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Abstract: Ternary metal sulfides are projected as advanced lithium-ion battery (LIB) anodes due
to their superior electronic conductivity and specific capacity compared to their respective oxide
counterparts. Herein, a porous composite of cuboidal FeNiyS4 (FNS) with 2D reduced graphene oxide
(rGO) and 1D multi-walled carbon nanotubes (MWCNTs) (composite name: FNS@GC) synthesised
by an in-situ single-step hydrothermal process. The 1D /2D combined thin carbon coatings on the
FeNi,S4 prevent aggregation during battery performance by increasing conductivity and resisting the
volume changes at lithiation/de-lithiation processes. Consequently, the FNS@GC composite exhibits
a commending electrochemical performance with a charge capacity of 797 mAh g~! and a first cycle
coulombic efficiency of ~67% with reversible capacity restoration property and excellent long-term
cycling stability. Furthermore, FNS@GC/ /LiFePOy full cell reveals its practical applicability as a LIB
anode with a reversible capacity of 77 mAh g~ at 50 mA g~! current density.

Keywords: ternary metal sulfide; FeNiySy; hydrothermal synthesis; lithium-ion battery anode;
electrochemical energy storage

1. Introduction

Developing an alternative green, safe and efficient energy storage technology has
become critical to outpace the rapid degradation of fossil fuels and the continuous increase
of environmental pollution. Lithium-ion battery (LIB) has gained significant attention
among the leading energy storage technologies due to its high power density and long
cycle life for portable device applications as well as for electric vehicles (EVs) [1-3]. In
battery technology, the anode is one of the crucial components. Graphitic carbon, used
as a conventional anode, suffers from a low theoretical capacity (372 mAh g~!) and poor
performance due to the inherently slow diffusion of Li* ions into the carbon matrix. Thus,
graphitic anodes cannot satisfy the demand for EV applications requiring high-rate perfor-
mance. Therefore, researchers have extensively searched for alternative high-performance
LIB anodes [2,4].

Over the past few decades, binary and ternary transition metal oxides (TMOs) have
been explored as LIB anodes [4,5]. However, they still suffer from volume expansion,
commonly associated with the conversion mechanism during the redox processes. This
led the researchers towards binary and ternary metal sulfides (TMSs). As the two-metal
redox was involved in ternary metal sulfide, whereas one metal redox centre was involved
in binary metal sulfide, that is why TMSs have better electrochemical performance. This is
because the metal-sulfur (M-S) bond is weaker than the metal-oxygen (M-O) bond which
allows faster diffusion of ionic species through the elongated layers, therefore, restricts
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severe volume expansion [6,7]. Compared to their oxide counterparts, TMSs have shown
a comparatively lower bandgap and, thus, a relatively higher electrical conductivity [8].
Moreover, the inherent stability of the structure, together with good mechanical integrity,
may withstand the volume expansion during the charge-discharge processes. Several
TMSs have been tested for electrochemical applications, primarily as a supercapacitor, e.g.,
NiCOzS4 [9], ZnC0254 [10], MHC02S4 [11], FeNi254 [12], CU2ZDSI‘[S4 [13] etc. Application
of TMS as LIB anode has also been undertaken, but the number of studies is relatively
lesser. In most of the studies, NiCo0,54 [9,14-16], are the preferred choice though a few
pieces of literature are also available on other ternary sulfides such as CuCo,54 [17-19],
NiTi,Sy [6]. Song et al. [20] prepared a composite of hexagonal NiCo,S4 nanosheets and
reduced graphene oxide, which achieved a 607 mAh g~ specific capacity at 2000 mA g~ !
current density. In contrast, Wu et al. [21] synthesised hollow nanowires of NiCo,S,4 on
carbon cloth and reported a charge capacity of 1198 mAh g~! at a 500 mA g~! current
rate. Hydrothermally synthesised porous core-shell CuCo0,S4 nanospheres [19] reveal
a 773.7 mAh g~ ! charge capacity at 1000 mA g~! current rate, whereas CuC0,S4/rGO
nanocomposites deliver 433 mAh g~! specific capacity at 100 mA g~ current density [18].
Recently, Kim et al. prepared NiTi,S; nanocomposite that shows 635 mAh g~ of specific
charge capacity at 1000 mA g~! current rate for 50 cycles [6]. Until now, only a single report
was available on FeNi;S4 as a LIB anode. Guo et al. prepared agglomerated particles of
FeNi;S4 quantum dot @carbon composites and achieved an excellent specific capacity of
~750 mAh g1 at 500 mA g~! current density at LIB anode. However, the composite suffers
from cycling stability and rate capability [22].

The above studies show the potential of ternary metal sulfides. Still, the fundamen-
tal challenges, e.g., volume change, crack generation, aggregation, pulverisation, and
side reactions with electrolytes at the time of continuous discharge/charge cycling per-
formances, are yet to be overcome before they can be applied as commercial LIB anodes.
Two notable routes are presently being pursued to unravel the problems: (1) by construct-
ing nanostructures with suitable morphological features for retaining structural integrity
and (2) by synthesising in-situ composites with several types of conductive carbon additives
to improve charge transfer processes.

Herein, we report a simple single-step hydrothermal technique to prepare a composite
of cuboidal-shaped FeNiyS4 with rGO and MWCNTs (FNS@GC) where both the pursued
routes are coupled together. The unique microstructure offers a larger surface area than
pristine material for efficient conversion reaction and buffer space for volume change
during continuous cycling. Furthermore, it is expected that the combination of 1D- and 2D-
carbon layers on FNC would accelerate the ion transfer faster in the composite material [23].
As a result, the composite material delivers a capacity of 797 mAh g~! at a current density
of 100 mA g~! with excellent rate capability even when subjected to high current rates.
We have also constructed a full cell by coupling the FNS@GC anode with a commercial
LiFePOj cathode. The full cell exhibits a specific capacity of 77 mAh g~! at a current density
of 50 mA g~ ! with steady cycling performance.

2. Experimental
2.1. Chemicals

Nickel (II) chloride hexahydrate, NiCl,. 6H,O (98%. Alfa Aesar, Germany), ferric (III)
chloride hexahydrate, FeCl;. 6H,O (97%, Alfa Aesar), thiourea (99%, Sigma-Aldrich,
Germany), ethanol (Alfa Aesar, Germany), graphene oxide, multi-walled carbon nan-
otubes, MWCNTs (purity 95%, ash content < 1.5%), MTI, USA). Ultrapure water was
used for all the experiments. The water was obtained from a three-stage Millipore Mill-Q
(Merck, Germany).

2.2. Synthesis of Cuboidal Shaped Porous FeNiyS;@rGO/MWCNTs (FNS@GC)

The detailed synthesis procedure of graphene oxide has been described in our previous
report [24]. At first, 0.25 mg of graphene oxide and 25 mg of MWCNTs were added to a
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50 mL ethanol-water (1:1 volume ratio) solution and constantly stirred for 30 min to make
it disperse throughout the solution. Then two mmol of nickel chloride hexahydrate and
one mmol of ferric hexahydrate were added to that solution with continuous stirring. The
stirring was continued for another 30 min to make the mixture homogeneous. Finally, nine
mmol of thiourea was added to the above solution under stirring conditions. The resulting
homogeneously dispersed solution was placed in a 70 mL Teflon-lined autoclave and kept
in a 180 °C oven for 24 h. The autoclave was taken out manually after 24 h and cooled
down to room temperature naturally. Next, the product was washed with deionised water
and acetone several times and dried at 80 °C for 12 h in a vacuum oven.

The same procedure was followed to synthesise pristine FNS without using graphene
oxide and a multi-walled carbon nanotube.

2.3. Material Characterisation

Powder X-ray diffraction was carried out using Philips X'Pert, the Netherlands X-ray
diffractometer in 10°-80° 20 range at 2° min~! scan rate with Cu-Ka radiation at 40 kV
and 40 mA. Renishaw in Via Reflex micro Raman spectrometer was used to record Raman
spectroscopy with 514 nm argon-ion laser excitation. The morphological analysis was done
by ZEISS Supra 35 (Germany) field emission scanning electron microscope (FESEM) and
300 kV Tecnai G2 30ST (FEI) transmission electron microscope (TEM). A Quantachrome
(USA) Autosorb surface analyser was used to record Brunauer-Emmett-Teller (BET) surface
area measurements using nitrogen gas adsorption at 77 K. The pore size distribution was
calculated from the Barrett-Joyner-Halenda (BJH) desorption isotherm.

2.4. Electrochemical Characterisation

Two thousand thirty-two type coin cells vs Li/Li* were fabricated to measure the
electrochemical properties of the sample. The standard slurry casting technique was
followed to prepare the working electrode. The slurry was prepared using active material,
Super-P carbon and polyvinylidene fluoride (PVDF) binder, in a weight ratio of 80:10:10
in n-methyl pyrrolidinone (NMP) solvent. The homogeneous slurry was coated on a
copper foil (thickness 15 um) and dried in a vacuum oven at 110 °C for 4 h. The coated
copper foil was pressed at 4.0 tons per sq. inch for calendaring, and the electrodes were
cut into a circular disk (dia. = 15 mm). The active mass loading was ~2 mg cm 2, which
is acceptable on the lab scale [25,26], though a higher mass loading could be better for
the industrial scale LIB application [27]. The electrodes were placed in an argon-filled
glove box (M'BRAUN, Germany, moisture and oxygen levels were kept at <0.5 ppm).
The 2032 half cells were assembled using shiny lithium metal as the counter electrode as
well as reference electrode, Celgard 2300 as the separator and 1.0 M LiPFg in EC: DMC
(1:2 vol%) the electrolyte (Millipore Sigma-Aldrich, Germany, battery grade, >99.99% trace
metals basis). Commercial LiFePO4 (MTI corporation, USA and average particle size is
3.5 + 1.0 um) as the counter electrode (cathode) to assemble full cells. The active mass ratio
of the anode to cathode was about 1:5. A galvanostat potentiostat (PGSTAT30, Autolab,
The Netherlands) was used to record cyclic voltammetry (CV) at a scanning rate of 0.1 and
1.0 mV s~ 1. Galvanostatic charge-discharge (GCD) experiments were recorded using an
Arbin (BT2000, USA) automatic battery tester.

3. Results and Discussion
3.1. Physical Characterisation

Figure 1a shows the X-ray diffraction (XRD) pattern of the FNS@GC composite without
any impure phase, and the diffraction peaks correspond to the characteristic reflections
of FeNiySs (cubic phase, space group Fd3m) following the JCPDS file number 00-047-
1740. The diffractogram exhibits very sharp peaks of the FeNi,S,, indicating excellent
crystallinity of the synthesised compound. The most prominent diffraction peak was
observed at a two-theta value of 31.51°, which originates from the reflections from the
(311) planes of FNS@GC. The other main diffraction peaks at two theta values of 16.18°,
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26.57°,38.03°, 50.07°, and 54.8° correspond to the reflections from (111), (220), (400), (511),
and (440) planes. A few other low-intensity peaks at two-theta values of 32.79°, 47.10°,
64.59°, 68.49°, and 77.33° correspond to the reflections from (222), (422), (533), (444), and
(731) planes. However, the presence of a minute amount of impurity phases is suggested
by the appearance of very low-intensity peaks at 18.21° and 35.42° (NiS, JCPDS file no.
00-012-0041) and at 27.93° and 36.75° (Fe,S, JCPDS file no. 00-042-1340). Furthermore, we
checked the X-ray diffraction (XRD) pattern of pristine FNS materials shown in Figure Sla.
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Figure 1. (a) Powder X-ray diffraction pattern, and (b) Raman spectra of FNS@GC composite.

Further, Raman spectroscopy was carried out for the FNS@GC composite (Figure 1b).
The peak at 655 cm ! could be assigned to Raman active A1g modes. Two other prominent
bands at 346 cm~! and 239 cm ! arise from the stretching modes of S atoms toward the
tetrahedral site Fe atom and the bending of the S atoms initiating the Ajg and Eg modes,
respectively [12,20,28]. The Raman bands at 290 cm ™! could be due to the asymmetric
bending of S causing Tog modes [28]. Two bands centred at 1349 and 1587 cm~! were
observed (Figure 1b) due to the well-known D-band and G-band originating from rGO [24].
It is noteworthy here that the synthesised graphene oxide (GO) shows two peaks at 1604
and 1360 cm ™!, which are assigned to the G-band and the D-band, respectively [26] (Figure
S1b). The D and G-band intensity ratios denote the concentration of disorder or defect
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and the average size of the p-conjugation [29]. The Ip /I ratio was 0.88 and 0.97, for GO
and FNS@GC composite [30]. In the case of the FINS@GC composite, both the G-band
and D-band are found to be shifted to a lower frequency region, i.e., toward the graphitic
nature, therefore confirming the reduction of GO to rGO [24,30,31]. It is expected that the
intensity of the D-band will gradually decrease when the GO is reduced. However, a higher
Ip /I ratio suggests an intimate interaction between compound and carbon additives,
follow-on in extra defects and destruction of sp2 domains [31,32]. Such interaction would
be favourable for faster charge transfer through defect-assisted propagation.

Electron microscopic analyses were carried out to evaluate the morphology of pristine
FNS and ENS@GC. A FESEM image of the original 2D GO sheet is shown in Figure S2.
The FESEM image of pristine FNS (Figure 2a) shows the formation of cuboidal to the near-
spherical microstructure of size ranges <1-5 um. The accumulation of such ENS particles
leading to a composite structure is evident in the case of FNS@GC. The FESEM of FNS@GC
(Figure 2b) shows FNS cuboidal and concurrent presence of 2D rGO sheets. However, it
is hard to distinguish MWCNTs in FESEM because of intrinsic composite formation and
the similar reflectivity of MWCNTs and rGO. For further understanding, TEM analysis of
FNS@GC has been undertaken and shown in Figure 3. Figure 3a shows the rGO nanosheet
and FNS particles of size ~1 um. The magnified brightfield TEM image in Figure 3b exhibits
the presence of 1D MWCNTs combined with rGO nanosheets. Furthermore, Figure 3c
confirms the intrinsic composite structure showing the intimate presence of the three
components, where the presence of 1D/2D C layers on FNS is seen. The FESEM energy
dispersive X-ray spectrum of the synthesised FNS@GC powder (Figure S3) shows the
presence of Fe, Ni, S, and C; the corresponding FESEM image is displayed in the inset.
The TEM energy dispersive X-ray spectrum of the powder FNS@GC (Figure S4) further
confirms the presence of the above elements.

Figure 2. FESEM images for (a) pristine FNS and (b) FNS@GC composite powder (inset shows the
magnified version of the FESEM image).
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Figure 3. (a) TEM for FNS@GC composite, (b) magnified version of TEM image, and (c) further
magnified image showing the integral presence of MWCNTs and rGO with FeNi,Sy particle.

Nitrogen adsorption-desorption isotherm and corresponding pore size distribution of
both FNS and FNS@GC samples are presented in Figure 4. As shown in Figure 4a,b, the
hysteresis loop of both FNS and FNS@GC reveals a typical type-1V isotherm characteristic
of mesoporous materials. It is noted that the isotherms are not closed together at low
pressures when P /P returns to <0.4. This may happen due to residual adsorbed material
in mesopore systems through irreversible uptake of molecules in pores of similar width
as that of the adsorbate molecules, which are not outgassed [33]. The BET surface area of
pristine FNS is only 18.2 m? g~!, while for the FNS@GC composite, it increases to 31.4 m?
g~ 1. This increase in the surface area value for the composite is due to the contribution
from rGO nanosheets and MWCNTs. The larger surface area allows effective electrolyte
uptake and facilitates faster ion transfer. The corresponding pore size distribution plots
were calculated from the adsorption branch of the isotherms and shown in the inset of
Figure 4a,b. The pore volume of FNS@GC was more significant than that of pristine sample
FNS, and the values were 0.023 and 0.009 cm? g~ !, respectively. Therefore, the porosity
present in the material could act as buffering spaces against the volume changes of FNS
during high-rate lithium/de-lithiation processes, which would lead to enhanced cycling
stability of the anode material.
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Figure 4. Nitrogen adsorption-desorption isotherms analysis and the inset shows corresponding
pore size distribution, (a) pristine FNS and (b) FNS@GC.

3.2. Electrochemical Characterisation as Half Cell Lithium-Ion Battery (LIB) Anode

The lithiation/de-lithiation process of the FNS@GC has been carried out by assembling
a 2032-type coin cell vs Li as the counter electrode. At first, the cyclic voltammetry (CV)
test was performed for the half cell at a voltage window of 0.01-3.0 V at 0.1 mV s~ ! scan
rate (Figure 5a). Figure 6a shows the first four consecutive scans for the half cell. In the first
discharge process, a weak peak is observed at 1.73 V that can be attributed to Li insertion in
FNS@GC and the corresponding formation of LiyFeS, [34]. The broad cathodic peak centred
at 1.30 V can be attributed to the conversion of metal ions [20]. A hump is observed at
0.71 V, which confirms the decomposition of organic electrolyte and subsequent formation
of solid electrolyte interphase layer (SEI) at the electrode-electrolyte interface, which is
very common for LIB anode materials during the first cycle cathodic process [14,20,22].
At the first anodic scan, the peaks at 1.25, 2.0, 2.24, and 2.38 V can be attributed to the de-
lithiation process and corresponding oxidation to FeSx and NiSy [20]. From the second cycle
onwards, the CV of the cathodic scan is different from that observed in the first cycle, which
is characteristic of conversion-based electrodes [35]. The appearance of one cathodic peak
at 2.21 V (corresponding anodic peak at 2.35 V) can be attributed to the partial irreversible
reduction of metal ions, which is missing from the third cycle onwards. That the prominent
cathodic peaks are shifted from the second cycle onwards suggests possible irreversible
structural changes of FNS@GC. The other three peaks at 1.82, 1.56, and 1.35 V correspond
to the lithiation of the metal ions. The corresponding anodic peaks were observed at 1.25,
2.21, and 1.96 V due to the reversible oxidation process of the corresponding metal ions.
From the third cycle onwards, no further change in the CV profile is observed, indicating
good reversibility of the conversion-based lithiation/de-lithiation process in FNS@GC.
Based on the above, the probable electrochemical conversion reaction of FNS@GC can be
summarized as [22]:

First cycle discharge process:

FeNi,S, + 8Li" + 8¢~ — Fe¥ + 2Ni¥ + 4Li,S
The second cycle onwards:
FeSy + 2xLi* + 2xe™ > Fe? + xLiyS

NiSy + 2yLi* + 2ye™ <> Ni® + yLi,S
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Figure 5. Half-cell LIB anode performance, (a) cyclic voltagram (CV) for first four cycles at 0.1 mV
s~1 of FNS@GC electrode, (b) galvanostatic charge-discharge curves for 1st, 5th, and 15th cycles of
FNS@GC and 1st cycle for FNS electrode at 100 mA g~! current density at 0.01-3.0 V, and (c) cycling
performance at 100 mA g_l current rate for pristine FNS (i & ii) and FNS@GC electrodes (iii & iv).

The galvanostatic charge-discharge (GCD) for the FINS@GC sample was shown in
Figure 5b in the same voltage window at a current density of 100 mA g~! for the 1st,
5th, and 15th cycles. The GCD plots are consistent with the corresponding redox peaks
observed in CV (Figure 5a). The first cycle-specific discharge and charge capacities were
1185 and 797 mAh g~! with ~67% coulombic efficiency. Whereas the pristine FNS electrode
shows first cycle discharge and charge capacity 629 and 361 mAh g~!, respectively, with
~57% coulombic efficiency at 100 mA g~ current density (Figure 5b). After a few cycles, the
coulombic efficiency reaches ~98%, indicating the reversibility of the FNS@GC electrode
during repeated lithiation/de-lithiation processes.

The cycling stability of a battery electrode is one of the essential criteria to judge its
performance. Figure 5c shows the cyclicity test for pristine FNS and composite FNS@GC
electrodes. The pristine FNS electrode shows capacity fading after a few cycles with a
stable charge capacity of 149 mAh g~! at the 100 mA g~ ! current density (Figure 5c).
Whereas the reversible capacity of the FNS@GC electrode initially decreases a little bit,
but after a few cycles, when the electrode gets activated, the specific charge capacity
increases to 906 mAh g~! after 600 continuous cycles with ~96% coulombic efficiency
at 100 mA g~! current density (Figure 5c). These results are superior to the previously
reported FeNiyS4 as LIB anode and other ternary metal sulfide anodes (Table 1) and ternary
metal oxides (Table S1). The charge capacity increases to ~113% of the initial value, which
implies excellent cycling performance. This phenomenon of increase in capacity is quite
common for oxide/sulfide-based electrode materials associated with the formation and
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decomposition of polymeric gel during the discharge and charge process [19,36-39]. These
kinds of reversible growth of a polymer gel-like film originating from the degradation of
electrolyte and extra lithium ion insertion/extraction into/from it has been reported in
several works [19,36—-40]. The increase in capacity with cycling could be attributed to FNS
cuboidal dispersed in the gel matrix allowing better accommodation of volume changes
and shortening of Li* diffusion length.
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Figure 6. (a) Rate capabilities at different current densities (100 to 500 mA gfl), and (b) long-life
cycling performance at high current density (300 mA g_l) with corresponding coulombic efficiency
of ENS@GC electrode.

The capacity restoration property of FNS@GC has been investigated at different current
densities by subjecting the cell to ten cycles at each current density, and the corresponding
plot is shown in Figure 6a. At first, the assembled cell was cycled at 100 mA g~! when a
reversible capacity of ~578 mAh g~! was observed. In the first few cycles, slight capacity
decay was noticed due to the activation of the electrode. In the next step, when current den-
sities are increased by two and three times, the reversible capacities ~425 and 324 mAh g~!
are observed. After that, when the current density increases by five times (500 mA g~ 1), a
specific capacity of 258 mAh g~ is observed. To check the reversibility of the cell, the cell
is then cycled again at 100 mA g~!, and a reversible capacity of 519 mAh g~! is observed,
which is ~90% of the initial capacity. These results highlight a superior capacity restoration
property of the FNS@GC electrode as a LIB anode.

To test the cycling performance at a high current rate, the FNS@GC has been cycled at
a current density of 300 mA g~! for 1000 continuous cycles (Figure 6b). The corresponding
galvanostatic charge/discharge profiles of different cycle intervals are shown in Figure S5.
The cell shows an initial minor decay incapacity. Still, after a few cycles, the capacity is
recovered, and a reversible capacity of ~440 mAh g~! was observed till 1000 cycles with
the coulombic efficiency approaching ~100%.
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Table 1. Comparison of Ternary metal sulfides as LIB anode application.

Materials Morphology/Electrode Voltage Current Density Specific Capacity Ref
Composition Window (V) (mA g 1) (mAh g—1)/Cycle Number )
. hexagonal
NiCoy54 nanosheets@rGO 0.01-3.0 2000 607/800 [20]
NiCo,S, hollow spheres 0.01-3.0 200 696/100 [41]
NiCo,Sy hollow nanowires@ 0.005-3.0 500 1198/500 [21]
carbon
. nanosheet array/carbon
NiCo,54 0.01-3.0 100 1137/100 [16]
cloth
nanocores in-situ
NiCo,54 encapsulated in graphene 0.01-3.0 200 535/1000 [42]
sheets
NiCo,Sy multi-shelled hollow 0.0-3.0 100 745.5/100 [15]
polyhedrons
agglomerated
CuCo,Sy non-uniform 0.01-3.0 500 1300/200 [17]
nanoparticles/ MWCNTs
CuCo,S4/reduced
CuCo,54 graphene oxide 0.01-2.5 100 433/50 [18]
nanocomposites
CuCo,Sy Sphere 0.01-3.0 1000 773.7/1000 [19]
NiTipSy nanoparticles 0.01-3.0 1000 635/50 [6]
ZnCo0,S,/NiC0,S, Flakes/@carbon cloth 0.01-3.0 1.5 mA cm—2 2.4 mAh cm~2/100 [25]
Agglomerated
FeNiySy particle/FeNiyS4 quantum 0.005-3.0 500 ~750/700 [22]
dot @C composites
. 0D/2D-sheet like
(Feg5Nig5)Sy /GO nanocomposite 0.03-3.0 200 830/100 [43]
FNS@GC Cuboidal shaped FNS 0.01-3.0 100 901/600 Thi
FNS@GC/ /LiFePOy, particle/with 1D/2D 300 440/1000 lsk
(Full cell) carbon composite 1.0-3.6 50 77/60 wor

3.3. Electrochemical Performance of Full Cell LIB

Furthermore, inspired by the half-cell anode performance, we have assembled a full-
cell battery (FNS@GC/ /LiFePO;) using FNS@GC as anode and commercial LiFePO, as
the cathode to verify the practical applicability of ternary metal sulfide as LIB anode. The
detailed electrochemical characterization of commercial LiFePOy as half-cell LIB perfor-
mance was shown in Figure S6a,b. At first, to check the active redox window, the CV test
was done at 1.0-3.6 V voltage window at 1 mV s~ ! scan rate, shown in Figure 7a. The
CV for the first two cycles shows excellent reversibility where the voltammograms nearly
overlap throughout the charge/discharge processes. Then, the GCD was plotted for the 1st,
5th and 15th cycles at 50 mA g~! current density at 1.0-3.6 V voltage region (Figure 7b).
As aresult, the first cycle charge and discharge capacities were observed at 85 and 113.7
mAh g~! with ~75% coulombic efficiency. The specific capacity was evaluated based on
the active mass loading on the LiFePO, cathode electrode, as the capacity of the full cell is
cathode-limited [26].
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Figure 7. Full-cell LIB performance of FNS@GC electrode as anode and LiFePOy as cathode, (a) cyclic
voltammogram (CV) for two cycles at 1 mV s~ scan rate at 1.0-3.6 V voltage window, (b) galvanos-
tatic charge-discharge curves for 1st, 5th, 15th cycles at 100 mA g~! current density within 0.1-3.6 V,
and (c) cycling stability performance at 50 mA g~! current rate.
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The cycling performance of the ENS@GC/ /LiFePOy full cell has been performed at
50 mA g~ ! current density for 60 cycles (Figure 7c). The steady cycling plot shows excellent
reversibility with observance of charge and discharge capacities of 77 and 74 mAh g~ !,
respectively, together with a high coulombic efficiency of ~96%. There is no report on
the full cell performance of FeNi,S, as LIB anode; however, the present results are quite
promising for the practical applicability of FeNi Sy as LIB anode against LiFePO4. However,
no such report is available for metal sulfide as full cell LIB anode vs LiFePO4. However,
our full cell result is comparable with the other metal oxide-based materials vs LiFePOy,
where Si@eMnO@C /rGO/ /LFP and Mn3zO4@carbon/ /LFP show ~120 and ~92 mAh g_1
specific capacity at 5 C and 50 mA g~! current rate, respectively [26,44].

4. Conclusions

In summary, a hierarchical composite of cuboidal-shaped porous FeNi,S; ternary
metal sulfide with MWCNTs and rGO has been successfully synthesised hydrothermally
by a template-free method in a single step. The tightly wrapped rGO and MWCNTs thin
layers over FeNi,S, particles provide mechanical sustenance for the cuboidal structure,
preventing particle detachment induced by repeated insertion/extraction of metal ions.
Due to that, the space between the particles offers a passage for metal ions and electrolyte
mobility. Furthermore, highly conductive carbon additives like rGO and MWCNTs facilitate
charge transport during continuous high-rate charge/discharge processes. As a result, the
FNS@GC shows high charge capacities of 906 mAh g~! after 600 cycles at 100 mA g~ 1.
Furthermore, the composite shows a discharge capacity of 446 mAh g~! at a high current
density of 300 mA g~! after 1000 cycles. In addition, a full cell comprising of the synthesised
FNS@GC anode and commercial LiFePOy cathode reveals a stable cycling performance
up to 60 cycles with 77 mAh g~! of reversible capacity at 50 mA g~! current density. The
present results show promising potential for FeNi»S4 as a high-performance LIB anode and
would help design other ternary metal sulphide anodes for energy storage applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /batteries8120261/s1. XRD pattern and Raman spectrum (Figure S1)
of pristine FNS and GO, FESEM (Figure S2) of GO, FESEM-EDS of FNS@GC (Figure S3), TEM-EDS of
FNS@GC (Figure S4), Galvanostatic charge-discharge curves for different cycle intervals of FNS@GC
(Figure S5), LiFePO,/ /Li half-cell electrochemistry plots (Figure S6) and comparison of Ternary metal
oxides as LIB anode application (Table S1) [45-51].
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