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Introduction

Cu-based coordination polymer@GO for
supercapacitor and solid-state proton
conduction applications

Richa Rajak, =) Kushagra Sinha, Sweety Gupta® and Amit Paul (2 *

Redox-active linkers containing conjugated coordination polymers (CPs) are promising materials for
energy storage/conversion devices owing to their superior multi-electron redox properties compared to
conventional CPs. Further incorporation of conducting materials into CPs can be an effective approach
towards upgrading their electrochemical performance. In this work, a redox-active N,N-di(4-pyridyl)-
1,4,5,8-naphthalenetetracarboxydiimide (DPNDI) linker self-assembled with the Cuf(i) ion has been
synthesized, introducing a 3D supramolecular structure of [Cu(DPNDI)(NO=),(CHsCN)],, (Cu-CP).
Benefitting from the advantage of graphite oxide (GO) and redox-active Cu-CP, herein, we report the
fabrication of a Cu-CP@GO composite through a solvothermal approach. Cu-CP@GO exhibited an
excellent specific capacitance of 178 F g™ at 0.6 A g% in a three-electrode configuration, significantly
higher than that of pristine Cu-CP. Furthermore, a two-electrode symmetric device made of
Cu-CP@GO exhibited a high specific capacitance of 93 F g~* at 0.5 A g~* and a cycling stability of 96%
after 5000 cycles (50 h), in spite of in situ generation of radical anions during redox transitions. This was
attributed to excellent charge delocalization in the m-network of the NDI ligand and GO. Additionally,
Cu-CP@GO demonstrated a high solid-state proton conductivity of 1.4 x 107> S cm™* at 95 °C and
95% RH, along with a low activation barrier of 0.33 eV, revealing proton migration by the Grotthuss
mechanism. This exceptional supercapacitor performance and solid-state proton conductivity of
Cu-CP@GO are attributed to the enhanced electrical conductivity resulting from the synergistic effect of
CP and GO.

by using surface or near-surface redox processes.’ They have
important applications in rapid energy storage and electric

In recent decades, increasing energy demand has compelled
scientists to develop efficient energy storage devices with high
energy and power densities. Clean energy storage technologies
are the key components for storing energy from intermittent
renewable sources like wind turbines and solar photovoltaics."?
Thus, energy storage systems, for instance supercapacitors and
batteries, have the ability to lessen this intermittency issue by
storing the produced energy for later use when needed.* Super-
capacitors have emerged with enticing energy properties owing
to their high charge-discharge times and excellent power
density."® They are classified as hybrids, pseudocapacitors,
and EDLCs, which highlights the differences in their material
requirements and mechanisms. The EDLC mechanism depends
on electrostatic ion adsorption at the electrode-electrolyte inter-
face. On the other hand, pseudocapacitors increase capacitance
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vehicles. Commercial supercapacitors commonly use porous
carbon due to their decent electrical conductivity, large surface
area for charge storage, and high cycling stability.” However, it is
difficult to control the nanostructure of porous carbon, and
there are limited approaches for incorporating new functionality
to meet the high capacitance requirements.®”® Recently,
the research scenario has shifted towards developing hybrid
organic-inorganic solids, promising materials for various sus-
tainable energy applications.’® "> The expansion of crystalline
coordination polymers (CPs) by the molecular self-assembly of
organic linkers with inorganic metal centers has revolutionized
access to modular solid-state materials.**'* The deliberate selec-
tion of tunable building block molecules has offered a wide
range of CP-based solid-state networks having applications in
sensing, catalysis, gas storage, energy storage, energy conversion,
etc.">° However, the fragile structure and low intrinsic electrical
conductivity of the majority of MOFs/CPs have limited their
application in electrochemical and electronic devices.'® There-
fore, redox-active and electrochemically conductive MOFs/CPs
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have emerged and been developed for electrochemical applica-
tions such as supercapacitors, batteries, and electrocatalysis.>* >
Redox-active linkers often contain n-electron systems, facilitating
charge delocalization throughout the frameworks.**>* In this
regard, naphthalene diimides (NDI) have attracted considerable
interest owing to their high electron affinity, superior charge
mobility, reversible redox characteristics, good solubility,
remarkable self-assembly, and oxidative stability.>**” Pseudo-
capacitive materials with redox-active centers show high capaci-
tance but low cycling stability due to their smaller surface area
and lack of uniform porosity."”***® Therefore, there is a need to
develop electrode materials that combine conducting materials
and redox-active centers that synergistically enhance the overall
performance of composite materials by improving their conduc-
tivity. Recently, graphite oxide (GO) has been proven to be a
potential material for electrochemical applications due to its
high electrical conductivity and mechanical robustness.**™"
Composite materials of CPs and GO may not only enhance the
conductivity but also facilitate electron transfer for better super-
capacitor performance.>*"*

Besides, CP/GO composites emerged as functional materials
for solid-state proton conduction, which can be utilized for
proton exchange membrane fuel cells (PEMFCs) and other
sensing applications.*>***® The composites integrate the ben-
efits of both CPs and GO. Traditionally, Nafion has been
employed as a proton-conducting material in these systems,
but its high synthesis cost, perfluorinated nature, and high-
temperature operational limitation hinder its widespread
utilization.?” In general, there are two primary approaches for
the rational design of CPs for achieving enhanced proton
conductivity.*® The first approach is the functionalization of
ligands based on intrinsic proton sources. There are several
reports based on CPs with intrinsic proton sources such as
uncoordinated -SOzH, -PO;H,, NO;, and -COOH groups
oriented toward the pore channels, as well as the presence of
protic species such as H;0", Me,NH,", NH,", etc. which showed
enhanced proton conduction.>*™*! The second approach involves
the integration of CPs with other nanomaterials, including GO,
which has been demonstrated as an effective way to improve
proton conductivity of the resultant composite.**** Based on the
principles of rational design outlined previously, the present
work involves the synthesis of an innovative CP-based composite
material, with the aim of utilizing it in the development of high-
performance composite proton exchange membranes. However,
less effort has been made to construct CPs with redox-active
center-based materials that are deliberately used for energy
storage and conversion applications.

Herein, we report the synthesis of [Cu(DPNDI)(NO3),(CH3CN)],
(Cu-CP), strategically introducing the DPNDI linker comprising
a redox-active core (NDI) and Cu(u) metal nodes to develop a
3D supramolecular network. The DPNDI linker was chosen to
encapsulate metal nodes and form unique frameworks with
interesting properties.>>** Besides, the NDI redox-active core
demonstrates two consecutive one-electron redox reactions and
n-conjugation that maximize charge transfer mobility and elec-
trical conductivity.*> Cu-CP exhibited two successive reductions,
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generating very stable radical anion and dianion species (Fig. S1).
Furthermore, a composite material Cu-CP@GO was prepared
using a simple solvothermal methodology. Even with a relatively
low surface area, Cu-CP@GO exhibited excellent electrical con-
ductivity, which led to its exceptional electrochemical application
potential. The supercapacitor performances of both materials
were evaluated under similar conditions, and Cu-CP@GO exhib-
ited a superior performance. Redox-active Cu-CP contributed
pseudocapacitive behavior, while GO provided mechanical stabi-
lity, and thus prevented aggregation and provided a conducting
pathway that synergistically enhanced the overall electrochemical
performance of the composite material by improving its conduc-
tivity. Additionally, the nitrate anions in Cu(u) ions helped in
increasing the acidity of the metal center, which facilitated the
immobilization of protons within hydrogen-bonded matrices and
contributed towards improved proton conductivity. Additionally,
the hydrophilic groups present in GO, such as hydroxyl, carboxyl,
epoxy, etc., helped in creating multiple conduction pathways for
proton conduction.

Experimental section
Materials

Copper(n) nitrate trihydrate (Cu(NO3),-3H,0), 4-amino pyridine,
1,4,5,8 naphthalenetetracarboxylic dianhydride, N-methyl-2-
pyrrolidone (NMP), acetonitrile, dimethylformamide (DMF),
acetylene black, graphite oxide, diethyl formamide (DEF),
sodium dihydrogen phosphate (NaH,PO,), polyvinylidene
fluoride (PVDF), dimethyl acetamide (DMA), disodium hydro-
gen phosphate (Na,HPO,), ethanol, and acetone were pur-
chased from Sigma Aldrich and BLD Pharma and used
without purification. For electrochemical studies, platinum
(Pt) foil, a platinum (Pt) wire, and a saturated calomel electrode
(SCE) were purchased from Sinsil International, India (supplied
from CH Instrument, TX, USA). A bipotentiostat (model CHI
760D) and BioLogic SP300 and SP240 were used for electro-
chemical characterization. Steel 47 electrodes containing
two probe cells for proton conductivity measurements were
purchased from BioLogic, India.

Synthesis of Cu-CP

Initially, the DPNDI linker was prepared via a one-step
approach following a reported method.*® In a round-bottom
flask, 1,4,5,8 naphthalenetetracarboxylic dianhydride (200 mg,
0.7 mmol) and 4-aminopyridine (154 mg, 1.4 mmol) were mixed
with 30 mL diethyl formamide (DEF) solvent and refluxed at
130 °C for 48 h under an inert atmosphere. After completion,
the mixture was left to cool at room temperature and subse-
quently stored in a refrigerator for better precipitation. After
two days, it was then filtered with distilled water and ethanol
solvent and dried in an oven for 24 h at 80 °C. Thereafter,
DPNDI was utilized as a precursor in subsequent processes.
Cu-CP was synthesized by a slow diffusion technique at room
temperature.?” In this process, DPNDI (8.4 mg, 0.02 mmol) and
Cu(NO3;),-3H,0 (10 mg, 0.04 mmol) were dissolved separately in
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10 mL of DMA and 10 mL acetonitrile, respectively, and a buffer
solution was made using acetonitrile and dimethyl formamide
in a 1:1 ratio. Subsequently, 2 mL of metal salt solution was
layered above 2 mL of DPNDI organic linker solution in a
narrow glass test tube using 1 mL of buffer solution. The tube
was closed with a parafilm and placed undisturbed at room
temperature. After a week, blue-colored crystals were obtained
by the diffusion of the layers. The crystals were collected and
dried in the air. Then, the bulk powder compound of Cu-CP was
synthesized by directly mixing the DPNDI solution into the
metal solution and stirring overnight at room temperature. The
mixture was then filtered and air-dried. Yield 56%. FT-IR (cm ™ "):
1669(s), 1582(m), 1356(s), 1251(w), 771(m), 652(m).

Synthesis of Cu-CP@GO

Graphite oxide (GO) was prepared using Hummers’ method by
following a previously reported methodology of our group.*®*®
By using Cu-CP and GO as precursors, Cu-CP@GO was synthe-
sized via a solvothermal method. In a round bottom flask,
100 mg of Cu-CP and 100 mg of GO (1:1 weight ratio) were
taken in 30 mL DMF and sonicated for 2 h for better homo-
geneity and then poured into a Teflon-linked autoclave. The
autoclave was tightly sealed and kept in an oven for 24 h at
100 °C. It was thereafter allowed to cool to room temperature
inside an oven for slow diffusion. Similarly, two more Cu-CP@GO
composites were prepared by taking different ratios of Cu-CP and
GO (3:1 and 1:3 weight ratio). Furthermore, all materials were
filtered and dried in an oven at 80 °C overnight before being used.

Electrode fabrication for supercapacitor studies

For electrode fabrication, the active material was coated on the
platinum (Pt) foil. First, Pt foil was sonicated in acetone for
approximately 30 min to ensure cleaning, followed by air
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drying. Pt electrodes were prepared by coating them with an
active material slurry of 6 mg of Cu-CP@GO or Cu-CP, 2 mg of
acetylene black (AC), and 1 mg of PVDF dissolved in 1 mL of
NMP. The mixture was blended for 6 h to ensure homogeneity.
A 100 puL aliquot of this mixture was then drop-cast on 1 cm” Pt
foil electrodes, dried in an oven at 100 °C for around 16 h, and
later used as working electrodes for electrochemical studies.
The active mass of materials is 0.8 mg cm™> on the working
electrodes. For a two-electrode symmetric device, 100 pL of
material was drop-cast on Pt-foil, and two electrodes were
inserted in a Swagelok cell and separated by Whatman filter
paper soaked in PVA/H,SO,.

Proton conductivity measurement

Proton conductivity measurements were performed using a
two-probe measurement. 120 mg of the sample was pressed
in a hydraulic press with 5 tons of pressure to obtain a pellet of
0.4-0.5 mm thickness and a diameter of 13 mm. Prior to each
experiment, the samples were allowed to reach equilibrium for
nearly 2 h for temperature-dependent studies and 3 h for
humidity-dependent experiments. The resistance corres-
ponding to the proton transfer was determined by an EIS
equivalent circuit that fitted the semicircle of the Nyquist plot.

Results and discussion

Preparation of Cu-CP@GO is illustrated in Scheme 1. GO was
prepared using Hummers’ method with minor modifications
following our group’s previous report.>>*® Initially, the light-
blue colored crystals of Cu-CP were obtained by a slow diffusion
approach using Cu(NO3),-4H,O and the N,N-di(4-pyridyl)-
1,4,5,8-naphthalenetetracarboxydiimide (DPNDI) ligand in a
1:2 ratio at room temperature. The structural and coordination

+ Cu(NO;),"4H,0

E
cocr

GO:|

Hydrothermal
100°C,24 h

Slow Diffusion /.

Scheme 1 Schematic representation of the synthesis of Cu-CP and Cu-CP@GO.
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sphere of Cu-CP was characterized by single-crystal X-ray ana-
lysis. Furthermore, to construct Cu-CP@GO, Cu-CP was dis-
persed in GO by a hydrothermal approach at 100 °C for 24 h.
The Cu-CP presumably formed noncovalent interactions with
GO. Cu-CP was presumably immobilized on the surface and
edges of GO sheets through the hydrogen bonding with the
oxygen functionalities present in GO and through the n---n
stacking interactions. The physicochemical properties of the as-
synthesized Cu-CP and Cu-CP@GO compounds have been
characterized by PXRD, TGA, FT-IR, SEM, TEM, BET and XPS
spectroscopic techniques. Furthermore, Cu-CP@GO exhibited
superior electrochemical behavior towards supercapacitor and
proton conduction applications (vide infra).

Characterization

The PXRD analysis of both materials was performed to study
the bulk formation of Cu-CP and Cu-CP@GO (Fig. 1a). All the
major peaks of the as-synthesized Cu-CP spectrum matched
well with the simulated ones obtained from the SCXRD, con-
firming the bulk purity of polycrystalline Cu-CP. A minor shift
in the PXRD spectrum was observed, which could be due to
sample preparation, instrumental error, or solvent removal. GO
showed characteristic peaks at 10.3° and 42.3° (Fig. S2), match-
ing well with previously reported works.>>*® The PXRD spec-
trum of Cu-CP@GO showed the characteristic peaks of Cu-CP
and GO. Two broad diffraction peaks appeared at the 26 values
of ~11° and ~43°, which can be assigned to (002) and (100)
planes, respectively.*® Additionally, one broad diffraction peak
appeared at ~24°, suggesting partial restoration of the graphi-
tic structure during thermal treatment.’® Furthermore, the
PXRD spectra of Cu-CP@GO having different ratios of Cu-CP
and GO were recorded, which show characteristic peaks of Cu-
CO and GO (Fig. S3). It was observed that with increasing
amount of GO, significant suppression of Cu-CP crystalline
peaks was observed. A decrease in the intensity of Cu-CP peaks
in Cu-CP@GO can be attributed to its effective binding with
GO, indicating the proper growth of Cu-CP on GO sheets
without deforming the structure of Cu-CP. Additionally, thermo-
gravimetric analysis (TGA) was performed to check the thermal
stability of Cu-CP and Cu-CP@GO (Fig. 1b). TGA studies revealed
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that Cu-CP and Cu-CP@GO were thermally stable up to 185 °C
and 251 °C, respectively, demonstrating enhanced thermal stabi-
lity of Cu-CP@GO compared to Cu-CP. Both materials exhibited
stepwise weight loss curves, and a rapid weight loss occurred at
higher temperature (360 °C), corresponding to the breakdown of
organic moieties. The enhanced thermal stability of Cu-CP@GO
can be ascribed to the synergistic interaction between Cu-CP
and GO.

The FESEM and TEM images of Cu-CP and Cu-CP@GO are
depicted in Fig. 2 and Fig. S4. The SEM images of Cu-CP
showed a block-shaped morphology with sizes varying ~0.2-
0.5 pm (Fig. S4a). The TEM images confirmed a block-shaped
morphology, which is in good agreement with SEM images
(Fig. S4b). Furthermore, the SAED pattern revealed intense
diffraction spots, demonstrating the good crystalline nature
of the prepared Cu-CP (Fig. S4c). Fig. S4d illustrates the selected
area of the TEM image for the EDX elemental analysis and
mapping, demonstrating the uniform distribution of all ele-
ments and validating the presence of Cu, C, O, and N elements
(Fig. S4e-i). The SEM images of Cu-CP@GO manifest the proper
growth of Cu-CP on the surface and edges of the GO sheets,
which further confirmed the block-shaped morphology of Cu-
CP with an average size of 0.5 um (Fig. 2a and b). The strong
electrostatic interactions were liable for the Cu-CP growth on
GO Sheets that were negatively charged owing to the occurrence
of oxygen functional moieties and Cu(u) cations of Cu-CP. EDX
analysis elucidates the presence of Cu, C, O and N atoms
(Fig. 2¢), and elemental mapping reveals the uniform distribu-
tion throughout the examined surface (Fig. 2d-g). The TEM
images validate that the dispersed Cu-CP block-shaped parti-
cles were embedded in the GO sheets maintaining their mor-
phology (Fig. 2h and i). The SAED pattern shows concentric
rings with diffraction spots, revealing the crystalline nature of
Cu-CP@GO (Fig. 2j). Hence, it can be inferred that the mor-
phology of Cu-CP in Cu-CP@GO remained the same even after
the formation of the composite material.

Surface N, adsorption/desorption isotherms at 77 K were
obtained to determine the BET surface area and BJH pore size
of Cu-CP and Cu-CP@GO, as shown in Fig. S5a. Isotherm
profiles of Cu-CP and Cu-CP@GO exhibited a characteristic

100 . —185°C 0
(a) (b) —251C __CucCP
— Cu-CP@GO
80+
-~ Cu-CP@GO
2 100) &
= ( S 60-
e =
2 20
5 Experimental Cu-CP| .2 401
£ =
=
(S
20
——Simulated
e e, 0
lIO ) 2.0 ) 3'0 ' 4‘0 ) 50 100 200 300 400 500 600
20 (Degree) Temperature ("C)

Fig. 1
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(a) PXRD spectra of simulated (red), experimental Cu-CP (black) and Cu-CP@GO (blue), (b) TGA profiles of Cu-CP and Cu-CP@GO.
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—5.00 1/nm
Fig. 2 (a) and (b) SEM images of Cu-CP@GO at different magnifications, (c) EDX analysis results, (d)-(g) elemental mapping, (h) and (i) TEM images of

Cu-CP@GO at different magnifications and (j) SAED patterns.

type IV adsorption/desorption isotherm featuring a H3 type
hysteresis, indicating mesoporous nature as per IUPAC classi-
fication.”" The BET specific surface area of Cu-CP was low
(7 m*> g "), while that of Cu-CP@GO was 14 m”> g '. The
corresponding pore distribution was determined using the
Barrett-Joyner-Halenda (BJH) method as listed in Table S1
(Fig. S5b-d). The FT-IR spectrum of Cu-CP shows the charac-
teristic peaks for C—=0, C—C, C-N, C-O, Cu-N and Cu-O at
1669, 1582, 1251, 1356, 771 and 652 cm ™', respectively (Fig. S6).
The FT-IR spectrum of Cu-CP@GO reveals a strong broad peak
at 3302 cm™ " attributed to -OH and -COOH functionalities
(Fig. S7a). The other essential bands in the frequencies can be
attributed to C—0, C—C, C-0, C-N, Cu-N, and Cu-O at 1675,
1573, 1346, 1246, 764, and 624 cm ™', respectively (Fig. S7a).>%>?
Cu-CP@GO was further investigated using XPS to determine its
surface composition, oxidation state of Cu and deconvoluted
spectra to understand the chemical bonding. Fig. S7b illustrates a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

survey scan, manifesting the presence of C, O, N, and Cu
elements. The Cu 2p spectrum demonstrates two peaks of Cu
2psp (934.3 eV) and Cu 2py;, (954.3 eV) associated with
strong satellite peaks of Cu 2ps/, (~939.7-943 eV) and Cu 2p,),
(~962.6 eV), which confirm the divalent oxidation state of Cu
(Fig. S7¢).>> Subsequently, the C 1s scan shows four significant
peaks at 288.8, 286.8, 285.6, and 284.6 eV ascribed to C—=0, C-O,
C-C/C-N, and C=C, respectively (Fig. S7d).>*° The N 1s scan
reveals three distinct peaks of pyridinic-N, N-(C—O0), and
graphitic-N at 399.5, 400.7 and 401.3 eV, respectively (Fig. S7e).>*
The O 1s scan exhibits three peaks at 532.9 (C-0O), 532.3 (-O-C=O0),
531.5 (C—=O0) and 531.2 eV (O-H), revealing the oxygen functional-
ities in Cu-CP@GO (Fig. S7f).>* The above evidence confirmed the
formation of Cu-CP@GO composite that has the potential to show
excellent electrochemical performance (vide infra).

The electrical conductivity was measured using the two-
probe method and was found to be 8.1 x 107> S em™* for

New J. Chem., 2025, 49,18623-18634 | 18627
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Cu-CP (Fig. S8). In contrast, the composite Cu-CP@GO exhib-
ited a higher conductivity of 1.14 x 10" S em™" (Fig. S8). This
was attributed to the incorporation of GO into Cu-CP, which
significantly enhanced the electrical conductivity due to w
electron delocalization and facilitated electron movement in
the composite.

Structural description of Cu-CP

Cu-CP crystallized in the monoclinic crystal system with a P2,/c
space group. The asymmetric unit comprises one Cu(u) ion, one
DPNDI ligand, and two coordinated nitrate anions, along with
one coordinated acetonitrile molecule (Fig. S9). As depicted in
Fig. 3a, each Cu(u) ion was coordinated to two nitrogen atoms
of the DPNDI ligand and one nitrogen atom of the coordinated
acetonitrile molecule and four oxygen atoms of the coordinated
nitrate anions. Each Cu(u) ion was in the O,N; coordination
sphere and formed a distorted pentagonal bipyramidal geometry,
and the charge of the Cu(u) ion was balanced by the presence of
two coordinated nitrate anions (Fig. 3b). The measured bond
length of Cu-O was in the range of 2.015(7) A to 2.017(6) A, while
the Cu-N distance ranged from 1.980(6) A to 2.241(11) A. Crystal
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refinement data and other significant bond lengths and bond
angle tables are summarized in Tables S2-S4. Each DPNDI ligand
was coordinated to Cu(u) ions and generated a one-dimensional
(1D) chain view along the a-axis (Fig. 3c). Furthermore, these
resulting 1D layers were interconnected to each other through
noncovalent interactions such as H-bonding, C-H:--m, and - - -1t
stacking interactions and constructed a 3D supramolecular frame-
work along the b-axis where the distance between two consecutive
1D layers was 3.889 A (Fig. 3d). Additionally, the redox-active
DPNDI ligand demonstrated two consecutive one-electron redox
reactions that resulted from the reduction of NDI core motifs to
the radical anion NDI*~ and dianion NDI*~ species (Scheme 2 and
Fig. $1).** The redox-active behavior of Cu-CP helped to achieve
excellent electrochemical performance (vide infra).

Electrochemical studies of Cu-CP and Cu-CP@GO

The redox-active nature of the DPNDI linker inspired us to
investigate the supercapacitor behavior of both materials,
wherein Cu-CP@GO consisted of DPNDI as redox-active sites
and GO as a conductive material, which holds substantial
potential for renewable energy applications. Therefore, cyclic

Fig. 3
supramolecular network along the b-axis.

18628 | New J. Chem., 2025, 49, 18623-18634

(a) Molecular unit of Cu-CP, (b) distorted pentagonal bipyramidal geometry around the Cu(i) metal ion, (c) 1D chain along the c-axis, and (d) 3D

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Scheme 2 Redox reaction of DPNDI in Cu-CP@GO, showing the radical
anion and dianion formation (X* is the electrolyte cation).

voltammetry studies of Cu-CP and Cu-CP@GO were performed
in a three-electrode setup using a 1 cm? Pt foil-coated material
(working electrode), SCE (reference electrode), and a Pt wire
(counter electrode). The potential range of (—)0.7 to 0.4 V (vs.
SCE) was maintained using phosphate buffer (pH 7.5) as an
electrolyte to ensure the structural integrity of the material
during electrochemical tests. The CV profiles of Cu-CP, GO,
and Cu-CP@GO composites formed with varying ratios of the
participating constituents, ie., Cu-CP and GO, were first
recorded in order to obtain mechanistic insights and examine
the effects of the ratio of the participating constituents on the
electrochemical properties. The CVs at a scan rate of 50 mV s
are shown in Fig. S10, indicating that the introduction of GO
improved charge propagation and enhanced current response.
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Cu-CP@GO composites had a higher current response com-
pared to pristine Cu-CP and GO. It was observed that the area
under the CV curve of composites increased up to a 1:1 ratio of
Cu-CP and GO, and thereafter declined. This indicated
that perfect synergy occurred with an equal ratio of Cu-CP
and GO. Hence, we opted to use Cu-CP@GO prepared with a
1:1 ratio for further studies. Moreover, comparative CVs of GO
and Cu-CP@GO evidenced that the area under the CV curve of
Cu-CP@GO was significantly higher than that of GO (Fig. S10),
exhibiting a specific capacitance value 5.6 times higher than
that of GO.

The CV experiments were carried out at scan rates ranging
from 2 to 50 mV s~ ', which provided pertinent insights into the
charge/discharge characteristics. Fig. 4a shows the CVs of Cu-
CP and Cu-CP@GO at 50 mV s ', and they exhibited specific
capacitance values of 8 and 90 F g™ ', respectively (Fig. 4a and
Table S5). CV of Cu-CP@GO deviated from the rectangular
shape characteristics of electrical double layer capacitors
(EDLCs), and showed redox peaks, which correspond to both
faradaic and non-faradaic charge storage mechanism pro-
cesses. The plausible mechanism for the redox activity of
Cu-CP@GO is illustrated in Scheme 2. In the composite,
Cu(n) metal centers combined the benefits of redox-active
ligands based on naphthalene diimide (NDI) of the DPNDI
linker, which undergoes two successive one-electron redox
processes that arise from reduction of NDI core motifs of
Cu-CP to the radical anion NDI*~ and dianion NDI*~ species,
respectively.*” The broadening or suppression of the redox
peaks in phosphate buffer was not due to loss of redox
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4. Cu-CP 8 Cu-CP@GO| 1504 -
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Fig. 4 Comparison of the curves of Cu-CP and Cu-CP@GO. (a) CV curves at 50 mV s~ and (b) GCD curves at 0.6 A g~ (c) Plot of specific capacitance
vs. the inverse of the square root of the scan rate showing the contribution of pseudocapacitance and EDLC for Cu-CP@GO. Comparison of the Nyquist
plot of (d) Cu-CP and (e) Cu-CP@GO, and (f) equivalent circuit model for fitting of the Nyquist plot of Cu-CP and Cu-CP@GO.
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reactivity, but rather due to electrolyte-mediated kinetic and
interfacial suppression.®’

The highest specific capacitance values obtained for Cu-CP
and Cu-CP@GO were 96 and 168 F g~ * at scan rates of 2 mV s,
respectively (Table S5). The higher capacitance of the Cu-
CP@GO material can be attributed to the incorporation of
GO into Cu-CP, as GO contributes to electric double-layer
capacitance and pseudocapacitance, resulting in boosted con-
ductivity of the composite material.®® As the scan rate was
increased from 2 to 50 mV s~ %, the CV curves of both materials
showed higher CV area under the curves without deformation
and an increased current response, demonstrating good charge
storage properties even at higher rates (Fig. S11). Additionally,
Cu-CP@GO exhibited good capacitive retention at higher scan
rates, maintaining 54% of its initial capacitance (Fig. S12).

The supercapacitor properties of both materials were further
evaluated by galvanostatic charge-discharge (GCD) experi-
ments. The GCD curves at a current density of 0.6 A g~ ' within
the potential interval —0.7 to 0.4 V vs. SCE demonstrate that Cu-
CP@GO had a high charge-discharge time over Cu-CP, indicat-
ing its improved specific capacitance (Fig. 4b). The capacitance
value obtained from GCD matched with the capacitance
obtained from CVs. The behavior of the GCD curves was not
linear, indicating that the charge storage mechanism involved
both EDLC and faradaic redox reactions. The highest specific
capacitance value obtained from GCD is 67 and 178 F g™ ' at
0.6 A g~ ' for Cu-CP and Cu-CP@GO, respectively. The GCD
curves of both materials were recorded at different current
densities ranging from 0.6 to 10 A g~ " (Fig. S13 and Table S6),
demonstrating that discharge time decreased with increasing
current density. At high current density, the charge/discharge
process occurred rapidly only at surface or near-surface redox
sites, which decreased the rate of ionic diffusion and electron
transport, resulting in a decrease in specific capacitance.””
Additionally, Cu-CP@GO exhibited good capacitive retention,
maintaining ~40% of its initial capacitance up to a current
density of 10 A g~ (Fig. S14). Cu-CP@GO exhibited enhanced
electrical conductivity (vide supra), which led to a superior
charge storage efficiency of Cu-CP@GO compared to Cu-CP.
The contribution of the EDLC and faradaic processes to the
capacitance of Cu-CP@GO can be expressed as the sum of a
rate-independent parameter (k;) for EDLC and a diffusion-
controlled component (k,), which is proportional to the square
root of the inverse of the scan rate, as shown below in
eqn (1).32,58

c=ky + ky 12 1)
Following this equation, the intercept of the plot (c vs. v/
provides the EDLC contribution (k;). For the Cu-CP@GO com-
posite, a higher capacitance value of 93 F g~* was associated
with pseudocapacitive behavior from the redox-active linker
and the oxygen functionalities of GO. Meanwhile, the EDLC
contribution of 75 F ¢! was due to the high electrical con-
ductivity offered by GO. Hence, the Cu-CP@GO composite
exhibited better capacitive performance compared to Cu-CP,
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with GO enhancing both pseudocapacitance and EDLC. The
Nyquist plots derived from EIS analysis exhibited a nearly
vertical rise along the imaginary axis with a slight inclination
towards the real axis of impedance for Cu-CP@GO in compar-
ison to Cu-CP, indicating superior capacitive performance for
Cu-CP@GO compared to Cu-CP (Fig. 4d and e). The Bode plots
from EIS analysis indicated phase angles of 52° for Cu-CP and
74° for Cu-CP@GO in the low-frequency region (Fig. S15 and
Table S7), approaching the ideal capacitive response of 90°,
thereby confirming the outstanding supercapacitor perfor-
mance of Cu-CP@GO.

Since Cu-CP@GO exhibited improved performance in a
three-electrode system, the material was also investigated in a
two-electrode cell for real-time applications, wherein a solid-
state symmetric supercapacitor device with both platinum-
coated positive and negative electrodes was employed.

It is well-known that the presence of pyridinic-N moieties is
a basic feature of the carbon interface since they donate
electrons. This makes acid electrolyte H,SO, more appropriate
for achieving additional double-layer capacitance than the
other electrolytes.’® Besides, the use of liquid electrolytes in
supercapacitors is limited due to the risk of leakage and their
susceptibility to evaporation. Gel polymer electrolytes (GPEs)
resolve the leakage issue by immobilizing liquid electrolytes in
a polymer matrix.®® Additionally, GPEs can inhibit water oxida-
tion reactions since they contain less free water than the liquid
electrolytes, which have long been a problem with aqueous
electrolyte-based supercapacitors. Consequently, the liquid
electrolyte H,SO, embedded in a matrix of PVA (PVA/H,SO,)
has been used as an electrolyte for two-electrode studies. PVA
has -OH groups that allow it to store water and promote
efficient ion-conducting pathways. A Swagelok cell was used
to assemble all the components, with a Whatman paper
immersed in PVA/H,SO, serving as an electrolyte and a separa-
tor. The CV and GCD studies of the two-electrode device were
carried out in a potential window of 0.9 V (—0.5 to 0.4 V). CV
curves illustrate a nearly rectangular shape and a negligible
distortion even at high scan rates, indicating high supercapa-
citive behavior (Fig. 5a). Redox humps in CV around —0.11 and
—0.24 V were observed owing to the pseudocapacitive contribu-
tion of oxygen functionalities of GO, which further contributed
toward specific capacitance.®’ Cu-CP@GO exhibited a maxi-
mum specific capacitance of 118 F g~ " at a scan rate of 2 mV s~ '
(Table S8). Furthermore, the GCD revealed nearly triangular
curves that exhibited the maximum specific capacitance of
93 F g ! at a current density of 0.5 A g~ (Fig. 5b and Table
S9) and retained nearly 56% capacitance up to a scan rate of
50 mV s~ ! (Fig. 5¢). Cycling stability of the Cu-CP@GO composite
was tested up to 5000 cycles at a high scan rate of 50 mv s,
which exhibited 96% retention of its initial capacitance
(Fig. 5d). It was observed that there was a slight increase in
stability up to 2000 cycles, which could be due to the enhanced
wettability of the material with time.®* PXRD patterns of Cu-
CP@GO before and after cycling are shown in Fig. S16. After
cycling, a slight change in the peak intensities and drifts was
observed, which could be due to a phase change. TEM images

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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frequency range and circuit) and (f) Ragone plot.

of Cu-CP@GO after the electrochemical cycling test showed no
discernible morphological changes even after 5000 cycles,
indicating structural stability throughout the cycling process
(Fig. S17). The EIS analysis was carried out for a two-electrode
symmetric device, with the results being represented through
the Nyquist plot, demonstrating superior capacitive behavior,
and the equivalent circuit is presented in the inset (Fig. 5e). The
results from equivalent circuit parameters are listed in Table
S10. The Bode plot from the EIS analysis exhibited a phase
angle of 78.4° further confirming the material’s excellent
supercapacitor performance (Fig. S18). According to the Ragone
plot, Cu-CP@GO for a symmetric two-electrode device delivered
a maximum energy density of 10.4 Wh kg at a power density
of 0.44 kW kg (Fig. 5f). These values indicated a significant
improvement in the energy density of Cu-CP@GO. Different
supercapacitor parameters of Cu-CP@GO have been compared
with those of previously reported similar state-of-the-art mate-
rials, as well as activated carbon materials in Tables S11 and
S12. The comparison reveals that Cu-CP@GO is a potential
material for energy storage, not only due to its notable capaci-
tance values in a two-electrode symmetric device but also due to
the material’s exceptional cycling stability.

The stable electrochemical performance can be attributed
to the high electrical conductivity of Cu-CP@GO due to
n-conjugation and redox reactions of the DPNDI ligand of
Cu-CP, as well as due to the presence of oxygen functionalities
in the GO sheets, which contributed both EDLC and pseudo-
capacitance properties. Furthermore, graphite oxide (GO) can
stabilize in situ-generated naphthalenediimide (NDI) radical

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

-1

. (e) Nyquist plot (inset: High

anions through a combination of m-n stacking, hydrogen
bonding, and electrostatic interactions.®> Oxygen-containing
functional groups and the GO structure presumably provided
a platform for NDI moieties of Cu-CP to interact and provided
stability for in situ generated radical anions, which contributed
towards the long cycling stability of Cu-CP@GO. Indeed, it is
delightful to note that radical anions were stable up to
5000 cycles, wherein the experiment was performed for 50 h.

Solid-state proton conductivity studies

The diverse functionalization of Cu-CP@GO encouraged us to
estimate the applicability of the material as a solid-state proton
conductor over a wide range of temperatures and humidities.
Solid-state proton conductivity was studied by electrochemical
impedance spectroscopy (EIS) using a compressed pellet. The
resistance of proton transport within the solid pellet (R,) was
determined from the diameter of a semicircular arc attained in
the high-frequency region of the Nyquist plot, wherein the
imaginary impedance (Z”) was plotted against the real impe-
dance (Z'). Afterwards, the proton conductivities (o,.) were
determined by using the dimensions of the pellet and the R,
values, applying eqn (S7). The data obtained were fitted to an
equivalent circuit model as shown in the inset of Fig. S19. EIS
results revealed two semicircles wherein the first semicircle in
the high frequency region corresponds to charge transfer
resistance due to solid-state proton conduction, and the second
semicircle in the low frequency region corresponds to resis-
tance due to diffusion.”® The capacitive components of
the system are described using the constant phase elements

New J. Chem., 2025, 49, 18623-18634 | 18631
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T are proton conductivity and temperature. (d) Long term stability test for

(CPE-1 and -2) in response to the effects of system heterogeneity
and surface roughness.®*

At room temperature, Cu-CP displayed a proton conductivity
of 1.5 x 107°S em ™" under fully hydrated conditions (95% RH),
which increased to 1.5 x 10°* S em " at 95 °C (Fig. 6a and
Table S13). The low conductivity is attributed to the absence of
less mobile protons within the framework. Interestingly, Cu-
CP@GO displayed excellent proton conductivity of 1.5 X
107* S em ™" at room temperature (95% RH), which increased
to 1.4 x 10° S cem ™' at 95 °C, 95% RH (Fig. 6b and Table S14).
Furthermore, it showed weak humidity dependence at room
temperature with proton conductivity increasing from 1.2 x
10" S em™' at 40% RH to 1.5 x 107" S em ' at 95%
RH (Fig. S19 and Table S15). GO introduced additional hydro-
philic functionalities in the composite, which facilitated hydro-
gen bonding with water molecules and enhanced proton
conductivity.*® To gain further insights into the proton transfer
mechanism, activation energy was determined from the Arrhe-
nius plot. Fig. 6¢ shows activation energy (E,) for both materi-
als, which was found to be 0.42 eV for Cu-CP while 0.33 eV for
Cu-CP@GO, suggesting vehicular and Grotthuss mechanisms
of proton transport, respectively.®®> Furthermore, a long-term
stability test was performed for Cu-CP@GO, wherein no decline
in performance was observed for 72 h (Fig. 6d). This suggests
that the material can be utilized for real-time applications.

Conclusion

In summary, a redox-active Cu-CP has been synthesized under
ambient conditions and further grown on graphite oxide (GO)
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using a solvothermal approach to prepare a Cu-CP@GO com-
posite. In terms of the electrochemical properties, Cu-CP con-
taining a redox-active core offered enhanced and promising
redox characteristics, while GO offered electrical conductivity
along with rapid charge transportation, leading to remarkable
electrochemical performance of Cu-CP@GO for supercapacitor
and proton conduction applications. Cu-CP@GO exhibited a
high specific capacitance of 178 F g " at 0.6 A g™, 1.8 times
higher than that of pristine Cu-CP, in a three-electrode configu-
ration. Additionally, an assembled two-electrode symmetric
device of Cu-CP@GO exhibited excellent specific capacitance
of 93 F g~ " at 0.5 A g~ " with excellent cycling stability of 96%
after 5000 cycles. The improved supercapacitor performance of
Cu-CP@GO was attributed to the enhanced electrical conduc-
tivity (1.14 x 107" S em ™" for Cu-CP@GO and 8.1 x 10 >Scm ™"
for Cu-CP) offered by the synergistic effect of both CP and GO,
which improved charge transfer at the electrode-electrolyte
interface. It is important to note that Cu-CP@GO maintained
96% cycling stability after 5000 cycles, ie. 50 h in a two-
electrode configuration, in spite of in situ generation of radical
anions during redox reactions. This was presumably due to
excellent charge delocalization in GO and the NDI's n network.
Additionally, Cu-CP@GO demonstrated a superior proton con-
ductivity of 1.4 x 107° S ecm ™" at 95 °C and 95% RH with a low
activation barrier compared to Cu-CP. This could be due to the
incorporation of GO, which introduced additional hydrophilic
functionalities in the Cu-CP@GO composite to facilitate hydro-
gen bonding with water molecules. Finally, it is worth mention-
ing that the surface area and pore volume of these materials
were low, and in spite of this challenge, Cu-CP@GO exhibited
exceptional supercapacitor and solid-state proton conduction
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performances. With strategies that involve enhancing the
surface area, these materials can demonstrate exceptional
performance in energy research.
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