanwhile, the second
radical cationin PNI-3 at a potential of 3.9-4.3 V (close to
naphthalimide linkage) had an even higher diffusion contri-
bution of 8% at a scan rate of 1-0.5 mV s~ ' and 12% at 0.1 mV
s~' (Fig. 4f) than that of PNI-2 (Fig. 4e). These data again
confirmed that a different conformational position in the
polymer backbone had an important role in tuning charge-
storage behavior.

Next, EIS was employed to further evaluate the activation
energy (E,). It has been reported that the relationship between
the exchange current (i) and charge transfer resistance at the
electrode interface (R.) at various temperatures could be used
to estimate the E, using the Arrhenius equation: i, = RT/nFR.,
and i, = A exp(—E./RT), where A is a temperature-independent
coefficient, R is the gas constant, T (K) is the absolute temper-
ature, 7 is the number of transferred electrons, F is the Faraday
constant, and E, is the apparent activation energy.””> As shown
in Fig. 5a-c, all TPA-PNIs exhibited one semicircle which
decreased gradually as the temperature increased, which clearly
indicated a decreasing R Furthermore, the E, of TPA-PNIs
could be estimated from: E, = —RkIn 10, k is the slope of the
fitting line of the Arrhenius plots (log10 i, as a function of 1000/
T) (Fig. 5d). Then, the E, of TPA-PNIs was estimated to be 14.35,
33.98, and 41.79 kJ mol ™" for PNI-1, PNI-2, and PNI-3, respec-
tively. Interestingly, the lowest E, resulted from PNI-1, which
indicated that the structure with a TPA unit required the
minimum energy to promote a charge-transfer reaction than
the other PNIs. Notably, PNI-3 was found to have a higher E,
(41.79 kJ mol ") than that of PNI-2 (33.98 k] mol '), indicating
that more energy was required to activate its charge-transfer
reaction. The higher E, required for PNI-3 could have resulted
from a higher charge polarization in the molecular structure,
which was consistent with the capacity profile showing PNI-3 to
have a slightly lower capacity than that of PNI-2 as the cathode
and anode. In summary, we found that different molecular
structures and conformations had crucial roles in tuning the
charge-storage behavior and E, of TPA-PNIs, which further
impacted their electrochemical performance as materials for
LiB electrodes.
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Battery performance of binder-free PNI electrodes

To further investigate the multifunctional capability of TPA-
PNIs as cathode/anode materials and electrode binders simul-
taneously, we undertook a battery test with a binder-free
cathode (weight ratio of active material : conductive carbon =
40:60) for PNI-1 and PNI-2. As shown in Fig. 6a and b,
a significant change was not observed in the CV curve of binder-
free electrodes from electrodes containing a PVDF binder,
thereby indicating a well-preserved redox capability. The
binder-free PNI-1 (Fig. 6a) exhibited a reduction peak at 2.35 V,
along with its oxidation at 2.50 V, which corresponded to eno-
lization on the NTDI unit. A PFs~ doped/de-doped process on
TPA was observed at 4.23/4.03 V. Furthermore, PNI-2 demon-
strated a well-preserved redox capability by exhibiting its pair
redox potential for enolization on NTDI and doped/de-doped
TPPA (Fig. 6b). In addition, the galvanostatic profile of binder-
free cathodes (Fig. S167) showed good agreement with their
CV results. As shown in Fig. S16a,T plateaus at 2.47 and 2.34 V
were observed for binder-free PNI-1, which could be assigned to
enolization of the NTDI unit. However, the plateau associated
with the doped/de-doped process originating from TPA could
not be observed clearly in the galvanostatic profile. In addition,
the binder-free PNI-2 exhibited plateaus at 2.27, 2.41, 3.67, and
3.98 V, indicating successful formation of lithium enolate and
dianions of the NTDI unit, as well as the doped/de-doped
process of TPPA.

Furthermore, the cycling performance of binder-free PNI-1
and PNI-2 (Fig. 6¢) at 50 mA g~ * exhibited a comparable specific
capacity with that of binder (Fig. 2a). As shown in Fig. 6c, the
binder-free PNI-1 and PNI-2 cathodes showed a stable cycling
performance for up to 100 cycles with a capacity of 160 and
202 mA h g7 ' at 50 mA g~ '. This specific capacity was even
higher than for their respective electrodes with a PVDF binder
(Fig. 2a). EIS was applied to understand the transport properties

N218 | J Mater. Chem. A, 2023, 11, 11210-11221

in binder-free cathodes. As shown in Fig. S17,f a significant
reduction on the semicircle was observed on binder-free PNI-1
and binder-free PNI-2 after cycling. This decreased semicircle
was associated with a significantly reduced R of binder-free
cathodes, from 222.03 to 119 Q for PNI-1 and 313.96 to 57.64
Q for PNI-2, respectively, indicating a better transport ability
after cycling (Table S31). Notably, the higher D;; of binder-free
cathodes than that with the PVDF binder might have resulted
from the formation of a homogeneous slurry (even without
a PVDF binder) and a higher conductive content of a binder-free
cathode (60% Super P) than that with a binder (50% Super P),
which improved the transport property and storage capability
significantly.

Besides the superior capacity, binder-free PNI-1 and binder-
free PNI-2 cathodes also exhibited an excellent rate capability at
a current density of up to 5000 mA g~ (Fig. 6d). This excellent
rate performance was confirmed by the highest storage capacity
of 137 mA h ¢~ " (binder-free PNI-1) and 152 mA h ¢~ * (binder-
free PNI-2) being recovered if the current density was turned
back to 100 mA g~ . Furthermore, binder-free PNI-1 and binder-
free PNI-2 cathodes showed exceptional long cycling stability up
to 5000 cycles under a high current density of 2000 mA h g~*
(Fig. 6e). As shown in Fig. 6e, the long cycling capability was
confirmed by maintaining capacity retention >45% and 75% for
binder-free PNI-1 and binder-free PNI-2, respectively. The elec-
trochemical performance further suggested that TPA-PNIs
could serve as multifunctional components in LiBs as active
materials and a binder simultaneously.

Conclusions

We demonstrated an efficient storage capability of newly
designed (TPA-PNIs) that could work as cathodes and anodes
for LiBs simultaneously. By taking advantage of the high
capacity and low solubility of naphthalimide, the hybrid TPA-
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PNIs exhibited outstanding electrochemical performance and
operation durability. The TPA-PNI cathode could deliver a high
specific capacity up to 195 mA h g~ at 50 mA g~ after 100
cycles. A maximum capacity of 1092 mA h g~ could be stored in
the TPA-PNI anode after 100 cycles at 100 mA g~ *. A binder-free
TPA-PNI cathode could deliver a stable cycling performance
with a maximum capacity of ~202 mA h g ' at 50 mA g~ ' after
100 cycles. TPA-PNI electrodes also demonstrated good cycling
stability over 5000 cycles under a high current density of
2000 mA g ', as well as an excellent rate capability up to
5000 mA g~ '. Mechanistic studies revealed that the outstanding
electrochemical performance of TPA-PNIs was closely related
with an appropriate structural design to fine-tune their E,,
charge-stored behavior, and cycling stability.

Experimental section
Materials

4,4’-Diamino-4"-cyanotriphenylamine (Diamine-1),”* N,N-bis(4-
aminophenyl)-N',N"-di(4-cyanophenyl)-1,4-phenylenediamine
(Diamine-3)* and  N,N-di(4-nitrophenyl)-1,4-phenylenedi-
amine” were synthesized according to a previously reported
procedure. Commercially available aromatic tetracarboxylic
dianhydride 1,4,5,8-naphthalenetetracarboxylic dianhydride
(NTDA) (TCI) was purified by vacuum sublimation. Carbon
black, conductive carbon (Super P®; >99% (metal basis)), pol-
yvinylidene fluoride (PVDF; Alfa Aesar), and N-methyl-
pyrrolidone (NMP; >99%; Thermo Fisher Scientific) were
procured. Lithium hexafluorophosphate (LiPFs; 1 M) in
ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 v/v)
were purchased from UBIQ Technology. All materials were
used as received without further purification.

ON NO,
O
H H

O,N NO
1
2

@Q

N,N'-Bis(4-nitrophenyl)-N,N'-di(4-cyanophenyl)-1,4-
phenylenediamine (1). To a solution of 7.32 g (20.88 mmol) of
N,N'-di(4-nitrophenyl)-1,4-phenylenediamine and 5.37 g (43.87
mmol) of 4-fluorobenzonitrile in 70 mL of dried dimethyl sulf-
oxide (DMSO), 6.96 g (45.37 mol) of dried cesium fluoride was
added with stirring, and the mixture was heated at 150 °C for
24 h under a nitrogen atmosphere. The mixture was poured into
methanol/water, and the precipitated red powder was collected
by filtration and reprecipitated by N,N-dimethylformamide/
methanol. The product was filtered to afford 8.58 g (74%
yield) of orange crystals with a melting point of 349-351 °C. FT-
IR (KBr): 1312, 1584 cm ' (NO, stretch), 2223 cm ' (C=N
stretch). "H NMR (500 MHz, DMSO-dg, 6, ppm): 7.19 (d, J =
9.2 Hz, 4H), 7.29 (s, 4H), 7.31 (d, J = 8.8 Hz, 4H), 7.83 (d, ] =
8.8 Hz, 4H), 8.18 (d,J = 9.2 Hz, 4H). *C NMR (125 MHz, DMSO-
de, 6, ppm): 105.87, 118.59 (-C=N), 121.51, 124.18, 125.50,
128.45, 133.94, 141.52, 142.33, 149.34, 151.70. Anal. caled (%)

Nucleophilic
Substitution

4-fluorobenzonitrile (2.10 equiv.),
CsF (2.17 equiv.), 150 °C, 24 h, 74%
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for C3,H,oNzO, (552.54): C, 69.56; H, 3.65; N, 15.21. Found: C,
69.32; H, 4.19; N, 15.15.

ozN NOz z NHZ

@Q @Q

(Diamine-2)

N,N-Bis(4-aminophenyl)-N,N'-di(4-cyanophenyl)-1,4-
phenylenediamine (Diamine-2). In a 250 mL three-neck round-
bottomed flask equipped with a stirring bar under a nitrogen
atmosphere, 9.78 g (17.71 mmol) of dinitro compound 1 and
0.40 g of 10% Pd/C were dissolved/suspended in 100 mL of
tetrahydrofuran. The suspension was heated to reflux, and
5.0 mL of hydrazine monohydrate was added slowly to the
mixture. After the solution had been stirred at a reflux
temperature for 9 h, the solution was filtered to remove Pd/C,
and the filtrate was cooled. The product was collected by
filtration and dried in vacuo at 80 °C to give 8.34 g (96% yield) of
bright-yellow powder with a melting point of 278-283 °C. FT-IR
(KBr): 3359, 3444 cm ™" (N-H stretch), 2220 cm ™" (C=N stretch).
"H NMR (500 MHz, DMSO-ds, 6, ppm): 5.26 (s, 4H, -NH,), 6.62
(d,J = 8.6 Hz, 4H), 6.74 (d, ] = 9.0 Hz, 4H), 6.92 (d, J = 8.6 Hz,
4H), 7.18 (s, 4H), 7.52 (d, J = 9.0 Hz, 4H). "*C NMR (125 MHz,
DMSO-dg, 6, ppm): 99.04, 114.96, 116.31, 119.77 (-C=N),
126.70, 128.61, 132.72, 133.15, 141.93, 147.55, 151.90. Anal.
caled (%) for C;,H, Ny (492.57): C, 78.03; H, 4.91; N, 17.06.
Found: C, 77.71; H, 5.34; N, 17.12.

Preparation of polynaphthalimides (PNIs) by a one-step
method. Three naphthenic polyimides (polynaphthalimides;
PNIs) were synthesized from diamine monomers and dianhy-

Reductlon

Pd/C (4.1 wt%), Hydrazine,
THF, reflux, 9h 96%

dride NTDA. The synthesis of PNI-2 was used as an example to
illustrate the general synthetic route. To a solution of 753.8 mg
(1.54 mmol) of Diamine-2 in 7.0 mL of m-cresol, 410.4 mg (1.54
mmol) of NTDA was added in one portion, then 752.5 mg of
benzoic acid was added. The mixture was heated at 80 °C for 2 h,
and then at 210 °C for 15 h. The obtained polymer solution was
poured slowly into 300 mL of stirred methanol, giving rise to
a brown fibrous precipitate that was collected by filtration,
washed thoroughly with methanol, and dried under a vacuum
at 100 °C. Re-precipitations of the polymer by NMP/methanol
were carried out twice for further purification. The inherent
viscosity of PNI-2 was 0.45 dL g~ * in m-cresol at a concentration
of 0.5 g dL ™" at 30 °C.

Material characterization

Fourier transform infrared (FTIR) spectroscopy was done on
a 6600 system (JASCO). Elemental analyses were run in an
elemental analyzer (VarioEL-III CHNS; Heraeus). NMR spec-
troscopy was undertaken on a FT-NMR spectrometer (AVANCE-
500; Bruker) using tetramethylsilane as an internal reference,
and peak multiplicity was reported as singlet and doublet. The
inherent viscosity was determined at a concentration of 0.5 g
dL™" using a viscometer (TV-2000; Tamson) at 30 °C. TGA was
conducted using a Pyris 1 system (PerkinElmer). Experiments

J. Mater. Chem. A, 2023, 11, 11210-11221 | 11219


https://doi.org/10.1039/d3ta00596h

Published on 11 April 2023. Downloaded on 6/4/2023 7:52:45 AM.

Journal of Materials Chemistry A

were carried out on approximately 6-8 mg film samples heated
in flowing nitrogen or air (flow rate = 20 cm® min~") at a heating
rate of 20 °C min~'. CV was carried out using an electro-
chemical analyzer (MultiPalmSens4; PalmSens). EIS was con-
ducted before and after cycling using an electrochemical
workstation (model 760e; CH Instruments). Cells were charged
and discharged galvanostatically using a battery station system
(AcuTech Systems). The GITT was undertaken using a poten-
tiostat (Squidstat; Admiral Instruments).
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