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In this study, we propose a 3D structured composite anode containing silicon thin film on graphene
coated Ni foam prepared using chemical vapor deposition and magnetron sputtering techniques. The
electrochemical test results show that 3D structure of current collector is capable to effectively suppress/
diminish the volume changes of the anode upon cycling. Along with this, graphene serves as an addi-
tional electrochemically active component and provides improved conductivity. Designed anode exhibits
a high areal capacity of around 75 pAh cm 2 upon 500 cycles with the coulombic efficiency of around

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In spite of being the most powerful technology in secondary
batteries, Li-ion batteries (LIBs) cannot meet the demands posed on
electrochemical power sources for next generation electric vehi-
cles, mobile electronics and future generations of aircrafts.
Currently, energy and power densities of these batteries are limited
by the capacity of commonly used anode — graphite, which has a
theoretical capacity of 372 mAh g~ .

Silicon (Si) is widely identified as the most promising candidate
as a negative electrode for LIBs by virtue of its enormous volume
capacity, 9786 mAh cm3, specific capacity, 4200 mAh g, low
operating voltage, 0.4 V vs. Li*/Li, low cost, safety and abundant
availability [1]. Despite these advantages, Si has poor electrical
conductivity that has to be enhanced in order to achieve high po-
wer performance. Unlike graphite, during Li ions insertion to Si
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proceeds via an alloying mechanism with formation of interme-
tallic compounds like Liq3Si7, Li7Si3, Li13Sis and Liz,Sis, which results
in a high electric capacity [2—4]. However, this alloying process is
encumbered by the huge volume evolution resulting in cracking of
Si matrix, and further degradation after a repetitive insertion/
extraction processes, leading to the electric contact loss between Si
particles and current collector. Eventually, Li alloying and deal-
loying with Si becomes irreversible, significantly hampering over-
charging and reducing energy density.

Several strategies can be employed to improve the performance
of Si anode. One of them is to use amorphous Si (a-Si) that preferred
in comparison with the crystalline one, which needs a kind of
‘activation transformation’ to its amorphous state during the initial
cycles of lithiation. Moreover, crystalline Si experiences non-
uniform expansion due to the presence of crystal lattices result-
ing in material distortion in a certain direction [5—7]. Another
strategy is the application of Si nanopowder, which thought to
experience insignificant volume changes during charge/discharge
[8]. However, to the best of our knowledge, the efficient and cheap
way to produce nanopowder in large scales has not been developed
yet. The application of various Si structures like wires [9—11], rods
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[12], tubes [13,14], trees [15], thin films [16], etc. [17], that are
grown on substrates or etched from monolithic Si substrates, is
considered as promising as well. In such nanostructures the volume
expansion is accommodated due to the available space in the
innermost structures, and this extends cycle life of Si anode,
although with time, they still experience degradation and capacity
fading [16]. The use of an a-Si in the form of thin film, especially
with a thickness of no more than 200 nm, significantly improves its
lifetime and cycling ability [ 18]. Unfortunately, low mass loading of
Si in these structures does not allow using them in conventional
LIBs requiring larger amounts of active material. The attempts to
increase the mass of an active Si thin film using shaped substrates
(pillars [18], honeycombs [19], lozenge-patterned [20,21], ribbons
[22,23], etc.) and Si-based composite thin films (Si/C [24], Si/Cu
[25], Si/Fe [26,27], Si/Co [28], Si/B [29], SiMoy [30], Si/Al [22], Si/
LIPON/SnO, [31]) were also presented. Applying 3D structured
current collectors like metallic nanowires, porous substrates, foams
etc. [32,33] could be considered as one of promising approaches to
overcome limited materials load problem of thin film silicon anode.
In fact, this design strategy is the only route to obtain a well
operating Si anode in which 3D current collector provides high
surface-to volume ratio for electrochemical interaction, electrical
network for enhanced conductivity as well as space reservoirs to
accommodate the volume changes of the anode upon operation. In
order to enhance the electron mobility in electrode and to, subse-
quently, improve the battery performance, the n- or p-type dopants
can be easily incorporated in the material during preparation of the
Si film [34—36].

Graphene is a material that often used as a conductive additive
in positive and negative electrodes [37]. Besides, graphene can be
used to prepare a free-standing anode material with a low
discharge potential and a high theoretical specific capacity of
744 mAh g~! owing to its ability for double-site lithiation (LiC3)
[38,39]. Moreover, Paronyan et al. reported on pure graphene-
based anodes with ability to deliver a capacity over 1116 mAh g~!
due to lithium ions occupation of the adjacent sites of graphene
sheets with formation of LiC, intercalates [40].

Inspired by these works, herein, we report for the first time on
design of novel electrode material, the n-doped a-Si thin film on
graphene (GF) coated nickel (Ni) foam as anode for LIBs. Ni foam is
able to produce defect free GF layers as it was reported before [41]
with increased surface area of the sheets. Chemical vapor deposi-
tion (CVD) and magnetron sputtering (MS) were utilized to obtain
the targeted electrode material.

2. Experimental
2.1. Material synthesis

2.1.1. Graphene film synthesis

A CVD growth of GF was implemented onto Ni foam, which
served as a 3D interconnected substrate with a catalytic ability to
absorb and release carbon atoms facilitating them to arrange into a
hexagonal lattice in the spaces between Ni atoms [42]. Ni foam was
purchased from Goodfellow Inc. and had the following parameters:
the thickness of foam was 1.6 mm, the porosity of more than 95%
with the mean hole diameter of 0.22 mm. Prior to CVD, heat
treatment of Ni foam was carried out in a high temperature furnace
STF1200 (Across International) in a mixture of argon and hydrogen
(95% Ar + 5% Hy) with preheating at 200 °C during 30 min to
remove the moisture from the catalyst surface and further at
1020 °C to remove the rest of contaminations and to reduce the
native NiO layer to Ni. After this, the precursor gas, a methane-
containing gas mixture (90% Ar + 10% CHy), was injected into the
furnace. In order to obtain a few layer GF, the inlet of gas lasted for

5 min only (ambient pressure). Carbon atoms that were absorbed
by Ni, released during cooling, forming a high quality few layer GF
[43]. The CVD schematics is presented in Fig. 1a, and the experi-
ment conditions are summarized in Table 1. The mass increment of
samples was controlled using weighting by an ultra-microbalance
(Sartorius, = MSE2.7S5-000-DM) and  constituted  around
0.41 + 0.02 mg cm~2 and almost equal for all samples. Prior to CVD
and magnetron sputtering all Ni foam samples were cleaned by
diluted HCI (1:1 v/v), followed by rinsing with deionized water.

2.1.2. Silicon thin film sputtering

The Si thin film was deposited onto one side of GF-Ni by
magnetron sputtering (Kurt J. Lesker Inc.), as illustrated in Fig. 1b.
During sputtering, an n-type doped Si target (99.99%) was hit by Ar
ions, generated between two magnets. This process led to emission
of target atoms and their deposition on the substrate. The main
advantage of MS is easiness of the process along with a capability to
prepare amorphous Si with high purity as well as easy control of the
film thickness. The synthesis conditions (Table 1) were chosen
based on the literature data. In particular, the power mode (rf) and
magnitude of 80 W employed in this work was adopted from
Omampuliyur et al. [ 18] who has determined the optimal power to
prepare Si thin film with certain density and low oxygen content.
The sputtering was carried out at an angle 30° in order to ensure
that the target ions might be able to reach the innermost whisks of
the foam substrate. The mass increment of Si constituted around
0.04 + 0.002 mg cm 2 for both Si-Ni and Si-GF-Ni samples, and was
determined by weighing the samples before and after sputtering by
an ultra-microbalance.

2.2. Material characterization

The structure of GF and Si were examined by Raman spectros-
copy on a LabRAM HR Evolution spectrometer (HORIBA Scientific)
using Ar ion excitation laser of 532 nm. The morphology of samples’
surface was observed by scanning electron microscope (SEM, Zeiss
Crossbeam 540) before and after electrochemical cycling at a
voltage of 4 kV. The uniformity of GF layer on Ni was studied using
SEM combined with energy dispersive spectroscope EDS TM3030
(Hitachi) at a voltage of 15 kV. Prior to microscopic observation the
electrodes extracted from the disassembled cells were immersed
into diethylene carbonate (DEC) solvent for several days to remove
all carbonate components of a solid electrolyte interphase (SEI)
layer followed by meticulous rinsing in ethanol and drying.

2.3. Cell assembly and electrochemical measurements

Before assembling the cells, the anodes were annealed in a
mixture gas Ar + (5%) H (flow rate of 150 cm® min~!) in a high
temperature tubular furnace STF 1200 (Across International Inc.,
USA) at 150 °C for 60 min to remove condensed moisture from the
surface, and then at 300 °C for 60 min in order to remove oxides.
Due to the interdiffusion of Si and Ni or C at the interface between
two layers, annealing strengthens the adhesion between the Si film
and the substrate. This is known to positively affect the perfor-
mance of the batteries [44].

The electrode was studied in a 2032 type coin cell using a
lithium metal foil as a counter and reference electrode, a com-
mercial 1 M LiPFg in ethylene/diethyl/ethyl methyl carbonates (EC:
DEC: EMC, 1:1:1 v/v) as an electrolyte solution and a polypropylene
membrane (Celgard® 2400) as a separator. The cells were assem-
bled in a glove box filled with Ar (MBRAUN, LABmaster Pro Glo-
vebox, Germany, <0.1 ppm H;0 and O5). The batteries with Si-GF-Ni
and Si-Ni electrodes were tested by cyclic voltammetry (CV) and
galvanostatic cycling using a potentiostat/galvanostat (VMP3,
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Fig. 1. Schematic view of experiments: (a) CVD, (b) MS.
Table 1
Conditions of CVD and MS processes.
CvD MS
Gas Ar + H; (5% + 95%) Gas Ar (99%)
Gas flow 100 sccm Pressure 5 mTorr
Precursor CH4+Ar (7% + 93%) Target n-type doped Si (99.99%)
Steps Annealing 200 °C, 60 min Power Rf, 80 W
Annealing 1020 °C, 60 min, 300 sccm (Ar + Hy) Rotation 5 rpm
Deposition 1020 °C, 5 min, Temperature room
220 sccm (Ar + CHy4)+300 scem (Ar + Hy)
Cooling Naturally Time 60 min
a) —— 7 spectra of GF 2696 b) initial spectrum
recorded at three — = fit sum
—— | different points of sample
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Fig. 2. Raman spectra of samples: (a) graphene, (b) Si thin film.

Biologic Inc.) and a multichannel battery testing system (Arbin
Inc.). CV was measured in a potential range of 0—3 V at a scan rate of
0.1 mV s~ !; galvanostatic cycling was performed between 0.1 and
1.5 V at a current density of 30 pAh cm ~2. In order to avoid the
errors related to the low mass of the electrodes, the results were
presented as an areal capacity (pAh cm™2), however, the approxi-
mate specific capacities are also given. All potentials are presented
vs. Lit/Li.

3. Results and discussion

Raman spectra of the GF thin film and Si thin film coated on Ni

foam are shown in Fig. 2. The spectra for GF (Fig. 2a) represent the
results taken from the same sample at three different measurement
points. All three spectra display similar scattering patterns pre-
sented by two peaks at around 1579 cm™! and 2696 cm ™! assigned
to the G and 2D bands of carbon materials, respectively. A missing D
band (~1320 cm™!) evidences a high purity and well-ordered
structure of the synthesized GF. In order to determine the num-
ber of the graphene layers, the spectra were analyzed as follows.
Single and bilayer GF sheets usually have a ratio of 2D to G bands’
intensities more than 3 [45]. In our case, the record of scattering
response on three different points resulted in various intensities
consequently leading to various 2D/G ratio from 0.75 to 3.2. Full
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width half maximum (FWHM) of the G band can also provide in-
formation about the number of GF layers. According to literature
data, for a monolayer of GF a FWHM constitutes 20-30 cm ™}, while
for a four and five layered graphene this value is around 70 cm™!
[46]. The calculated FWHM for our sample is within a range of
20—80 cm~ L. Thus, on a basis of Raman spectroscopy plots we can
suppose that the carbon film synthesized on Ni foam is a few
layered GF with high purity and quality. From Fig. 2b, we can detect
that the Raman spectrum for Si thin film does not exhibit a typical
crystalline band usually located at a shift position of 520 cm™.
Instead, several components of the spectrum can be easily distin-
guished by a simple fitting: transverse optic and acoustic modes at
480 cm~! and 155 cm™!, respectively, and longitudinal optic and
acoustic modes at 400 cm~! and 310 cm™’, respectively. One more
peak at 630 cm™! is ascribed to the second order of longitudinal
acoustic mode and overtone of transverse acoustic and optical
modes. These peaks match well with those of Si amorphous phase
[29].

The microstructural morphologies of the as-prepared samples
were revealed by SEM. The results of these studies are presented in
Fig. 3, which demonstrates the surface of Ni foam and its cells walls/
wires after cleaning with acetone. In a higher resolution images,
incorporated into Fig. 3, one can see the distinguishable surface
grain boundaries. Fig. 3b illustrates the sample after CVD, on which
a dark film, consisting of numerous GF sheets, can be detected on
the Ni foam surface. GF layers replicate the shape of boundaries
over the Ni foam surface. Fig. 3c depicts images of Si thin film with
an inset image of a higher magnification. We can clearly see the
dense thin film composed of interconnected nanosized spherical
particles with the diameters of up to 100 nm. The dimensions and
shapes are identical for both samples, Si-Ni and Si-G-Ni. Due to
complicated structure of substrate and deposition technique, it is
hard to provide the mean value of Si thin film thickness, however
the observed range of thicknesses was between 50 and 150 nm.

The SEM/EDX scans demonstrate the surfaces of as-deposited
GF-Ni samples and the C and Ni elements distribution map
(Fig. 4). It can be seen that carbon and nickel are uniformly

distributed in the sample. In the EDX results, only C and Ni peaks
could be recorded. From the distribution map of carbon, one can see
some dark spots with no carbon, which might be an indication of
delamination of GF sheets from the substrate within these spots.

In order to further study the beneficial effects of prepared ma-
terials as anodes for LIBs, their electrochemical performance was
examined in lithium half-cells. Fig. 5 shows CVs of the samples
measured at a scan rate of 0.01 V s~ within a potential range
0—3 V. The CV plots of 3D Si-Ni anode are illustrated in Fig. 5a.
Distinguishable cathodic peaks observed at around 1.37 V and 0.4 V
during the initial discharge process can be ascribed to the first
occurred reactions between lithium ions and electrolyte on a NiO
native layer of Ni foam [47] and on the surface of Si [47], respec-
tively, with the formation of solid electrolyte interphase (SEI) on
the electrode surface. Another cathodic peak at around 0.84 V is
related to the reaction between Li ions and NiO native layer of Ni
foam where NiO reduces to Ni and Li;O forms [48,49]. The next
process is alloying of lithium ions into Si thin film (LixSiy) at the
potentials of 0.012 V and 0.001 V with the posterior dealloying at
0.33 V and 0.53 V, which corresponds to a release of lithium ions
from LixSiy alloy during the discharge stage. The anodic peak of
around 1.3 V can be ascribed to a reversible reaction between Ni
and LiO [48,49]. Fig. 5b shows the CV curves of Si-GF-Ni anode. An
initial SEI layer formation on GF surface can be indicated by a small
peak at around 0.7 V, disappearing in the following cycles. The
lithiation reaction of GF extends the peak intensity at around 0.01 V
as well as that of its corresponding delithiation peak at around
0.3 V. The reaction governing the first delithiation peak of Si usually
occurs at the same potential [50,51]. Besides, the second Si deli-
thiation peak at 0.49 V is observed on the anodic scans, indicating
the participation of Si in the overall electrochemical reaction. It is
noticeable in the magnified graph in Fig. 5b that the NiO lithiation/
delithiation peaks are still present in Si-GF-Ni electrode indicating
that the native oxide layer was not completely removed from Ni
foam surface.

Fig. 6 shows the results of galvanostatic charge/discharge
cycling of the Si-Ni and Si-GF-Ni anodes performed at a current

Fig. 3. SEM images of (a) pristine Ni foam, (b) GF deposited on Ni, and (c) sputtered Si thin film.
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Fig. 4. Results of SEM/EDX analysis of the GF-Ni sample.
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Fig. 5. CV plots of (a) Si- Ni, and (b) Si-GF-Ni.

density of 30 pA cm~2 within a potential window of 0.1-1.5 V. All

plateaus on charge/discharge curves correspond to the lithiation/
delithiation potentials observed in the CV plots above. From Fig. 6a,
we can detect that Si thin film on pure Ni loses almost a half of its
initial discharge capacity of 93 pAh cm~2 after the 1st cycle and
experiences a gradual capacity fading up to the final recorded cycle.
The Si-GF-Ni anode exhibits a higher initial areal capacity of around
141 pAh cm~? which stabilizes at about 80 pAh cm~2 within 10
cycles (Fig. 6b). If the retained capacities of the anodes are pre-
sented in the specific gravimetrical units, Si-Ni exhibits a capacity
of 2318/1245 mAh g ! in the initial discharge/charge and 296/
296 mAh g ! at the last 500 cycle, respectively. On the other hand,
Si-GF-Ni delivers a capacity of only 326/225 mAh g~! and 175/
175 mAh g~ ! in the first and last discharge/charge, respectively,
which is due to a low content of Si about 9%. However, it should be
noted that Si delivers about half of this capacity of the composite
anode. Comparing the cycling performance of Si-Ni and Si-GF-Ni
presented in Fig. 6¢, it can be noted that the Si-Ni anode system
exhibits a poor capacity retention, and it drastically fades upon
cycling. Meanwhile, the Si-GF-Ni anode maintains the areal ca-
pacity within a range of 70—80 pAh cm~2 upon all 500 cycles

performed. The improved performance could be resulted from
electrochemical activity of GF towards Li-ions.

Fig. 7 illustrates SEM images of the samples retracted from the
cells cycled 500 times. The post-cycling investigations of Si-Ni
anode (Fig. 7a) revealed the presence of cracks and partial delam-
ination of Si thin film from Ni foam. Besides, this detachment is not
so wide as for flat monolithic Si thin films reported earlier [7]. From
SEM images of Si-GF-Ni shown in Fig. 7b, we detected an extensive
delamination of graphene sheets together with the sputtered Si
thin film. In spite of this, designed anode system did not have any
failure in maintaining its capacity. We suppose, that this can be
explained by the fact that GF provides an improved substrate
adhesion for Si thin film.

The designed 3D compositional Si-GF-Ni electrode showed a
promising potential for use in LIBs owing to a combination of two
active materials in one system. In fact, this is the first step towards
designing this high performance system, and further improvement
will be directed in achieving more stable GF underlayer, removing
Ni scaffold and obtaining a-Si thin film covering the whole surface
of GF in order to increase the active mass loading and, conse-
quently, the specific capacity of the composite thin film. Besides,
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Fig. 7. SEM images of the samples after 500 cycles (a) Si-Ni, (b) Si-GF-Ni.

the mass of the anode will be significantly reduced by removing the
metallic substrate and forming a free-standing anode film. The
presence of GF will serve as a guarantee for backup the anode
operation even in case of Si degradation upon a long term cycling. It
is especially important in special cases such as medical and some
other electronics devices, where the immediate battery failure may
stop vital processes.

4. Conclusion

In this work, a facile strategy to produce compositional 3D Si-
GF-Ni anode system was presented. The suggested anode system
comprises a combination of strategies such as the use of 3D current
collector, thin film structure of Si, magnetron sputtering derived
amorphous phase of Si and n-type dopants incorporation, and CVD
grown graphene on the surface of Ni foam. We suggest that the
presence of the graphene component in the electrode has

significantly improved the performance of Si thin film anode due to
its electrochemical activity towards Li ions, high electronic con-
ductivity and enhanced adhesion for Si thin film. As a result, the
designed electrode with n-type doped Si film and GF on Ni foam
retained a stable areal capacity of around 75 pAh cm™~2 over 500
cycles with a slow capacity loss of 0.01 pAh cm~2 per cycle and a
coulombic efficiency as high as 99.5%. The current research pro-
vides an effective approach towards further enhanced design of a
high-performance system with a two active components combi-
nation, which could be modified to freestanding lightweight Si-GF
anode for thin film and conventional LIBs.
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