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1. Introduction

Synergic effects of the decoration of nickel oxide
nanoparticles on silicon for enhanced
electrochemical performance in LIBs¥

Ujjwala V. Kawade,? Sunil R. Kadam,® Milind V. Kulkarni*® and Bharat B. Kale & *2

Significant efforts continue to be directed toward the construction of anode materials with high specific
capacity and long cycling stability for lithium-ion batteries (LIBs). In this context, silicon is preferred due
to its high capacity even though it has a problem of excessive volume expansion during electrochemical
reactions as well as poor cyclability due to a reduction in conductivity. Hence, the hybridization of silicon
with suitable materials could be a promising approach to overcome the abovementioned problems.
Herein, we demonstrate the uniform decoration of nickel oxide (NiO) nanoparticles (15-20 nm) on
silicon nanosheets using bis(cyclopentadienyl) nickel(i) (C1oH1oNi) at low temperatures, taking advantage
of the presence of two unpaired electrons in an antibonding orbital in the cyclopentadienyl group. The
formation and growth mechanism are discussed in detail. The electrochemical study of the
nanocomposite revealed an initial delithiation capacity of 2507 mA h g~! with a reversible capacity of
2162 mA h g%, having 86% retention and better cycling stability for up to 500 cycles. At the optimum
concentration, NiO nanoparticles facilitate Li*-ion adsorption, which in turn accelerates the transport of
Li*-ions to active sites of silicon. The Warburg coefficient and Li*-ion diffusion at the electrodes confirm
the enhancement in the charge transfer process at the electrode/electrolyte interface with NiO
nanoparticles. Further, the NiO nanoparticles with uniform distribution suppress the agglomeration of Si
nanosheets and provide sufficient space to accommodate a volume change in Si during cycling, which
also reduces the diffusion path length of the Li-ions. It also helps to strengthen the mechanical stability,
which might be helpful in preventing the cracking of silicon due to volume expansion and maintains the
Li-ion transport pathway of the active material, resulting in enhanced cycling stability. Due to the
synergic effect between NiO nanoparticles and Si sheets, the nanocomposite delivers high reversible
capacity.

electrode materials in commercially available LIBs, but it is
inadequate to fulfil the energy demands in next-generation

The development of high-performance negative electrode
materials for LIBs in energy storage applications represents one
of the most important goals of current energy research. Nano-
structuring is considered among the key strategies for
enhancing the performance of active materials in various elec-
trochemical applications such as batteries, supercapacitors and
electrocatalysts. Carbon-based nanomaterials have received
much attention and have been vigorously studied by many
research groups for LIB applications because of their natural
abundance, eco-friendliness and electrical conductivity with
high stability.’® Graphite is one of the important negative

“Centre for Materials for Electronics Technology (C-MET), Ministry of Electronics and
Information Technology (MeitY), Panchavati, Pune 411008, India. E-mail: milind@
cmet.gov.in

*Ben-Gurion University of the Negev, Department of Chemistry, Beer-Sheva, Israel
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c9na00727j

This journal is © The Royal Society of Chemistry 2020

energy storage devices due to its low theoretical capacity.*®
Additionally, graphite has some safety issues because its oper-
ation potential is very close to that of lithium metal and it is very
reactive toward certain electrolytes.*” In commercial LIBs,
silicon has been investigated as a promising anode material and
a substitute for graphite anodes due to its high theoretical
capacity of 4200 mA h g~ with low operating potential, abun-
dance and low cost.**™° In this context, the surface engineering
of silicon nanocomposites is an important feature of nano-
structuring that can lead to innovation in LIBs."* Despite the
high theoretical capacity of silicon anodes, the electrochemical
behavior of Si anodes during applications has some problems
in LIBs such as lower electrical conductivity and Li" diffusivity,
as well as significant volume expansion (~400%). These issues
can cause Si pulverization, loss of electrical contact, and
consumption of active Li associated with the unstable evolution
of solid electrolyte interphases (SEIs). As a result, Si-based
anodes generally exhibit low coulombic efficiency, poor cycle
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stability, and rate capability.””** Therefore, to overcome these
issues, one effective approach is to use Si nanoparticles for the
facile accommodation of large volume changes. However, the
high specific surface area associated with nanomaterials causes
the aggregation of silicon during cycling and provides plenty of
active surface sites to form SEIs.*'® Furthermore, the repeated
intercalation of Li-ions in Si nanoparticles causes cracks and
unrestrained SEI formation. Therefore, in Si nanoparticle-based
anodes in LIBs, due to the continuous consumption of Li'-ions,
electrolytes can still lead to increased impedance and this, in
turn, results in continuous capacity fading with low coulombic
efficiency.” The Si nanocomposite materials are addressable if
the challenges mentioned above can be overcome. The hybrid-
ization of silicon with different materials having particular
properties for LIBs could be an efficient approach to easing the
abovementioned problems.'®>* Researchers are focusing on
different structural design approaches for the enhancement of
the Li-ion storage capabilities of silicon.

Many researchers have systematically studied surface engi-
neering strategies to conquer the volume expansion issues of
silicon during Li-ion intercalation.'” These strategies include
the surface modification of silicon with the incorporation of
different metal oxides and sulfides, alloys with Li-inactive
metals such as Cu, as well as nanocomposites with a variety
of polymers, and different carbonaceous materials such as CNT,
amorphous carbon and graphene to boost the lithium storage
capability.”**' These approaches are useful for avoiding
structural changes, improving the mechanical stability and
simultaneously maintaining excellent electrical conductivity.
Therefore, it is crucial to develop a novel approach to obtain
nanocomposites of Si anodes with physically stable and
conductive materials to provide mechanical stability during
pulverization with enhanced specific capacity. Among the
transition metal oxides, nickel oxide (NiO) is one of the active
materials with the greatest potential for use in catalysts,
capacitors and batteries. Nickel oxide exhibits good theoretical
capacity i.e. 800-1000 mA h g~ * for LIBs,*> however, NiO elec-
trodes also suffer from volume expansion problems due to its
fairly poor electrical conductivity during lithiation and deli-
thiation. Nickel oxide composites with graphene as well as its
different nanostructures such as nanosheets/films/membranes
have shown high capacity with good cyclability.**-*”

Due to their high theoretical capacity, lower cost, abundant
resources and eco-friendly nature, Si and NiO-based materials
are another smart choice for anodes in LIBs. However, very
limited research has been carried out on Si-NiO nanocomposite
materials and hence, it is a challenge to develop silicon-NiO
based nanocomposite materials with good electrochemical
performance for LIBs. In view of this, herein, NiO@Si was
prepared by a solvent impregnation technique using bis(cyclo-
pentadienyl) nickel(n) (C1o0H;10oNi) and silicon in chloroform
medium. The electrochemical study of NiO@Si nanocomposite
electrodes with the synergic effect of NiO nanoparticles on Si
nanosheets is reported herein. It is demonstrated that varying
the concentration of NiO controls the surface thickness, which
has a strong influence on the volume expansion of silicon
during the intercalation of Li, which is responsible for stable
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electrochemical performance. The present approach is impor-
tant for the design of high-performance nanocomposite active
materials for batteries as well as diverse applications.

2. Experimental methods
2.1 Material preparation

All reagents were of analytical grade and were used without
purification. A stoichiometric amount of bis(cyclopentadienyl)
nickel(u) (C;oH;0Ni) was dissolved in chloroform. After dis-
solving completely, silicon nanopowder was added to this
solution. The solution was impregnated on the silicon particles
and the mixture was dried at room temperature. The thermal
conversion of the precursors was performed at 400 °C for 3 h.
The heating rate was kept constant at 5 °C min ' during
synthesis. The weight ratios of NiO to Si in the nanocomposite
were 0.5:1, 1:1 and 1.5:1 in order to achieve comparable
nickel oxide contents on silicon and were denoted as SNO1,
SNO2 and SNO3, respectively.

2.2 Material characterization

Structural investigations were carried out using an X-ray
diffractometer (Model-D8, Advance and Bruker AXS) with Cu
Ko radiation. The morphology was observed by field emission
scanning electron microscopy (FESEM, Hitachi S-4800). The
morphology and crystal size were also confirmed by high-
resolution transmission electron microscopy (HRTEM, JEOL)
at an accelerating voltage of 200 kV. Samples for HRTEM
analysis were prepared by drop-casting the solution onto
carbon-coated copper grids followed by vacuum drying. The
elemental composition and chemical bond formation in the
nanocomposite was examined by X-ray photoelectron spec-
troscopy (XPS). Room temperature Raman scattering was per-
formed using an HR 800-Raman Spectrometer (Horiba Jobin
Yvon, France) with excitation at 532 nm. The surface area and
porosity of the powders were characterized using Brunauer—
Emmett-Teller analysis (BET: Quantachrome TouchWin v1.11).

2.3 Electrochemical measurements

To perform electrochemical measurements the pyrolyzed
powders (active material) were ground and mixed with carbon
black as the conducting additive and carboxymethyl cellulose
(CMC) binder dissolved in deionised water in the weight ratio of
70 : 20 : 10. The slurry was homogenized and tape-cast on the
rough side of a copper foil current collector using a doctor
blade. The tape was dried in a vacuum oven for 12 h at 120 °C, in
order to remove the solvent, and was further used as a working
electrode. Electrodes of 16 mm diameter were cut and vacuum-
dried at 100 °C for 24 h before transferring to an argon-filled
glove box for cell assembly. To perform electrochemical
measurements, 2032-type coin cells were used with metallic
lithium (Li-tape 99.9% purity, 0.75 mm thickness, Aldrich) as
reference and counter electrodes, 1 M LiPF¢ in ethylene
carbonate (EC) : dimethyl carbonate (DMC) (1:1 by volume,
BASF) was the electrolyte, Whatman quartz fibre filter (What-
man, UK) was the separator and the 16 mm round discs were

This journal is © The Royal Society of Chemistry 2020
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used as the working electrodes. The electrochemical measure-
ments (galvanostatic charge-discharge tests) were performed
using an MTI battery analyzer with the cut off potential window
of 0.01 and 3 V (vs. Li/Li") at room temperature. Cyclic voltam-
metry studies of the cell were performed on an Autolab
potentiostat/galvanostatic instrument (Metrohm Autolab) with
a scan rate of 0.1 mV S™' between 0.01 V and 3 V. Electro-
chemical impedance spectroscopy was performed using an
amplitude of 5 mV with a frequency range from 0.1 Hz tol MHz.

3. Results and discussion

The NiO nanoparticles were decorated on Si sheets with the
weight ratios 0.5: 1 (SNO1), 1: 1 (SNO2) and 1.5 : 1 (SNO3) in
NiO@Si nanocomposites. The crystal structures of the as-
synthesized nanocomposites were examined by X-ray diffrac-
tion (XRD) and are shown in Fig. 1. For the composites
including both Si and NiO, peaks were observed at 26 values of
28.28, 47.13, 56.00, 68.98 and 76.22, which can be assigned to
the (111), (220), (311), (400) and (331) planes of the tetragonal
silicon phase (JCPDS no. 00-005-0565), respectively. In addition
to the silicon phase, the peaks at 26 values of 37.08, 42.93 and
62.51 can be assigned to the (111), (200) and (220) lattice planes
of cubic NiO, respectively (JCPDS no. 01-078-0423). This
confirms the presence of crystalline Si and NiO in the composite
matrix. The broader peaks of NiO exhibit the nanocrystalline
nature of the sample. The crystallite sizes of NiO were calculated
using the well known Scherrer's equation and were observed to
be 15-20 nm. X-ray diffraction patterns demonstrated the
existence of silicon and nickel oxide in the nanocomposite. The
SNO1, SNO2 and SNO3 samples showed similar XRD patterns.

The surface morphology of the as-prepared SNO2 nano-
composite was analyzed with FE-SEM. The FESEM micrographs
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Fig. 1 XRD patterns of NiO@Si samples: 0.5:1 (SNO1), 1: 1 (SNO2)
and 1.5 :1 (SNO3).
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of the pristine Si, SNO1, SNO2 and SNO3 (NiO@Si with 0.5 : 1,
1:1 and 1.5: 1) are depicted in Fig. S1 (ESIT) and 2a. Pristine
silicon showed a sheet-like structure with smooth surfaces
(Fig. S1a and bf). The nanocomposites showed silicon nano-
sheets that were uniformly decorated with NiO nanoparticles.
The nanoparticles were less than 10 nm and hence, agglomer-
ated clusters were observed on the surface of the silicon nano-
sheets, which may shorten the transport path of lithium ions
and electrons. The surface morphology and size of NiO in all
nanocomposites are similar. For further clarification, we per-
formed HRTEM of the sample. The morphology of the NiO@Si
nanocomposites was elucidated under high-resolution TEM
(HRTEM) for a typical sample SNO2 (Fig. 2b—j). As seen in Fig. 2,
high-resolution images indicate that the silicon sheets are
homogeneously coated with NiO nanoparticles having a size
less than 10 nm. The HRTEM of the SNO2 sample depicts the
inter-planar spacing of 0.24 nm and 0.30 nm, corresponding to
the (111) plane of NiO and Si with the spinel and cubic struc-
ture, respectively. Furthermore, the SAED pattern (Fig. 2e)
exhibited clear diffraction rings demonstrating the poly-
crystalline nature of the NiO and Si phase in the NiO@Si
nanocomposite. These can be indexed to the (111), (200) and
(220) planes of the NiO and (220) of silicon, which is consistent
with the XRD results.

SNO2 was further analyzed using energy dispersive X-ray
spectrometry (EDS) and is shown in Fig. 2f. Ni, O and Si peaks
present in the sample confirmed the composition. Further, the
elemental mapping (Fig. 2g-j) indicated the distribution of
active materials in the nanocomposite. The compositional
mapping demonstrated that Ni, O and Si were distributed
homogeneously. The brighter mapping image of NiO clearly
indicates NiO coating over the Si nanosheets. The background
of silicon nanosheets can be clearly observed in the silicon
image.

Further, the NiO@Si nanocomposite (SNO2) was examined
using X-ray photoelectron spectroscopy (XPS) for elemental
composition (Fig. 3a-c), which clearly shows the existence of
Si, Ni and O elements. The Ni 2p peaks in the spectrum were
deconvoluted by Gaussian curves, consisting of two peaks.
These peaks correspond to the spin-orbit levels of Ni (2ps,)
and Ni (2py/,) located at 854.96 and 872.75 eV, respectively
(Fig. 3a). At higher binding energies than Ni (2ps/,) and Ni
(2p1/2) peaks, ie. ~6.33 eV and ~5.70 eV, the two satellite
peaks were observed. The major singlet peak at 854.96 eV of Ni
(2pss2) associated with their satellite peak, 861.29 eV, corre-
sponds to Ni cations with +2 oxidation state.*”** The observed
energy separation, i.e. spin-orbit splitting between Ni (2p3/,)
and Ni (2p,/,) peaks was 17.79 eV. These results confirm the
presence of the pure NiO phase with Ni** in the composite.*
Fig. 3b shows that the deconvoluted XPS Gaussian curves of
O(1s) have three peaks, i.e. 528.6 eV, 530.85 and 533.0 eV. Of
these, the peaks at 528.6 eV and 533.0 eV are associated with
the O 1s binding energy. Obviously, each O(1s) XPS spectrum
has two peaks assigned to the O(1s) core levels of the O,~
anions. These peaks, attributed to O-Ni and O-C, may have
resulted from the surface contamination and defect sites of
the NiO surface.*® Fig. 3c shows deconvoluted peaks of silicon
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(220)#

Fig. 2

(a) FESEM image of SNO2; (b and c) HRTEM images of SNO2 at different magnifications; (d

) HRTEM image and (e) the corresponding SAED

pattern; (f) EDS spectrum of SNO2; (g) elemental mapping image and colour map of (h) Si (i) N| and (j) O

in which the Si 2p peak located at 99.75 depicts Si. However,
peaks at 101.9 (Fig. 3c) and 530.85 eV (Fig. 3b) illustrate the Si—
O bond due to the surface oxidation of silicon. These results
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Fig. 3 (a—c) XPS spectra of SNO2 for (a) Ni, (b) O, and (c) Si.
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confirm the existence of silicon and nickel oxide components
within the SNO2 sample.

Fig. 4a and b presents the Raman spectra of SNO1, SNO2 and
SNO3. In the NiO@Si nanocomposite, the Raman peaks were
observed at 226, 292, 421, 508 and 933 cm ™. The Raman peaks
at 226, 292, 421 and 508 cm ™' were assigned to the first-order
LO phonon scattering,* while the broader peak at 933 result-
ing from TO + LO phonon (2P) scattering occurring in NiO
might be due to nickel vacancy defects.** The overlapping of the
peaks at 508 and 933 cm ™, which are assigned to the Si-Si
stretching mode, and a small peak at 933 cm ™", is due to the
stretching mode of the amorphous Si-Si of silicon.** This is in
good agreement with the XRD results and also confirms the
existence of NiO and Si in NiO@Si nanocomposites. The
absence of the D (disordered) band and the G (graphite) band of
carbon, indicates the formation of NiO without carbon from the
bis(cyclopentadienyl) nickel complex.

The specific surface areas and porosity measurements of
pristine Si, SNO1, SNO2 and SNO3 were performed. Adsorption—
desorption isotherms of N2 from BET analysis and Barrett-
Joyner-Halenda (BJH) pore-size distribution for the adsorbent
are depicted in Fig. 5 and S2 (ESI}), respectively. BET analysis

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Raman spectra of all samples. (b) Magnified Raman
signature.

displays the type (IV) adsorption/desorption isotherm curve and
type H3 hysteresis loop at high relative pressure, which
demonstrate that there is a layered porous structure caused by
the multi-layer adsorption of mesoporous materials.***** The
observed specific surface areas, pore radii and pore volumes of
Si, SNO1, SNO2 and SNO3 are presented in Table 1.

The pristine Si has a lower surface area as compared to the
samples and the overall surface area increased with NiO in the
nanocomposites, which is quite obvious. The graphical plot of
the BJH pore size distribution indicates that the composite
material comprises smaller mesopores <10 nm and a mixture of
mesopores and macropores in the range of 10-100 nm. Larger
macropores might be attributed to large voids formed by the
cross-linking of the silicon and NiO frameworks.

In LIBs, polarization is caused by slow lithium diffusion in
the active material and increases in the resistance of the elec-
trolyte when the charging-discharging rate is increased. Fara-
daic reactions occur at the surface of an electrode, i.e., mass and
charge transfer through the electrode; therefore, the surface
area and the transport distance play important roles in deter-
mining the performance of the battery. The composite nano-
materials (SNO1, SNO2 and SNO3) exhibited greater surface
areas and more porous microstructures. Synthesized

—— S

—o—SNO1
50 4 —&—SNO2
—v—SNO3

Volume@STP(cm*/g)

T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (PIPO)

Fig. 5 BET adsorption—desorption isotherms of pristine Si, SNO1,
SNO2 and SNO3.
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Table 1 BET surface areas, pore radii and pore volumes

Surface area Pore radius

Sample code  (m*g™ ") (nm) Pore volume (cc g™ ')
Si 23.08 1.3137 1.5165 x 102
SNO1 35.1082 2.8570 4.2447 x 107>
SNO2 39.9312 2.1260 5.0151 x 102
SNO3 68.971 2.1058 7.2618 x 102

nanocomposites provide a high surface area, which ultimately
provides short diffusion paths (short distance for mass and
charge) for ionic transport and electronic conduction. Also,
pore structures can facilitate freedom for volume change in
materials during lithium-ion intercalation; therefore, compos-
ites buffer the Si nanoparticle expansion during lithiation/
delithiation processes. In short, high surface area and pore
structure may provide improved energy storage capacity and
charge-discharge kinetics, as well as better cyclic stabilities.

Based on the above characterization data, Fig. 6 depicts
a scheme of the formation mechanism of the NiO@Si
composite nanostructure. The NiO@Si was prepared by the
solvent impregnation technique using bis(cyclopentadienyl)
nickel(n) (C;0H;,Ni) and silicon in chloroform medium. The
NiO-silicon hybrid material was formed upon calcination of the
impregnated mass at 400 °C under an air atmosphere in which
NiO nanoparticles were uniformly distributed on silicon. Fig. 6
shows the schematic illustration of the preparation of the
NiO®@Si nanocomposite and its Li-ion battery application.

It is quite well-known that the bis(cyclopentadienyl) nickel ()
complex produces NiO after decomposition in air as per the
following equation.*®

400° C

@Ni O;;F ° T

Metallocenes usually adopt structures in which a metal ion is
sandwiched between two parallel cyclopentadienyl rings (cp). In

the solid-state, the molecule has D5, symmetry, wherein the two
rings are eclipsed. The Ni centre has a formal +2 charge, and the
Cp rings are usually assigned as cyclopentadienyl anions (Cp ™),
cyclopentadiene

related to by deprotonation. In

Fig. 6 Schematic illustration of the preparation of the NiO@Si nano-
composite and its Li-ion battery application.
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bis(cyclopentadienyl) nickel(u) (C;0H1,Ni), there are ten valence
electrons from Ni, as well as from the two C,Hs groups, which
bond with two protons. Since it does not follow the 18 electron
rule, the compound exhibits poor stability. Three pairs of
d electrons on nickel are allocated to the three d orbitals
involved in Ni-Cp bonding, ie. d,, de 2, and d;z. Two
remaining d-electrons reside in each of the d, and d,, orbitals.
The low-temperature decomposition is ascribed to the presence
of two unpaired electrons in an antibonding orbital in the
cyclopentadienyl group. Further, the oxidation of nickelocene
leads to a monocation, which in turn causes its decomposition
at lower temperatures. The orbital of Ni, being smaller in size,
causes insufficient overlap of the 7 orbitals of electrons in the
cyclopentadienyl ring, which accelerates the facile decomposi-
tion in an oxidizing medium. In the present case, the metal
oxide-catalysed oxidation of cp produced the volatile maleic
anhydride, which resulted in the formation of pure NiO
(without carbon). Hence, in the present investigation, we have
used bis(cyclopentadienyl) nickel(n) for the synthesis of NiO@Si
at lower temperatures. Further, this nanocomposite was used as
an anode material for the Li-ion battery.

4. Electrochemical study

The lithium-ion half cells have been fabricated using the above
nanocomposites to investigate the electrochemical behavior.
The electrochemical performances of individual as-synthesized
nanocomposite samples were identically investigated using
a coin-type (2032) half cell. Fig. 7a displays the first three
representative continual cyclic voltammetry cycles of SNO2 in
the voltage range of 0.01-3.0 V with a scan rate of 0.1 mV s ".

During the cathodic scan, there was a small reduction peak
at ~0.30 V, which could be related to a multi-step electro-
chemical reduction process and the formation of a partial
reversible solid electrolyte interface (SEI) layer. In the first
cathodic scan, peaks at 1.39 V and 0.88 V correspond to the
initial reduction of NiO to Ni within the amorphous Li,O matrix

a — 1" cycle
—2"cycle 28
— 2" cycle

i §§

Current (mA)

Voltage (V, vs. Li'Li)
5

:

;
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Fig.7 (a) CV curves of the SNO2 electrode at a scan rate of 0.1 mV s~
(b—d) The initial discharge—charge profiles at the current density of

20 mA gt (b) SNO1 (c) SNO2 (d) SNO3 between 0.01 and 3 V.
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(eqn (1)) and the formation of a partially reversible solid elec-
trolyte interface (SEI) layer.*”-**

NiO + 2Li* + 2e~ — Ni + 2Li,O (1)
Ni + Li,O — NiO + 2Li* + 2¢~ )
NiO + 2Li* + 2¢~ = Ni + Li,O (3)

In addition, the cathodic part of the second cycle showed
peaks at 0.13 V, which can be attributed to the formation of the
Li-Si alloy phase and its transition from the Li-Si phase to the
subsequent transition to the Li,5Si, phase (eqn (4) and (5)).*>

xLi* + xe™ + Si(crystalline) = Li,Si(amorphous) (4)

Li,Si(amorphous) + (3.75 — x)Li* + (3.75 — x)e” —
Li 1 SSi4(Crystalline) (5)

Li,sSis(crystalline) = 4Si(amorphous) + 15Li* + 15¢~  (6)

During the anodic scan, the peaks at 0.37 and 0.56 V were
due to the extraction of lithium ions, i.e. the de-alloying of Li-Si
alloys (Li,Si) (eqn (6)). The results are consistent with the
previous reports of Si-based electrodes.”** The two oxidation
peaks located at about 1.69 and 2.38 V in the first anodic scan
curve correspond to the decomposition of Li,O and the oxida-
tion of nickel to NiO, respectively (eqn (2)). The above-
mentioned processes are well-known mechanisms for the
reversible reaction (eqn (3)) and the partial composition/
decomposition of the SEI layer.”** The well-stable and over-
lapping CV curves imply good electrochemical reversibility and
stability during electrochemical reactions.

To further clarify the electrochemical behaviour, the galva-
nostatic discharge/charge performances of the NiO@Si nano-
composites as an anode material for LIBs was investigated. The
first three galvanostatic discharge/charge voltage profiles of the
prepared composites are shown in Fig. 7b-d within the voltage
range from 0.01 to 3 V against Li’/Li". In this study, the specific
capacity was calculated based on the total mass of the NiO@Si
composite as an active material. The first discharge capacities of
samples SNO1, SNO2 and SNO3 were 2711, 2507 and
2110 mA h g~ ' with reversible charging capacities of 2192, 2162
and 1696 mA h g, respectively. The respective retention effi-
ciencies were observed to be 80, 86 and 80%. The lower reten-
tion for the SNO1 and SNO3 samples in the first cycle is
attributed to the formation of more solid electrolyte interface
(SEI) film as compared to SNO2. The SEI layer formation takes
place due to the decomposition of the electrolyte as well as the
formation of semiconductive metallic Si and Ni during the
irreversible electrochemical reactions of Si and NiO,
respectively.

There are a number of problems with the existing Si-based
materials, such as agglomeration, poor conductivity, cracking
of the matrix and the unstable interface between Si and the
electrolyte upon long-term cycling. The nanocomposite plays
a significant role in nanostructuring during the surface engi-
neering of silicon, which can lead to innovation in LIBs for high

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00727j

Open Access Article. Published on 06 January 2020. Downloaded on 7/14/2025 11:55:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and stable capacity. In this work, we introduce nanostructured
NiO for synergetic protection to overcome the drawbacks of the
silicon anode. With the increase in the NiO content, the surface
area increases within the nanocomposites and this NiO
provides short diffusion paths for ionic transport and electronic
conduction. NiO enhances the electronic pathways and results
in better lithium diffusion kinetics i.e. shortening the transport
path of lithium ions and electrons. Also, the larger surface area
with the porous structure accommodates the volume change,
which prevents the pulverization of electrodes, resulting in
enhanced cycling stability.

The FESEM and HRTEM images indicated that NiO nano-
particles were dispersed uniformly and anchored on silicon
nanosheets. Silicon was completely encapsulated with NiO
nanoparticles, which prevented the agglomeration, large
volume expansion and contraction in the process of lithation/
delithiation. Additionally, the intimate contact of NiO nano-
particles with silicon enhanced the mechanical stability of the
electrode, which might prevent cracking due to volume expan-
sion upon the repeated intercalation of Li" ions. With lower NiO
content in the nanocomposite, sharp capacity fading is attrib-
uted to the agglomeration of Si particles, the poorly preserved
electrical contact between the active materials and the current
collector, as well as the pulverization of active substances owing
to the large volume variation during charging/discharging.
However, the SNO2 exhibited stable charging/discharging
performance. This could be attributed to there being less
agglomeration of Si nanoparticles, and the porous structure,
which are favourable for faster lithium-ion transfer.

Fig. 8a shows the AC impedance spectra of the SNO1, SNO2
and SNO3 electrodes, which were measured under identical
conditions in the frequency range of 0.01 to 100 kHz. The
charge transfer resistances (R.) determined in the medium-
frequency region from the semicircles of SNO1, SNO2 and
SNO3 were 36, 32 and 43 Q, respectively. The effect of surface
modification with NiO on silicon, in terms of Li*-ion diffusion,
was calculated from the relationship between Z,. and w2 in
the low-frequency region using the following equations:*

RT?
- 7
2A2n*FAC2g2 @)
where D is the Li" diffusion coefficient, R is the gas constant, T'is
absolute temperature, A4 is the area of the electrode surface, 7 is
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Fig. 8
relationship of Z/ and w
SNO2 and SNO3.

(@) Nyquist plots of the all NiO@Si nanocomposites. (b) The
Y2 in the low-frequency region of SNOI,
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the number of electrons per molecule participating in the
electronic transfer reaction, F is Faraday's constant, C is the
molar concentration of Li*, and ¢ represents the Warburg
impedance coefficient. The Warburg factor is associated with
the following equation, where w is the angular frequency in the
low-frequency region.>®

7 o« 0w71/2 (8)

The linear fitting between Z’ and w™*? is shown in Fig. 8b

where the low-frequency slope is ascribed to the Warburg
impedance associated with the diffusion of Li ions in the bulk of
the electrode material. The Li-ion diffusion coefficient D can be
calculated from the slope using the above equation. The esti-
mated Warburg factor for SNO1, SNO2 and SNO3 samples are
1119.92, 353.11 and 233.08, respectively. Accordingly, the
respective Li-ion diffusion coefficients (D) calculated from the
above equation were 4.93 x 10 '%, 4.96 x 107" and 1.14 x
10~ '® em? s~ . The results reveal that the NiO nanoparticles play
an important role in Li-ion diffusion. It clearly shows that with
increasing the concentration of NiO, the Warburg coefficient
decreases but the Li-ion diffusion coefficient increases. The
NiO@Si with 1 : 1.5 shows the highest Li-ion diffusion coeffi-
cient, most likely due to the availability of channels for Li-ions.
The ionic conductivity was found to be increased due to the
decoration of NiO, which reduced the electrochemical polari-
zation within silicon. This clearly shows a linear relationship
between diffusion coefficients with the concentration of NiO in
the nanocomposite. However, even though the amount of NiO
was 1.5 times that of silicon in the SNO3 sample, it still showed
lower electronic conductivity as compared to SNO1 and SNO2.
Generally, nanomaterials exhibit higher electron transfer rates
than the bulk but there are some disadvantages. Nanoparticles
have low density and higher interparticle resistance, which
decreases the electrical conductivity of the material.” The low
tap density leads to the formation of a thick electrode at mass
loading as compared to the bulk. This makes it difficult to
maintain electrical contact between the electrode material and
the current collector, which increases the charge transfer
resistance in SNO3. In the case of SNO3, the ionic conductivity
was enhanced but the electronic conductivity decreased
dramatically because the transport of the electrons to the
interface was hindered, which is responsible for lower capacity.
Additionally, in SNO3, the amount of silicon is less than NiO,
which is also responsible for the lower capacity than SNO2.

To investigate the stability of the electrode, the galvanostatic
discharge/charge behaviors of the pristine silicon, obtained
SNO1, SNO2 and SNO3 electrode cells were determined as
shown in Fig. 9 and S3 (ESIf). During this study, the coin cell
was activated at a current density of 20 mA g~ ' and the electrode
was cycled at 400 mA g '. The tenth discharge capacities of
pristine Si, SNO1, SNO2 and SNO3 were 89, 225, 1479 and
921 mA h g™, respectively. Fig. S31 demonstrates the contin-
uous capacity fading for Si, SNO1 and SNO3 cells. Fig. 9b shows
the stable behavior of the SNO2 electrode; it was, therefore,
further cycled up to 500 cycles at a current density of

Nanoscale Adv, 2020, 2, 823-832 | 829
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Fig. 9 Electrochemical properties of SNO2: (a) the rate performance
at different current densities and (b) cycling performance between
0.01and 3 V.

400 mA g~ . During this study, the coin cell was activated at the
current density of 20 mA g~ and the electrode was further
cycled at 400 mA g~ for 500 cycles. The specific capacity was
observed to be 1260 mA h g~' with 80% retention after 500
cycles (Fig. 8b) along with 98% efficiency. In pristine Si and with
lower NiO loading in the composite (SNO1), drastic capacity
fading was observed up to the 10th cycle. In the case of sample
SNO2, NiO nanoparticles offer a high surface area (Table 1) fast
Li" ion diffusion with superficial electron pathway and good
strain accommodation sustainability. Hence, it confers excel-
lent reversibility with highly stable capacity. At the same time,
due to the high percentage of NiO nanoparticles, as compared
to silicon, in sample SNO3, more NiO clusters were formed over
the silicon and resulted in a decrease in the capacity, which was
also more stable than SNO1. This might be due to overall lower
content of pristine Si. Hence, moderate NiO nanoparticle
content is essential for enhancing the capacity.

Considering the higher retention of sample SNO2, the
detailed galvanostatic discharge/charge behaviors were investi-
gated at different current densities. This NiO@Si electrode was
first tested at 20 mA g~ * and further at 50, 100, 200, 400, 800,
1600 and 3200 mA g~ ', then at 50 mA g™ * for the last five cycles.
At 3200 mA g™, the specific capacity was above 500 mA h g7,
which indicates excellent rate capability (Fig. 9a). In a nutshell,
the NiO coating is a stable active material surface/interface that
acts as a protective layer on the surface of the Si, which prevents
parasitic side reactions with the electrolyte. The silicon nano-
composite electrode successfully overcame the pulverization
problem of the electrode due to volume expansion and retained
the reversibility. Due to the synergic effect between NiO and Si,
the nanocomposite provides an effectual electrical contact,
shortens lithium-ion diffusion distances, enhances Li-ion
transport and facile strain relaxation during delithiation. The
results suggest better stability characteristics with the SNO2
(NiO@Si with 1 : 1) as compared to the SNO1 and SNO3. This
was supported by the FESEM images of the electrodes after
cycling, which revealed differences in pulverization caused by
volume changes during Li-ion intercalation/deintercalation for
samples Si, SNO1, SNO2 and SNO3.

Fig. 10 shows the FESEM images and corresponding EDS
spectra of the SNO2 electrode after ten (a-c) and five hundred
(d-f) cycles. Careful investigation showed that the SNO2 elec-
trode had more cracks after five hundred cycles as compared to
ten cycles. The high magnification images (Fig. 10b and e)
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Fig. 10 FESEM images and EDS spectra of the SNO2 electrode after
ten (a—c) and five hundred (d-f) cycles.

clearly show volume expansion after cycling. Fig. S4 in the ESI}
shows the FESEM images and EDS spectra of pristine Si, SNO1
and SNO3 electrodes after ten cycles. Among these, Fig. S4a and
bt shows more cracks as compared to SNO1 and SNO3. This
reveals that the NiO nanoparticles provide mechanical strength
and prevent cracking during the volume expansion of Si. The
EDS spectra clearly indicate the existence of silicon and nickel
content in composite samples, indicating better stability char-
acteristics of silicon with NiO as compared to the pristine
silicon.

Overall, this study demonstrates that the optimum concen-
tration of NiO with silicon facilitates Li-ion adsorption, which in
turn accelerates the transport of Li" to active sites. Long-term
cycling stability suggests that NiO successfully suppressed the
agglomeration of silicon during the electrochemical reaction.
Simultaneously, NiO in the composite induced a decrease in the
polarization and an increase in the electroactive surface area,
which led to the enhancement of the Li-ion cell performance. In
a nutshell, the enhancement in the performance of the silicon
anode with NiO concentration has been presented and
compared. The capacities obtained for the existing nano-
composite were compared with earlier reports (see Table S1 in
the ESI{).

5. Conclusions

In summary, silicon embedded in NiO was synthesized using
a facile solvent impregnation method and used as an anode
material for LIBs. Various NiO@Si nanocomposites were fabri-
cated in different weight ratios of NiO and Si. Among them, the
SNO2 (1 : 1) nanocomposite of silicon and nickel oxide exhibi-
ted a high reversible capacity (2162 mA h g~ " at 20 mA g~ ') and
a superior rate capability (500 mA h g ' at 3200 mA g™ ). It is
notable that the material was capable of maintaining a high
lithium storage capacity 1260 mA h g~ even after 500 cycles at
400 mA g~ . This study reveals that the optimum concentration
of NiO with silicon facilitated Li-ion adsorption, which benefits
the transport of Li* to the active sites. Long-term cycling
stability showed that NiO successfully suppressed the agglom-
eration of silicon during the electrochemical reaction. At the
same time, NiO nanoparticles enhanced the mechanical
stability of the electrode, which probably helped to prevent the
cracking of silicon due to volume expansion upon repeated
lithiation/delithiation. This solvent impregnation technique

This journal is © The Royal Society of Chemistry 2020
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can be applied in the synthesis of various nano-sized active
materials using different metallocene precursors for batteries
and other applications.
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