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Designing innovative microstructures and implementing efficient multicomponent strategies are still chal-
lenging to achieve high-performance and chemo-mechanically stable electrode materials. Herein, a hier-
archical three-dimensional (3D) graphene oxide (GO) assisted TizC,T, MXene aerogel foam (MXene-GAF)
impregnated with battery-type bimetallic nickel vanadium selenide (NiVSe) has been prepared through a
hydrothermal method followed by freeze-drying (denoted as NiVSe—MXene-GAF). 3D-oriented cellular
pore networks benefit the energy storage process through the effective lodging of NiVSe particles,
improving the access of the electrolyte to the active sites, and alleviating volume changes during redox
reactions. The 3D MXene-GAF conductive matrix and heterostructured interface of MXene-rGO and
NiVSe facilitated the rapid transport of electrical charges and ions during the charge—discharge process.
As a result of the synergism of these effects, NiVSe—MXene-GAF exhibited remarkable electrochemical
performance with a specific capacity of 305.8 mA h g~ at 1 A g~* and 99.2% initial coulombic efficiency.
The NiVSe—MXene-GAF electrode delivered a specific capacity of 235.1 mA h g™t even at a high current
density of 12 A g~ with a 76.8% rate performance. The impedance measurements indicated a low bulk
solution resistance (Rs = 0.71 Q) for NiVSe—MXene-GAF. Furthermore, the structural robustness of NiVSe—
MXene-GAF guaranteed long-term stability with a 91.7% capacity retention for successive 7000 cycles.
Thus, developing NiVSe—-MXene-GAF provides a progressive strategy for fabricating high-performance 3D
heterostructured electrode materials for energy storage applications.

1. Introduction

The interest in electrochemical energy storage is constantly
increasing and is mainly driven by the motives to utilize inex-
haustible renewable energy and decarbonize the industrial
sectors.” Due to their extraordinary performance character-
istics, i.e., high power density, long cyclic life, and fast charge-
discharge rates, supercapacitors can be considered the device
of choice for future electrochemical energy storage systems.”?
When considering an electrode for an efficient energy storage
device, it must satisfy the requirement for high energy density,
along with the aforementioned performance characteristics.*’
Based on the energy storage mechanism, supercapacitor elec-
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trode materials can be classified as pseudocapacitor electrode
(PC) materials, electrical double-layer capacitor (EDLC) elec-
trode materials, and battery-type electrode materials.® Due to
the high theoretical capacity originating from the enormous
redox activity, battery-type electrode materials are gaining
special interest among researchers.’
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Lately, transition metal selenides have gained significant
attention as battery-type electrodes due to their enriched active
sites, high electrical conductivity, low band gap, and remark-
able specific capacity compared to their oxide/hydroxide
analogs.® ' To date, a number of metal selenides such as
nickel selenide,’* iron selenide,'* cobalt selenide,® and
vanadium selenide'* have been exploited as supercapacitor
electrode materials. In addition to monometallic selenides,
the use of bimetallic alloys has been shown to discover novel
functions such as unprecedented synergistic effects, enhanced
electrochemical activity, and modified electronic structures.
For instance, Xie et al. studied the alloying effect for bimetallic
Ni,Co;_,Se,."> The as-prepared electrode showed a high
specific capacitance of 1580 F g™' at 1 A g~ which was greater
than those of its monometallic NiSe, and CoSe, constituents.
In another report, Moosavifard et al. synthesized bimetallic
CuCoSe hollow structures using a solvothermal method, and
the resulting materials exhibited a considerable specific
capacity of 562 C g~ ' at 2 A g~ "."° Liu et al. prepared Ni-Co-Se
core-shell spheres using the hydrothermal method followed by
selenization.'” The prepared supercapacitor electrode material
exhibited a specific capacity of 164.4 mAh g”" at 1 A g™, still,
despite the capability to offer significant energy storage,
volume changes and pulverization of the battery-type material
during electrochemical reactions affect the cycling life and rate
capability of the electrode leading to underperformance,
especially at high current densities.'®'® Additionally, due to
the inefficient use of active sites (i.e. dead mass that is not
accessible to electrolyte ions for electrochemical reaction) tran-
sition metal selenides cannot reach their maximum activity
and still face limitations in terms of energy storage.”® To cir-
cumvent these problems, optimization of the electrode archi-
tecture in terms of fast and facile access of electrolyte ions to
the active centers and structural integrity has become
imperative.

A carbon-based aerogel architecture can act as a robust host
for the active material due to the open porous network and
three-dimensional (3D) interlinked pathways as ionic and elec-
tronic channels for operative charge-discharge. Recently, Park
and co-workers loaded Fe;_,S in a 3D reduced graphene oxide
(rGO) aerogel.*" The as-obtained Fe;_,S/rGOA composite elec-
trode attained a high specific capacitance of 643 F g™" at 1 A
g~ and retained 399.3 F g~' of capacitance even at a very fast
charge-discharge rate of 10 A g~ Similarly, Zhou et al. devel-
oped a biomass-derived MnO,/carbon aerogel showing 557 F
g~" of specific capacitance and nearly 50% capacitance reten-
tion up to 10000 CV cycles.”> A carboxymethyl cellulose-
derived carbon aerogel/NiO composite exhibited excellent
electrochemical stability and a high specific capacity of
81.67 mA h g¢”" at 0.5 A g~.?® Similarly, Ranjbar et al. reported
a crosslinked graphene aerogel embedded Fe,O; composite
(CL-GA/Fe,03). The specific capacitance of CL-GA/Fe,O; (445 F
g ") surpassed that of Fe,0; (150 F g') with 89% capacitance
retention after 5000 cycles.**

In the family of carbon-based composites for energy
storage, TizC,T, (T, = -F, -OH, -O) MXenes are emerging as
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advanced futuristic materials as they are effective supports for
active materials. The high conductivity (up to 14000 S cm™),
large surface area, pseudocapacitive behavior, and intrinsic
hydrophilic character of Ti;C,T, MXenes work in synergy with
the active material to enhance the electrochemical activity.>>™>”
However, it is difficult to assemble Ti;C,T, MXenes into an
aerogel framework due to the tough-nature and small size of
Ti;C,T, MXene films. However, by adjusting a certain amount
of graphene oxide (GO) as a gelation agent with the Ti;C,T,
MXene, a stable Ti;C,T, MXene-rGO hydrogel can be obtained
that can be later on transformed into an aerogel.>® In addition
to aiding the assembly of 3D monoliths, rGO contributes to
the flexibility and mechanical strength of the structure while
also providing an enhanced surface area and electrical conduc-
tivity, thereby amplifying the synergistic effects of the
aerogel.>***?° Hitherto, some GO-based Ti;C,T, MXene aero-
gels such as S,N-rGO@MxXene,*! MXene/rGOAMs,** Ti;C,T,/
rGO/Fe;0,,> Ti;C,T, MXene/rGO/Sn0,>* and MXene/rGO/
CuO* have been prepared and reported for electrochemical
applications. Yet, the impregnation of bimetallic selenides in
Ti;C,T, MXene-based aerogels is seldom reported in the
literature.

Herein, bimetallic nickel vanadium selenide (NivSe) has
been prepared and integrated into GO-assisted Ti;C,T, MXene
(hereafter denoted as MXene) aerogel foam (MXene-GAF)
through hydrothermal and freeze drying methods. Battery-type
bimetallic NiVSe delivered rich redox active sites for electro-
chemical reactions. The high electrical conductivity of the
MXene, coupled with rGO, facilitated rapid charge and ionic
transport. The 3D open porous network of aerogel foam and
heterostructured surface formed by MXene-rGO and NiVSe sig-
nificantly improved the accessibility of the electrolyte to the
active sites. Simultaneously, the 3D hierarchical framework,
flexibility of rGO sheets, and potent interaction among the
individual components offered chemo-mechanical stability to
the electrode. As a result, as the designed NiVSe-MXene-GAF
electrode exhibits high specific capacity, rate capability, and
cycling stability. Ultimately, this work presents a useful strat-
egy to develop 3D hierarchical and multicomponent electrode
materials for high performance energy storage devices.

2. Experimental section

2.1. Materials

Ammonium metavanadate (NH,VO;); >99.0%, nickel chloride
(NiCl,-6H,0); 99.9% trace metals basis, urea (CO(NH,),);
99.0-100.5%, ammonium fluoride (NH,4F); >98.0%, selenium
powder (Se); 99.99% trace metals basis, sodium hydroxide
(NaOH); >97.0%, pellets, graphite flakes; 99% carbon basis,
—325 mesh particle size (>99%), sulfuric acid (H,SO,);
95-98%, sodium nitrate (NaNO3); >99.0%, hydrogen peroxide
(H,0,); 30% (w/w) in H,O0, MAX powder (Ti;AlC,); >90%,
<200 pm particle size, and hydrofluoric acid (HF); 48% were
used during the synthesis of materials. All chemicals were pro-
cured from Sigma Aldrich.

This journal is © The Royal Society of Chemistry 2024
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2.2. Synthesis of NiVSe

Synthesis of NiVSe was carried out using a two-step hydro-
thermal method. In the first step, a NiV-layered double hydrox-
ide (LDH) precursor was prepared. For this, NH,VO;
(0.2 mmol), NiCl,-6H,0 (0.6 mmol), CO(NH,), (3.3 mmol),
and NH,F (2.6 mmol) were added in 40 mL of distilled water
and stirred for 15 min. The resulting solution was transferred
into 50 mL of autoclave and incubated at 180 °C for 6 h. After
the completion of the reaction, precipitates were removed from
the solution and washed with ethanol and water successively.
Precipitates were dried at 60 °C to finally obtain NiV LDH. In
the second step, Se powder (3.9 mmol) and NaOH (0.046 mol)
were added to 80 mL of distilled water. The solution was
stirred at 90 °C for 12 h to obtain Na,SeO;. The NiV LDH pre-
cursor was added to freshly prepared Na,SeO;, and the solu-
tion was stirred for 30 min. Next, the solution was transferred
into an autoclave and treated at 180 °C for 9 h. Finally, the
product precipitates were removed from the autoclave, washed
with ethanol/distilled water and dried at 60 °C to obtain
NiVSe.

2.3. Synthesis of GO and MXene dispersion

Graphene oxide (GO) was prepared through the Hummers’
method mentioned in detail in our previous report.>® For the
synthesis of MXene, 20 mL of HF was taken in a plastic reac-
tion tube and 1 g of Ti;AIC, powder was slowly added to the
etching solution for 1 min. The reaction was maintained
under constant stirring conditions at 35 °C for 24 h. Afterward,
the precipitates were washed with distilled water several times
until a pH of around 7 was obtained. Next, the as-obtained pre-
cipitates were added to 100 mL of distilled water and ultrasoni-
cated for 30 min, and then dried at 60 °C to obtain exfoliated

HF
—_——
35°C/24h

Ti,AIC; MAX

Etching of Al layer
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MXene sheets. Fig. S1 and S27 provide the characterization for
as-synthesized GO and MXene.

2.4. Assembly of NiVSe-MXene-GAF

For the assembly of NiVSe-MXene-GAF, 50 mg of NiVSe was
added into 40 mL of MXene : GO (1 : 1.5) dispersion in distilled
water. The mixture was ultrasonicated (power = 200 W) for
30 min to obtain a stable suspension. Afterward, 20 mg of
ascorbic acid was added to the homogeneous suspension
under stirring conditions for 5 min. Next, the suspension was
transferred to a 50 mL autoclave and the reaction was set at
70 °C for 4 h. After the completion of the reaction, a 3D hydro-
gel monolith was separated from the solvent and freeze-dried
at —90 °C to obtain NiVSe-MXene-GAF (Fig. 1). In addition to
NiVSe-MXene-GAF, NiVSe-GAF was also prepared by following
the same procedure except with the addition of MXene during
the first step.

2.5. Characterization and electrochemical measurements

Morphological and elemental studies of the prepared
materials were carried out using a Hitachi SU4800 FE-SEM
field emission scanning electron microscope. Phase studies
were performed on a Philips X’'Pert X-ray diffractometer. The
chemical composition of materials was determined through
XPS analysis using a Kratos Amicus/ESCA 3400 instrument.
Shimadzu FT-IR affinity/1S was used for the functional ana-
lysis. Thermal stability of the materials was analyzed through
TGA analysis on a Shimadzu TGA-50 thermogravimetric analy-
To determine the DC conductivity current-voltage
measurements were carried out on a picoammeter Keithley-
2450 source meter. To investigate the electrochemical perform-
ance of our prepared materials, cyclic voltammetry (CV), galva-

nostatic charge-discharge (GCD), and electrochemical impe-
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Fig. 1 Schematic illustration of (a) the synthesis of the MXene and (b) assembly of NiVSe—MXene-GAF.
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dance spectroscopy (EIS) measurements were conducted on an
interface 5000E Potentiostat from GAMRY instruments. For
this, the working electrode was prepared by compressing the
aerogel foams (NiVSe-GAF and NiVSe-MXene-GAF) within two
pieces of Ni-foam (2 x 1 cm?) with the help of a hydraulic press
(with a total weight loading of 3 mg). For pure NiVSe, a
working electrode was prepared using a drop-casting method
using a homogeneous ink solution of active material. The
homogeneous ink was prepared by mixing an appropriate
amount of NiVSe with 50 uL of Nafion (5 wt%) binder, and
1 mL of ethanol. An electrode system comprised of Ag/AgCl
(reference electrode), a ~4 cm long Pt-wire (auxiliary electrode),
and Ni-foam deposited active material was used as the half-cell
for the supercapacitor study. All the electrochemical measure-
ments were conducted using a 3 M KOH electrolyte solution.

3. Results and discussion

3.1. Morphological and elemental analyses

The morphological features of the prepared materials were
comprehensively analyzed through FESEM. As shown in Fig. 1
(a and b), NiVSe exhibits the morphology of asymmetric par-
ticles. Fig. 2(c) represents 2D MXene layers (lateral size
8.09 um) with the clearly visible interlayer spacing introduced
after the etching and exfoliation of the MAX phase. Whereas,
pure MXene-GAF exhibits a 3D structure in Fig. 2(d) where
MXene-rGO nanosheets crosslink with each other to form a
hierarchical aerogel foam. As can be seen, the aerogel foam is
composed of multiple cellular units of variable cell widths. In
fact, during the hydrothermal process, the -crosslinking
phenomenon generates the primary porous entities in the
hydrogel monolith.>” Later on, during the freeze drying, as the
ice crystals grow they break through the weakly crosslinked
nanosheets and induce a modular effect which results in
larger cellular units. In comparison with MXene-GAF, NiVSe
particles can be seen through the aerogel foams in NiVSe-GAF
(Fig. 2(e and f)) and NiVSe-MXene-GAF (Fig. 2(g and h)).
Apparently, the addition of NiVSe affects the regular construc-
tion of cellular units (high magnification images in Fig. 2(f
and h)), yet the 3D crosslinked porous structure of aerogel
foams persists in NiVSe-GAF and NiVSe-MXene-GAF. Similar
observations were made by Cai et al. for MXene/graphene
oxide/Co;0, aerogels.’® Nonetheless, the highly porous 3D
skeleton is beneficial for multi-dimensional ion diffusion and
thereby it will improve the accessibility of electrolyte ions to
NiVSe active sites. In addition, the 3D buildup of MXene-GAF
prevents the stacking of MXene-rGO sheets and random aggre-
gation of NiVSe nanoparticles.

The EDX spectra of NiVSe, NiVSe-GAF, and NiVSe-MXene-
GAF are shown in Fig. 3(a-c). Pure NiVSe (Fig. 3(a)) exhibits
peaks from the different energy levels of Ni (0.85 keV and 7.4
keV), V (0.51 keV and 4.94 keV), and Se (1.37 keV). For NiVSe-
GAF (Fig. 3(b)), two new peaks were observed at 0.27 keV and
0.53 keV from C and O elements due to the rGO content.
Whereas, NiVSe-MXene-GAF (Fig. 3(c)) accumulates all former
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elements (Ni, V, Se, C, and O) with Ti at 0.45 keV and 4.5 keV.
Notably, the ratio of C/Ti is high in NiVSe-MXene-GAF
(Fig. 3(c)) which is due to the extra C from rGO which confirms
the amalgamation of MXene with rGO.

3.2. Phase analysis

For phase identification and crystal structure analysis, XRD
studies were carried out for the synthesized materials, as
shown in Fig. 4(a). XRD pattern of MXene displays character-
istic diffraction planes (002), (006), (008), (103), (105), (110),
(201), and (202) at 26 = 8.4°, 18.2°, 25°, 36.1°, 41.7°, 60.7°,
72.6°, and 76.5°, respectively (JCPDS: 52-0875). The absence of
the (104) peak (at 38.7°) in MXene in contrast to the MAX
phase confirms the removal of the Al-layer. For NiVSe, XRD
peaks at 29.5°, 39°, 62.3°, and 76.5° correspond to (012), (211),
(024), and (401) planes of monoclinic Ni,Se; (JCPDS: 18-0890).
Peaks located at 34.1° and 43.9° are indexed to (011) and (102)
planes of hexagonal VSe, (JCPDS: 89-1641). Furthermore, pro-
minent peaks at 52.2° and 61.9° well matches with (040) and
(317) planes of monoclinic VsSeg (JCPDS: 18-1455). This tri-
phase composition of NiVSe will provide rich redox chemistry
to bimetallic alloy for electrochemical energy storage.®® The
broad peak in NiVSe-GAF and NiVSe-MXene-GAF at ~23.8° is
arised from the graphitic structure of rGO. Presence of this
broad peak at a high value of 20 (in comparison with a sharp
peak of GO at 10.3*°) implies the reduction of GO sheets
during the construction of aerogel foam. A sharp peak at 7.7°
in NiVSe-MXene-GAF is assigned to the characteristic (002)
plane of MXene. A peak shift for MXene from 8.4° to 7.7° (for
002 plane) is a manifestation of the increase in the interlayer
spacing of MXene layers after its assembly into aerogel foam.
Moreover, a partial magnification of the XRD pattern in
Fig. 4(b) indicates a peak shift and peak expansion for NiVSe
in aerogel foams, and the effect is maximum for NiVSe-
MXene-GAF. These changes in the features of the XRD pattern
are assignable to the variations in the lattice parameters or
lattice strain after the integration of NiVSe into NiVSe-GAF and
NiVSe-MXene-GAF heterostructures. Regardless, the presence
of distinctive diffraction peaks from the corresponding com-
ponents substantiates that NiVSe-MXene-GAF is a hybrid of
NiVSe, MXene, and rGO.

3.3. Functional group analysis

FT-IR analysis was used to investigate the characteristic func-
tional groups within NiVSe, NiVSe-GAF, and NiVSe-MXene-
GAF. FT-IR spectra depicted in Fig. 5 exhibit discernable bands
below 1000 cm™" assignable to various metal-selenide (M-Se)
bond vibrations in bimetallic NiVSe. Specifically, bands
observed at 455, 745, and 831 cm™" correspond to different
vibrational modes arising from the Ni-Se bond.** The bands at
515 and 954 cm™ ' are ascribed to V-Se bond vibrations.*?
Besides the M-Se bonds, a broad band at around 3393 cm™
and a narrow band at 1636 cm ™" are assigned to O-H stretch-
ing and bending vibrations, respectively, which are contributed
by strongly coordinated water molecules.*’> When NiVSe is inte-
grated into aerogel foams, numerous new bands appeared

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 FESEM images: (a and b) NiVSe, (c) MXene, (d) MXene-GAF, (e and f) NiVSe-GAF, and (g—h) NiVSe—MXene-GAF.

within the range of 1000-1800 cm™" due to the surface moi- contributed by aromatic C—=C stretching in the rGO and plau-
eties located over MXene and rGO sheets, and graphitic con- sibly arise due to the restoration of the conjugated structure

tents of the rGO skeleton. A prominent band at 1554 cm™' is  after the hydrothermal reduction of GO.** As the reduction is

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53, M47-1M64 | 11151
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Fig. 4
XRD pattern for NiVSe, NiVSe-GAF, and NiVSe—MXene-GAF.

only partial, the oxygen containing moieties in the form of
epoxy C-O-C and carboxyl C=O groups can be observed at
1096 and 1718 cm™', respectively.*>*® Additionally, the ~-OH
bending and C-O stretching vibrations in -COOH are observed
at 1390 and 1245 cm™ ", respectively.*® It is noteworthy that
both NiVSe-GAF and NiVSe-MXene-GAF show similar bands in
the functional group region, the intensity of bands is relatively

M52 | Dalton Trans., 2024, 53, 11147-11164

T
42 44 46 48 50 52 54 56
20 (degree)

(@) XRD patterns of MAX, MXene, NiVSe, NiVSe-GAF, and NiVSe—MXene-GAF and (b) peak shift indicated by the partial magnification of the

high for NiVSe-MXene-GAF. This increase in the band’s inten-
sity can be ascribed to the incorporation of additional oxygen-
containing functionalities from MXene, giving NiVSe-MXene-
GAF a more hydrophilic character as evident from the intense
O-H band. It is well reported that the C-F terminations in HF
etched MXene are observed in the range of ~1072-1375.%"

Therefore, mixed oxygen/fluorine terminations can be

This journal is © The Royal Society of Chemistry 2024
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expected in this range in the FT-IR spectrum of NiVSe-MXene-
GAF. The functional groups (-C-O-C, -COOH, -OH, and -F)
on the surface of aerogel foams interact (through van der
Waals forces and/or covalent bond interactions) with NivSe
and act as anchoring sites for these particles. These inter-
actions among NiVSe and MXene-GAF bridge conductive chan-
nels between them and facilitate charge transfer during the
electrochemical process.*®

Also, as reported by Li et al. an upshift in the O-H band
from 3367 cm™" to 3405 cm™" in NiVSe-MXene-GAF as com-
pared to NiVSe-GAF indicates the existence of H-bonding that
plays a vital role during the assembly of MXene-GAF."’

3.4. XPS analysis

In order to further understand the chemical bonding and
chemical composition of materials, XPS analysis was carried
out and the results are presented in Fig. 6(a-f). The high-
resolution XPS spectrum of Ni 2p shows two pairs of Ni 2p3,
and Ni 2p;, and the corresponding satellite peaks. Peaks at
857.2 and 874.1 eV are assigned to the Ni*" oxidation state
corresponding to Ni-Se in NiVSe (Fig. 6(a)).>° The peaks
located at 872.3 and 854.7 eV originate from Ni**.”" Similarly,
V 2p peaks are deconvoluted to V 2p,,, and V 2p3, doublet
core energy levels with peaks at 524 and 516.7 eV for V** in V-
Se of NiVSe (Fig. 6(b)).”> Second pair of peaks with binding
energies at 521.9 and 514.3 eV correspond to V>*.>® The decon-
voluted spectra of Ni 2p and V 2p show the existence of Ni**
and V>* which originated from the surface oxides formed
during the hydrothermal synthesis.>® Deconvoluted peaks in
the high resolution XPS spectrum of Se 3d at the binding ener-
gies of 53.8 and 55.4 eV are ascribed to Se 3ds,, and Se 3d;,,
energy levels (Fig. 6(c)).”® The high resolution XPS spectrum
of Ti 2p shows the existence of the Ti-C bond at the
binding energies of 459.6 and 454 eV (Fig. 6(d)).>* The

This journal is © The Royal Society of Chemistry 2024
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other peaks at 461 and 455.4 eV are attributed to Ti 2py),
and Ti 2p;), originating from Ti-O bonding.”* As reported
previously, the Ti-O bond develops in MXene-GO hydrogels/
aerogels due to the surface oxidation of MXene with the
functional groups of GO layers.”® Nonetheless, as no dis-
cernible TiO, peaks were observed in the XRD pattern, the
oxidation process may not be significantly pronounced. In
addition, the XPS spectrum of C 1s is fitted into four core
energy levels with binding energies of 284.5, 285, 287.5, and
291.9 eV for C-C, C-O, C=O, and C-F,, respectively
(Fig. 6(e)).>® The deconvoluted O 1s XPS spectrum shows
peaks at 529.8/530.9, 532.1 and 534.3 eV related to Ti-O, Ti-
OH and H,O0, respectively.>

3.5. TGA analysis

The thermal decomposition behavior of NiVSe, NiVSe-GAF,
and NiVSe-MXene-GAF was studied through TGA analysis
under air atmosphere and the results are presented in
Fig. 7(a). The pristine NiVSe exhibits an initial weight loss up
to 300 °C, primarily attributed to the release of entrapped
water molecules and volatile components. Subsequently, the
transformation of NiVSe to the corresponding oxides results in
rise of TGA curve within the temperature range of
300-450 °C.%” After that the sublimation of SeO, causes a sub-
stantial decrease in the weight of NiVSe, culminating in a total
loss of 41.3% by 700 °C. NiVSe-GAF and NiVSe-MXene-GAF
also show an inconspicuous rise in the TGA curve with a small
shift in the inflection point of major weight loss from 450 to
430 °C as compared to NiVSe. For NiVSe-GAF and NiVSe-
MXene-GAF, the initial weight changes after the removal of
entrapped water include the removal of surface functionalities
of MXene and rGO, and thermal transformation of NiVSe to
oxides, accompanied by the oxidation of MXene to TiO, in the
latter aerogel foam.>® The subsequent major weight loss for
the aerogel foam is due to the rapid burning of carbon content
of NiVSe-GAF and NiVSe-MXene-GAF leading to total weight
loss of 78.4% and 70.1%, respectively. Furthermore, as indi-
cated by the TGA curves, the impregnation of MXene provides
thermal stability to NiVSe-MXene-GAF compared to NiVSe-
GAF which is in accordance with the previous reports on
MXene composites.>’

3.6. I-V measurements

To evaluate the impact of impregnation of NiVSe into aerogel
foams on the electrical conductivity of resultant materials, -V
measurements were conducted. For this purpose, NiVSe,
NiVSe-GAF, and NiVSe-MXene-GAF were transformed into
pellets using a hydraulic press. As depicted in Fig. 7(b), all pre-
pared materials, including the pristine NiVSe, demonstrate
proficient adherence to Ohm’s law within a voltage range of
0.4 to —0.4 V, showcasing fairly straight I-V curves along the
current-voltage axis owing to the impressive conductive pro-
perties of metal selenides. However, aerogel foam composites
exhibited a greater response to voltage changes, indicating low
intrinsic resistance, with NiVSe-MXene-GAF being the most

Dalton Trans., 2024, 53, 1M47-11164 | 11153
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active to voltage changes. The electrical conductivity (o) for
each material was calculated using eqn (1):*®

w
o =
RXxA

(1)

in the above equation, w, R, and A denote the width, resis-
tance, and area of the pellet, respectively. The calculated
values of electrical conductivity for NiVSe, MXene, NiVSe-GAF,
and NiVSe-MXene-GAF were found as 14.1, 70.5, 33.3, and
51.7 S m™’, respectively. The highest electrical conductivity
observed for NiVSe-MXene-GAF after pure MXene is attributed

to the synergism and generation of ohmic contacts among the

M54 | Dalton Trans., 2024, 53, 11147-11164

Binding Energy (eV)

spectra of (a) Ni 2p, (b) V 2p, (c) Se 3d, (d) Ti 2p, (e) C 1s, and (f) O 1s.

individual components ie., NiVSe, MXene, and rGO. This
enhanced electrical conductivity of NiVSe-MXene-GAF will
facilitate the rapid transport of electrons during the redox reac-
tions. In addition, the low internal resistance will minimize
the voltage fluctuations during charge-discharge, preventing
undesirable side reactions and degradation of active material
during the electrochemical process.

3.7. BET analysis

N, adsorption-desorption experiments were carried out at
77 K to determine the specific surface area and porous charac-

This journal is © The Royal Society of Chemistry 2024
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V plot for pure MXene, (c) N, adsorption—desorption isotherms for NiVSe—MXene-GAF, and (d) the BJH desorption pore size distribution plot for

NiVSe—MXene-GAF.

teristics of NiVSe-MXene-GAF. The N, adsorption-desorption
plot in Fig. 7(c) resembles type-IV isotherm with a vague knee
at low pressure due to the monolayer adsorption, followed by
multi-layer adsorption. The a typical
H3 hysteresis loop at intermediate pressures, indicating the

isotherm shows
existence of mesopores in the aerogel foam. The absence of a
saturation point at P/P, = 1 suggests a wide distribution of
pore sizes.

The BJH desorption pore size distribution curve in Fig. 7(d)
exhibits double peak pore diameters at 4.1 nm and 18.1 nm,
within an overall pore size distribution range of 2.8-80 nm.
The BET specific surface area calculated from the N, adsorp-
tion-desorption isotherm was found to be 37.8 m*> g~'. The
BJH desorption pore diameter and pore volume were calcu-
lated to be 24.2 nm and 0.124 cm® g ™.

3.8. Supercapacitor measurements

Supercapacitor performance analysis was carried out using CV,
GCD, and EIS measurements in 3 M KOH solution at room
temperature. Fig. 8(a) shows the comparative CV plots of the
Ni foam substrate, NiVSe, NiVSe-GAF, and NiVSe-MXene-GAF
electrodes with an operative potential window of 0 to 0.5 Vata
constant scan rate of 100 mV s~'. Ni foam as the substrate

This journal is © The Royal Society of Chemistry 2024

material showed quite a weak CV signal, inferring the insignifi-
cant contribution to the current density achieved by the active
materials. For the electrodes under analysis, the CV signal was
in the following order: NiVSe-MXene-GAF > NiVSe-GAF >
NiVSe, which apparently indicates improvement in the charge
storing capacity for NiVSe integrated aerogel foams. Among
them, NiVSe-MXene-GAF delivered the largest CV area and
redox peak intensity, suggesting excellent redox kinetics and
charge storage resulting from improved active centers for
redox reactions and adsorption of ions. In all cases, a redox
couple is ascribed to the redox characteristics of Ni (Ni** <
Ni*") and V (V" < V*') in accordance with the previous
reports.>® Scan rate-dependent CV plots for NiVSe, NiVSe-GAF,
and NiVSe-MXene-GAF are presented in Fig. 8(b-d), ranging
from 5 to 100 mV s™". As depicted, the progression of the scan
rate is accompanied by the increase in the current density and
a small shift of the maxima of redox couple towards anodic
and cathodic extremes. This peak shift with an increase in the
scan rate is due to the polarization behavior of the active
material.®® Nonetheless, the shape of CV curves remained well-
maintained at all scan rates demonstrating the capability of
electrodes to deliver high-rate performance that will be further
discussed in the later section.

Dalton Trans., 2024, 53, 11147-11164 | 11155
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The GCD plots of NivSe, NiVSe-GAF, and NiVSe-MXene-
GAF at a constant current density of 1 A g~ are displayed in
Fig. 9(a). A potential dependent plateau along the charge-dis-
charge curves originates from the battery-type charge storage
characteristics of NiVSe.°® As expected, NiVSe-MXene-GAF
exhibits the largest discharge time (~1108 s) greater than
NiVSe-GAF (~899 s) and NiVSe (~520 s) at 1 A g™, reaffirming
the superior electrochemical performance of NiVSe-MXene-
GAF among all electrodes. In addition, the GCD for NiVSe-
MXene-GAF showed a smaller IR drop as compared to NiVSe-
GAF and NiVSe signifying relatively smaller equivalent series
resistance (ESR). The initial coulombic efficiency (ICE) for
NiVSe, NiVSe-GAF, and NiVSe-MXene-GAF was calculated to be
91.4%, 95.9%, and 99.2%, respectively. Generally, the ICE
value of energy storing material is greatly affected by its
internal resistance. This internal resistance consumes some of
the energy during the discharge period and therefore the dis-
charge energy is always less than the energy stored in the
material. Additionally, the intense electrochemical reactions
also lead to a further increase in the internal resistance.
Hence, the high ICE value for NiVSe-MXene-GAF as compared
to NiVSe and NiVSe-GAF correlates with its small internal resis-
tance uniform charge-discharge

and authenticates a

M56 | Dalton Trans., 2024, 53, M47-1164

process.®” Furthermore, similar to the CV results, GCD plots
are symmetric in nature irrespective of the applied current
density, reflecting good reversibility of the electrochemical pro-
cesses occurring at the electrode-electrolyte interface (Fig. 9
(b—-d)). The mass-specific energy storage capacity of each elec-
trode was determined from GCD data at different current den-
sities (1-12 A g7') using the following eqn (2):**

IxA
Specific capacity (mAhg™) = m>><<73t6

(2)

where I is the current density, At denotes the discharge
time, and m is the mass of the active material. The
maximum specific capacity for NiVSe-MXene-GAF was
observed at 1 A g”' as 305.8 mA h g~'. This value is almost
2.21- and 1.35-fold of the specific capacity calculated for
NivSe (138.3 mA h g7') and NiVSe-GAF (226.3 mA h g™").
The results infer that the incorporation of NiVSe in an
aerogel form not only improved the charge storing capacity
of the electrode but MXene functionalized aerogel foam evi-
dently underpins better intrinsic characteristics than NiVSe-
GAF, which results in the substantially effective utilization
of NiVSe. Other than the specific capacity at 1 A g~*, NiVSe-
MXene-GAF sustained a higher value of specific capacity at

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 (a) GCD plots of NiVSe, NiVSe-GAF, and NiVSe—MXene-GAF at a current density of 1 A g~ GCD plots of (b) NiVSe, (c) NiVSe-GAF, and (d)

NiVSe—MXene-GAF at various current densities (1-12 A g™, (e) trend in
MXene-GAF, and (f) capacity retention of NiVSe, NiVSe-GAF, and NiVSe-M

all current densities as compared to its analogs (Table S1t
and Fig. 9(e)). The percentage retention or rate performance
of NiVSe, NiVSe-GAF, and NiVSe-MXene-GAF is shown in
Fig. 9(f). As a general phenomenon, with the progressive
current density a decline in the charge storage capacity was
observed for all electrodes because of limited time for elec-
trolyte ions to diffuse into active material to take part in the
charge storage process.®® Besides, on comparison, NiVSe-
MZXene-GAF exhibited the highest capacity retention of
76.8% even at a very high current density of 12 A g™' as
compared to NiVSe (61.9%) and NiVSe-GAF (72.3%).

This journal is © The Royal Society of Chemistry 2024

specific capacity vs. current density for NiVSe, NiVSe-GAF, and NiVSe—
Xene-GAF with an increase in the current density.

To analyze the mechanism of charge storage in NiVSe-
MXene-GAF, the diffusion and capacitive role was investigated
by applying the following power law eqn (3):%°

log i(v) =log a+ blogv (3)
where 7 is the anodic or cathodic peak current density at the
scan rate of v; a and b are the fitting parameters in the
equation. Assuming a linear fit, the value of b was determined

from the log-log plot in Fig. 10(a). It has been theorized that
the value of slope b = 0.5 and 1 accounts for the diffusional

Dalton Trans., 2024, 53, M47-11164 | 1157
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and capacitive mechanism of charge storage. For NiVSe-
MXene-GAF, the anodic and cathodic current density pre-
sented in Fig. 10(a) fall within the range of 0.52 and 0.54,
respectively indicating a hybrid behavior of the electrode.
The current response at each scan rate was further divided
to diffusion dependent and surface dependent capacitive
contributions using the Dunn’s relation in the following
eqn (4):°°

Z(V) = kll/ + kzl/l/z. (4)

According to the above equation, the current density at any
fixed voltage V involves a combined contribution from the
diffusion-controlled (k;#) and surface-dependent capacitive
processes (k,v). Capacitive contribution from NiVSe-MXene-
GAF at a very small scan rate (10% at 5 mV s™) is significant
and certainly contributed by the carbon content of the aerogel
foam due to the formation of an electrical double layer (EDL).
Nonetheless, the deconvoluted current density in Fig. 10(b and
c) at various scan rates (5-100 mV s') shows major contri-
bution from diffusion-dependent processes even at high scan

Table 1 Comparison of the supercapacitor performance of NiVSe—MXene-GAF with those of already reported similar electrode materials

Material Specific capacitance Cycling stability Ref.
NiVSe-MXene-GAF 305.8mAhgtat1Ag™ 91.7%@7000 cycles This work
Ni(Co)Se,@Co(Ni)Se, 264.5 mA h g‘i at1A g‘i — 67
VSe,/rGO 156.8 mAhg " at1Ag" 89.76%@7000 cycles 68
rGO/MXene@NiCo-P 21466 mAhg 'at1Ag™" 70.87%@10 000 cycles 69
Graphene-coated MXene Ni-Mn LDH 241.9mAhgtat1Ag” 94.7%@4000 cycles 70
P-Ti;C,@NiC0,S, 135mAhglat1Ag’ — 71
Ni;V,0,@Co-B 216.1mAhgtat1Ag™ — 72
Ti3C,/Ni,CO3(0H), 173.8mAhglat1Ag™! 72.5%@5000 cycles 74
Ni(OH),/graphene 238mAhg" e}t 0.8Ag™" . 91.6%@2000 cycles 75
VS,/rGO/CoS,@Co 2743 mAhg at0.6Ag" 89.6% @20 000 cycles 76
CNT@Ni(OH), 167 mA h g*i at2 A g*i 92%@1000 cycles 77
Ni,Co-LDHs@AI-Ti;C, MXene 227mAhg  at1Ag 90%@10 000 cycles 78
(Ni,Co)Se,@Nb,CT, 2671mAhgtat1Ag™? 96.8%@10 000 cycles 73
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Fig. 11 EIS measurements: (a) Nyquist plots for NiVSe, NiVSe-GAF, and NiVSe—MXene-GAF, (b) magnified high-frequency region of Nyquist plots (c)
Bode plots for NiVSe, NiVSe-GAF, and NiVSe—MXene-GAF, and (d) normalized real (C’) and imaginary (C") capacitance vs. applied frequency.

rates where mostly the surface of the electrode contributes to
charge storage. This appreciable retention of diffusional pro-
cesses is speculated to be due to the improved transport of
electrolyte ions originating from multi-dimensional open
porous channels and shortening of the ion-diffusion path in
NiVSe-MXene-GAF. This pores-rich 3D structure and high con-
ductivity of MXene-GAF backbone also played a significant role
in considerable capacity retention of NiVSe-MXene-GAF at
high current densities (Fig. 9(f)).

Cycling stability is the most significant parameter in the
study of an energy storage system. The cycling stability of
NiVSe-MXene-GAF was evaluated for consecutive 7000 GCD
cycles at a constant current density of 12 A g~' (Fig. 10(d)).
NiVSe-MXene-GAF retained 91.7% of its initial capacity with
96.1% retention of coulombic efficiency after 7000 cycles. This
outstanding cycling efficiency indicates the chemical and
mechanical stability of the NiVSe-MXene-GAF heterostructure.
Henceforth, the integration of NiVSe in MXene-GAF not only
prevents the active material from aggregation but the porous
3D skeleton of aerogel foam buffers out the volume changes
during the continuous charge-discharge cycles. Table 1 pro-
vides a comparison of the specific capacity and cycling stability
of NiVSe-MXene-GAF with already reported similar electrode
materials such as Ni(Co)Se,@Co(Ni)Se,,*” VSe,/rGO,*® rGO/
MXene@NiCo-P,*® graphene-coated MXene Ni-Mn LDH,”°
P-Ti;C,@NiC0,S4,”" NizV,0;@Co-B,”> and (Ni,Co)Se,@Nb,CT,.”

This journal is © The Royal Society of Chemistry 2024

The supercapacitor performance of NiVSe-MXene-GAF was
found to be comparable to or even greater than most electrode
materials.

To investigate the impedance behavior and dynamics of the
electrochemical process EIS studies were performed within the
frequency range of 0.01 to 100 kHz. The Nyquist plots derived

Specific capacity (mAh/g)

Electrical
Conductivity (S/m)

Capacity

? 30 retention (%)

100 Initial Coulombic
effeciency (%)

Bulk Solution
resistance (Q)

[ INivse [ 1 NivSe-GAF [l NivSe-MXene-GAF

Fig. 12 Radar plot showing comparison of different performance
characteristics of NiVSe, NiVSe-GAF, and NiVSe—MXene-GAF.
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Fig. 13 Schematic diagram showing the effect of NiVSe integration into MXene-GAF for enhanced supercapacitor performance; (a) NiVSe and (b)

NiVSe-MXene-GAF.

from the EIS data are presented in Fig. 11(a and b). The
x-intercept of Nyquist represents bulk solution resistance (R;)
which embraces the intrinsic resistance of the active material,
electrolyte resistance, and contact resistance at the active
material and electrolyte interface.”® The magnified high fre-
quency region of Nyquist in Fig. 11(b) displays the lowest R;
value for NiVSe-MXene-GAF (0.71 Q) preceded by NiVSe-GAF
(1.09 Q) and NiVSe (1.47 Q). The straight line of Nyquist per-
suading towards the low frequency region indicates the
Warburg resistance (R,,) for the diffusion of ions. A steeper
slope of the Warburg line for NiVSe-MXene-GAF as compared
to NiVSe-GAF and NiVSe interprets that with the incorporation
of NiVSe within the MXene-GAF, the resistance to ion diffusion
remarkably decreased leading to an increase in both the
specific capacity and rate capability. Additionally, the Warburg
line is inclined at approximately 45° for NiVSe, and the angle
increases as we proceed to NiVSe-GAF and NiVSe-MXene-GAF
which is attributed to the capacitive behavior of carbon con-
tents of aerogel foams. The obtained results from the Nyquist
plots corroborate well with the CV and GCD findings.

For further understanding, Bode phase angle plots are
shown in Fig. 11(c) which display changes in the phase angle
with the applied frequency. The phase angle for a super-
capacitor fluctuates among two extremes i.e., 0° for a resistor
and 90° for an ideal capacitor. The phase angles at tail for
NiVSe, NiVSe-GAF, and NiVSe-MXene-GAF are 37.5°, 60.7° and
67.4° referring to improved capacitor characteristics for NivVSe—
MXene-GAF.%" The relaxation time (zo = 1/f,) at knee frequency
(fo) is related to the time required to discharge the stored
energy at the electrode with an efficiency more than of 50%. As
depicted in Fig. 11(c), a small relaxation time for NiVSe-
MXene-GAF (0.003 s) than NiVSe-GAF (0.025 s) and NiVSe (0.13
s) indicates fast charge-discharge kinetics. The variation in
real (C) and imaginary (C") components of the capacitance
with the frequency is represented in Fig. 11(d) for NiVSe-
MXene-GAF. As can be seen, the capacitance is high at low fre-
quency and approaches null at the highest frequency where
the electrode acts like a resistor.®!

M60 | Dalton Trans., 2024, 53, M47-11164

The radar plot in Fig. 12 provides a comparison of different
performance parameters of NiVSe, NiVSe-GAF, and NiVSe-
MXene-GAF which evidently represent that the integration of
NiVSe into MXene-GAF significantly improved the overall
electrochemical performance of NiVSe-MXene-GAF. This
enhanced electrochemical performance can be accredited to (i)
the increased electroactive surface area due to the open and
porous structure of aerogel foam, and combined contribution
from NiVSe (i.e., battery-type redox reactions) and MXene-GAF
(i.e., EDL) towards charge storage, (ii) increased wettability or
easy access of electrolyte ions from multiple dimensions to
active sites, endowed by 3D porous channels (iii) surface func-
tionalities that subsidize the hydrophilic character to MXene-
GAF for electrolyte ion attraction and act as anchoring sites for
NiVSe particles to bridge conductive channels among NiVSe
and MXene-GAF, (iv) large surface area and 3D charge transfer
over the highly conductive MXene-GAF, and (v) flexible and
robust 3D framework of NiVSe-MXene-GAF (Fig. 13).

4. Conclusions

In summary, bimetallic NiVSe was incorporated into 3D hier-
archical MXene-GAF to improve the electroactive surface area
and electrical conductivity and impede the degradation of the
battery-type material during the electrochemical process. 3D
porous pathways, improved conductive properties, enriched
active sites of NiVSe, and the heterostructure interface of
NiVSe-MXene-GAF enhanced the supercapacitor performance
of the prepared electrode as compared to its analogs NiVSe
and NiVSe-GAF. NiVSe-MXene-GAF delivered a high specific
capacity of 305.8 mA h g™" at 1 A g7', greater than those of
NiVSe (138.3 mA h g™') and NiVSe-GAF (226.3 mA h g7'). In
addition, NiVSe-MXene-GAF exhibited a high rate perform-
ance (235.1 mA h g”' at 12 A g™ ), excellent cycling stability
with 91.7% retention of specific capacity and 96.1% coulombic
efficiency after 7000 GCD cycles. Impedance measurements
showed a reduction in solution resistance for NiVSe-MXene-

This journal is © The Royal Society of Chemistry 2024
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GAF (Rs = 0.71 Q) compared to those of NiVSe-GAF (Rs = 1.09
Q) and NiVSe (R, = 1.47 Q). Hence, this work paves the way for
the development of high-performance 3D multicomponent
microstructures for efficient supercapacitor devices. Based on
the outstanding results, we plan to evaluate the efficiency of
NiVSe-MXene-GAF in a two-electrode configuration and con-
struct a supercapacitor device.
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