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Abstract

Hybrid supercapacitors (HSCs), with high energy density and power density, accompanied by
extended life cyclability, have come forward as ultimate energy storage devices. Owing to their
high redox activity, huge surface area, porous topological framework, and versatile high redox-
activity, open topological structure, and configurable morphology, metal-organic frameworks
(MOFs) have substantial interest as materials for electrodes. However, they suffer from
considerable problems due to their poor electrical conductivity and inadequate stability. Herein,
neodymium-based MOF derived from pridine-2,6-dicarboxylic acid (Nd-PDA) and its
composites with Maxene (Nd-PDA@MZXene), and single-walled carbon nanotubes (Nd-
PDA@SWCNT) were developed, and their applicability as electrode materials was analyzed
through electrochemical characterization. The electrochemical analysis displayed that the Nd-
PDA@SWCNT composite exhibited superior electrochemical performance with an outstanding
specific capacity (Qs) of 260.91C g! and specific capacitance (Cs) of 521.82 Fglat a current
density of 1 Ag'. Nd-PDA@SWCNT composite was fabricated against activated carbon (AC) to
design HSC, which demonstrated Qs of 104.24 Cg! and Cs of 69.49 Fg'! (555.92 mF/cm?) at 0.5
Ag!l. Maximum specific energy (Es) of 21.71 Whkg! and specific power (Ps) of 1151 Wkg-!
with 99% Coulombic efficiency (CE) even after 10,000 charging-discharging cycles were
determined. Dunn’s method was employed to extract capacitive and diffusive contributions. The
findings propose that the Nd-PDA@SWCNT composites an outstanding candidate for electrode
materials in hybrid energy storage devices.
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1. Introduction

In the recent past, hybrid supercapacitor (HSCs) has attracted much attention of the
researchers.! Numerous types of electrode materials have been reported to enhance the
electrochemical performance of HSCs which include conducting polymers, carbon-based
materials?, transition metal oxides?, transition metal hydroxides*transition metal phosphates’,
transition metal phosphides®, sulfides’, selenides®, and a new class of materials known as Metal-
organic frameworks (MOFs).>!®However poor electrical conductivity and low structural stability
hinder practical application. To overcome these shortcomings, conductive materials have been
employed to exploit full potential of MOFs.!!1213Carbon nanotubes (CNT) are among the most
highly desirable applied carbon materials for energy storage devices due to their remarkable
conductivity, outstanding mechanical strength, exceptional chemical stability, high thermal
conductivity, and large surface area.!*'>Among CNT, single-walled carbon nanotubes (SWCNT)
are exceptionally well-suited for energy storage applications due to their remarkable
features.'SSWCNT possess exceptional mechanical, electrical, chemical, thermal, and optical

abilities.!”

Rare-earth metal ions have gained considerable scientific interest as an electrode material
due to their remarkable electrochemical performance.!'®!°Due to lanthanides contraction, Nd3*
shows higher coordination number (usually 8-9) as compared to transition metal which is
responsible for robust 3D framework. It is evident that direct f-electron participation in redox is
limited for Nd*" so charge transfer through the organic linker is facilitated by its unique
electronic structure. Nd** can also stabilize oxygen vacancies serving as active sites for
reversible OH- adsorption/desorption.?? Furthermore, optimal ionic radius facilitates highly
porous structure with large surface area. It can also act as Lewis acid to enhance interaction with

electrolyte ions.

Majumder et al. showcased that PIn/Nd,03-2 composite demonstrated a Cs of 401 F g1,
Es of 8.91 Wh kg!, Ps of 1020 W kg-!, along with 97.02 % retention after 5000 cycles.?!Shiri et
al. showed that POAP/Nd,0; nanorods composite retained 92% capacitance retention after 1000
cycles and a Cs of 379 F g”!.??Imtiaz et al. developed Nd-doped SmFeO; electrode and revealed
that the two-electrode symmetric cell has a Es of 4.3 Wh kg'and a Ps of 722.5 W kg!.23Sahuer
al. revealed that 3% Nd-doped ZnO electrode delivered Cs of 154 F g'at 2.5 A ¢!, Es of 7.36
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Wh kg!, Ps of 730 W kg-!, with 92% capacity retention even after1000 cycles at 2.5 A g''.2* The
in-depth crystal engineering of Nd-MOFs obtained from template-assisted approach signified the
structural and magnetic relationship.”> Nd-MOF were also reported for reduction of CO, to
syngas®%and the use of rare-earth metal to design Zr-MOFs and their composites were also
highlighted for sensing and energy applications.?’In most of the reported rare-earth MOFs,
conventional carboxylic linkers were used which showed poor conductivity.”> However, our
work revolves around the utilization of pyridine-2,6-dicarobxylic acid (PDA) in which lone pair
on the nitrogen atom not only contributes in increasing the conductivity but also provides strong
chelation with Nd3* through carboxylate unit. Furthermore, the use of conductive materials has

further unlocked the hidden electrochemical potential of the synthesized material.?3°

In this study, Nd-PDA MOF with organic linker pyridine-2,6-dicarboxylic acid
containing nitrogen (N) atom was synthesized via sonication. After structural characterization via
single-crystal X-ray diffraction (XRD), thermogravimetric analysis (TGA) and fourier-transform
infrared (FT-IR) spectroscopy, composites of Nd-PDAMOF with MXene (Nd-PDA@MXene)
and SWCNT (Nd-PDA@SWCNT) were designed and electrochemically tested via cyclic

voltammetry (CV), electrochemical impedance spectroscopy (EIS), and galvanostatic charge-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

discharge (GCD). Results showed that the addition of SWCNT, owing to their remarkable
electrical conductivity, substantial active sites, and ideal nano-tubular structure, enhanced the

electrochemical performance. The Nd-PDA@SWCNT composite was fabricated in HSC which
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system.

2. Experimental
2.1. Materials

Neodymium nitrate hexahydrate (Nd(NOs),.6H,0), pyridine-2,6-dicarboxylic
acid (PDA), distilled water, MXene (Ti3C;) with 99.9% purity, single-walled carbon nanotube
(SWCNT),  N-methyl-2-pyrrolidone (NMP),  polyvinylidene fluoride (PVDF),
dimethylformamide (DMF), activated carbon (AC), hydrochloric acid (HCI), ethanol, nickel
foam (NF), potassium hydroxide (KOH). All chemicals and reagents with analytical-grade purity

were sourced from Sigma-Aldrich and used as received without additional purification.
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2.2. Preparation of neodymium metal organic framework (Nd-PDAMOF)

In order to synthesize Nd-PDAMOF, 131mg (0.4 mM) of salt Nd(NOs),.6H,O
and 77 mg (0.4 mM) of PDA were dissolved separately in 2 mL of distilled water. After mixing,
the solution was sonicated for 1 minute at 12microns amplitude. The resulting transparent
solution was kept for crystallization. Purple colour crystals appeared after 5 days which were
filtrated, washed, and dried at room temperature. Calc. for C,;H3N3Nd,O46 (851.82): N, 4.93; C,
30.82; H, 1.52; Found: N, 4.63; C, 30.73; H, 1.60.

2.3. Electrode Fabrication

To form homogeneous slurry, 4 mg of Nd-PDAMOF, 0.5 mg of AC, and 0.5 mg
of PVDF binder were mixed in 60uL of NMP solvent. Likewise, composites i.e. Nd-
PDA@MXene and Nd-PDA@SWCNT were also prepared with same ratio by utilizing
conductive materials instead of AC. The mixture was stirring for 6 h at room temperature. NF
(1.5 x 1.5 cm?®) was conditioned by subsequent washing with 6 MHCI, distilled water, and
ethanol to eliminate any oxide. Drop casting technique was employed to fabricate the materials
on pre-treated NF to prepared electrodes (Nd-PDA, Nd-PDA@MXene and Nd-PDA@SWCNT)
which were dried at 60 °C for 6 h (Fig 1). The active mass loading was determined by measuring
the weight difference of the NF substrate before and after electrode fabrication, which was

approximately 3.8-4 mg/cm?.

Page 4 of 29


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01269d

Page 5 of 29

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 8:07:49 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online
DOI: 10.1039/D5MA01269D

Neodymium nitrate

Nd-PDA@SWCNT
Solution @

Mixing

\solution

Sonication

— ‘ PVDF ‘

NMP Carbon

ocawSiUcEIIIN
esn

Nd-PDA

Nd-PDA MOF

MXene

Pyridine-2,6-

dicarboxylic acid Nd-PDA@MXene
Solution

Fig.1Synthesis scheme of Nd-PDAMOF, Nd-PDA@MXene and Nd-PDA@SWCNT.

2.4. Electrochemical tests

We conducted all of the electrochemical experiments on the OrigaFlex
electrochemical workstation. These tests included CV, GCD, and EIS. In a three-electrode
assembly, the prepared electrodes served as the working electrodes, while platinum wire and
Ag/AgCl electrode served as reference and counter electrodes, respectively.’?’A hybrid
supercapacitor was constructed using two-electrode system. The positive electrode consisted of
Nd-PDA@SWCNT, while the negative electrode was made from AC. The electrolyte used was
IM KOH. The mass ratio between the electrodes was determined using equation-1°:

m, _ Co XAV_

m_ Qs

(1)

Here, m. is the loaded mass (g), AV. is the potential window, C, 1is the specific
capacitance of the negative electrode, while m, and Q; and represents the loaded mass (g) and

specific capacity of the positive electrode.
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The Qs and Cs values were determined from the GCD graphs using equations (2) and (3).
In the given equations, I is the discharge current (A), m denotes the loaded mass (g), [Vdt
represents the current integral area, AV corresponds to the potential window(V).3! Equation (4)
was used to calculate the E(Wh kg!) and equation (5) to calculate P(W kg'). Here, tq

represents the discharge time, in seconds, taken from the GCD curve.??

Q, = 2o @)
o= E gt O
Be = S5
p, = E xt3d600 ______ 5)

3. Results and Discussion

3.1. Structural Characterization

3.1.1. Single Crystal X-Ray diffraction analysis of Nd-PDAMOF.

At 296 K, diffraction experiment was performed and procedure involved in analysis are:
data collection: COLLECT?33, cell refinement: DENZO/SCALEPACK?3?, data reduction:
DENZO/SCALEPACK; program(s) used for molecular graphics were as follows: Mercury
programs®’; software used to prepare material for publication: WinGX34. All non-hydrogen

atoms were refined with anisotropic parameters.
3.1.2. Description of structures

The asymmetric unit of the Nd-PDAMOF consists of two Nd(III) ions, two coordinated
and one non coordinated water molecules and three PDA ligands (Fig.2A). Bond length and
angles are similar as reported structure®, Schematic stick view of 3D propagation along 001
direction in Nd-3D polymer is shown in Fig.2B, while polyhedral view showing rectangular pore

of 6.2x3.8 nm is shown in Fig.2C. Details of crystal structures and selected bong lengths and
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angles are given in Table S1 and S2 respectively. Simulated XRD diffractogram of Nd-PDA
MOF is presented in Fig. S1.
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Fig.2(A) The asymmetric unit of Ce-3D polymer, colour of atoms: Magenta: Cerium, Blue:
Nitrogen, Red: Oxygen, Black: Carbon, White: Hydrogen (B, C) Schematic polyhedral view of
3D propagation along 001 direction in Ce-3D polymer(D) Polyhedral view showing spherical

pore.
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3.1.3. Thermogravimetric analysis (TGA) and Fourier Transform Infrared (FTIR) spectroscopy

TGA was carried on TA Instruments with a ramp-rate of 10°C min!' using a SDT Q 600
instrument, thermal analyzer under N, atmosphere and temperature range of 25°C to 1000°C.
The decomposition pattern of complex ND-PDA MOF is illustrated in Fig. S2. At the first stage,
water was released with weight loss of about 6.3% (calculated value 6.4%) for two coordinated
and one non-coordinated water molecules up to 182 °C. TGA curve slowly decreases due to
successive decomposition of polymer to release PDA up to 988 °C assuming 46.3 % as residue
attributed to Nd,O; (caled. 39.4%). Slight variation in experimental and theoretical residue may
be due the presence of carbon.

FTIR spectrum was measured using ATR sample compartment on Bruker Tensor-27
spectrophotometer (Billerica, MA, USA) in the range of 400-4000 cm™!. The asymmetric and
symmetric stretching vibration associated with carboxylic group at 1673 cm'and 1352 cm™!
confirmed the coordination of Nd3* ions. The peaks at 1511 cm™!corresponds to C=C stretching
of pyridine ring whereas broad band at 3212 cm™'indicated presence of water molecules (Fig.

S3).

3.2. Electrochemical Characterization
3.2.1. Half Cell Electrochemical Characterization
3.2.1.1. Cyclic Voltammetry analysis (CV)

CV is a widely utilized electroanalytical method for determining the kinetics and
nature of electrochemical processes.%37It reveals details regarding the redox response of
electroactive materials, the rate of heterogeneous electron transport reactions, nature of material,
and linked chemical and electrochemical reactions.’®The electrochemical performance of the as-
prepared electrodes was first assessed by CV at different scan rates (3, 5, 8, 10, and 15 mV s).
Fig. 3a-c illustrates the CV plots of Nd-PDA MOF, Nd-PDA@MXene, and Nd-PDA@SWCNT
composites electrodes at a potential range of 0-0.55 V. The voltammograms of all three
electrodes revealed redox peaks depicting the characteristics of faradaic redox reactions. The
reduction of Nd** to Nd** reduction in aqueous alkaline electrolyte is not thermodynamic
favourable and the charge storage mechanism can generally be associated with high oxophilicity
of Nd*" that can stabilize oxygen vacancies serving as active sites for reversible OH-

adsorption/desorption.? Furthermore, conjugated system is created due to the coordination of
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PDA to Nd** which is responsible for delocalization. Nd serves as structural node for organizing
redox-active ligands into an accessible frameworks.?® It is worth noting that the peak current
increased with the augmentation of scan rates.*® The elevated scan rate altered the oxidation and
reduction voltages to higher positive and negative potentials, owing to the inherent resistance of
the electrode material.*! The redox peaks close to each other suggested increase catalytic
activity. At higher scan rates, a shift in peak was observed which indicated that the electroactive

ions lacked enough time to integrate into pores for redox activity. 4?

(a) (b)
0.06 4 Nd-PDA 0.08 - Nd-PDA@Mxene
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Fig.3: Electrochemical performance of Nd-PDA, Nd-PDA@MXene, and Nd-PDA@SWCNT in
a three-electrode assembly. Profiles of cyclic voltammetry of (a) Nd-PDA, (b) Nd-
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PDA@MXene, and (c) Nd-PDA@SWCNT. (d) Comparison profile of CV curves for Nd-PDA,
Nd-PDA@MXene, and Nd-PDA@SWCNT at 3 mV s,

A comparison of the CV curves for all the prepared samples at a scan rate of 3
mV s is presented in Fig.3d which revealed that the Nd-PDA@SWCNT electrode had a highest
CV area which confirmed greatest charge storage capacity due to enriched electrochemical
kinetics.*! The Nd-PDA MOF, Nd-PDA@MXene, and Nd-PDA@SWCNT electrodes charge

storage responses were verified from CV graphs using a power law (equation 6 & 7).
i=avl———— (6)

log(i) = log(a) + blog(v) ————(7)

where i is the peak current value, v is the scan rate, a and b are constants that can be adjusted.
The slope of the linear line can be used to determine the b-value, which helps to distinguish
between surface-controlled (capacitive) and diffusion-controlled (battery-like) processes.
Particularly, b-value of 0.5 suggests a diffusion-controlled process, while a surface-controlled
capacitive process exhibits b-value close to 1. The hybrid storage system comprising diffusion-
controlled and surface-regulated mechanisms falls around 0.8.43The linear plots of log (i) vs log (
v) for Nd-PDA, Nd-PDA@MXene, and Nd-PDA@SWCNT electrodes are depicted in
Fig.4a.The b-values for Nd-PDA, Nd-PDA@MXene, and Nd-PDA@SWCNT were found to be
0.59, 0.55, and 0.57advocating that charge storage was primarily accomplished through a

diffusion-regulated electrochemical process.
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Fig.4(a) Comparison of b-value for Nd-PDA, Nd-PDA@MXene, and Nd-PDA@SWCNT.(b)

Percentage contributions from diffusion and capacitive at various scan rates are shown as a bar

chart for Nd-PDA@SWCNT. (¢) Comparison of diffusion and capacitive-regulated contributions
for Nd-PDA@SWCNT at 3 mV s!, and (d) at 15 mV s,

In addition, Dunn method was applied to quantity the contribution of the capacitive and

the diffusion mechanisms, by applying equation-8& 9.44
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I(V) = k1 v+ kz 171/2 ------ (8)

(i (V)) = kl vz T k, LR 9)

v1/2

where i(V) is the current at a specific voltage V, v represents the scan rate, kv and krv!?
signifies capacitive and diffusion-controlled current. Furthermore, the values of k; and k; can be
acquired from the slope and intercept of the fitted plot between i(V)/v'?and vl
respectively.*The diffusion and capacitive contribution of Nd-PDA@SWCNT at scan rate of
3mV s! to 5 mV s! is illustrated in Fig. 4b. The diffusion-controlled contribution of Nd-
PDA@SWCNT at a scan rate of 5mV s! (Fig. 4c) made up about 85.8 % of the total current
which decreased to 73% atl5 mV s! (Fig. 4d), demonstrating that the diffusion-regulated
process still leads the overall capacitance of Nd-PDA@SWCNT.

3.2.1.2. Galvanostatic charge-discharge (GCD)

GCD is a crucial instrument for determining the key parameters pertaining to the
electrochemical characteristics of materials, including Qs, Cs, Ps, and Es.*47 It is easier to study
the kinetics of charge transfer and ion diffusion in different electrode materials using GCD
because voltage and current fluctuations are applied continuously to the electrode and monitored
over time.*GCD curves of Nd-PDA MOF, Nd-PDA@MXene, and Nd-PDA@SWCNT in the
voltage window of 0.0 to 0.5 V, with various current densities ranging from 1.0 to 3.5 A g, are
shown in Fig. Sa-c.The non-linear profile and humps in the GCD curves confirmed battery-like
nature of all the materials. The GCD curve of Nd-PDA MOF, Nd-PDA@MXene, and Nd-
PDA@SWCNT at a current density of 1 A g''(Fig. 5d) revealed that Nd-PDA@SWCNT had the
longest discharge duration. The value of Cs and Qs were obtained at various current densities (1
to 3.5 Ag!) by using equation-2and 3. Nd-PDA MOF, Nd-PDA@MXene, and Nd-
PDA@SWCNT showed Qs of 180.73, 229.77, and 26091 C g at 1 A g respectively. The
comparison of Qs for all the materials is shown in Fig. Se. Furthermore, Cs for Nd-PDA, Nd-
PDA@MXene, and Nd-PDA@SWCNT were also determined as 361.47, 459.54, and 521.82 F g
Lat 1 A g'!, respectively. It is essential to recognize that the value of Qs and Cs decreased with
increased in current density due to limited utilization of active material.* The enhanced
performance of Nd-PDA@SWCNTis associated with SWCNT-mediated improvements in

electrochemical reaction kinetic and charge transport.
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3.2.1.3. Electrochemical Impedance Spectroscopy (EIS)

EIS was employed to assess the intrinsic impedance, charge transport resistance,
electrolyte dispersion, and ion diffusion features of the materials.*’ Inthree-electrode system, the
EIS measurements were conducted across a frequency range of 0.1 Hz to 100 kHz. The Nyquist
curves with the equivalent circuit modeling obtained for the Nd-PDA MOF, Nd-PDA@MXene,
and Nd-PDA@SWCNT electrodes are displayed in Fig.5f. The Nyquist maps depict the
relationship between the real part of the impedance (Z) and imaginary part of the impedance (-
Z). They offer a deeper understanding of the resistive and capacitor-like characteristics of the
electrode materials. The EIS curve for battery like material is generally composed of a small
semicircle and a straight line. A vertical line in the area of low frequency represents Warburg
resistance (Zw), which is associated with the diffusion of ions in the electrolyte and their
transport to the electrode. The semicircular diameter in the area of high frequency is related to
charge transfer resistance(R.), linked to faradic reactions occurring at the electrolyte-electrode
interface.**The resistance associated with the ionic conductivity of the electrolyte is solution
resistance (R;). It can be determined from the convergence with the actual axis in the high-
frequency area.’*The Nd-PDA@SWCNT electrode exhibited Ry value of 2.3Q,which is lower
than the Nd-PDA@MXene(2.5 2) but moderately higher than the Nd-PDA electrode(2.2 Q),
implying that Nd-PDA@SWCNT has reasonable conductivity. The R of the Nd-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

PDA@SWCNT electrode measured from the semicirclewas2.4 Q which was much smaller than

that of the Nd-PDA@MXene(3.4 Q) and Nd-PDA MOF (5.1 Q). It confirmed high electrical
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(cc)

conductivity and quick charge transport kinetics. This finding revealed that the electrochemical
resistance of the Nd-PDA electrode can be reduced by incorporating SWCNT. The Nd-
PDA@SWCNT electrode exhibited a more prominent inclined line in the low-frequency area as
compared to the Nd-PDA@MXene and Nd-PDA electrodes, suggesting enhanced transportation

of ions in the electrode materials as well as reduced Warburg resistance.
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Fig.5GCD profiles of (a) Nd-PDA, (b) Nd-PDA@MXene, and (c) Nd-PDA@SWCNT. (d)
Comparing the GCD curves for Nd-PDA, Nd-PDA@MXene, and Nd-PDA@SWCNT at 1 A g-
1. (e) Qs of Nd-PDA, Nd-PDA@MXene, and Nd-PDA@SWCNT at different current densities.
(f) Evaluation of the fitted curves and comparison of the electrochemical impedance

spectroscopy of Nd-PDA, Nd-PDA@MXene, and Nd-PDA@SWCNT.
3.2.2. Hybrid supercapacitor Assembly

It is evident from the three-electrode assembly that the Nd-PDA@SWCNT
possessed superior electrochemical performance owing to the coordinated interaction between
the Nd-PDAMOF and SWCNT. A hybrid supercapacitor (HSC) was fabricated using Nd-
PDA@SWCNTas the cathode and AC as the anode, segregated by whatman filter paper as
separator in 1M KOH as an (Fig. 6a).The voltage of the HSC was assessed as 1.5V from the CV
curves of Nd-PDA@SWCNT and AC (Fig.6b). The CV profiles of HSC at different scan rates (5
to 25 mV s'!) depicted pseudo-capacitive nature involved in charge storage (Fig. 6c). The value
of R2around 0.99 confirmed the excellent reversibility of the device (Fig.S4).The calculated b-
value of 0.67 confirmed charge storage through both diffusive/capacitive processes (Fig.S5),

implying the hybrid character of the device. The diffusive and capacitive contributions measured

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

at scan rates ranging from 5 to 25 mV s-'are depicted in (Fig. 6d). The capacitive contribution of

HSC was found to be 34.1% at SmV s*! which increased to 53.6% at 25 mV s-!. At higher scan

Open Access Article. Published on 24 March 2026. Downloaded on 3/25/2026 8:07:49 AM.

rates, the capacitive-regulated contributions became more dominant due to predominance of

(cc)

surfaced-charge storage mechanism.’! The contributions of capacitive and diffusive current at

scan rate 5 mV s-'and 25mV s! are shown in Fig. 6e & f.
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Fig.6. Electrochemical characteristics of the Nd-PDA@SWCNT hybrid device. (a) Illustrative
diagram of the hybrid system. (b) CV profiles of the Nd-PDA@SWCNTin conjunction with AC.
(c) CV profiles of the Nd-PDA@SWCNT//AC hybrid device at various scan rates. (d)

Percentage contributions from diffusion and capacitive at different scan rates are shown as a bar
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chart. (e) Comparison of contribution from diffusion and capacitive-regulated contributions at 5

mV s, and (f) at 25 mV s,

To adjudge the practical application of the HSC, GCD was performed at current
densities varying from0.5 to 1.75 A g with potential window of 0.0-1.5 V (Fig.7a).The
appearance of the humps in the curves signified combination of diffusive and capacitive
contribution. The HSC showed Qs and Cs of 104.24C g''and 69.49F g1(555.92 mF/cm?) at a
current density of 0.5 Ag-!, respectively (Fig.7b&c).The relationship between the Es and Ps is
also shown in Fig.7d. The Nd-PDA@SWCNT//AC exhibited a high Es of 21.71 Wh kg! at 0.5
Ag! and Ps of 1151W kg'! at 1.75 Ag!. The device was run for 10000 GCD cylces which
demonstrated a coulombic efficiency of 99% (Fig.7e). EIS was also performed before and after
running 10000 GCD and Randle's circuits were used to assess the kinetic of the charge storage
mechanism (Fig.7f).After stability, the device showed value of 3.45 Q for Rct. The results
showed that Nd-PDA@SWCNT can be a promising candidate for use in hybrid supercapacitors.
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Fig.7.For the Nd-PDA@SWCNT//AC hybrid system, (a) GCD profiles at varying current

densities. (b) Specific capacities plot at varying current densities. (c) Specific capacitance values

at various current densities.(d) Graph of specific energy and specific power at different current
densities. (e) EIS spectrum for Nd-PDA@SWCNT//AC was taken both before and after the
stability test. (f) The Nd-PDA@SWCNT//AC stability curve following 10,000 GCD cycles.
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4. Conclusions

In this work, Nd-PDA MOF was prepared through a simple sonication method
and its composites and Nd-PDA@SWCNT with Nd-PDA@MXene were designed to explore
electrochemical performance. Our findings demonstrated that the Nd-PDA@SWCNT exhibited
superior performance in the three-electrode assembly with Qs of 260.91 Cg-! and Cs of 521.82 F
glat1l A g'!. Consequently, Nd-PDA@SWCNT was fabricated against AC to construct a hybrid
supercapacitor (Nd-PDA@SWCNT//AC), which demonstrated Qs of 104.24 C g'and Cs of
69.49 F g1(555.92 mF/cm?) at 0.5 A g!. Furthermore, the device achieved Es of 21.71 Wh kg™!
and Ps of 1151 W kg! with an outstanding coulombic efficiency of 99% even after 10000 GCD
cycles. No doubt, the value of Ps and Es are moderate as compare to the state-of-the-art hybrid
supercapacitors but it is quite competitive for rare-earth materials (Table.1). The constructed
HSC showed exceptional cyclic stability (99 %) which is very crucial for practical applications.
Furthermore, the Ps of 1151 W kg™! indicates good rate capability, posing the device suitable for
rapid charge/discharge. In future, the electrode optimization will be focused by exploring high-

voltage electrolytes in order to further enhance electrochemical attributes.

Table 1.A comparison of current study with some Nd- reported materials.

Material Es(Whkg!) Ps(Wkg!) CE/CS(%) Ref.
PIn/Nd,05-2 8.91 1020 99.98 21
Nd/MnTiO3 14.2 3006 - 32
Nd-doped SmFeO; 4.3 722.5 - 23
Nd-doped ZnO3E 7.36 730 92 24
NdCrO4/GO 18 257 976 53
Lag gsNdy 15NiO; 7.3614 1076.2 - >4
Ni-CoP@C 17.4 699.1 76.1 33
MOF-CNT 23.6 501.5 79.1 36
Zr-MOF-CNT 17.53 902.5 - 37

Nd-PDA@SWCNT 21.71 1151 99 This work
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EIS; Electronic Impedance Spectroscopy, EDLC; Electric double layer capacitor, Cg: Specific
Capacitance, Q,; Specific capacity, ESR; Equivalent series resistance, R.; Charge transfer
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