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Metal telluride-based nanomaterials have garnered considerable
interest as positive electrode materials for supercapacitors due to
their plentiful redox-active sites, robust chemical stability, and
excellent electrical conductivity. In this work, these advantageous
properties are further enhanced by hybridizing NiTe,—FeTe, (NFT)
hollow nanorods with reduced graphene oxide (RGO), resulting in
an NFT@QRGO composite suitable for supercapacitor applications.
The hollow rod-like structure promotes efficient ion diffusion and
maximizes the exposure of electroactive sites, while the RGO network
boosts conductivity and mitigates hanomaterial agglomeration, thus
preserving structural integrity and prolonging material durability. The
NFT@RGO-based electrode exhibits a notable capacity of 1388.5C g
at 1 A g%, with 93.82% capacity retention after 10000 cycles. This
remarkable performance arises from the synergistic contributions of
the Ni and Fe metals, the electrically conductive Te element, the RGO
framework, and the unique hollow morphology of the nanorods.
Furthermore, a hybrid device employing activated carbon (AC) as the
negative electrode (NFT@QRGO//AC) achieves an energy density of
61.11 W h kg™ ! and retains 89.85% of its capacity over 10 000 cycles,
underscoring the promise of NFTQRGO for next-generation super-
capacitors. These findings position the designed nanomaterial as an
excellent candidate for high-performance energy storage systems.

1. Introduction

The sustained development of human civilization fundamentally
depends on the availability and utilization of energy. In particular,
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New concepts

This research introduces an effective approach to supercapacitor elec-
trode design through the synthesis of NiTe,-FeTe, (NFT) hollow nano-
rods encapsulated within a reduced graphene oxide matrix (NFT@RGO).
The key innovation lies in the unique structural and compositional
design, which synergistically enhances electrochemical performance
through several mechanisms: (i) hollow nanorod architecture: the hollow
structure of the NFT nanorods is a critical innovation, as it significantly
increases the electrode’s active surface area, facilitating greater ion
accessibility and faster ion diffusion. This design also accommodates
volume changes during charge-discharge cycles, thereby improving
cycling stability and durability, (ii) integration of RGO with the NFT
composite: the encapsulation of the hollow nanorods within the RGO
matrix is a strategic innovation that enhances electrical conductivity and
structural integrity. The RGO matrix not only provides a conductive
network but also prevents aggregation of the nanorods, ensuring efficient
electron transport. Additionally, the presence of Te in the composite
introduces a synergistic effect, further enhancing conductivity and redox
activity, which are crucial for high-performance supercapacitors,
(iii) optimized electrode architecture: the combination of hollow nanorods
and RGO creates a hierarchical structure that maximizes the utilization of
active materials while minimizing ion diffusion paths. This optimized
architecture results in superior rate capability, high specific capacity, and
long-term cycling stability, addressing the limitations of traditional
supercapacitor materials, (iv) mechanistic insights: the study provides a
detailed mechanistic understanding of how the hollow nanorod structure
and RGO encapsulation work in tandem to enhance electrochemical
performance. The hollow structure reduces the diffusion resistance for
ions, while the RGO matrix ensures rapid electron transfer, collectively
leading to improved energy and power densities. These innovations
position the NFT@RGO composite as a transformative material for
bridging the performance gap between batteries and supercapacitors. By
combining high energy density, excellent rate capability, and exceptional
durability, this design offers a scalable and efficient energy storage solution
for high-demand applications.

rising environmental concerns have created an urgent need for
eco-friendly, highly efficient renewable energy sources."> Non-
etheless, the inherent intermittency of most renewable options,
such as tidal and solar power, impedes their continuous
usage.> Consequently, the deployment of robust energy
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storage technologies is vital for maximizing the benefits of
renewable energy. Among various storage devices, batteries and
supercapacitors have been widely investigated. Supercapacitors,
in particular, offer several advantages over conventional batteries,
including minimal safety risks, rapid charging, low maintenance
requirements, high power density, and superior longevity.> ">
Despite these benefits, supercapacitors often exhibit drawbacks
such as narrow voltage windows, complex redox behavior, and
lower energy density compared to batteries."*™*> According to the
energy density equation [E = 1/2 x CV?], increasing both capacity
and operating voltage can improve energy density.'®™'® Two
strategies have emerged to address this limitation. The first
involves elevating the operating voltage by constructing hybrid
supercapacitors, which integrate the swift charging of supercapa-
citors with the higher energy storage capacity of batteries.'*?
Since electrode materials, especially positive electrode materials
have a decisive impact on device performance, much effort
has focused on optimizing these components.>'>* The second
approach centers on designing innovative electrode materials
characterized by low internal resistance, high redox activity,
large surface areas, and favorable nanoarchitectures to enhance
supercapacitor capacity.>*>® Employing both strategies simul-
taneously offers the most comprehensive solution for boosting
energy density.

Numerous studies have explored different positive electrode
materials for hybrid supercapacitors. Metal oxides and hydro-
xides are widely examined owing to their abundance, cost-
effectiveness, and straightforward synthesis methods.>**°
However, their relatively low electrical conductivity constrains
ion transport and reduces overall capacity.*'** Recent advances
thus emphasize metal chalcogenides, including sulfides and
selenides, for their improved conductivity and electrochemical
performance.>*® Among these, tellurium (Te) stands out for
its superior electrical properties, arising from its lower electro-
negativity compared to sulfur and selenium.*””*® As a result,
metal tellurides display enhanced physical, chemical, and
electrochemical characteristics, largely due to a higher electro-
nic conductivity of ~10000 S m™", far exceeding that of sulfur
(5 x 107*®* s m™ ") and selenium (1 mS m™ "), which accelerates
ion diffusion and bolsters electrochemical performance.'®**
While singlet tellurium exhibits relatively low electrical con-
ductivity compared to nickel metal, the formation of metal
tellurides such as NiTe, and FeTe, results in materials with
significantly enhanced conductivity. This is due to the metallic
nature of these compounds and the synergistic interaction
between the metal and tellurium atoms. In contrast, nickel
oxide (NiO), a widely studied material for supercapacitors, has
much lower conductivity due to its semiconducting nature. The
high conductivity of metal tellurides, combined with their
redox activity and structural stability, makes them ideal candi-
dates for high-performance energy storage applications. For
instance, our group synthesized NiTe,@CoTe, via hydrother-
mal and tellurization techniques, achieving a substantial capa-
city of 1388.9 C g~ " and sustaining 96.67% capacity retention,"’
while Shi et al. employed a metal-organic framework strategy to

produce NiTe,@CoTe,, resulting in a capacity of 941.04 C g~ *.*°
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Improving supercapacitor performance also heavily relies on
the structural design of the nanomaterials employed. Recently,
hollow or porous architectures have garnered considerable interest
due to their high surface area and superior electrode-electrolyte
interactions, which collectively enhance supercapacitive effi-
ciency.*®*> Several pioneering studies have reported the successful
fabrication of hollow telluride-based nanostructures with promis-
ing electrochemical outcomes. Our team, for example, developed
hollow FeNiCoTe nanocubes via a self-templating process, demon-
strating improved supercapacitor performance relative to solid
nanocubes.?’ Likewise, we constructed NiTe,-MnTe hollow
nanospheres through a MOF-based approach, achieving higher
capacities compared to their solid counterparts.>®

Reduced graphene oxide (RGO) frameworks are crucial in
supercapacitors due to their excellent electrical conductivity and
large specific surface area, which facilitate efficient charge transfer
and provide abundant electroactive sites.*>*” However, the two-
dimensional (2D) form of RGO often suffers from aggregation, which
restricts ion transport and limits access to electroactive sites, thereby
diminishing electrode functionality.”® To address this challenge,
three-dimensional (3D) RGO structures have been explored. These
3D architectures retain the high conductivity and surface area of
RGO while preventing the aggregation of active materials, thereby
enhancing both efficiency and long-term stability. The integration
of RGO with NiTe,-FeTe, nanorods is a strategic approach to
address several challenges in supercapacitor electrode materials.
RGO provides a highly conductive network that enhances electron
transport, mitigates the aggregation of NiTe,-FeTe, nanorods, and
accommodates volume changes during cycling, thereby preserving
structural integrity. Furthermore, the porous structure of RGO
facilitates efficient ion diffusion and increases the electroactive
surface area, maximizing the utilization of the redox-active NiTe,-
FeTe, nanorods. This synergistic combination results in a compo-
site material with superior electrochemical performance, including
high specific capacity, excellent rate capability, and remarkable
cycling stability, as demonstrated in this work.

In this work, we introduce RGO-encapsulated NiTe,-FeTe,
hollow nanorods designed to capitalize on RGO’s flexibility in
accommodating volume changes during electrochemical cycling,
promoting efficient electron transport and reducing nanomaterial
agglomeration. Our experimental findings demonstrate that this
composite harnesses the complementary strengths of RGO’s
conductive matrix and NiTe,-FeTe,’s high electroactivity to deliver
significantly enhanced charge storage. In particular, the
NFT@RGO//AC hybrid supercapacitor developed in our study
showcases robust capacity, extended cycle life, and noteworthy
energy efficiency. This innovation charts a promising path toward
industrial-scale applications and underscores the potential of
next-generation, high-efficiency energy storage systems.

2. Experimental
2.1. Materials

This study utilized several chemicals: polyvinylpyrrolidone (mole-
cular weight approximately 40 000), nickel(n) acetate tetrahydrate

This journal is © The Royal Society of Chemistry 2025
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(Ni(OCOCH3;),-4H,0), ethanol (C,HeO), iron(u) sulfate hepta-
hydrate (FeSO,-7H,0), and tellurium powder.

2.2. Synthesis of the NFT

To synthesize NFT, 750 mg of polyvinylpyrrolidone and 350 mg
of Ni(OCOCH3),-4H,0 were dissolved in 50 mL of C,H¢O. This
solution was heated to 80 °C and refluxed under magnetic
stirring for 10 hours. The resultant product was separated via
centrifugation. Then, 10 mg of the synthesized Ni precursor
was redispersed in 1 mL of C,HO (referred to as solution I).
Concurrently, 20 mg of FeSO,-7H,0 was dissolved in a 10 mL
mixture of H,O and C,H¢O (referred to as solution II). These
solutions were combined, allowed to age for 20 minutes at
room temperature under nitrogen protection, then the mixture
was centrifuged, washed with C,H¢O, and dried in a vacuum
oven. The NFT composite was synthesized via a tellurization
process. Briefly, 10 mg of NiFeLDH and 20 mg of Te powder
were placed in separate porcelain boats, with the Te powder
positioned upstream of the NiFeLDH in the furnace. The boats
were heated to 500 °C at a rate of 5 °C per minute and
maintained at this temperature for 2 hours under a nitrogen
atmosphere. The nitrogen atmosphere ensured an inert
environment, preventing oxidation and facilitating the reaction
between Te vapor and NiFeLDH. During heating, the Te powder
sublimated, producing Te vapor that diffused into the NiFeLDH
structure, replacing hydroxide groups with telluride ions and
forming the NFT composite. This process was also conducted at
300 °C and 600 °C to produce NFT300 and NFT600, respectively.

2.3. Synthesis of the NFT@RGO

NFT@RGO was synthesized by annealing a mixture of NFT and
graphene oxide. Initially, 40 mg of NFT was ultrasonically
dispersed in 40 mL of H,O. To this dispersion, 10 mL of a
5 mg mL~" graphene oxide suspension was added and stirred
for 7 hours. The resulting mixture was then collected by
centrifugation and annealed at 500 °C for 4 hours in an argon
environment to reduce the graphene oxide.

2.4. Characterizations

Morphological features and chemical composition were examined
using field emission scanning electron microscopy (FE-SEM, TES-
CAN MIRA 3, operating at 15 kV, Czech Republic) with an energy
dispersive X-ray spectroscopy (EDX) attachment and transmission
electron microscopy (TEM, Philips CM200). The crystal phases
were analyzed using X-ray diffraction (XRD, Philips X’Pert Pro
diffractometer). Raman spectroscopy of the NFT@RGO composite
was conducted using a Raman spectrometer equipped with a
785 nm laser excitation source. X-ray photoelectron spectroscopy
(XPS, Thermo Scientific ESCALAB 250Xi with an Mg X-ray source)
was employed to determine the valence states of nickel, iron, and
tellurium in NFT@RGO. Porosity properties such as pore size
distributions and surface area were quantified using nitrogen
adsorption-desorption isotherms on a SSA-4300, employing the
Barrett-Joyner-Halenda (BJH) and Brunauer-Emmett-Teller (BET)
methods.

This journal is © The Royal Society of Chemistry 2025
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2.5. Electrochemical tests

Electrochemical properties of our electrodes were meticulously
evaluated using a three-electrode system. This setup included a
platinum wire as the counter electrode, a mercury/mercuric
oxide (Hg/HgO) electrode as the reference, and a 6 M solution
of potassium hydroxide (KOH) serving as the electrolyte. The
working electrodes were prepared using a slurry coating pro-
cess, where the slurry comprising poly(tetrafluoroethylene),
acetylene black, and the active nanomaterial in a 1:1:8 mass
ratio was uniformly dispersed in C,HgO. This mixture was then
evenly applied to nickel foam substrates, subsequently dried
and compressed under pressure to ensure cohesion.*®”° Each
electrode was loaded with a precise mass of 5.0 mg for
subsequent testing. The capacity of the electrodes (CS,
expressed in C g~ ') was calculated using the following equa-
tion:>!

I x At
- w

c (1)

where I represents the current in amperes, At is the discharging
time in seconds, and w denotes the mass of the active material
in the electrode in grams. Coulombic efficiency (CE) for the
NFT@RGO and the hybrid NFT@RGO//AC was determined by
the ratio of the discharge time (¢g4) to the charge time (t.),
providing a measure of the energy efficiency during charge and
discharge cycles: [CE = tgi/t.,].>> For practical application
assessments, NFT@RGO served as the positive electrode, and
activated carbon (AC), selected for its mechanical stability, high
conductivity, and porosity, was used as the negative electrode in
constructing a hybrid device (NFT@RGO//AC).>® Before assem-
bly, both the NFT@RGO and AC electrodes were immersed in
KOH electrolyte, and a cellulose paper was employed as a
separator to prevent electrical short circuits.>® The mass balan-
cing of the electrodes, crucial for optimizing device perfor-
mance, was calculated using the charge balance principle:**

Cw'=Cw AV (2)

where: w" and w™ represent the masses of the NFT@RGO and
AC electrodes, respectively (units: g), C" is the specific capacity
of the NFT@RGO positive electrode (units: C g~), reflecting its
battery-like behavior, C™ is the specific capacitance of the AC
negative electrode (units: F g™ '), reflecting its capacitor-like
behavior, A~ is the voltage window of the AC electrode (units: V).
This equation ensures that the total charge stored in the
positive electrode (Q" = C*'w") matches the total charge stored
in the negative electrode (Q~ = C"w~AV"), accounting for the
distinct electrochemical behaviors of the two electrodes.”
We obtained mass values of 5.0 mg for NFT@RGO and
37.40 mg for AC. The energy density (E, in W h kg™") and
power density (P, in W kg™') of the hybrid device were com-
puted as follows:*®

I[vde
=336 ()
E
P= = 4
3600 x 1 (4)
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where I [V df represents the integral of the current over voltage
during the discharge cycle, and W is the total mass of the active
materials in the hybrid device.

3. Results and discussion

The synthesis of the NFT@RGO composite is illustrated in
Fig. 1. Initially, rod-like Ni precursor nanostructures are pre-
pared through an optimized precipitation method. These pre-
cursors serve as sacrificial templates, governing the final hollow
morphology. Subsequent chemical transformation involves the
introduction of Fe*" ions into the reaction system, initiating a
hydrolysis reaction that releases protons (H'). These protons
gradually etch the Ni precursor framework, dissolving it and
releasing Ni*" ions into the solution. The Ni*" and Fe** ions
then co-precipitate, forming an intermediate NiFeLDH phase.
The tellurization step proceeds via an anion-exchange mecha-
nism, where hydroxide (OH™) groups in the NiFeLDH lattice are
replaced by telluride (Te*”) anions, yielding the final NiTe,-
FeTe, (NFT) composite. To enhance electrochemical perfor-
mance, the hollow NFT nanostructures are embedded within
the RGO matrix. This conductive framework facilitates efficient
electron transport while preventing nanoparticle aggregation,
thereby optimizing charge-transfer kinetics and cycling stability.
The impact of the nanostructures’ morphological evolution
on their electrochemical efficiency was extensively analyzed
using FESEM and TEM. The FESEM images, particularly Fig. 2a,
highlight the rod-like morphology of the Ni precursors, while
Fig. 2b confirms the rigidity of these structures. Post-hydrolysis,

View Article Online
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the rods maintain their morphology as evidenced in Fig. 2c. The
transformation of the smooth surface into a hierarchical shell
composed of oriented particles is vividly captured in Fig. 2d. EDX
analysis further confirms the composition as NiFeLDH (Fig. S1,
ESIt). During the tellurization process at varied temperatures
(300, 500, and 600 °C), distinct morphological changes were
observed. FESEM images of NFT300 show that while the struc-
ture retains the NiFeLDH morphology, it exhibits increased
surface roughness (Fig. 2e), further detailed in Fig. 2f. At 500 °C,
NFT500 maintains its rod-like form without noticeable aggregation
(Fig. 2g), and the surface composed of ultrathin nanosheets is
shown in Fig. 2h. EDX results for NFT500 confirm the presence of
Te, Ni, and Fe, indicative of successful synthesis (Fig. S2, ESIT).
However, increasing the temperature to 600 °C leads to structural
degradation, evidenced by the collapse of the nanorods shown in
Fig. 2i and j. FESEM images in Fig. 2k and 1 illustrate how NFT500,
embedded within the RGO network, maintains its structural
integrity and protects the nanostructures from degradation over
prolonged cycling, thus enhancing electrochemical efficiency. EDX
analysis of NFT500@RGO confirms the presence of Ni, Fe, C, Te,
and O, validating the successful integration of these elements
within the composite (Fig. S3, ESIt).

TEM analysis provides further insights into the morphology
of these nanomaterials. Fig. 3a shows the TEM image of the Ni
precursor, which demonstrates its rigid, rod-like structure
devoid of pores an important feature for assessing the integrity
of the fabricated material. Growth of particles on the surface of
these rods is visible in Fig. 3b. Fig. 3c and d showcase the
hollow nature of NFT500, with interconnected nanosheets
creating a porous texture, likely enhancing ion transfer and

Ni(OCOCH,),.4H,0
Polyvinylpyrrolidone ( ) 4Hy

After 10 h

Ni precursor

Tellurization

Ni precursor  FeS0,.7H,0

NiFeLDH

Te source
N2 gas

.
° ° oc ¢ ¢ ¢ eTevapor

e/ Ny gas

NFT@RGO

Fig. 1 Schematic for the fabrication of NFT@RGO.
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Fig. 2 (a and b) FESEM images of the Ni precursors. (c and d) FESEM images of the NiFeLDH. (e and f) FESEM images of the NFT300. (g and h) FESEM
images of the NFT500. (i and j) FESEM images of the NFT600. (k and |) FESEM images of the NFT@RGO.

active surface area crucial for supercapacitor efficiency. The
unique nanocomposite structure with RGO is highlighted in
Fig. 3e and f, where NFT@RGO shows the nanoarchitectures
wrapped in thin RGO layers, which not only protect the NFT
from degradation but also contribute to the overall conductivity
and performance of the material.*®*” The design of the NFT
composite introduces several innovative principles that distin-
guish it from previous studies. The combination of Ni and Fe in
the telluride framework creates synergistic effects that enhance
redox activity, electrical conductivity, and structural stability.
These properties are further amplified by the hollow nanorod
morphology, which provides a large electroactive surface area,
accommodates volume changes during cycling, and promotes
directional ion transport. The strategic integration of RGO
forms a conductive network that enhances electron transport,
prevents nanorod aggregation, and stabilizes the hollow struc-
ture. Together, these design principles result in a composite
material (NFT@RGO) with exceptional electrochemical perfor-
mance, including high specific capacity, excellent rate capability,
and remarkable cycling stability. This work not only advances the
field of supercapacitors but also provides a scalable and efficient
solution for energy storage challenges.

The crystallinity of the synthesized nanomaterials was exam-
ined using X-ray diffraction (XRD), with the results displayed in
Fig. 4a and Fig. S4 (ESIT). The XRD pattern of NiFeLDH align

This journal is © The Royal Society of Chemistry 2025

with previous literature, confirming its successful synthesis
(Fig. S4, ESIT).>®>*” For the NFT@RGO, distinctive XRD signals
corresponding to FeTe, (JCPDS no. 89-1639) and NiTe, (JCPDS
no. 08-0004) phases are observed, as listed in Fig. 4a, validating
the formation of these crystalline phases. The specific signals
for FeTe, are found at several 20 degrees, highlighting the
detailed crystalline structure. Similarly, NiTe, exhibits XRD
peaks at positions that confirm its crystalline phase, contribut-
ing to the overall structural framework of the composite.>®
An additional signal around 25°, observable in the XRD of the
NFT500@RGO, implies the existence of the RGO, contributing
to the nanocomposite’s structural framework.*®*” Raman spec-
troscopic analysis was employed to elucidate the compositional
characteristics of the as-synthesized NFT@RGO composite. As
illustrated in Fig. S5 (ESIf), the Raman spectrum exhibits
distinct vibrational modes corresponding to the constituent
phases. The peaks observed at approximately 83 and 139 cm™*
are attributed to the E; and A,, vibrational modes of NiTe,,
respectively.®> Concurrently, two peaks at about 121 and
144 cm™* are also associated with the A, and By, vibrational modes
of FeTe,, confirming the presence of both bimetallic telluride
phases.®® Furthermore, the spectrum reveals two prominent
peaks at 1347 and 1587 cm™ ', which are characteristic of the D
band (disordered carbon) and G band (graphitic carbon) of
RGO, respectively.® The co-existence of these vibrational

Nanoscale Horiz., 2025, 10, 1159-1172 | 1163
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Fig. 3 (a) TEM image of the Ni precursors. (b) TEM image of the NiFeLDH. (c and d) TEM images of the NFT500. (e and f) TEM images of the NFT@QRGO.

modes NiTe,, FeTe,, and RGO within the Raman spectrum of
the NFT@RGO composite provides unequivocal evidence of the
successful integration and coexistence of these components in
the synthesized material. X-ray photoelectron spectroscopy
(XPS) was employed to ascertain the oxidation states of Te,
Ni, and Fe within the NFT500@RGO. The survey scan revealed
in Fig. 4b shows the presence of Te, Fe, C, Ni, and O. Detailed
analysis of the C 1s spectrum shows the transformation of GO
to RGO, characterized by signals at 284.35 eV for C-C, 286.57 eV
for C-0O, 288.25 eV for C—0, and 288.92 eV for O-C—=0O
(Fig. 4¢).°>® This transformation is essential for enhancing
the mechanical stability and electrical conductivity of the
NFT500@RGO composite. The Ni 2p pattern discloses four
distinguished signals, with those at the specific energies sug-
gesting the presence of Ni** in the 2p;/, (855.56 €V) and 2p;,,

164 | Nanoscale Horiz., 2025, 10, 1159-1172

(873.31 eV) states, alongside their satellite peaks (Fig. 4d).®” The
Fe 2p spectrum unveils signals at 722.12 and 708.73 eV, typical
for the 2p;,, and 2ps), states of Fe** (Fig. 4e).°®°° In the Te 3d
pattern, distinct peaks signify the 3d;/, (583.84 eV) and 3ds),
(572.90 eV) orbitals of the Te?”, with additional signals indi-
cating oxidation states because of the surface interactions
(Fig. 4f).”° Furthermore, the surface area and porosity, essential
properties for supercapacitors, were evaluated using nitrogen
adsorption-desorption isotherms. The isotherms for both
NFT500 and NFT500@RGO exhibit type-IV characteristics with
hysteresis loops indicative of mesoporosity.*®*” Notably, NFT@
RGO shows a significantly greater surface area (211 m* g™ ')
compared to NFT (113 m”® g ') and defined pore sizes of 7.7
and 9.6 nm, respectively (Fig. S6, ESIt), which are beneficial
for enhancing the accessibility of electroactive sites and

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) XRD patterns of the NFT@RGO and NFT500 samples. (b) Survey profile of the NFTQRGO. (c) C 1s XPS spectra of the NFT@RGO. (d) Ni 2p XPS
spectra of the NFT@QRGO. (e) Fe 2p XPS spectra of the NFT@QRGO. (f) Te 3d XPS spectra of the NFT@RGO.

facilitating electron transfer, thus improving supercapacitor
performance.>?

The electrochemical performance of the electrodes was
assessed using a three-electrode setup immersed in a 6 M KOH
solution. The cyclic voltammetry (CV) profiles for NFT300, NFT500,
and NFT600 were recorded at a scan rate of 10 mV s, displayed
in Fig. S7a (ESIY). Each profile showed distinctive redox peaks
characteristic of faradaic processes, indicative of battery-like
properties. Remarkably, the CV curve for NFT500 demonstrated
a wider peak area and intensified peak currents, suggesting
enhanced electrochemical behavior compared to the other tested
electrodes, thus indicating superior capacitive properties.

This journal is © The Royal Society of Chemistry 2025

Galvanostatic charge-discharge (GCD) tests, conducted at 1 A g~
and shown in Fig. S7b (ESIt), further validated the electrochemical
reversibility of the electrodes. Of note, NFT500 exhibited an
extended discharge duration relative to NFT300 and NFT600,
affirming its higher energy storage capacity. The capacities for
each material, displayed in Fig. S7c (ESIT), identified NFT500 as
the most effective electrode, benefiting from its hollow struc-
ture that promotes more efficient ion transport and energy
storage. Further comparative studies using CV were performed
on Ni foam, Ni precursor, NiFeLDH, NFT500, and NFT@RGO at
a scan rate of 10 mV s, illustrated in Fig. 5a. Ni foam’s CV
trace showed a minimal area, indicating a lower capacitive
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Fig. 5 (a) CV plots of the Ni foam, Ni precursor, NiFeLDH, NFT500, and NFT@QRGO electrodes at 10 mV s, (b) GCD plots of the Ni precursor, NiFeLDH,
NFT500, and NFT@QRGO electrodes at 1 A g~*. (c) Specific capacities of the Ni precursor, NiFeLDH, NFT500, and NFT@QRGO electrodes at 1 A g~*.
(d) Nyquist plots of the NFT500 and NFT@RGO electrodes (inset shows the equivalent circuit model). (e) CV plots of the NFT@RRGO electrode from 10 to
100 mV s () Linear relation between the plot of the logarithm (i) versus logarithm (v) of the NFT@RGO.

effect. In stark contrast, NFT@RGO presented an elevated
current response, outperforming the other electrodes due to
its substantial surface area and high porosity that enhance
ion exchange rates and improve electrochemical kinetics.***>
Additionally, GCD evaluations aligned with the CV findings,
conducted at 1 A g~ for all materials, and presented in Fig. 5b.
These results consistently showed that NFT@RGO maintained
a longer discharge phase, indicating an enhanced capacity. The
specific capacities, as recorded in Fig. 5c¢, reveal that NFT@RGO
achieved a capacity of 1388.5 C g~ ', surpassing those of Ni
precursor, NiFeLDH, and NFT500, which are 201.5, 640, and
1082 C g ', respectively. This superior performance by NFT@
RGO is attributed to the RGO’s contribution to conductivity and
structural stability, which are essential for outstanding charge
retention and cycling endurance.””™ To analyze the elec-
trical resistance properties of the electrodes, Electrochemical

1166 | Nanoscale Horiz., 2025, 10, 1159-1172

Impedance Spectroscopy (EIS) was employed, with findings
displayed in Fig. 5d. The Nyquist plots exhibited characteristic
linear segments at lower frequencies, indicative of diffusion-
controlled behavior, described as Warburg impedance.’*>
Significantly, the plot for NFT@RGO showed a more acute
inclination towards the y-axis, illustrating enhanced kinetics
of electron-ion transport and heightened conductivity. This
suggests that the combination of RGO’s textural properties and
the hollow structure of the material markedly boosts electron
mobility across the electrode-electrolyte interface.*”*® The ana-
lysis of these plots also helped determine the internal resis-
tance (R,) and charge transfer resistance (R.) of the electrodes.
The intersection of the semicircle with the x-axis indicates Rq,
whereas its diameter provides a measure of R..>’ For NFT
and NFTH@RGO, R, was measured at 0.49 Q and 0.33 Q,
respectively, with R recorded at 0.38 Q and 0.25 Q, respectively.

This journal is © The Royal Society of Chemistry 2025
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The lower resistance values associated with NFT@RGO affirm
the role of RGO in significantly boosting the conductivity and,
consequently, the electrochemical efficacy of the nanoarchitec-
tures.>® Furthermore, the capacitive behavior of NFT@RGO was
assessed using cyclic voltammetry (CV) at varying scan rates
from 10 to 100 mV s, detailed in Fig. 5e. The slight displace-
ment of CV peaks is attributable to polarization effects.*’
Notably, an increase in the scan rate led to a proportional rise
in current response for NFT@RGO, underscoring its excep-
tional charge rate capabilities."*"™® CV results for other nano-
materials are compiled in Fig. S8 (ESI{). The faradaic reactions
for the NFT are described by the following equations:*’

Ni/FeTe + OH < Ni/FeTeOH + e~ (5)

Ni/FeTeOH + OH~ < Ni/FeTeO + H,0 + e~ (6)

A detailed kinetic study of these reactions in NFT@RGO was
conducted by correlating peak current densities (I,) with scan
rates (v), described by the equation.*®

(Ip=ax vh) (7)

In this equation, b and a represent constant, with v denoting the
scan rate and I the peak current. Electrodes with predominantly
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capacitive behavior exhibit a b value close to 1, while those
demonstrating battery-like properties typically show b values
around 0.5.%"?° For NFT@RGO, the measured b value for the
cathodic peak was 0.6611 (Fig. 5f), confirming a mixed capaci-
tive and diffusion-controlled charge storage mechanism.

To emphasize the superior supercapacitive properties of
NFT@RGO, GCD tests were conducted across a range of current
densities from 1 to 30 A g~ '. The GCD curves for NFT@RGO,
displayed in Fig. 6a, show exceptional symmetry, indicative
of excellent coulombic efficiency. Compared with the other
materials shown in Fig. S9 (ESIt), while potential plateaus on
the GCD curves suggest a battery-like behavior, NFT@RGO’s
discharge durations were significantly longer than those of
its counterparts. Detailed specific capacities for electrodes such
as Ni precursor, NiFeLDH, NFT300, NFT500, NFT600, and
NFT@RGO are precisely documented in Fig. 6b. NFT@RGO
demonstrated outstanding capacities at different current den-
sities, delivering 1388.5Cg "at1Ag ',1300Cg "at2.5Ag ",
1221.5Cg tat5Ag *,1100Cg tat15A¢g ', and 1013.6 Cg*
at 30 A g ' In stark contrast, capacities at 1 A g~ for other
materials like Ni precursor, NiFeLDH, NFT300, NFT500, NFT600
were considerably lower, measured at 201.5, 640, 994, 1082, and
922 C g ', respectively. Remarkably, NFT@RGO retained 73%
of its initial capacity even at a high current density of 30 A g%,

1600 (b)l
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800 | NFT500 66.4%
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Fig. 6 (a) GCD plots of the NFT@RGO from 1 to 30 A g™~ (b) Specific capacities vs. current densities of the Ni precursor, NiFeLDH, NFT600, NFT300,

NFT500, and NFT@RGO electrodes. (c) Comparison of capacity values of

the NFT@RGO with the previous literature. (d) Longevity and coulombic

efficiency of the NFT@QRGO at 15 A g~ (inset shows the FESEM image of the NFT@RGO after cycling).
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a retention rate significantly higher than that of Ni precursor
(40.55%), NiFeLDH (51%), NFT300 (61%), NFT500 (66.4%),
and NFT600 (59.5%). Further comparison of the NFT@RGO’s
capacity with previous nanomaterials emphasizes its notable
efficiency and is indicated in Fig. 6¢.”*””° The superior perfor-
mance of NFT@RGO is attributed to the synergistic effects
between NFT and RGO within the composite. The incorpora-
tion of RGO enhances overall conductivity and surface area
while introducing additional pseudocapacitive properties that
significantly boost electrochemical efficiency.”® This combi-
nation facilitates rapid electron-ion transfer through the struc-
tured cavities within the hollow NFT texture, leading to
exceptional electrochemical performance.">*>'®  Durability
assessments involved continuous GCD cycling at 15 A g,
which demonstrated the robustness of these nanomaterials
under operational stress. NFT@RGO exhibited an impressive
capacity retention rate of 93.82% (Fig. 6d), substantially sur-
passing Ni precursor (30.8%), NiFeLDH (62.5%), and NFT500
(81%), as shown in Fig. S10 (ESI{). Additionally, it maintained a
coulombic efficiency of 99.6% after the durability test, high-
lighting its excellent reversibility. Fig. S11 (ESIT) illustrates the
initial and final 20 successive GCD cycles for the NFT@RGO
composite. No significant alteration in the shape of the GCD
curves was observed following the durability assessment, indi-
cating exceptional cycling stability of the NFT@RGO material.
Further validation of NFT@RGO’s durability came from post-
cycling EIS measurements. The Nyquist plot, depicted in
Fig. S12 (ESIt), displayed only slight changes in electrical charac-
teristics after extensive cycling, indicating remarkable stability.
The post-cycling FESEM image, shown in Fig. S13 (ESIt), confirms
the preservation of NFT@RGO’s structural integrity, with no
significant morphological degradation observed. The FESEM
image of the NFT@RGO composite after 10000 cycles shows
some degree of structural degradation, which is expected due to
the prolonged electrochemical stress. Despite this, the material
retains 93.82% of its initial capacity, highlighting its excep-
tional cycling stability. The annotated FESEM image clearly
identifies the remaining nanorod structures, providing insight
into the material’s post-cycling morphology. NFT@RGO’s super-
capacitive performance, compared with various previously reported
electrodes, is extensively documented in ESI;t Table S1. This
performance is enhanced by the integration of Te, which boosts
conductivity and charge transport, the hollow structure that
increases surface area, and the RGO network which prevents
aggregation and improves electrolyte penetration, all contribut-
ing to superior ion diffusion speeds and reduced internal
resistance. Further electrochemical examinations on AC revealed
the electrochemical nature typical of electric double-layer capaci-
tors (EDLCs), as highlighted by quasi-rectangular CV patterns and
triangular GCD graphs, exhibited in Fig. S14a and b (ESIt). The
capacitances for this material varied from 185.55 to 148.3 F g "
from 1 to 30 A g ', respectively, as represented in Fig. S14c (ESIT).

The functionality of the developed nanomaterials was vali-
dated through the assembly of a hybrid device, employing AC as
the negative electrode and NFT@RGO as the positive electrode,
designated as the NFT@RGO//AC hybrid system (Fig. 7a).
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This setup broadened the operational voltage range of the cell
to 1.60 V, incorporating the voltage windows of AC (—1.0 to
0.0 V) and NFT@RGO (0.0 to 0.60 V), corroborated by the CV
profiles displayed in Fig. S15 (ESIf). Conducted at 10 mV s~ %,
CV testing across the voltage range of 0 to 1.7 V (Fig. S16, ESIT)
confirmed the stability within the 0-1.60 V interval. Deviations
observed beyond 1.60 V indicated the beginnings of electro-
chemical instability at elevated voltages. Further CV analysis
highlighted a progressive increase in current response with
escalating scan rates (Fig. 7b), illustrating the hybrid device’s
robust electrochemical reversibility. The absence of distinct
redox peaks in the hybrid supercapacitor’s CV, despite the clear
faradaic peaks in the positive electrode (NFT@RGO), can be
explained by the following factors: (1) mutual contribution of
both electrodes: the hybrid supercapacitor consists of a fara-
daic battery-type positive electrode (NFT@RGO) and a non-
faradaic capacitive negative electrode (AC). The CV of the full
device represents the combined response of both electrodes.
While the positive electrode exhibits redox peaks in its indivi-
dual CV, the symmetric, rectangular-shaped CV of the AC
electrode (typical of EDLC behavior) dominates the overall
response, masking the redox peaks in the full-cell measure-
ment. (2) Kinetic and mass transport effects: in a hybrid
configuration, the charge storage mechanisms of the two
electrodes operate at different timescales. The fast, surface-
dominated EDLC process (AC electrode) can overshadow the
slower diffusion-controlled faradaic process (NFT@RGO), lead-
ing to a CV that appears more capacitive overall. Additionally,
the higher mass loading and larger potential window of the AC
electrode can further dilute the visibility of redox peaks.
(3) Potential distribution and charge balancing: The operating
voltage of the hybrid supercapacitor is shared between the two
electrodes. Since the AC electrode covers a wide potential range
with minimal polarization, the potential window allocated to
the faradaic electrode may not be sufficient to fully resolve its
redox peaks in the full-cell CV. Moreover, careful charge balan-
cing between the electrodes (to maximize performance) can
lead to a more smoothed-out CV curve. (4) Electrolyte and
interface effects: the electrolyte ion mobility and interfacial
resistance in the full cell can also influence the redox peak
visibility. In a three-electrode setup (single electrode), the redox
peaks are more pronounced due to unrestricted ion diffusion,
whereas in the two-electrode full cell, ion transport limitations
between the electrodes can broaden the peaks, making them
less distinct. The device’s electrochemical attributes were
further assessed through GCD tests across a spectrum of
current densities from 1 to 30 A g ' (Fig. 7c). The resulting
profiles, marked by their symmetrical nature, evidenced the
device’s exemplary coulombic efficiency. Capacities measured
for the NFT@RGO//AC were 275 Cg ' at1Ag ", 250 C g™ " at
25A¢1,2302Cg tat5A¢ 1, 2124Cg tat15A ¢ Y, and
193.2 C g ' at 30 A g™ ', respectively, as delineated in Fig. 7d.
Energy and power densities, vital metrics of supercapacitor
performance, were represented on a Ragone plot (Fig. 7e),
demonstrating an energy density of 61.11 W h kg™ " at a power
density of 800.91 W kg~ ', which was sustained at 42.93 W h kg™*

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Schematic illustration of the NFT@RGO//AC. (b) CV curves of the NFT@RGO//AC from 10 to 100 mV st (c) GCD patterns of the NFT@RGO//
AC from 1to 30 A g™, (d) Specific capacity vs. current density of the NFT@RGO//AC. (e) The comparison of the AC//MZT@RGO device's Ragone plot with
various devices. (f) Durability and coulombic efficiency of the NFTRRGO//AC at 15 A g~* (the inset indicates the photograph of a LED with two

NFT@RGO//AC devices).

even at a power density of 24117.98 W kg '. These metrics
notably surpass those of comparative cells, reinforcing the suit-
ability of the NFT@RGO//AC for diverse applications (Fig. 7e and
Table S1, ESIf).*® Durability testing, conducted over 10000
uninterrupted cycles at 15 A g~ ' (Fig. 7f), verified the device’s
long-term stability, showing remarkable capacity retention along
with high coulombic efficiencies of 89.85% and 98.95%. The
practical application of the NFT@RGO//AC was demonstrated by
powering a green lamp using two cells connected in series (Fig. 7f,
inset and Video S1 in ESIt), effectively highlighting the device’s

This journal is © The Royal Society of Chemistry 2025

capability for integration into real-world energy systems. The self-
discharge rate is a critical performance metric for hybrid super-
capacitors, as it directly impacts their practical applicability.
Although often overlooked, this parameter plays a significant
role in determining the long-term energy retention capability
of such devices. To evaluate the self-discharge behavior of
the NFT@RGO//AC device, two cells were charged to 1.6 V
and then subjected to an open-circuit potential measurement
over 1500 minutes at room temperature. As shown in Fig. S17
(ESIt), the device retained ~68% of its initial voltage after this
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period, demonstrating a relatively slow self-discharge rate.
Notably, even after 1500 minutes, the cell voltage remained
above 1.0 V, indicating good energy retention and suggesting
strong potential for real-world applications where prolonged
charge storage is essential.

4. Conclusions

In this study, NiTe,-FeTe, hollow nanorods (NFT) were suc-
cessfully synthesized using a self-templated approach. To
enhance the intrinsic supercapacitive performance of the
NFT, these hollow rods were integrated into a reduced gra-
phene oxide (RGO) matrix, resulting in the NFT@RGO nano-
composite. The hollow design, combined with the synergistic
bimetallic interactions of Fe and Ni within the NFT structure,
substantially increases the accessibility of electroactive sites
and provides extensive channels for ion diffusion, thereby
bolstering charge-transfer kinetics. Incorporating Te and a
conductive RGO framework into the NFT@RGO composite
further improves both the conductivity and the overall super-
capacitive performance. Electrochemical evaluations revealed
that the NFT@RGO-based electrode delivers excellent efficiency
and stability. Moreover, when assembled into a hybrid device
with activated carbon (AC) as the negative electrode (NFT@
RGO//AC), the device achieves an energy density of 61.11 W h kg™
at a power density of 800.91 W kg™ ' and retains 89.85% of
its capacity over extended cycles. These findings confirm the
strong potential of NFT@RGO in applications demanding both
high energy density and long operational lifetimes. The unique
nanoarchitecture of NFT@RGO coupled with the synergistic
effects of RGO, Te, and the bimetallic hollow rods positions this
material as a compelling candidate for next-generation energy
storage technologies.
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