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A dual functional Cu(n)-coordination polymer and
its rGO composite for selective solvent detection
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Herein, the fabrication of a new Cu(l)-based coordination polymer {[Cu,(DPP),(H,O),]-DPP-2NO=}, (CP-1)
(DPP = 1,3-di(4-pyridylpropane) and its composite (rGO@QCP-1) has been done using solvothermal and
mechanochemical methods. The crystal structure of the synthesized CP-1 was confirmed utilizing single-
crystal X-ray diffraction (SC-XRD). Furthermore, the structural features of the as-synthesized CP-1 and
rGO@CP-1 were examined using PXRD, FTIR, TGA, SEM, and HR-TEM analysis. The topological framework of
CP-1 shows a 1,3M4-1 underlying net for two fragments and the hydrogen-bonded network shows a 2C1
underlying net topology. The fluorescence detection of transition metal ions and solvents using CP-1 showed
promising results of 97.4% DMF and 96.8% Zn’*. Electrochemical study of CP-1 and rGO@CP-1 was
performed in an acidic medium (1 M H,SO,4) electrolyte utilizing cyclic voltammetry (CV) and galvanostatic
charge—discharge (GCD) techniques with a specific capacity of 244.17 F g~ and 899.54 F g~* for CP-1 and
rGO@CP-1, respectively at 1 A g~ (current density). Moreover, 98.6% columbic efficiency with 94.62%
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1. Introduction

In this digital era, the challenges of power generation, energy
storage, and global climate change necessitate a range of
technologically advanced solutions to address the contradic-
tion between fossil resource consumption and environmental
preservation.” There has been a dramatic increase in the need
for readily accessible, portable electrical and rechargeable
devices in recent years.”™ Therefore, scientists have created
energy storage systems that are affordable, versatile, and highly
effective in order to meet these increasing demands. Electro-
chemical energy storage systems that use supercapacitors (SCs)
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capacity retention of rGO@CP-1 was obtained at 8 A g~* up to 2000 cycles.

as anodes (redox-type) and cathodes (capacitive qualities) have
shown great promise.>”® Recent literature on supercapacitors
(SCs) has shown their potential as superlative energy storage
and power storage sources for electrical and battery-type
vehicles.” ™" The SCs demonstrate outstanding electrochemical
performance, including higher power density, fast charge-dis-
charge rate, and long-term lifespan. The exceptional energy
storage properties of SCs are mainly influenced by the proper-
ties of the electrode material, including its shape adjustability,
high electrochemical activity, excellent mechanical and
chemical properties, specific surface area, adjustable porosity,
and strong conductivity.">*® Therefore, coordination polymers
are highly favored for SC applications due to their ability to
meet all the necessary SC features.

In this scenario, CPs are materials that have a highly
crystalline structure, consisting of central metal ions or
metal clusters connected by organic linkers."*™® Due to the
advantages of CPs, such as adjustable porosity, tunable
chemical structure, and controllable morphology, CPs have
been used for a wide range of applications, such as
adsorption,'®* separation,’® catalysis,>® gas storage, drug
delivery,>* luminescence sensing,>**® waste-water treatment,>”
batteries,” and more recently, supercapacitors.>®

Accurately detecting trace elements in environmental and
biological processes continues to be a major challenge, requir-
ing the use of appropriate sensors.>® Zinc (Zn>") is the most
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abundant metal ion among all the transition elements in the
human body, following Fe®". The Zn>" ion is crucial for various
functions in the human body, including gene expression,
neural signal transmission, cell apoptosis, and pathological
processes.’*? It is important to maintain a balanced level of
Zn>" for optimal human health.*® Furthermore, an overabun-
dance of Zn** jons can result in a decrease in soil microbial
activity due to the influence of plant toxins. On the other hand,
volatile organic compounds such as EtOH, DMSO, TEA
and DMF are non-biodegradable and constitute a lasting
hazard to human health.** Keeping in mind both human
health and environmental concerns, it is crucial to develop
extremely effective techniques for the prompt and accurate
detection of Zn** and organic volatile chemicals (DMF). As a
result, developing novel fluorescence sensors capable of selec-
tively sensing Zn>" ions as well as organic volatile compounds
with increased sensitivity is essential in current progress.
Nowadays, florescence-based CPs have gained a lot of attention
due to selectivity, operability simplicity and sensitivity.>>>°

Zhao et al. reported the high-performance sensing of Fe*" ions
using a chiral lanthanide-based CP with 99.06% detection limit.>”
MIL-53-L5 (L5 = 2-(pyrene-1-imine) terephthalic acid) nanocrystals
have been reported for the sensing of a trace amount of Cu”* in
aqueous solution with a good Ky, value of 6.15 x 10°® Xu et al.
fabricated the [Eu(BTB)(phen)](DMF),5(H,0), CP structure and
checked the luminescence sensing of AP** ions with 5 x 107 M
(1.35 ppb) detection limit.>

The ultrahigh specific surface area, high porosity, and
structural tunability of CPs give them excellent electrochemical
performance, and better lifespan, power density, and charging-
discharging rates. However, CPs have not shown good conduc-
tivity. In contrast, reduced graphene oxide has good conducting
nature and high surface area, thus showing many advantages to
enhance the conductivity of CPs. Banerjee et al. have reported a
Ni-doped MOF/rGO composite which has shown a specific
capacitance of 758 F g .%° Deka et al. reported a 2D layered
CP of Ni(u) for a supercapacitor with a specific capacitance of
802 F g~ at 3 A g~ ' current density and good cycling stability
up to ~95% at 5000 cycles.*" Ghosh et al. synthesized a Zn(m)-
based 1D CP by using the slow diffusion method and its hetero
nanocomposite (Zn-CP/rGO) by an ultrasonication approach
with a specific capacitance of 261 Fg~'and 377 Fg 'at1Ag™"
current density and the retention stability of 97% and 85% at
6 A g~ " upon 6000 charging-discharging cycles, respectively.*” Cai
et al. reported a Ni(u)-based 1D n-d conjugated CP, namely (Ni-
BTA), for energy storage functions with high coloration efficiency
(223.6 cm? C™"), with a high gravimetric capacity of 168.1 mAh g *
and high retention durability for 10 k cycles.*> Gupta et al fabri-
cated 2D Cu-MOF and composite (Cu-MOF/rGO) by solvothermal
and ultrasonication methods to develop an electrode material for
energy storage applications with a specific capacitance of 462 F g *
for Cu-MOF and 256 F g~ for Cu-MOF/GO at 0.8 A g ', and the
cyclic stability was 77.7% and 93.75% at 12 A g~ ' current density
upon 1000 cycles, respectively.**

As per the literature, several types of CPs/MOFs (1D to 3D)
have been reported for energy storage applications. Several CPs
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that are reported in the literature have similar structures to our
synthesized CP-1. For instance, Stone et al. fabricated three
different copper malonate coordination polymers containing
dpp linkers which showed rare 2D + 1D + 1D = 3D topology with
different structures.”® The structure of these polymers is mainly
influenced by the steric bulk of malonate linkers. YU et al
developed two novel one-dimensional Cu(u)-based coordina-
tion polymers containing H,bpdc = biphenyl-4,4’-dicarboxylic
acid, bpp = 1,3-di(4-pyridyl)propane and H,tdc = thiophene-2,5-
dicarboxylic acid organic linkers.*® In both the complexes, the
conformation of the bpp ligand is different. Luo et al. synthe-
sized two unique Cu(u)-based coordination polymers having
bpp = 1,3-bis(4-pyridyl)propane, tp = terephthalate, ip = iso-
phthalate organic linkers.*” The electrochemical study revealed
that both the complexes have oxidizable/reducible properties.
Herein, we reported a 1D Cu(u)-based coordination polymer
(CP-1) for the detection of metal ions (Co, Cd, Fe and Zn) as well
as solvent (EtOH, DMSO, H,0, TEA and DMF) analytes. The
fabricated CP-1 showed good selective detection towards the
Zn** ion with 96.8% and DMF with 97.4%, and these results
were obtained in triplicate. The CP-1 and rGO@CP-1 showed
better electrochemical energy storage with specific capacity of
24417 F g " and 899.54 F g~' for CP-1 and rGO@CP-1,
respectively, at 1 A g ' (current density) with a retention
stability of rGO@CP-1 of 94.62% up to 2000 cycles. However,
rGO@CP-1 has better cycling stability as compared to the as-
synthesized electrode material of CP-1. The composite material
could be used as a promising electrode material for energy
storage applications.

2. Experimental section
2.1 Reagents and materials

1,3-Di(4-pyridyl)propane (DPP) and copper nitrate trihydrate
[Cu(NOs3),-3H,0] were procured from Sigma-Aldrich with ana-
Iytical grade (AR/ACS). All solvents and NaOH were purchased
from Thermo Fisher Scientific, India. Also, all the other che-
micals were purchased from Thermo Fisher Scientific with AR
grade, India, and used without further purification.

2.2 Methods and instrumentation

FTIR spectra of CP-1 and rGO@CP-1 were recorded (KBr disk,
4000-400 cm™ ") on a Thermo Scientific NICOLET model (iS50).
A UV-DRS (Lambda 35 spectrophotometer) instrument was
used to record the maxima of CP-1. Thermal study (thermal
gravimetric analysis) of CP-1 and rGO@CP-1 was performed on
a TGA-50H instrument. To examine the bulk phase purity of CP-
1 and rGO@CP-1, powder X-ray diffraction patterns were
recorded on a Brucker D8 Advance series 2 powder diffract-
ometer (CuKa radiation scan rate 30/min, 293K). The scanning
electron microscopy (SEM) (JEOL JSM-6510 model) coupled
with JEOL/EO format was utilized to examine the morphology
and particle heterostructure of CP-1 and rGO@CP-1, respec-
tively. The high-resolution transmission electron microscopy
(HR-TEM) with EDS mapping and SAED analysis were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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performed on a TEM Thermo Scientific, Talos F200X G2 of
rGO@CP-1. To examine the sensing properties of CP-1, fluores-
cence emission spectra of CP-1 were performed using an
Agilent Cary Eclipse Fluorescence spectrophotometer. The
energy storage (electrochemical) properties on charging-dis-
charging of CP-1 and rGO@CP-1 were determined at room
temperature using three electrode systems (PGSTAT204 N,
Metrohm Autolab, Netherlands).

2.3 Single crystal X-ray refinement

The crystallographic data of CP-1 was collected by employing an
‘XtaLAB Synergy, Rigaku, Japan’ at a temperature of 293(2) K
The radiation used was monochromatic Mo-Ka radiation with a
wavelength of 0.71073 A. The International Tables for X-ray
Crystallography were consulted in order to obtain the linear
absorption coefficients and the anomalous dispersion correc-
tions of the single-crystal structure.*® Olex2 was used to deter-
mine the crystal structure, which was then solved with olex-
2.solve® structure solution program by employing charge flip-
ping. Finally, the olex2.refine refinement package was utilized
to refine the structure by employing Gauss-Newton minimiza-
tion technology. The anisotropic displacement parameter was
used to refine all of the atoms that were not hydrogen.>® Table
S1 (ESIt) provides a summary of the data about the refinement
of the crystal structure of CP-1, as well as other information
regarding the bond lengths and bond angles of CP-1 (Tables S2
and S3, ESIT).

2.4 Synthesis of CP-1

A solvothermal approach was utilized in order to accomplish
the development of complex CP-1. 1,3-Di(4-pyridyl)propane
(DPP) (50 mg, 0.25 mmol) was thoroughly mixed in 5 mL of
methanol using a magnetic stirrer. Following this, two drops of
aqueous sodium hydroxide (NaOH) (1 mol) were added in order
to modify the slightly alkaline medium. Moreover, the copper
nitrate (80 mg, 0.33 mmol) was solubilized in 5 mg of DI water.
Furthermore, the copper nitrate solution was added dropwise
in the DPP solution to homogenize the solution. Afterward, the
resulting solution was transferred into a Teflon-lined stainless
steel autoclave and kept at 100 °C for 48 h in a solvothermal
oven. After completion of the reaction process, the reaction was
cooled down to room temperature, and a clear solution was
obtained that was kept for slow evaporation after filtration.
After 1-2 weeks, blue colored needle-shaped crystals were
obtained, which were suitable for SC-XRD data collection
(Scheme 1). Yield 75%, melting point (218 °C), IR (cm™ )
3464 (br), 3068 (m), 2934 (s), 2854 (m), 2467 (s), 1622 (s),
1557 (w), 1512 (w), 1382 (s), 1317 (s), 1233 (s), 1069 (s), 1023
(w), 859 (m), 817 (s), 523 (s), 452 (m).

2.4.1 Synthesis of reduced graphene oxide (rGO). The
synthesis of rGO was conducted using Hummer’s process with
slight modifications.”’** The mixture of graphite powder and
NaNO; (2: 1) was slowly added to concentrated H,SO, (150 mL)
at a low temperature. In addition, the mixture was placed on a
magnetic stirrer and maintained at a temperature range of 10—
15 °C. Then, the solution of KMnO, was carefully added drop by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic representation of CP-1.

drop to the resulting solution. The reaction temperature was
kept at room temperature, and the reaction was stirred con-
tinuously for 20 hours. This led to the formation of a brownish
viscous mixture. Distilled water (250 mL) was added to the
mixture to dilute the solution and the temperature was allowed
to fall below 50 °C. H,O, (30%) (10 mL) was added into the
resulting mixture solution, and the solution colour was chan-
ged into bright yellow colour with bubbles i.e., indication of
completion of the reaction. Again, the mixture was stirred for
4 h. After this the mixture was filtered and treated with 10%
HCI solution, distilled water and then ethanol to get the pure
product. The filtered product (GO) was dried out and 150 mg of
this product was used to convert it into graphene oxide by
dispersion followed by sonication for 1 h. To reduce this
graphene oxide, a solution of NaBH, (1.5 g NaBH, into 9 mL
distilled water) was added to the earlier formed graphene oxide
dispersion. Additionally, the mixture was placed under reflux at
a temperature of 100 °C and stirred continuously for 24 hours.
Following this step, the mixture underwent filtration and the
resulting product was thoroughly rinsed with distilled water
and ethanol. After completing the necessary steps, the product
was dried in a vacuum oven and its confirmation was obtained
through PXRD. Yield 82%, IR (cm™'): 3427 (br), 2922 (s), 2854
(m), 1717 (m), 1573 (m), 1461 (m), 1386 (w), 1221 (br), 1019 (m),
440 (w).

2.4.2 Synthesis of rtGO@CP-1. The fabrication of the CP-1
composite (rGO@CP-1) was done by a mechanochemical grind-
ing approach.>*>* The composite was fabricated utilizing CP-1
and the synthesized rGO>* using (10:1) (w/w). The appropriate
amounts of CP-1 (500 mg) and rGO (50 mg) were added together
in a ball milling agate jar (500 mL) and the grinding of the
mixture was done under optimized conditions for 60 minutes at
a rotational speed of 500 rpm; after that, the color of the mixed
powder was changed.** Furthermore, 2 mL of ethanol was
added to homogenize the mixture powder followed by a drying
process in a vacuum oven. This process was repeated 2-3 times

Mater. Adv., 2024, 5, 8265-8279 | 8267
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Scheme 2 Plausible schematic representation of the rGO@CP-1 com-
posite. Other atoms and functional groups are omitted for structural
clarity.

to get the desired composite (Scheme 2). Then, the powdered
form of the composite was characterized. IR (em™"): 3426 (br),
2919 (m), 2854 (W), 2427 (w), 1619 (s), 1389 (s), 1313 (m), 1227
(m), 1035 (s), 810 (m), 520 (m), 444 (m).

2.5. Fabrication of electrodes

The electrochemical evaluation of the CP-1 and composite
materials was performed using a three-electrode setup, with
1 M H,S0, as the electrolyte. The Ag/AgCl electrode has been
identified as the reference electrode, while a platinum wire
serves as the counter electrode. A composite blend consisting of
80% CP-1 and rGO@CP-1 materials, 10% acetylene black, and
10% polytetrafluoroethylene was prepared for the fabrication of

Fig. 1
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the working electrodes. The produced slurry was used to coat a
piece of carbon fabric measuring 2 x 1 cm?. After creating the
electrodes, we conducted a thorough electrochemical analysis
utilizing several techniques such as cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS). These measurements were per-
formed using an Autolab potentiostat acquired from the Neth-
erlands. The evaluations were performed at ambient
temperature, extensively examining the electrochemical char-
acteristics of the electrode materials manufactured in their
original form.

3. Results and discussion
3.1 Structural description and topological analysis of CP-1

The crystal structure of CP-1 was confirmed by utilizing single
crystal X-ray diffraction (SCXRD) which reveals that the struc-
ture was crystallized in the triclinic crystal system with P1
space group. The asymmetric unit of CP-1 consists of two
Cu(n) ions (both Cul and Cu2 have 0.5 crystallographic occu-
pancies), three [1,3-di(4-pyridyl)propane] (DPP) ligands, in
which two are coordinated with the copper(n) metal ion and
the third is uncoordinated, and two nitrate ions in the lattice
(Fig. 1a). Cul and Cu2 ions have a distorted octahedral geo-
metry surrounded by four nitrogen atoms of the DPP linker and
two oxygen atoms of coordinated water molecules (Fig. 1c). The
extended connectivity represents a one-dimensional staircase-
like polymer network. Hydrogen bonding and C-H- - - interac-
tions led to a three-dimensional supramolecular network
(Fig. 1b). The topological analysis was examined with the help
of ToposPro software.>>>® The standard rod net representation
of CP-1 shows a 1,3M4-1 underlying net for the two fragments.
Furthermore, the simplified TTD collection of the hydrogen

(b)

(@) Molecular representation of CP-1 along the crystallographic bc plane, (b) molecular packing structure with a staircase pattern,

(c) supramolecular structure with a polyhedron view, and (d) topological view of CP-1 with 2C1 topology. (Nitrate ions and hydrogen atoms are

omitted for structural clarity.)
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bonded network of CP-1 represents the point symbol (PS) {0}; 2-
¢ nimodal net with 2C1 topology (Fig. 1d).

3.2 FT-IR, PXRD, SEM, HR-TEM and TGA analysis

The crystal structure of CP-1 was determined by the single
crystal X-ray technique. Moreover, chemical and physical beha-
viors such as phase purity, functionality, particle morphology,
and thermal stability of the synthesized CP-1 and rGO@CP-1
were established by PXRD, FTIR, SEM, and TGA techniques.
The UV-DRS spectrum of CP-1 showed maximum absorbance at
295 nm corresponding to © — 7* transition (Fig. S1, ESIt). The
FT-IR studies show vibrational bands of different intensities
due to Cu-0, Cu-N, C—C, C-H, and C—N bonds. The Fourier
transform infrared (FTIR) spectra of the CP-1 and rGO@CP-1
composite showed a broad band at 3464 and 3426 cm ' that
could be attributed to the presence of hydroxide (-OH) func-
tional groups. Asymmetric and symmetric vibration bands of
CP-1 and rGO@CP-1 at 1622, 1619 cm ' and 1382 cm ',
1389 cm™ ' could be assigned to the presence of v,s, COO™
and v, COO ™ functional groups, respectively.*! The vibrational
absorption bands at 523 and 520 cm™' could be due to the
presence of the Cu-O bond. Vibration frequencies at 452 and
444 cm™" can be attributed to the Cu-N bond.*"*” Similarly, the
vibrational frequency of rGO at 3435 cm ' is due to the
presence of -OH functional groups. A strong band appeared
at 1725 cm~ ' corresponding to the C=O functional group.
Other vibrational frequencies at 606, 503, and 420 cm™ " could
be attributed to the presence of triclinic phase formation of
rGO (Fig. S2, ESIT). To identify the structural integrity in the
bulk phase of CP1, the powder X-ray diffraction (PXRD) pattern
was performed, which was well matched with the simulated
pattern of CP-1 (Fig. S3a, ESIt). Similarly, the PXRD pattern of
rGO was well matched at 24.10° (002) and 43.41° (100) that is
situated within range.’® The rGO peaks at 20 (24.10°) suggested
that rGO is obtained in fully reduced form with a 3.5 A
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interlayer distance, which indicates that the polyhydrocarbon
template is not present.”® Moreover, shifting of particular peaks
at 24.68° and 43.77° in rGO@CP-1 indicated that the addition
of rGO over CP-1 was done successfully with the stacking layer
pattern (Fig. S3b, ESIt). Thermal stability of CP-1 was examined
by using TGA analysis under a N, atmosphere at the rate of
10 °C min~'. The TGA curve reveals an initial weight loss
(~4.5%) of CP-1 up to 100-165 °C due to elimination of lattice
and coordinated water molecules. Another weight loss (caled.
38.6%) occurs up to 290 °C corresponding to the elimination of
the DPP organic ligand of the lattice. Furthermore, weight loss
occurs due to the elimination of nitrate molecules up to
~500 °C and after that the framework collapses. Similarly,
the thermal analysis of rGO@CP-1 follows the same decom-
position pattern as that of CP-1 (Fig. S4, ESIt). This could be
attributed to weak interactions between CP-1 and the rGO
functionality. The surface morphology of CP-1 and rGO@CP-1
was analyzed by SEM analysis at different magnification ranges.
The SEM analysis of CP-1 showed flakes with a disoriented
structural morphology at different magnification ranges
(Fig. 2a-c). The flaky type morphology could provide more
reactive sites with more reaction compatibility for better elec-
trochemical reaction.** Similarly, SEM analysis of rGO@CP-1
showed adhesive clump formation of reduced graphene oxide
at the surface of CP-1 due to weak interaction between them. As
per the morphology of rGO@CP-1, rGO successfully interacted
over the CP-1 particles (Fig. 2d-f). The structural morphology of
rGO showed a sheet-like structure at different magnification
ranges (Fig. S5a, ESIt). Furthermore, the compositions of CP-1
(Fig. 3) and rGO@CP-1 (Fig. S5b, ESIT) were authenticated by
elemental mapping of particular elements in the 1 mm range.
The mapping of rtGO@CP-1 showed a slightly high composition
of carbon and oxygen that could be an indication of successive
composite formation. In the fabrication of rGO@CP-1, weak
interactions could play the main role.* Moreover, the

Fig. 2 SEM images of the prepared CP-1 showing the particle morphology at different magnification ranges (a)—(c), images of the rtGO@CP-1 composite
represent the adhering of rGO on CP-1 at different magnification ranges (d) and (e), and surface morphological behavior of CP-1 and rGO@CP-1 were
executed within the 1-10 nm scale range. (yellow circles represent CP-1 particles and red circles for rGO).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Cu Ka1

NKal_2

Fig. 3 Elemental mapping of CP-1 was recorded at 1 mm mixed selective area (a)—(f).

fabrication of rGO@CP-1 was also confirmed by HR-TEM
analysis with EDX, which indicated the uniform deposition of
CP-1 on the surface of rGO (Fig. 4). The loaded particles of CP-1
showed an irregular circular shape with a good particle size of
15-25 nm. The single particle image clearly showed the lattice
fringes that were devoted to the presence of copper metal with a
lattice spacing of about 0.33 nm (Fig. S5c, ESIt).®°

3.3. Luminescence sensing

A finely ground sample of CP-1 weighing 3 mg was placed in 4
mL of various solvents for luminescence measurements. The
mixture underwent ultrasonication for 25 minutes and was
allowed to age for 24 hours, resulting in the formation of
stable suspensions. The suspensions were analyzed for their
emission spectra at room temperature, covering a wavelength
range of 200-600 nm. The measurements were conducted with
illumination at 300 nm. The luminescence intensities of the
CP-1 suspension varied depending on the solvent molecules
used. The emission intensity of EtOH of CP-1 was significantly
high at 360 nm when excited at 300 nm. The luminescence
experiments were conducted in EtOH solution of various metal
ions using CP-1. CP-1 (3 mg) was placed in 4 mL of various
metal cations M(NO;)x, in EtOH with a concentration of 5 X
107" M (M = Co*', Ccd*', zn>*, Fe*"). In addition, the mixed
solutions underwent ultrasonication for 25 minutes before
being used for luminescence recognition measurements.
Eqn (1) is used to calculate the luminescence quenching
efficiency (Q).*

Q%) = {{To — D/Io} x 100 W
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The luminescence emission intensities prior to and follow-
ing the addition of solvents or metal ions are denoted by the
symbols I, and I, respectively.

3.3.1 Detection of analytes. To efficiently assess the
potential of CP-1 to display a luminescent reaction to different
chemical substances. It is fascinating how the luminescence
spectrum in CP-1 is greatly influenced by the solvent molecules,
particularly DMF, which exhibits the most potent quenching
properties. DMF transmittance at 300 nm is about 97%, and
this absorption by DMF may cause an effect of inner filter that
decreases the resulting emission. The luminescent intensity of
CP-1 for different solvents is shown in Fig. 5a. The quenching
efficiencies for different solvents were calculated to be 0.0%
(ETOH), 65.8% (DMSO), 72.0%, 85.0% (H,0), 85.0% (TEA),
97.4% (DMF) (Fig. 5b). DMF exhibited the most significant
quenching response. To assess the sensing sensitivity of DMF, a
quantitative fluorescence titration experiment was conducted.
Drop-by-drop additions of DMF solutions were made to a stable
CP-1 dispersion solution. After stabilization, the fluorescence
intensity was measured independently. When the DMF concen-
tration was gradually increased, there was a noticeable decrease
in fluorescence intensity, as shown in Fig. 6a. In addition, the
quenching constant was determined using the Stern-Volmer
(S-V) equation: Iy/I = 1 + K, [M].®* The experimental data shows
a strong linear correlation coefficient (R*> = 0.9987) for DMF.
Additionally, the calculated result of K, at low concentration is
6.41 x 10* M~ for DMF (Fig. 6b). The minimum detection limit
is 12.34 x 107°® M (0.91 ppm) and it was calculated using the
formula LOD = 3¢/m, where o represents the standard error and
m represents the slope.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Luminescence emission intensities and (b) luminescence quenching efficiencies for CP-1 in the presence of different organic solvents.

To investigate the luminescent reactions of CP-1 with var-
ious metal cations, the CP-1 was immersed in EtOH solution

© 2024 The Author(s). Published by the Royal Society of Chemistry

containing the same concentration (5 x 10~* M) of different
metal cations. After 24 hours, the resulting luminescent spectra
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were recorded. Fig. 7a displays the relative luminescence inten-
sities of CP-1. The efficiency of relative luminescence quench-
ing for metal ions was observed as follows: 28.7% for Co>*
53.2% for Cd**, 88.5% for Fe*", and 96.8% for Zn>", as shown in
Fig. 7b. To find out the limit of detection (LOD) of Zn** in EtOH
medium, a quantitative fluorescence titration experiment was
conducted. Drop by drop additions of aqueous solutions
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(a) Luminescence emission intensities and (b) luminescence quenching efficiencies of CP-1 dispersed in different metal ion EtOH solutions (5 x

(1 mM) of Zn>* were made to a stable CP-1 dispersion solution.
After stabilization, the fluorescence intensity was measured
independently. When the Zn>" concentration was increased,
there was a noticeable decrease in fluorescence intensity
(Fig. 8a). The experimental data shows a high linear correlation
coefficient (R*> = 0.9952) for Zn>". Additionally, the calculated
result of K, at low concentration is 4.89 x 10* M~! for Zn*
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Fig. 8 (a) Fluorescence emission intensities when an amount of Zn?* is added dropwise to the EtOH solution of CP-1 and (b) the S-V plot of CP-1

dispersed in EtOH solution after dropwise additions of Zn?*
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(1 mM) and the linear S—V curve of CP-1 at low concentration of Zn®*

(inset).
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(Fig. 8b). The minimum detection limit is 5.31 x 107°
(0.171 ppm) at 360 nm wavelength.

3.3.2 Recyclability and reusability. The practical utility of
the luminous sensor is enhanced by its ability to serve as a
sensing material in various applications. Consequently, an
inquiry was carried out to assess the recycling efficiency of
CP-1 as a fluorescent indicator for detecting DMF and Zn*>* in
EtOH-based solution. After the sensing experiment was fin-
ished, the mixture that had been spread in the DMF and Zn**
EtOH-based solution was collected. Several water centrifuga-
tions were conducted on the sample to eliminate any residual
DMF and Zn>" present on the surface. After the sensing
procedure, the emission intensity remained constant, with
fluctuations according to the photoluminescence spectrum.
After five cycles, there was a modest decrease in the intensity
of the luminescence, possibly caused by the transfer of energy
and the lingering presence of ions on the surface. However, the
quenching performance remained consistent for all ions even
after completing a series of cycles (Fig. 9).

3.3.3 Sensing mechanism. Previous studies have suggested
that the recognition of metal cations and solvents is often
influenced by framework collapse, ion exchange between var-
ious analytes, and competitive absorption/interaction, and
these processes are also commonly implicated.®® Additional
tests were performed to gain a better understanding of how CP-
1 senses Zn*>* and DMF through quenching impacts. In order to
examine the inhibition mechanism caused by Zn>" and DMF,
we conducted measurements using UV-vis spectra. The collapse
of the CP-1 complex is not responsible for the quenching of
fluorescence.®*®> The decrease in fluorescence intensity
observed during the electron-transfer transitions of the Zn**
and DMF can be attributed to the diminishing energy transfer
occurring between the © and n* orbitals of the ligands contain-
ing nitrogen. We utilize an excitation wavelength of 300 nm to
record the sensing data. This specific wavelength is chosen
because it corresponds to the excitation peak of the fluoro-
phore, ensuring maximum absorption and efficient excitation.
By using 300 nm, we achieve optimal fluorescence emission,
which enhances the sensitivity and accuracy of the experiment.
This choice also minimizes background interference, thereby
providing more reliable and precise results under the experi-
mental conditions. The likelihood of resonance energy transfer
is determined by the degree of spectral overlap between the
excitation bands of the fluorescence detectors CP-1 and the

Wiie.

Number of Cycles

Fig. 9 Quenching efficiency of DMF and Zn®* over CP-1 at 360 nm.
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absorption bands of the metal ions (analytes). Fig. S6 (ESIT)
clearly shows that there is a significant overlap between the
excitation and absorption spectra of CP-1 and Zn** and DMF.
The mechanism was consistent with those presented by other
groups.®®®” Among all metal ions and solvents, Zn>" and DMF
have a higher tendency to quench due to their UV-vis absorp-
tion spectra, which significantly overlap with the excitation
spectra of CP-1. The conclusion can be drawn from these
factors that the overlaps between the CP-1 and Zn** and DMF
UV-vis spectra suggest that the metal ions and solvents are in
competition with organic ligands for the absorption of excita-
tion wavelength energy. This competition leads to the quench-
ing effect.®®%°

3.3.4 Electrochemical studies. The electrochemical charac-
teristics of the prepared working electrodes, specifically CP-1
and composite, were examined utilizing CV at various scan
rates ranging from 10 to 300 mV s~ '. These evaluations were
performed within a potential window (0-1.0 V) in a 1 M
electrolyte solution of H,SO,, as depicted in Fig. 10. The CV
profiles reveal distinctive features of the working electrodes.
CP-1 exhibits a discernible couple of redox peaks, indicating its
electrochemical behavior. Conversely, the CV spectrum of CP-1
aligns with the electric double-layer capacitance mechanism,
manifesting nearly rectangular characteristics that suggest
efficient charge propagation on the surface of the carbon cloth.
Notably, rGO@CP-1 demonstrates a significantly enhanced
current response and charge transfer, which is evident in the
increased integrated area. This improvement is due to syner-
gistic effects caused by the combination of pseudo-capacitive
CP-1 and rGO@CP-1 electric double-layer (EDL) capacitive
characteristics.

Fig. 10a illustrates the CV plots of the prepared working
electrodes across various scan rates ranging from 10-
300 mV s~ . Notably, the region beneath each curve of the CV
expands as the scan rates increase across both electrodes.
Remarkably, the incorporated area of the composite electrode
exceeds that of the other electrode, showing a considerable
increase in specific capacitance due to the synergistic inter-
action of CP-1 crystals and rGO sheets. The CV profile of
rGO@CP-1 reveals distinct redox peaks attributed to the
pseudo-capacitive behaviour of CP-1 (Fig. 10b). However, the
electrode tends to adopt a semi-rectangular form at higher scan
rates, indicating that electrolyte ions are diffusing more
quickly. This phenomenon likely contributes to an increased
charge storage capacity, as depicted in Fig. 10b. The structure
of CP-1 increases the area of contact and modes in the system,
allowing for more efficient charge transfer.>>>*”° However, the
inherent low conductivity of CP-1 limits its application in
electrochemical contexts. Hence, the introduction of rGO
alongside CP-1 enhances the hybrid’s conductivity. The wavy
surface of rGO, with wrinkles preventing restacking, substan-
tially improves conductivity by shortening the ion diffusion
paths, thereby enhancing the electrochemical response.”* The
comparison of the CV profiles at 100 mV s~ ' scan rate demon-
strates the beneficial synergistic interaction between rGO
sheets and CP-1. This synergy facilitates efficient charge
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Fig. 10 (a) and (b) CV curve profile of CP-1 and the composite (rGO@CP-1), and (c) GCD profile of te composite (rGO@CP-1) at different current

densities, and (d) comparative GCD profile of CP-1, rGO, and the composite material at a current density of 1.0 A g~*.

transfer, leading to an augmented integrated area and confirm-
ing the collaborative impact of both rGO sheets and CP-1.
GCD analysis was performed within a potential window of 0-
1.0 V at current densities ranging from 1 to 8 A g~ ' to evaluate
the capacitive behavior of the fabricated electrodes (rGO, CP-1,
and rGO@CP-1) in a 1 M H,SO, aqueous electrolyte solution, as
shown in Fig. S7(a and b) (ESIt) and Fig. 10c. The comparison
of the charging-discharging profiles for prepared electrodes is
depicted in Fig. 10d. rGO@CP-1 exhibits a good discharging
time, which indicates a better specific capacitance than the
earlier reported electrode materials used in supercapacitor
applications. The discharging time decreases with increasing

current density of 1 A g, CP-1, rGO, and rtGO@CP-1 demon-
strate specific capacitance values of 244.17 F g~ ', 408.07 F g~ *
and 899.54 F g~ '.7> The as-synthesized composite electrode
material delivers remarkably high specific capacitance due to
the synergistic effect among rGO and CP-1, and a comparative
study was done (Table 1).

Furthermore, the efficiency of the electrodes is assessed by
graphing specific capacitance vs. current density (Fig. 11a),
which reveals a reduction in charge storage ability with increas-
ing current density due to insufficient occupancy of active ionic
species. The stability of the composite material (rGO@CP-1)

. : . . I x At .
current density and reducing the capacitance. Specifically, at a was evaluated through (CS = TV) and Coulombic
m x

Table 1 Comparative study of various reported Cu(i)-based CPs and their composites

S. no. MOF Electrolyte Current density (A g7") Capacitance (F g™ ") Ref.

1. Cu-MOF@ACNF 1 M H,SO, 1.0 303.2 73

2. [Cu;(Azopy);(BTTC);(H,0);-2H,0],, 1 M Na,SO, 0.8 244.2 74

3. Cu-MOF-1 6 M KOH 1.0 181 75
Cu-MOF-2 248

4. Cu-MOF based APC 6 M KOH 0.5 260.5 76

5. Cu-MOF®@rGO (HMRL-1/R) 1 M Na,SO4 1.0 366.6 77

6. Cu-DBC 1 M NaCl 0.2 479 78

7. CuMOF/rGO 1 M Na,SO, 0.8 462 44

8. CuO@CP-1 1 M H,SO,4 1.0 602.25 54

9. Cu(u) CP-1 1 M H,S0, 1.0 244.17 This work
CP-1@rGO 899.54

8274 | Mater. Adv,, 2024, 5, 8265-8279 © 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Specific capacitance vs. current density for the composite electrode, (b) cycling stability profile of CP-1 and the composite electrode up to

2000 cycles at a current density of 8.0 A g, (c) Nyquist plots of CP-1 and rGO@CP-1 electrode materials with the inset showing the equivalent circuit of

the composite, and (d) Bode plot of rGO@CP-1 electrode.

efficiency (CE), which was determined using the formula

7[D><
n_lc

retention of 94.62% after 2000 charge-discharge cycles at
8.0 A g ' current density, as shown in Fig. 11b.>>7%8%
This performance is attributable to the efficient facilitation of
electrolyte ion transport inside the open-linked structure
rGO@CP-1 during rapid charging-discharging processes. Addi-
tionally, the resilient design of the rGO@CP-1 spread on the
outer surface of carbon cloth, induced synergistically, contri-
butes to this outstanding outcome.

However, the rapid delivery of electrons and ions in the
rGO@CP-1 electrode can be attributed to its lower series
resistance (Rs, encompassing solution resistance, contact resis-
tance, etc.) and charge-transfer resistance (R.). Electrical resis-
tance is a crucial parameter for evaluating SC electrodes,
quantitatively determined by EIS over a frequency range of
100 kHz to 0.01 Hz at 10 mV potential amplitude, as depicted
in Fig. 11c. Generally, the Nyquist plots for CP-1 and rGO@CP-1
electrodes exhibit similar patterns, consisting of a slight semi-
circle in the high-frequency region and a straight line in the
low-frequency region, indicating diffusion control.®" By using
Nova software for calculation and modulation, the EIS data
were accurately fitted to an equivalent circuit, shown in the

100%) and was reported to be 98.6% with a capacity

© 2024 The Author(s). Published by the Royal Society of Chemistry

inset of Fig. 11c. The R, values for CP-1 and rGO@CP-1,
calculated from the points where the curves intersect the Z’
axis (real axis), were 1.97 Q and 6.25 Q, respectively. Further-
more, the R. values determined and simulated using Nova
software were approximately 5.93 Q and 33.8 Q. These results
confirm that a lower concentration and extended soaking
period are optimal conditions for synthesizing composite elec-
trodes. Notably, the rGO@CP-1 composite displays a lower Rq
value as compared to CP-1. Significantly, the fabricated com-
posite material exhibits a small R, compared to the CP-1
material, indicating minimal R. at the electrolyte/electrode
interface, attributed to the porous structure of the composite
material.

In addition, the Bode plots of phase angle versus frequency
and total impedance versus frequency are shown in Fig. 11d.
Among the as-prepared electrode materials, the rGO@CP-1
exhibited the highest phase angle of 40° in the low-frequency
region, indicating a higher degree of pseudocapacitive beha-
vior, which aligns with the results from CV and GCD measure-
ments. This higher phase angle suggests more efficient
electrolyte ion transport, producing the highest pseudocapaci-
tive response. The plot of real impedance versus frequency
shows different slopes across various frequency regions. All
synthesized electrode materials exhibited an almost zero slope

Mater. Adv,, 2024, 5, 8265-8279 | 8275
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at high frequencies, indicating that the resistance at the
electrode-electrolyte interface is dominant. In the low-
frequency region, the electrodes displayed a purely capacitive
nature without any resistance, suggesting that this composite
electrode has both capacitive and resistive features.

Consequently, the capacitive behaviour is suppressed at
high frequencies, and the resistive component becomes domi-
nant, resulting in a phase angle of 26°. This study demonstrates
that the rGO@CP-1 electrode is promising for supercapacitors.
The CV, GCD, and EIS characterization studies of the rGO@CP-
1 composite reveal that this electrode material possesses good
capacitive behavior.

Moreover, to delve further into the energy storage mecha-
nism of the optimized electrode material (rGO@CP-1), we
analyzed the CV curves obtained at various scan rates in 1 M
H,S0, (Fig. 12a). Using the power law equation, we aimed to
distinguish between diffusion-controlled faradaic redox (pseu-
docapacitance) and capacitive (EDLC) processes.®>

ip = av’ or logi, =loga + blogv

In this equation, “i,” represents the peak current, and “v”
corresponds to the scan rate. By plottinglog i, againstlog v, we

8276 | Mater. Adv, 2024, 5, 8265-8279

obtain the slope (b) and intercept (log a) values (Fig. 12b). These
values offer crucial insights into the charge storage mecha-
nism. Specifically, the slope (b) equals 0.5, indicating that
the diffusion-controlled faradaic process predominantly
governs the charge storage. Alternatively, if the value of
b is 1, it suggests that the capacitive process dominates the
reaction. However, when b falls between 0.5 and 1, diffusion-
controlled and capacitive (EDLC) processes contribute to the
overall storage mechanism.*>** Analysis of the plot oflogi,
versuslogv, recorded for the anodic and cathodic peaks at
0.48 Vand 0.36 V, reveals b values of 0.95 and 0.91, respectively
(Fig. 12b). This observation indicates that the charge storage
mechanism involves diffusive and EDLC processes. Moreover,
an analysis of diffusive and capacitive behavior is conducted
using the Dunn equation: i, = k'v + K°v"/?, where i, denotes the
current at a particular voltage, and k'v and k*v'? signify the
capacitive and diffusive contributions, respectively. Using this

. j 1 . . .
equation, a plot of —pl vs. v2 (see Fig. 12c¢) results in a straight
2
line. From this plot, the values of capacitive (k'v) and diffusive
(k*v*'?) contributions at a scan rate of 5 mV s~* were deter-
mined to be approximately 88% and 12%, respectively
(Fig. 12d).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

In summary, synthesis of a new 1D coordination polymer,
{[Cuy(DPP),(H,0),] DPP-2NO;},, (CP-1), and its composite
(rGO@CP-1) was done via solvothermal and ball milling
approaches, respectively. CP-1 showed a 2C1 underlying net
topology. CP-1 demonstrates excellent selective fluorescence
detection capabilities for transition metal ions (Zn>*) and sol-
vents. Furthermore, CP-1 and its composite (rGO@CP-1) exhib-
ited favorable electrochemical energy storage capabilities in 1 M
H,SO, electrolytes. However, the composite demonstrates a
notable specific capacitance, along with exceptional cycling
stability and a low R value. So, CP-1 has potential applications
in the detection of selective solvents as well as electrochemical
energy storage. Moreover, the composite of CP-1 could be
utilized as a promising electrode material for energy storage.
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