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Rapid preparation of Imide-based COF Films through
Electropolymerization Integrated  with Low-temperature
Annealing for High-performance Electrochromic Energy Storage

Jinming Zeng,™ Huiling Hou,® Lei Huang,® Zheng Xie,® Qingging Qiu,® Huan Li,> Dongfa Liu,>¢
Putrakumar Balla,? Tongxiang Liang,? Ping Liu*®

Electrochromic energy-storage materials (EESMs) have received tremendous attention in the field of smart windows and
visual energy-storage batteries. Covalent organic frameworks (COFs) are considered as superior candidates for high-
performance EESMs owing to designability of molecular structures, high electron-ion transport rates, and
thermodynamically stable networks. In this present, two triarylamine-based polyimide (TPI) COFs, DFPI and NTPI COF films
were firstly built via a simple and efficient interfacial electropolymerization combined with low-temperature annealing
technology. The electropolymerized mechanism of DFPI and NTPI COF films was elucidated in detail. TPPDA first undergoes
an oxidative nucleophilic substitution reaction at the anode to produce an electrogenerated acid (EGA), followed by a
polycondensation reaction between triphenylamine derivatives and anhydride catalyzed by EGA to form DFPI or NTPI COF
films. Additionally, both the DFPI and NTPI COF films exhibited high-performance electrochromic energy-storage, including
bipolar four color states (red, colorless, green, and blue), high optical contrast (>70%), more than 1000 cycles, and high
specific capacitance (80.9 and 72.2 mAh/g). This work enables the simple and rapid preparation of TPI COF films, which

paved the way for the design and fabrication of TPl COF films for high-performance optoelectronics, electrochemical sensing,

separation membranes, and EESMs.

Introduction

Electrochromic energy-storage materials (EESMs),! which exhibit
reversible optical changes signatures (e.g., in transmittance and
reflectivity) during electrochemical charge-discharge processes, have
attracted considerable attention in the field of smart windows,23
electrochemical visual energy-storage batteries,*® displays,’® and
camouflage technologies.>® In recent vyears, inorganic
compounds,11-121314 grganic molecules,'>16171819 gnd organometallic
complexes?%-2122 have been explored for constructing EESMs. To
achieve high performance, EESMs must possess suitable chemical
structures, fast reaction kinetics, and high chemical stability.
Covalent organic frameworks (COFs), a class of crystalline porous
materials composed of covalently linked organic building blocks,?3
have emerged as a promising platform for separation membranes,?*
photo-electrocatalysis,?>2¢ electrochemical energy storage,?’?8 and
EESMs.2%30 Their appeal lies in the tunability of molecular structures,
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inherently high electron/ion transport and excellent chemical
stability of the porous covalent crystalline frameworks. Nevertheless,
the exploration on the EESMs based on COFs remains in its infancy.
In 2019, Wang et al.3! first fabricated a COFsparr electrochromic film
via a solvothermal method, which exhibited superior switching speed
and stability compared to amorphous polymer films of the same
composition. Thereafter, only a limited number of studies have
reported conventional imine-based COF electrochromic films.3>
33343536 Additionally, “Donor-Acceptor” type and semi-conjugated
imine-based COFs have been designed and synthesized to enhance
electrochromic performance.3”:38 Despite these efforts, existing COF-
based electrochromic films still face two major challenges. Firstly, the
performance of COF electrochromic materials requires further
enhancement through molecular structure design. Although imine-
based COFs have been employed as electrochromic materials, it
remains difficult to achieve simultaneously a highly transparent state,
high optical contrast, and bipolar electrochromic behavior. Secondly,
most imine-based COF films are still synthesized via conventional
solvothermal methods, which involve harsh reaction conditions,
tedious procedures, long processing times, and limited scalability
factors that severely hinder practical application. Therefore, it is both
urgent and highly important to develop high-performance COF-
based EESMs through rational molecular design alongside simpler
and more efficient synthetic routes.

The synthesis of covalent organic frameworks (COFs) can be
facilitated by various external energy sources, including microwave
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Scheme 1 Diagrams of the structure and synthesis of a) imine-based COF and b) imide-based COF film.

irradiation,324° ultrasound,*! mechanical force,*? light,** plasma,**
electric fields, and electron beams.*> Among these methods,
interfacial electrochemical polymerization has garnered significant
interest for the construction of COF films on electrode surfaces due
to its simplicity, rapid processing, controllability, and the
integration of polymerization and film formation into a single step.
In 2019, De Feyter et al. reported the electric-field-mediated
synthesis of boroxine-based COF films on a highly oriented pyrolytic
graphite (HOPG) surface. This method enables localized initiation of
on-surface polymerization at room temperature.*> More recently,
Nejati, Inagi, Jiang, Qiu, and their colleagues have successfully
fabricated a series of imine-based COF films via electrochemical
interfacial polymerization (Scheme 1).3646-4748 Although several
boroxine- and imine-based COF films have been prepared using
electrochemical interfacial polymerization, their practical
application in high-performance electrochromic energy storage
materials (EESMs) has been limited by insufficient chemical stability
and difficulties in achieving a colorless transparent state. By
contrast, triphenylamine-based polyimides have demonstrated
robust electrochemical stability, colorless transparency, high
optical contrast, and bipolar electrochromic energy storage
behavior. Our research group has also reported triphenylamine
polyimide COF (TPI COF) films that exhibit high-performance bipolar
electrochromic energy storage.?®3° Nevertheless, to the best of our
knowledge, the preparation of imide-based COF films via a simple
and rapid electrochemical interfacial polymerization route remains
unreported and represents a considerable challenge. Therefore, it
is of great scientific and practical importance to develop TPI COF
films through electrochemical interfacial polymerization to achieve
advanced electrochromic energy storage performance.

In this work, two triphenylamine polyimide covalent organic
framework (TPI COF) films, denoted as DFPI and NTPI were firstly
synthesized on electrode surfaces via electrochemical interfacial
polymerization using triphenylamine derivatives and dicarboxylic
anhydride monomers, followed by a low-temperature annealing

2| J. Name., 2012, 00, 1-3

Step (Scheme 1). This approach offers a straightforward and
efficient route, significantly reducing the preparation time from
several days to just a few hours while successfully constructing TPI
COF films. Both DFPI and NTPI COF films exhibited a colorless
neutral state and demonstrated bipolar electrochemical redox
behavior.  Furthermore, they displayed high-performance
electrochromic energy storage properties, including bipolar four
color states (light red, transparent, yellow-green, and blue)

switching, high optical contrast, and substantial specific
capacitance. Notably, the electropolymerization and
electrochromic mechanisms of the TPl COF films were

systematically elucidated. The process begins with the oxidative
nucleophilic substitution of TPPDA at the anode, generating an
electrogenerated acid (EGA). This is followed by an EGA-catalyzed
polycondensation between the triphenylamine derivatives and
dicarboxylic anhydride monomers, leading to the formation of the
TPI COF framework. The anodic electrochromism is attributed to
the formation of nitrogen-centered cationic radicals through
electrochemical p-doping of the triphenylamine units, whereas the
cathodic electrochromism arises from oxygen-centered anion
radicals generated via n-doping of the carbonyl groups. This work
establishes a simple and rapid method for fabricating TPl COF films,
paving the way for their application in high-performance
optoelectronics, electrochemical sensing, separation membranes,
and advanced electrochromic energy storage systems.

Results and Discussion
Composition and structures of DFPI and NTPI COF films

The DFPI and NTPI COF films were directly fabricated on ITO glass
substrates through interfacial electropolymerization followed by
low-temperature annealing (LTA). As depicted in Fig. S1 and S2, no
discernible 'H NMR signals corresponding to amino hydrogen were
observed in the chemical shift range of 3.0-5.0 ppm.*° Furthermore,
the hydrogen environments in both DFPI and NTPI were clearly

This journal is © The Royal Society of Chemistry 20xx
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identified, confirming the successful formation of the TPl COF via
interfacial electropolymerization. To enhance the crystallinity of
the DFPI and NTPI COF films, a low-temperature annealing
treatment was applied. As illustrated in Fig. 1c and 1d, the
absorption peaks observed at approximately 1710 cm™ for DFPI
COF and 1730 cm™ for NTPI COF after annealing, which assigned to
the C=0 stretching vibrations of the five- and six-membered imide-
based rings, respectively.?’ Additionally, a fresh peak attributed to
the C—-N—-C emerged around 1310 cm?, while the characteristic N-H
stretching vibration of TPPDA at 3380 cm™ was absent, indicating
complete imidization.>® These results collectively demonstrate the
successful synthesis of both DFPI and NTPI COF films through the
integrated approach of interfacial electropolymerization and low-
temperature annealing.

To evaluate the crystallinity of DFPI and NTPI COFs, their X-ray
diffraction (XRD) plots were acquired. As shown in Fig. 1e, both COF
powders exhibit diffraction signals corresponding to crystalline
ordering within the low-angle range of 1°-10°. DFPI displays a

ARTICLE

broadened peak centered around 8.89°, reflecting itg limited long:
range structural periodicity, while NTPI presentsitws cdiscerdilsie
peaks at 6.93° and 8.92°, demonstrating relatively higher
crystallinity compared to DFPI. This is attributed to the high
planarity of the NTCDA skeleton.>! It should be emphasized that the
characteristic peaks of the COFs do not appear in the PXRD patterns
of the original monomers (Fig. S3), which confirms that the
diffraction signals originate from the COF phase rather than residual
monomers. Fig. 1f shows that a wide packet peak occurred in the
range of 8-10° for DFPI COF film, suggesting low crystallinity was
acquired. By contrast, a sharp peak at 8.73° appeared for the NTPI
COF film, indicating relatively higher crystallinity was obtained,
which was consistent with that of the DFPI and NTPI COF powders.
High-resolution transmission electron microscopy (HRTEM)
was further used to obtain the crystal structures of the DFPI and
NTPI COF films. As illustrated in Fig. 1g and Fig. S4, both films
exhibited clear lattice fringes and electron diffraction patterns,
confirming their crystallinity. The NTPI COF film demonstrated
higher crystallinity than the DFPI COF film, which aligned with the
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Fig. 1 (a) synthetic scheme and (b) route diagram of DFPI and NTPI COF films by interfacial electropolymerization integrated with low-temperature annealing;
(c) the FT-IR spectra of TPPDA, DFD and DFPI COF; (d) the FT-IR spectra of TPPDA, NTCDA and NTPI COF; XRD patterns of DFPI, NTPI COF (e) powders and (f)

films; HRTEM image of NTPI COF film (inset is electronic diffraction pattern).

results of their XRD patterns. The measured lattice spacings were
0.331 nm for DFPI COF and 0.312 nm for NTPI COF. The larger
interplanar distance in DFPI COF may result from the three-

This journal is © The Royal Society of Chemistry 20xx

dimensional warped structure of the DFD unit.>2 Collectively, these
results demonstrated the successful growth of crystalline
triphenylamine-based polyimide (DFPI and NTPI) COF films on ITO

J. Name., 2013, 00, 1-3 | 3
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glass via interfacial electropolymerization combined with low-
temperature annealing. In addition, the BET surface areas and pore
size distributions of DFPI and NTPI COF films were also determined

from N; adsorption-desorption isotherms measured at 77 K (Fig. S5).

Their BET surface areas were 18.79 and 22.67 m?/g, respectively.
Pore size analysis revealed that DFPI COF primarily contained
mesopores in the range of 2~20 nm, while NTPI COF exhibits a
hierarchical porous structure, containing micropores of 1~2 nm and
mesopores of 2~15 nm. This nanoporous architecture was
anticipated to facilitate ion transport and provide ample space to
accommodate volumetric variations during ion insertion and
extraction, thereby enhancing the optical contrast, response speed,
and charge-discharge kinetics of EESMs,30:32-33343536

The surface morphologies of DFPI and NTPI COF films were
meticulously characterized using scanning electron microscopy
(SEM). As illustrated in Fig. 2a and 2d, both the DFPI and NTPI COF
films displayed uniform morphology at low magnification.
Specifically, the DFPI COF films exhibited a sandwall-like structure
composed of small nanoparticles (Fig. 2a). The NTPI COF films
showed a rougher micromorphology, featuring a nano-textured
structure constructed by both spherical nanoparticles and rod-like

Journal Name

structures with a diameter of approximately 200 ama(Fig.028)
Among these components, the rod-like striR®lirds & o regdrdéd
as secondary morphologies formed by the ordered assembly and
stacking of spherical nanoparticles as the basic building units.
Energy-dispersive X-ray spectroscopy (EDS) confirmed the
homogeneous distribution of N, O, and C elements across both the
DFPI and NTPI COF films (Fig. 2b and 2e), with no evidence of
localized enrichment or depletion. Compared to the films prepared
without low-temperature annealing (Fig. S6 and S7), the annealed
DFPI and NTPI COF films exhibited larger nanoparticle sizes,
attributing to molecular reorganization during annealing, which
enhanced crystallinity and structural stability. Atomic force
microscopy (AFM) was further used to obtain surface topography
(Fig. 2f and S8). The measured surface roughness values were
approximately +60 nm for DFPI and 200 nm for NTPI COF films,
which was consistent with the SEM observations. Additionally, the
growth mechanism of the films both surface and bottom layers
consisting of small nanoparticles. In contrast, the NTPI COF film
exhibited a mixed growth mechanism: the bottom layer showed

] ITO (~200 nm)

-- NTPI COF (~360 nm)

200.0 nm

-200.0 nm

Height Sensor

200.0 nm

-200.0 nm

1
Height Sensor H
1

Flg 2 SEM images and EDS of (a), (b) DFPI COF and (d), (e) NTPI COF fllms (c) cross- sectlonal SEM and (f) AFM images of NTPI COF film; ex-situ SEM images of
(g) DFPI COF and (h) NTPI COF films at electropolymerization for 10's, 50's, 100 s, 150 s, and 200.

island-layered with small nanoparticles, while the surface layer
underwent island growth with larger nanoparticles (Fig. 2h). Cross-

4 | J. Name., 2012, 00, 1-3

sectional SEM images revealed film thicknesses of approximately
230 nm for DFPI and 360 nm for NTPI COF films (Fig. 2c and S9).

This journal is © The Royal Society of Chemistry 20xx
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To determine the lowest critical electrodepositign, voltage for
Electropolymerization mechanism of DFPI and NTPI COF films DFPI and NTPI COF films, in situ UV-vis antPRaMERFIPECrEeopy
were performed at various electropolymerization voltages in
DFD/TPPDA and NTCDA/TPPDA solutions, respectively. Since
copper substrates did not exhibit significant Raman signals (Fig. 3e),
detailed mechanistic studies were conducted using copper as the
working electrode for in-situ electropolymerization of DFPI and
NTPI COF films. UV-vis spectra of the NTCDA/TPPDA and
DFD/TPPDA electrolyte solutions showed no notable changes
within the voltage range of 0.0 V to +0.6 V (Fig. 3b and S11b).
However, upon increasing the voltage from +0.8 Vto +1.6 V, a broad
absorption band emerged around 1100 nm, attributed to
intravalent charge transfer (ICT) within TPPDA** radicals.2>53 An
additional band appeared at approximately 723 nm when the
voltage was raised from +1.0 V to +1.6 V, corresponding to the
formation of TPPDA?** species.?’ Concurrently, DFPI and NTPI COF
films were progressively deposited on the ITO substrate at

To acquire high-quality DFPI and NTPI COF films through
electropolymerization followed by low-temperature annealing, and
their  underlying electropolymerization  mechanism  was
systematically investigated. Cyclic voltammetry (CV) curves of all
raw monomer (DFD, NTCDA, TPPDA, DFD/TPPDA, and
NTCDA/TPPDA) for the preparation of DFPl and NTPI COF films were
investigated. As shown in Fig. 3a, the dicarboxylic anhydride
monomers (DFD and NTCDA) exhibited no redox activity within the
potential window of —0.2 V to +1.2 V. By contrast, TPPDA displayed
a distinct onset oxidation potential at approximately +0.1 V. Linear
sweep voltammetry (LSV) results further supported these
observations, as demonstrated in Fig. S10. These results indicated
that the electropolymerization of DFD/TPPDA and NTCDA/TPPDA
was initiated by the electrochemical oxidation of TPPDA, which was
consistent with previous report.5?
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Fig. 3 (a) First-cycle CV curves of DFD, NTCDA, TPPDA, DFD/TPPDA, NTCDA/TPPDA electrolyte solution; (b) the in-situ UV-vis spectra of NTCDA/TPPDA
electrolyte solution, the in-situ Raman spectra of (d) TPPDA electrolyte solution, (e) and (f) NTCDA/TPPDA electrolyte solution at different voltages; (c) the in-
situ UV-vis spectra of NTCDA/TPPDA electrolyte solution, the in-situ Raman spectra of (g) DFD/TPPDA electrolyte solution, (h) and (i) NTCDA/TPPDA electrolyte
solution at electropolymerization of +1.0 V voltage for 200 s; (j) the proposed electropolmerization mechanism of DFPI and NTPI COF films.
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voltages above +0.8 V, as visually confirmed by the inset
photographs. These results indicated that a minimum voltage of
+0.8 V was required for the successful electropolymerization of
DFPI and NTPI COF films. Although the in situ UV-vis spectra of
TPPDA alone (Fig. S11a) were similar to those of the monomer
mixtures, while electrodeposition of poly-TPPDA on ITO required a
higher voltage (> +1.2 V), as shown in the inset of Fig. S11a. This
difference may be attributed to the moderate solubility of TPPDA
oligomers in dichloromethane (DCM). To avoid concurrent
deposition of poly-TPPDA during the DFPI or NTPI COF film growth,
the electropolymerization voltage was maintained at +1.0 V. In situ
Raman spectroscopy was further employed to probe structural
changes in DFD, NTCDA, TPPDA, and their mixtures under applied
voltages (Fig. 3d-f, $12-S14). No significant Raman shifts or intensity
changes were observed for DFD or NTCDA between 0.0 V and +1.2
V, confirming their electrochemical stability and the absence of
deposition. In contrast, for TPPDA electrolyte solution,
characteristic peaks emerged and intensified at applied voltages
from +1.2 V to +1.8 V, including ring deformation modes at 810 cm~
1 (benzene-type, B) and 905 cm™ (quinone-type, Q), C—H bending at
1156 and 1176 cm™, C—N stretching at 1275 and 1346 cm™ (cationic
and neutral forms, respectively), and C=C stretching at 1586 and

1610 cm™ (B and Q),>*>>indicating electrodeposition of poly-TPPDA.

For DFD/TPPDA and NTCDA/TPPDA mixtures, similar Raman
features appeared and intensified at potentials as low as +0.8 V,
further confirming the electrodeposition of DFPI and NTPI COF films
at this threshold. These results demonstrate that TPPDA** radicals
were essential intermediates in the electropolymerization process.
Based on  previous studies on aromatic diamine
electropolymerization,?%>¢ it could be inferred that TPPDA** radicals
were unstable and underwent electrophilic substitution on the
benzene ring, accompanied by generating electrogenerated acid
(EGA). Meanwhile, C-N bonds in TPPDA oligomers convert to C=N
linkages, accompanied by EGA formation on the ITO surface. At
higher potentials, TPPDA** could further polymerize into poly-
TPPDA, also releasing EGA. The presence of EGA catalyzed the
polycondensation between TPPDA and dicarboxylic anhydride
monomers (DFD or NTCDA), reducing the reaction energy barrier
and enabling interfacial electropolymerization at room
temperature. A schematic illustration of the proposed
electropolymerization mechanism is depicted in Fig. 3j.

To further elucidate the electropolymerization process of DFPI
and NTPI COF films, in situ UV-vis and Raman spectra were acquired
during potentiostatic deposition at +1.0 V for 200 s, as shown in Fig.
3c and Fig. S15. The UV-vis results revealed a gradual increase in
absorption peaks around 1100 nm and 800 nm, corresponding to
TPPDA** and TPPDA?** species, respectively, from 0 to 200 s. This
spectral evolution was assigned to the gradually p-doping of TPPDA,
as well as the growing COF frameworks (DFPI or NTPI). The inset in
Fig. 3b clearly shows that NTPI COF film began to deposit on the ITO
substrate after approximately 50 s. Furthermore, the in situ Raman
spectra (Fig. 3g-i) exhibited the emergence and gradual
intensification of characteristic vibrational modes over time. For
DFPI COF, peaks at approximately 1169 cm™® (C-H bending,
quinone-type), 1270 cm™ (C—N stretching, cationic), 1582 cm, and
1611 cm™ (C=C stretching, benzene- and quinone-type) became
detectable after 20 s. Similarly, for NTPI COF, signals at around 1172

6 | J. Name., 2012, 00, 1-3

cm? (C-H, Q), 1280 cm™* (C-N, cationic), 1578 cm?, apnd 163dcm:d
(C=C, B and Q) appeared after 40 s. These r&XQitsFi PP eonfirméd
that TPPDA** radicals were essential intermediates in the
electropolymerization process of both COF films. The
electrogenerated acid (EGA), produced via nucleophilic substitution
between TPPDA** and neutral TPPDA, initiated and catalyzed the
electropolymerization, enabling the formation of highly ordered
DFPI and NTPI COF structures under mild electrochemical
conditions.

Electrochemical propertie

CV measurements of DFPI (Fig. S16a) and NTPI (Fig. S17a) COF films
were conducted in a standard three-electrode system under both
positive and negative potential windows. They exhibited two
distinct pairs of redox peaks in the anodic region. The first and
second oxidation peaks correspond to the formation of the
monocationic radical (TPPA**) and dicationic radical (TPPAZ**) of
N,N,N’,N'-Tetraphenyl-1,4-phenylenediamine (TPPA),
respectively.?>53 In the cathodic region, two pairs of redox peaks
were observed, attributed to the stepwise reduction leading to the
monoanionic radical (DFD™*) and dianionic radical (DFD%**) of the
dicarboxylic anhydride unit.>2 These results confirmed the bipolar
electrochemical activity of both DFPI and NTPI COF films. To further
identify the electrochemically active sites in NTPI COF, the
electrostatic potential (ESP) of a representative molecular model
was computed using density functional theory (DFT). Fig. 4a shows
that the highest positive ESP values were localized at the two
nitrogen atoms of the TPPA moiety (excluding the amine group),
indicating their tendency to lose electrons during electrochemical
p-doping. Conversely, the most negative ESP values are located at
the oxygen atoms of the NTCDA unit, suggesting their affinity for
gaining electrons during n-doping. Based on the CV results and ESP
analysis, the electrochemical redox mechanisms for DFPl and NTPI
COFs were schematically illustrated in Figure S16b and S17b,
respectively. Furthermore, CV measurements were performed at
various scan rates to evaluate the ion transport kinetics within the
DFPI and NTPI COF films. The plots of the peak current density (jp)
vs. square root of the scan rate (v*/2) are shown in Figure S18, 4b,
and 4c. The diffusion coefficient of ClO4~ (Dcio,-) was calculated
using the Randles-Servcik equation330:
DV2 = j,/(Cn¥?ACovY2)

where C, A (cm?), and Cp (mol/L) represent constant 2.69x105,
effective area of the COF film electrode, and the concentration of
ClOy4, respectively. The n represents the number of electrons during
the electrochemical redox of COF films. The values of Dcio,- were
listed in Table S1. The results displayed that DFPl and NTPI COF films
exhibited suitable Dcio,- owing to the crystalline porous structure.

The charge transfer resistance (R) of DFPI and NTPI COF film
electrodes was further evaluated through electrochemical
impedance spectroscopy. As shown in Fig. S19, the Nyquist plots
contained a semicircle in the high-frequency region and a linear
segment in the low-frequency region. The equivalent circuit model
used for fitting is presented, where R., Cq, and W, denote the
charge transfer resistance, double-layer capacitance between the
substrate and the COF film, and the Warburg diffusion element,
respectively. The R values were determined to be 108.7 Q for DFPI
and 82.7 Q for NTPI COF films (Table S1), indicating reasonably low

This journal is © The Royal Society of Chemistry 20xx
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charge transfer resistance in both the DFPI and NTPI COF films. The progressively increased at 753 nm for DFPI and 736,pm,for. NTPL
high diffusion coefficient of ClO4™ ions (Dcio,-) and low R values corresponding to electronic transitions 6OTPPAZIO/DHEEREZES
suggested efficient ion transport and charge transfer kinetics, which Meanwhile, the absorption peaks at 1020 and 1041 nm initially
were  conducive to rapid electrochromic  switching increased and then decreased within this voltage window. Under
performance.?7 negative bias (0.0 V to 2.0 V), both the DFPI and NTPI COF films
exhibited increased absorption between 400 nm and 600 nm,

Electrochromic performance . o .
accompanied by a color transition from transparent to light red.

g Spectroelectrochemical analyses were used to elucidate the These results demonstrated that DFPI and NTPI COF films displayed
§ electrochromic features of DFPI and NTPI COF films. They displayed four color states (||ght red' transparent, ye"ow-green, and blue) and
jr poor absorption across the visible to near-infrared regions in the bipolar electrochromic behavior.
@ neutral state, resulting in a highly transparent appearance, as To elucidate the electrochromic mechanisms of DFPI and NTPI
é- shown in Fig. S20 and Fig. 4c As the applied voltage increased from COF films, in-situ Raman spectroscopy was performed during
. 2_ 0.0 V to approximately +0.8 V, the absorption band at 350 nm electrochromic cycling. As shown in Fig. 4e and 4f, the peaks at 1269
g % gradually decreased, but a new bands emerged at 1020 nm for DFPI cm* (C-N, cationic) and 1610 cm™ (C=C, quinone-type) intensified
~ B8 . .
o8 COF and 1041 nm for NTPI COF, accompanied by a color transition gradually as the vloltage mcreased from.+0.7 Vto +1.6 V, while the
g E from transparent to yellow-green. These new absorption features peak at 1166 cm (C-H, qumone-'prt.e) increased notably between
= & . s e . . +1.1 V and +1.6 V. These results indicated that the yellow-green
e were attributed to ICT within TPPA** radical species. Upon further .
N5 . ing th ltage f +0.8V 0 +1.6 V. the films t tioned state (+1.0 V) and blue state (+1.6 V) of NTPI COF film were
g i Increasing the voltage trom o ? - € tims ra.n5| lone associated with the formation of TPPA** and TPPAZ** species,
a % from yellow-green to blue, with the intensities of absorption peaks respectively.5455 Furthermore, the in-situ Raman spectra
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Fig. 4 (a) ESP of molecule model, of NTPI COF; (b) positive CV curves of NTPI COF film at different scan rates; (c) spectroelectrochemistry and electrochromic
digital photos of NTPI COF film; (d) plots of the j, vs. v}/ of NTPI COF film; (e) and (f) in-situ Raman spectra of NTPI COF film electrochromism; (g) C 1s, (h) N
1s, and (i) Cl 2p XPS spectra of NTPI COF film in the bleached and anodic colored states; (j) response time of DFPI and NTPI COF films; (k) electrochromic cycling
life of NTPI COF film.
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exhibited excellent reversibility when switching between +1.6 V
and -1.0 V, suggesting high structural stability during the

Journal Name

(neutral) and C-N**—C (cationic) species, respectively.(Fig:4h-and
$22b).2930 The persistence of the C—-N*-©@eaR id3HeSHlea¢héd

electrochromic process. Similar Raman behavior was observed for
the DFPI COF film (Fig. 521).

To further corroborate the electrochromic mechanism, ex-situ
XPS analysis was conducted on both bleaching (0.0 V) and coloring
states. In the bleached state, the C 1s spectra of DFPI and NTPI COF
films were deconvoluted into three components, 284.83, 285.69,
288.60 eV for DFPI COF, and 284.81, 285.79, 288.39 eV for NTPI COF,
corresponding to C=C, C—C, and C=0 bonds, respectively.>® Under
anodic coloring (+1.6 V), the C—C peak exhibited a slight blue shift
due to the formation of quinoid-type structures (TPPA** and
TPPAZ**), as illustrated in Fig. 4g and S22a. The N 1s spectra in the
bleached state displayed peaks at 399.96 and 402.31 eV for DFPI
COF, 399.79 and 402.21 eV for NTPI COF, assigned to C-N-C

state was attributed to residual ClO,~ anions complexed with the
cationic nitrogen sites, as confirmed by the presence of Cl 2p signals
(Fig. 4i and S22c). Upon anodic polarization, the intensity of the C—
N—-C peak decreased while that of C—-N**—C increased, consistent
with the oxidation of triphenylamine units. Concurrently, enhanced
intensities of Cl 2p and O 1s peaks (Fig. S22d and S23) indicated the
insertion of ClO* anions during coloring, aligning with the in-situ
Raman results. For the cathodic electrochromic process, XPS
spectra were acquired at —2.0 V. The C 1s peak corresponding to
C=0 (288.34 eV for DFPI, 288.39 eV for NTPI) decreased in intensity,
while a new peak emerged at 286.82 eV (C—O* for DFPI COF) and
286.83 eV (C-0O* for NTPI COF), suggesting reduction of carbonyl
groups.>&5°
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Fig. 5 (a) Plots of Log ip vs. Log v for the electrochemical redox peaks of the NTPI and DFPI COF films; normalized contribution ratios of capacitive and diffusion-
controlled currents versus scan rates of (b) DFPI and (c) NTPI COF films; (d) GCD curves of DFPI and NTPI COF films at 0.1, 0.2, 0.4, and 0.5 mA/cm?; (e) the
plots of Csp vs. current density of DFPI and NTPI COF films; (f) comparison of COF-based electrochromic energy-storage performance; (g) optical transmittance
spectra of the flexible ECDs based on NTPI COF in the bleached and colored states (insets are electrochromic digital photos); (h) electrochromic response and
(i) long-term cycling stability of the flexible ECDs based on DFPI and NTPI COF films.
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Deconvolution of the O 1s region revealed components at 532.91
eV and 531.64 eV for DFPI COF, 533.03 eV and 531.51 eV for NTPI
COF, assigned to C=0 and C-O" species, respectively,® further
confirming the formation of radical anions during cathodic
polarization. These results were consistent with previously
reported bipolar electrochemical energy storage mechanisms in
triphenylamine-based polyimide films.272°

The electrochromic performance of DFPI and NTPI COF films
was further evaluated by measuring the switching times (coloration,
t, bleaching, ts) and optical contrast (AT). Fig. 4j presents the time-
dependent transmittance curves recorded during the switching
process. The results suggested that the AT values reached
approximately 70.5% at 753 nm for DFPI and 70.0% at 736 nm for
NTPI COF films. Notably, both films maintained high AT across
visible and near-infrared regions. Moreover, the films exhibited
reasonably fast switching speeds, with t./t, values of 4.1/5.9 s for
DFPI COF and 3.8/5.6 s for NTPI COF, demonstrating efficient
electrochromic switching kinetics.

Cycling stability is a critical parameter for evaluating the
practical applicability of EESMs. To assess the durability of DFPI and
NTPI COF films, long-term coloring/bleaching tests were conducted
through a UV-vis spectrometer coupled with an electrochromic
cycling tester. The transmittance of the films was monitored under
repeated square-wave voltage cycling between—1.6 and +1.6 V. Fig.
S26a and 4k show that the transmittance of DFPI and NTPI COF films
remained highly unchanged even after 100 electrochromic cycles.
Furthermore, chronoamperometry was employed to further
evaluate electrochromic cycling stability. Fig. S26b and Fig. 4| show
negligible attenuation in peak current after 1000 cycles,
demonstrating exceptional electrochromic cycling durability.The
structural stability during cycling was also further investigated using
in-situ Raman. As illustrated in Fig. S27, the characteristic Raman
peaks of both the DFPI and NTPI COF films remained unchanged
after 500 cycles, with no emergence of new peaks or peak shifts,
indicating no detectable chemical degradation over extended
operation. Additionally, we also performed FT-IR spectroscopy
analysis on the DFPI and NTPI COF films after 1000 cycles (Fig. S28).
both films retained clear C-N-C stretching vibration peaks around
1310 cm? after cycling, with no significant peak shift observed. This
indicates that the imine bonds remained stable during the cycling
process and no cleavage or degradation occurred. Meanwhile, the
C=0 stretching vibration peaks of the imide ring, which were at
1710 cm* for DFPI COF and 1730 cm™ for NTPI COF, and no obvious
changes appeared. This phenomenon is attributed to the reversible
interactions between electrolyte ions and carbonyl groups during
the cycling process. The results of FT-IR spectra further confirmed
that both the DFPland NTPI COFs remained stable after 1000 cycles.
The remarkable cycling stability of DFPI and NTPI COF films could be
attributed to their robust chemical structures, which remained
intact throughout repeated electrochemical redox processes. The
coloration efficiency (n) of DFPI and NTPI COF films also was
acquired according to the previous reported method*:

n=(Log(Tw/Tc))/Q

where Q and Log(Ty/T.) stand for the charge density and
optical density, respectively; Tp and T, represent the transmittance
of bleaching and coloring states of EESMs, respectively. It could be
calculated that the n values of DFPI and NTPI COF films were 114.8

This journal is © The Royal Society of Chemistry 20xx
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and 169.9 cm?/C, respectively, as depicted in Fig. S29.Theboth P!
and NTPI COF films exhibited high n valu@mby18&9duece/théw
transparent state and high electron/ion transport rates.

Energy-storage performance

DFPI and NTPI COF films represent favorable candidates for high-
performance EESMs, due to their outstanding electrochemical
redox activity and high structural stability. A detailed investigation
into the electrochemical energy storage performance and
mechanism of DFPI and NTPI COF films was conducted. The kinetic
characteristics of charge storage were evaluated by analyzing the
relationship between current density (i) and v using the
equation32°;
i=avb.

As shown in Fig. 53, the calculated b values of peaks 2/2' were
0.885/0.867 for the DFPI, and 0.699/0.796 for the NTPI COF films.
These results indicated a mixed charge storage mechanism
involving both diffusion-controlled and capacitive processes during
the electrochromic energy-storage operation of the films.3° The
contributions of diffusion- and capacitive-controlled processes
were quantitatively analyzed using the equation?®30;

i(v) = kyv + kov'/2
Where k,v'/2 corresponds to the diffusion-controlled process and
kv represents the capacitive contribution. As shown in Fig. 5b and
5c, the capacitive contribution increased from 69.53% to 85.21% for
the DFPI COF film and from 41.67% to 69.23% for the NTPI COF film
as the v was increased from 10 to 90 mV/s. The dominance of
capacitive behavior at higher v, suggesting the electrochemical
processes occur mainly at the electrode surface.3® These results
highlight the significant pseudocapacitive characteristics owing to
the reversible redox reactions of the TPPA groups. Furthermore, the
pseudocapacitive performance of DFPI and NTPI COF films was
evaluated through galvanostatic charge-discharge (GCD)
measurements at different current densities. Their GCD curves
showed typical pseudocapacitive behavior, as illustrated in Fig. 5d.
The specific capacity (Csp) was calculated using the following
equation®2°:
Cop=IAt/m

Where I, At, and m denote the current, charge or discharge
time, and the mass of the active material on the electrode,
respectively. The DFPI and NTPI COF films delivered high Cs, of 80.9
and 72.2 mAh/g, respectively, at a current density of 0.1 mA/cm?2.
Moreover, both films maintained stable C, values with negligible
decay as the current density increased from 0.2 to 0.5 mA/cm?,
demonstrating excellent rate capability. The combination of high
electrochromic performance and superior electrochemical energy
storage properties indicated that DFPI and NTPI COF films are
favorable candidates for dual-functional EESMs applications.

Flexible electrochromic devices

Considering that the imide-based COF films could be built on the
flexible transparent electrodes through electropolymerization
combined with low-temperature annealing. To assess the latent
applicability of DFPlI or NTPI COF films, and their flexible
electrochromic devices (ECDs) were assembled, ECD 1 (structure:
PET/ITO/DFPI COF/PC+TBAP/ITO/PET) and ECD 2 (structure:

J. Name., 2013, 00, 1-3 | 9
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PET/ITO/NTPI  COF/PC+TBAP/ITO/PET). The electrochromic
performance of ECD 1 and 2 were investigated. Fig. S30 and 5g show
that both the ECD 1 and 2 displayed four color states (light red,
transparent, yellow-green, and blue) and bipolar electrochromism.
Their AT were 53.2% at 753 nm and 56.2% at 736 nm, as well as the
tb/tc of ECD 1 and ECD 2 were 12.4/7.2 s and 13.9/5.0 s,
respectively, as shown in Fig. 5h and S30. In addition, Figure 5i
illustrates that the AT of ECD 1 and ECD 2 remained unchanged after
2200 s cycles, indicating the suitable cycling stability was acquired.
The triphenylamine-based imide COF film prepared by electro-
polymerization combined with low-temperature annealing shows
great potential in the field of high-performance flexible
optoelectronics, electrochemical energy  storage, and
photoelectrocatalysis.

Conclusions

In a word, we developed a facile electropolymerization combined
with low-temperature thermal annealing process to successfully
prepare TPI-COF (including DFPI and NTPI COFs) films on electrode
surfaces. The results demonstrated that compared to DFD with a
twisted spatial configuration, the planar-structured NTCDA and
TPPDA more readily form NTPI COF films with higher crystallinity
through this process. Both the DFPI and NTPI COF films exhibited
multiple outstanding properties: a transparent bleached state,
bipolar electrochromic behavior, four color states, high optical
contrast of 70%, robust cycling stability (maintained unchanged
performance after 1000 cycles), and relatively high specific
capacitance values (80.9 mAh/g and 72.2 mAh/g, respectively).
Mechanistic studies revealed that the electropolymerization
process initially involves anodic oxidative nucleophilic substitution
of TPPDA to generate EGA, followed by EGA-catalyzed
polycondensation between TPPDA and dianhydride to form the
polyimide COF structure. Further electrochromic mechanism
analysis indicated that the anodic coloration originates from TPPDA
oxidation forming mono-/di-cation radicals, while the cathodic
coloration results from carbonyl reduction generating oxygen anion
radicals. The triphenylamine-based imide COF film prepared by
electropolymerization combined with low-temperature annealing
shows great potential in the field of high-performance flexible
optoelectronics, electrochemical energy  storage, and
photoelectrocatalysis.
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