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ABSTRACT

So far, various graphite-Nickel Oxide (NiO) composites have been investigated as anodes for
Li-ion batteries. However, developing an ideal composite that overcomes NiO's electrical
conductivity limitations remains a significant challenge. The current study presents an in-situ
one-step hydrothermal technique for integrating NiO into a 3D peony-like graphitic
nanostructure (NiO-GNF), resulting in unique thin nanosheet arrays with porous, conductive
channels. Notably, the composites endowed controlled aggregation and restacking of NiO,
buffered electrode stress and improved electrical conductivity due to the expanded nature of
graphite. In addition, the enlarged interlayer spacing of expanded graphite facilitated an
improved Li-ion insertion. Overall, in comparison to pure NiO anodes, the NiO-GNF
composite achieved an impressive electrochemical improvement exhibiting a highly reversible
discharge capacity of 678.2 mAh/g after 370 cycles at a current density of 0.5 A g*,
corresponding to a capacity retention of 60.7 %. The composite also demonstrated a capacity

of 752 mAh/g at a high current density of 1.2 A g,

Keywords: Expanded graphite nanoplatelets, NiO-hybrids anodes, high-capacity anode, Li-

ion batteries
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INTRODUCTION

Lithium-ion batteries (LIBs) are considered as one of the most promising power sources for
mobile, portable electronics, and electric vehicles (EVs) due to their excellent energy
efficiency, high cell potential, low cost, and long cycle life. However, the commercial graphite
used in LIBs is insufficient to meet the current market demands owing to a limited theoretical
capacity of ~ 372 mAh g .[1] As potential high energy substitutes; transition metal oxides
(TMOs), such as Co, Ni, Fe, Cu, Ti, and Zn oxides and their composites, have garnered research
attention due to their exceptional storage capacity and high energy density of approximately
700 mAh g1, according to the equation of MO + 2Li* +2e = M + Li20.[2-8] Amongst metal
oxides, nickel oxide (NiO) is highly appealing as a promising anode for LIBs due to their
abundance, low cost, eco-benignity, admirable safety, and high volumetric energy density.[9]
However, pristine NiO utilization, as for other oxides, significantly failed as an effective anode
for LIBs due to their poor electrical conductivity, low rate performance, and limited

cyclability.[10]

One effective protocol used in the literature is combining NiO with carbon
nanostructures. A carbon-based composite design not only provides more surface area but also
offers increased electrical conductivity and desirable mechanical flexibility that buffers the
volume expansion of NiO. Various carbonaceous matrices have been extensively studied,
including graphite, graphene, hard carbon, carbon nanofibres, and carbon nanotubes.[10-21]
For instance, Li et al. have revealed that the capacity and capacity retention of pristine NiO can
be significantly enhanced by incorporating them into the graphene matrix. This approach leads
to the formation of flower-like nickel oxide/reduced graphene oxide (NiO/RGO)
nanocomposite, which can exhibit a specific storage capacity of 702.3 mAh/g and capacity

retention of 77.0 % after 100 cycles at a current density of 0.1 A g*. Similarly, Shi et al.
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developed a 3D graphene/NiO nanobelt composite, which significantly enhanced graphene’s
volumetric and specific capacities by 75 and 41%, respectively. The composite formed
displayed a cycling life of 360 cycles, and a specific capacity of 445 mAh/g at a high current
density of 2 A g *[12] An exciting research by Park et al. explored coaxial carbon
nanofiber/NiO core-shell nano cables with an outstanding reversible capacity of 825 mAh g*
at a current density of 0.2 A g 1.[13] Further, Shao and co-authors developed a freestanding
NiO/Graphene form anode composite, which exhibited a capacity of 640 mAh gt after 50
cycles at 100 mA g ! and an excellent rate capability of 330 mAh g * at a current density of
1 A g't.The authors claimed that the outstanding electrochemical performance of the composite
is a result of the synergistic effect between the NiO and graphene form (GF) components. The
graphene form not only enhance the electrical conductivity but also act as a flexible substrate
for NiO and prevent the diffusion of NiO particles into the electrolyte during cycling.
Moreover, the unique hierarchical hollow structure of NiO effectively reduces the electrode

stress by controlling the volume change.[22]

Despite many efforts in the design of NiO/ carbonaceous composites, several challenges
remain in developing an ideal composite to solve issues such as conductivity and synthesis
procedures. For example, the graphene/NiO composites synthesis processes require several
steps, raising questions about the scalability and practicality of the materials. Another issue
described in the literature is decoupling the composite components during the cycling process
of Li-ion with graphene and NiO. The oxide nanoparticles tend to aggregate into clusters with

high local impedance after a few cycles, leading to a substantial decline in capacity.

In this work, we introduce a nanocomposite anode of NiO on a 3D carbon network
produced by expanding graphite into nanoflowers (NiO-GNF). The synergy between NiO and
the conductive carbon platform significantly improved the anode performance in Li-ion
batteries. Firstly, the 3D carbon nanoflower backbone provided a large surface area and
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excellent conductivity to the active materials. Secondly, the NiO partially intercalated into the
graphite gallery, expanding the interlayer lattice distance and promoting faster Li* transport
and larger storage capacity. Thirdly, the well-designed nanoflower structure buffered the
volumetric changes during the charge and discharge, significantly improving the cycle life,

which was investigated in detail.

RESULTS AND DISCUSSION

A schematic illustration of the proposed mechanism for the NiO-GNF is displayed in Figure
la. This work used nickel salt and bulk graphite powders as raw materials to derive nickel-
encapsulated expanded graphite. In the first step, during the hydrothermal reaction, nickel,
sodium, and citrate ions intercalate into the bulk graphite matrix to derive an intercalated
graphite compound (GIC). Next, the gaseous substances trapped between the graphitic layers
are released progressively, due to which the interlayer spacing between the sheets increases.
The vigorous hydrothermal conditions and continuous in-situ gas formation further weaken the
Van der Waals forces, resulting in exfoliated graphitic nanosheet formation. Simultaneously,
the nickel ions in the hydrothermal chamber nucleate and grow to form Ni nanostructures
within the graphite sheets resulting in Ni intercalated expanded graphitic nanostructures.
Moreover, the formation of expanded graphite particles effectively prevents the aggregation of
Ni nanostructures due to steric hindrance. The formed composite indicates nest-like structures
after synthesis (Figure S1). However, the morphology transformed into peony-like 3D
structures following heat treatment, which might be due to the conversion of hydroxide to

oxides and the removal of various gases during the process.

X-ray diffraction (XRD), exhibited in Figure S2, and resembles NiO. The diffraction

peaks located at 2-Theta 37.2°, 43.3°, and 62.8° corresponds to (111), (200), and (220) planes
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of cubic NiO, respectively (JCPDS 73-1523). [23] The inter-planer spacing (d-spacing) of 0.24
nm was observed for the peak at 43.3°. In addition, the NiO-GNF nanocomposite (Figure S3)
displayed additional peaks at 26.4°and 54.23° attributed to the graphitic backbone (JCPDS 01-
0640).[24] Raman spectroscopic analysis also confirms the presence of the NiO phase in the
NiO-GNF composite. As seen in Figure S4, two significant peaks can be observed for the petal
of a peony-like structure, a prominent peak at ~ 500 cm™ and a broad peak at around 1062 cm"

! corresponding to NiO first (1P) and second-order phonon (2P) scattering respectively.[25]
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Figure 1. Synthesis and characterization of NiO/GNF. (a) Schematic illustration of peony-like
3D architecture formation using nickel salt and bulk graphite powders as raw materials to
derive nickel-encapsulated expanded graphite. During the hydrothermal reaction, nickel,
sodium, and citrate ions intercalate into the bulk graphite matrix to derive an intercalated
graphite compound. The hydrothermal treatment and continuous in-situ gas formation weaken

the Van der Waals forces, resulting in Ni-integrated expanded graphite nanoplatelets.
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Deconvoluted XPS spectra of (b) C 1s, (c) O 1s, and (d) Ni 2p confirm the chemical valence

states of the NiO/GNF composite.

X-ray photoelectron spectroscopy (XPS) was carried out to confirm the chemical
valence states of the NiO/GNF composite and to understand their elemental compositions
(Figure 1b-d). XPS survey spectrum shown in Figure S5 verifies the presence of carbon (C),
nickel (Ni), and oxygen (O). Figure 1b displays the C1s spectrum with binding energy at 284.8
eV corresponding to sp?-hybridized carbon (C—C bond). Additionally, two low-intensity peaks
can be detected at ~285 and 288 eV, corresponding to the sp* hybridized C-OH and O-C-O
bonds.[26] The O1s spectrum exhibits two significant peaks at 529.4 and 531.7 eV, which can
be ascribed to the metal-oxygen bonds such as O-Ni /C—O—-Ni and the O-C/Ni-O respectively
(Figure 1c). The results of the Cl1s and O1s peaks suggested the link between NiO and the
graphitic backbone goes beyond the simple physical or chemical adsorption due to strong
chemical bonds.[27, 28] The Ni2p spectrum experiences two-edge splits due to spin-orbital
coupling (Figure 1d). The binding peaks observed at ~854 and ~872 eV and their satellite
peaks at ~862 and ~879 can be attributed to the respective 2ps;2 and Ni 2p12 spin-orbit levels
of NiO. Additional shoulder peak at ~ 855 eV might be due to surface oxidation of NiO to

Ni20sa.
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Figure 2. SEM images: (a and b) bulk NiO/graphite powders before hydrothermal treatment
showing bulk particles and flakes, (c-f) corresponds to samples derived after hydrothermal
process where (c) displays crumpled thin nano-sheet, and (d-f) higher magnification NiO-GNF
composite material displaying an interconnected petal morphology with uniform distribution

of exfoliated EG sheets encapsulated with NiO.

Figure 2 shows scanning electron microscope (SEM) images of the bulk NiO/graphite
powders before and after hydrothermal and calcination steps. The hydrothermal process
significantly altered the surface morphologies displaying the crumpled thin nano-sheet
morphology of expanded graphite (Figure 2c). Similarly, NiO-GNF composite experiences
highly porous peonies-like reticulation, as illustrated in Figure 2 d-f. A detailed look through
higher magnification SEM (Figure 2e&f) reveals an interconnected petal morphology with
uniform distribution of exfoliated EG sheets over the petals. This observation indicates the
simultaneous occurrence of Ni nanostructures nucleation and the slow release of gaseous

substances during the hydrothermal process transforming the bulk powders into highly ordered
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NiO-encapsulated GNF structures. The presence of carbon, Ni, and O was re-validated through
SEM/EDX mapping (Figure S6). Furthermore, the NiO percentage in the NiO-GNF composite
was calculated as 61.98 wt. %. (See TGA interpretation, Figure S8). Compared with pristine

NiO, NiO-GNF composite could lead to uniform conductivity, thereby modulating NiO's

electrical resistance behavior during the Li-ion battery electrochemical performance.

Figure 3. TEM image of derived samples (a) exfoliated graphene sheets; (b) displays the
presence of scattered NiO nanoparticles (c) displays d-spacing values taken at three different
regions (marked i, ii, and iii) correspond to differences in interlayer spacings at various spots

where (d) show 0.33 nm, (e) 0.36 nm and (f) 0.37 nm. TEM-EDS mapping area is shown in
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(9), and (h) shows the presence of all expected elements where (i) corresponds to carbon, (j)

oxygen, and (k) nickel.

Transmission electron microscopy (TEM) (Figure 3a-k) was carried out to understand
the peeling of bulk graphite into thin expanded graphite nanoplatelets during the hydrothermal
process. Figure 3a displays the stacking of multilayer expanded graphite sheets, and figure 3b
shows the presence of scattered NiO particles with white patch-like morphology. To confirm
the expanded graphite formation, we measured d-spacing at three different regions (Figure 3c
inset) and identified the following values: (i) 0.33, (ii) 0.36, and (iii) 0.37 nm. These reflections
are typical of morphed graphene corresponding to (110) planes which agrees with the XRD

peak observed ~26° (26). The increase in the interlayer spacing could be attributed to layer

expansion during the hydrothermal treatment and the subsequent calcination step. Similarly,
the high-resolution transmission electron microscopy (HRTEM) image of NiO particles
(Figure S7) displays lattice fringes with interplanar spacing of 0.26 nm and 0.2 nm,
corresponding to (111) and (200) crystal planes, respectively. [29] The NiO-GNF samples were
further characterized through TEM-EDS mapping to confirm the presence of different
elements, and the results are shown in (Figure 3g-k). As seen, the TEM-EDS results display
uniform distribution of C, Ni, and O elements, confirming the possibility of transforming bulk

graphitic structures to few-layered graphene sheets encapsulated with NiO.

It is well-known that surface area and pore hierarchy of material plays a significant role
in the Li-ion transport phenomenon. Therefore, we carried out nitrogen adsorption-desorption
analysis to measure the changes in surface area and pore size distribution of NiO-GNF
composite and pristine NiO. Both materials displayed typical type IV isotherm curves,
indicating the presence of mesoporous features. However, the NiO-GNF sample revealed
multistage pore size distribution showing the presence of micro, meso, and macro pores for

composites, while the NiO is predominantly microporous (< 2 nm). The micropores probably

10
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arise due to the loss of several organic O and H species during the hydrothermal treatment,
while graphene sheets contribute to mesopore formations. The total pore volume, average pore
diameter, and specific surface area of NiO-GNF were 0.33 cm® g2, 7.29 nm, and 178 m? g1,
respectively, and for the pristine sample, it was 0.13 cm®g?, 6.06 nm, and 82.9 m? g*
respectively. (Figure S9). The multistage size distribution and higher surface area of NiO-GNF
suggest enhanced Li-ion migration and comparatively higher Li-ion storage capacity, which is

favorable for fabricating high-capacitive energy storage material.
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Figure 4. Cyclic voltammetry profiles: (a) EG, (b) NiO, and (c) NiO/GNF at a scan rate of 0.1
mV s tin the voltage range of 0.001-3.0 V. The discharge/charge profiles: (d) EG, (e) NiO,

and (f) NiO/GNF in the 1%, 2" and 5" cycles in the potential range of 0.001-3.0 V at 0.1 A
g
We tested the derived NiO-GNF as an anode in a two-electrode half-cell Lithium-ion

battery where Li foil acts as the counter electrode, and, for comparison, we tested pristine
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expanded graphite and NiO (Figure 4). The cyclic voltammetry (CV) measurements were
conducted at the potential window between 0.001- 3 V (vs. Li*/Li)) at a very slow scan rate of
0.1 mV s L. Figure 4a- ¢ shows the first three CV cycles of the EG, NiO, and NiO-GNF. In the
first cathodic scan (Figure 4a), EG displays a minor peak at ~1.3 V associated with the
reductive destruction of the electrolyte and subsequent formation of a solid electrolyte interface
(SED.[30] The noticeable reduction at 0.1 V indicates the intercalation of lithium ions into a
multilayer graphene.[31] At around 0.4 V, a sharp peak of oxidation corresponding to the de-
intercalation of Li-ions from the LiCx complex was observed.[31] In contrast, NiO and
NiO/GNF share a few CV peaks in common, signifying the dominant contribution of NiO
(Figure 4b, c). Both NiO and NiO-GNF exhibit a cathodic peak at 0.4 V vs. Li*/Li,
corroborating the irreversible formation of SEI and the reduction of NiO.[32] However, the
peak is much stronger for pristine NiO compared to NiO-GNF, suggesting catalytic activity of
NiO in electrolyte decomposition and an additional SEI layer formation.[33] In addition to the
peak at 0.4 V, the first cathodic scans of NiO and NiO-GNF systems also show a reoccurring
two oxidation peaks at 0.6/ 0.9 V and 1.4 V, respectively. This suggests the presence of NiO

traces in both electrodes, which get reduced in the first cathodic scan.

The reduction process can be related to the conversation of NiO to metallic Ni and
nickel suboxides (NiO + 2Li" + 2e — Ni + Li2O + Ni suboxides).[10, 11] In addition, we
noticed that the intensity of the peak at 0.9 V is much stronger and shifted in NiO-GNF
compared to pristine NiO supporting an increased lithiation capacity. The enhanced capacity
can be attributed to the intercalation of lithium with expanded graphitic sheets resulting in
improved electrical conductivity and fast electron transfer kinetics.[34] The cathodic peak seen
at 1.4 V in both systems has shifted towards a more positive potential of 1.5 V in subsequent
cycles, which probably relates to the formation of various Ni suboxides during the first

cycle.[10] The anodic oxidation peaks observed at 1.5 and 2.2 V in both NiO and NiO-GNF

13
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systems can be related to the oxidation of Ni or Ni suboxides to NiO (Ni + Ni suboxides + Li2O
— NiO + 2Li" + 2e). Additionally, a reoccurring mild oxidation plateau was observed only in
the NiO/GNF system at 0.2 V, which might possibly be due to the de-intercalation of Li-ions

in graphitic strctures.[12]

Figure 4d-f displays the galvanostatic charge/discharge curves recorded at a current
density of 0.1 A g* after the 1%, 2", and 5" cycles. The EG samples display an initial discharge
capacity of 476.8 mAh g* and a charge capacity of 423.1 mAh g%, resulting in initial
Coulombic efficiency (ICE) of 88.7 %. The comparatively higher capacity of EG can be
attributed to the improved electrical conductivity of expanded graphite nanoplatelets and
enhanced ion storage due to enlarged interlayer spacing. Similarly, the initial discharge/charge
capacities for the pristine NiO were 1626 mAh g* and 1214 mAh g2, respectively, and the
ICE was 74.6 %. Compared to the NiO samples, NiO/GNF composite delivered a higher initial

discharge/charge capacity of 1945/1477 mAh gt and an enhanced ICE of 76 %.

However, the capacity of the following discharge cycles of three LIBs was lower than
that of the first cycle, which was associated with the SEI irreversibility and some
undecomposed Li20 phase, which agrees with the CV results. Furthermore, during the 5%
cycle, NiO achieved a discharge/charge capacity of 1236/1207 mAh g with an excellent
Coulombic efficiency (CE) of 97.6 %. Similarly, the discharge/charge capacities of NiO-GNF
were 1437 mAh gtand 1415 mAh g, respectively, resulting in superior CE of 98.5 % due to
the synergistic effect of NiO-GNF which was observed widely in previous studies.[10, 34] In
addition, a significant capacitive contribution from expanded graphite can be expected due to
increased interlayer distance. The 2" and 5™ discharge curves of NiO and NiO/GNF
overlapped, suggesting more active material utilization over the cycling due to electrode

conditioning.
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We then evaluated the rate capability of the NiO-GNF electrode and compared it with
EG and pristine NiO electrode, as shown in Figure 5. The NiO/GNF exhibits average
capacities of 1429,1287,1148,1008, 821, and 752 mAh g at current densities of 0.1, 0.2, 0.5,
0.8, 1, and 1.2 A g™ respectively. The recorded capacities for the NiO-GNF electrode at
different current densities were higher than those of EG and pristine NiO, revealing fast
electrode kinetics resulting from the synergistic effect of NiO and graphitic nanomaterials
(Table S1).[10, 34] When cycling at a current density of 0.1 A g%, the NiO-GNF electrode
almost recovered its initial capacity, indicating excellent rate capability. In comparison, the
NiO electrode recovered ~91.2 %, signifying the GNF backbone's role in enhancing the
electrode's electrical conductivity and integrity. Further, the resultant capacity of 752 mAh g*
at an ultra-high current density of 1.2 A g was slightly higher than the theoretical capacity of
NiO (i.e.,) 718 mAh g*. This further explains the NiO-GNF composite's excellent rate
capability in the present work, which was significantly improved to the reported results such
as NiO/RGO (564.5 mAh g%/ 0.8 A g})[10]; NiO/3D graphene (445 mAh g/ 2 A g™1)[35];
NiO/graphene (~ 250 mAh g%, 1.5 A g})[25]; NiO/graphene NS (657 mAh g2, 1.436 A g
H[36]; NiO /graphene form ( 210 mAh g%, 2 A g1)[22] and graphene@NiO@ carbon (580

mAh g 1,1.6 A g})[37].
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Figure 5. Lithium-ion battery performance of EG, NiO, and NiO-GNF. (a) Rate capability at
different current densities, (b) Long-term cycling at 0.5 A g’ in the potential range of 0.001—
3.0 V, (c) The electrochemical impedance spectroscopy after the 5™ cycle in the frequency
range from 100 kHz to 0.01 Hz, and (d) The equivalent circuit of the cells used to simulate EIS

curves.

We then evaluated the cyclic stability of the NiO/GNF electrode, which exhibited
significantly higher stability than pristine NiO (See Figure 5b). The composite electrode
delivered a capacity of 678.2 mAh g after 370 cycles at 0.5 A g%, corresponding to 60.7 %
retention of its 6th cycle capacity. In comparison, the EG provided a capacity of 86.6 mAh g*
after 370 cycles, whereas the pristine NiO experienced rapid capacity fade and delivered a
capacity of 354 mAh gL. It is worth noting that the NiO-GNF electrode displayed four distinct

stages in its cycling performance: initial capacity fading, a trend of increasing capacity from
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approximately 50 to 100 cycles, capacity stabilization from around 100 to 220 cycles, and
ultimately capacity fading until 370 cycles. Previous studies have observed the same cycling
performance pattern for nickel oxides and their graphitic carbon composites over long term
cycling.[38-41] The very first capacity decreasing trend could be attributed to the continuous
formation of a solid-electrolyte interphase (SEI) layer on the anode surface and loss of Li ions
as a result of anode activation. The second capacity increasing trend attributable to the
enhanced Li- ions diffusion into the interior confines of the NiO-GNF composites, resulting in
the exposure of new active sites for lithium-ion storage. The third period of capacity
stabilization suggests the formation of a stable solid-electrolyte interphase (SEI) layer and that
all available interior active sites have been successfully accessed, presenting a reversible Li-
ion storage. The final capacity loss could be explained from following reasons: degradation
and reformation of SEI layer, particle fractures and loss of anode active materials due to
mechanical stress from continuous Li-ion insertion and extraction processes, Li dendrites

formation, electrolyte decomposition and impedance growth.[42]

Additional explanations for these observations were drawn through electrochemical
impedance spectroscopy (EIS). Figure 5d explains the equivalent circuit used to simulate the
EIS results. The high-frequency intercept (Rs) symbolizes the electrolyte’s ohmic resistance
arising due to surface film formation. Correspondingly, the diameter of the semi-circle refers
to the Rsel, the resistance due to the SEI layer, and R, the charge-transfer resistance generates
towards Li-ion at the electrode/electrolyte interface.[11] The depressed semicircles signify the
presence of inhomogeneous surfaces; hence a constant phase element (CPE) is used in the
equivalent circuit instead of a pure capacitance. Therefore, CPEsei and CPEc: represent the SEI
and double layer capacitance, respectively, and Warburg impedance W was attributed to Li-
ion diffusion.[43, 44] The Rct for NiO-GNF electrodes was very low as 0.636 Q. In contrast,

the resistance of NiO was considerably higher at 44.7 Q (Figure 5c). These observations
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clearly demonstrate that NiO/GNF composite generates faster and better electrochemical
kinetics with successful EG integration. Furthermore, the smaller semi-circle in NiO-GNF
confirms the control pulverization of NiO and subsequent inhibition of additional SEI layer
growth, validating the cyclic voltammetry results. In general, the electrochemical performances
we have observed are encouraging when compared to recent findings on the application of

NiO/carbon composites as anode material for Li-ion batteries (Table S2).

CONCLUSION

In summary, we explored a one-step hydrothermal synthesis approach for fabricating NiO-
GNF composite material. During the hydrothermal process, the bulk graphitic particles
transformed into expanded graphite nanosheets encapsulating the NiO nanoparticles within
their carbon network. The chemical environment and surface morphology of the derived NiO-
GNF composite materials was confirmed using several analytical techniques. Notably, the
integration of expanded graphite with NiO nanostructures demonstrated significantly improved
electrochemical performance, improved electrode integrity, enhanced Li-ion storage, and
buffered electrode stress. The synergistic interaction between the expanded graphite and the
NiO resulted in a 22.4 % capacity retention enhancement and a 324 mAh g capacity
improvement compared to the pristine NiO in the LIB application. To the best of our
knowledge, the observed electrochemical performance of NiO-GNF, which was ~678.2 mAh
glat 0.5 A g?over 370 cycles, is a significant improvement compared to the reported carbon-
based NiO composites. Overall, the derived material can be considered an excellent electrode

due to its ease of synthesis, scalability, enhanced capacity retention, and long-term cyclability.
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EXPERIMENTAL SECTION

Synthesis of NiO/GNF nanocomposite

Nickel sulfate hexahydrate, sodium acetate trihydrate, and trisodium citrate were purchased
from Sigma Aldrich, UK. The natural flake graphite powder (100 mg, <1 mm) was dispersed
in a 40 mL aqueous solution containing 0.2 mol dm nickel sulfate hexahydrate,1 mol dm
sodium acetate trihydrate and 0.5 mol dm trisodium citrate. The mixture was then transferred
into a Teflon-lined stainless autoclave and heated at 200 °C for 20h. The residue was
thoroughly washed with de-ionized water and collected through vacuum filtration. Finally, the
samples were heat treated at 350 C for 12 h to convert hydrothermal intermediate hydroxide

product into NiO. For comparison, NiO and EG were synthesized through the same approach.

Material characterization

The crystal structure of the samples was evaluated using a Rigaku D/Max Ultima Il powder
XRD with Cu Ka (A = 0.154 nm) irradiation in the 26 range of 20° to 80° at a scan rate of 0.02°.
The surface morphology and elemental scans of the synthesized materials were evaluated using
High-resolution field-emission scanning electron microscopy FEI Quanta 400F ESEM FEG
operated at 20 kV, which was fitted with energy-dispersive X-ray spectroscopy (SEM-EDS).
Raman measurements were carried out using a JY Horiba Lab RAM HR. A laser power of 28
uW was used as an excitation wavelength of 514 nm. All samples were gold-coated (~7nm)
before analysis. The increase in interlayer spacing and EG formation was observed using a
high-resolution transmission electron microscope (HRTEM, JEOL JEM-2100F, functioning at
200 kV) facilitated with EDX. X-ray photoelectron spectroscopy was employed to evaluate the
chemical composition of the material. XPS analysis was carried out using a PHI Quantera X-

ray photoelectron spectrometer with a chamber pressure of 5 x 10—9 Torr, and an Al cathode
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was used as the X-ray source. The pass energies were set to 26.00 eV for the core-level scan,
and the source power was set at 100 W. Thermogravimetric analysis (TGA) was performed on
a TA Instrument- SDTQ600 under air with a heating rate of 10 °C min?. The
Brunauer—Emmett—Teller (BET) technique calculated the materials' specific surface area and
pore size distributions. The materials were evaluated using nitrogen sorption under 77.4 K by

Autosorb iQ station 1 system. All samples were degassed at 200 °C for 12 h before the analysis.

Electrochemical measurements

The NiO-GNF composite's electrochemical performance was assessed using a 2032-type coin
cell for lithium-ion batteries. In addition, a comparitive electrochemical analysis was
performed for the NiO and EG separately. The slurry was prepared by mixing active material
(70 wt. %), Super P (20 wt. %), and sodium carboxymethyl cellulose binder (10 wt. %, CMC,
Sigma-Aldrich, 99%) and pasted on the copper current collector through the doctor blade
technique. The electrodes were dried at 120 °C overnight in a vacuum oven (OV-11, Jeio Tech
Co.) and punched into electrodes (d=13 mm) with an active materials mass loading over the
electrodes ranging from 2 to 3 mg cm2. The LIB half cells were fabricated using a lithium foil
(MTI Corp.) as a counter electrode, a glass microfiber filter (GF/B, pore size- 1.0 um,
Whatman) as a separator, and 1M Lithium hexafluorophosphate (LiPFs) in ethylene carbonate:
diethyl carbonate (1:1 vol.%) containing 2 % vinylene carbonate and 3% fluoroethylene
carbonate (Solvionic, battery grade) as the electrolyte. The coin cells were assembled in a dry
glove box under an argon atmosphere (Lab star eco, MBRAUN) with moisture and oxygen
concentration below 1ppm. The cyclic voltammetry (CV) examinations of as-built coin cells
were evaluated on an electrochemical workstation (lviumstat, Ivium Technologies) within the
potential range of 3.0 to 0.001 V (versus Li/Li*) at a scan rate of 0.1 mV s*. Galvanostatic
charge-discharge profiles and cycling performance were evaluated in the potential range of 3.0
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to 0.001 V (vs. Li/Li+) at various current densities (Neware battery tester, BTS 4000).

Electrochemical impedance spectroscopy (EIS) was measured over a frequency range of 0.01

Hz — 100 kHz with an amplitude of 5 mV.
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