Egyptian Knowdedge 8ank

International Journal of

Materials Technology and Innovation
Volume 1, Issue 2 (2021), pages 24-33

https://ijmti.journals.ekb.eg/
Online ISSN 2682-4299

Alkali Etched Nanoporous Silicon Graphene Composite as Sodium
lon Battery Anode

W. Wazeer !, M. M. Nabil*, M. Feteha?, M. B. Soliman?, A. E. Kashyout""

!Electronic Materials Department, Advanced Technology and New Materials Research Institute, City of Scientific Research
and Technological Applications (SRTA-City), P.O. Box 21934, New Borg El-Arab City, Alexandria, Egypt.

2Materials Science Department, Institute of Graduate Studies and Research, Alexandria University, 163 Horrya Avenue, P.O.
Box 832, Shatby, 21526 Alexandria, Egypt.

*Corresponding author: E-mail: hady8@yahoo.com

Received 14 October 2021

Revised 29 October 2021

Accepted for publication 9 November 2021
Published online 9 November 2021

Abstract

A simple and fast method is used for the preparation of nano-porous silicon (Si) and porous silicon-graphene composites (Si-
G) as an anode material for the application of sodium-ion batteries. The fabrication method includes the ball milling technique
for mixing the silicon powder and graphene for five minutes with an alkaline etching solution. The produced nano powder is
characterized using energy dispersive X-ray analysis (EDAX), X-ray diffraction (XRD), scanning/transmission electron
microscope (SEM/TEM), and Raman spectroscopy for investigating their composition, morphology, and structural properties.
The amount of the oxidized silicon (silica) is about four times in graphene-containing sample indicating catalytic power of high
surface area carbon. Also, Si-G nanocomposite is characterized by the presence of sodium residues that might be strongly
adsorbed to carbon. The reversible capacities reported for Si and Si-G samples are 15.7 and 84 mAhgrespectively. The
columbic efficiencies for those samples are 7% and 40%. The EIS shows a remarkable reduction in Rcr value for Si-G anodes
and increases in its ionic conductivity.
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1. Introduction

Intercalation chemistry was discovered by the The commercial graphite anodes couldn’t

Noble prized Stanley Whittingham in the early 70th to
put the basics of lithium and sodium-ion batteries. The
outstanding success of lithium-ion batteries (LIBs)
delayed the interest for SIBs until the lithium
depletion warnings have been declared [1]. The
materials experimented as SIBs electrodes are quite
similar to those experimented with LIBs electrodes,
but with replacing Li element with Na in an
intercalation active compound. The materials tried as
SIBs anodes were much less fortunate than those tried
as SIBs cathodes [2]. Among the early used SIBs
anodes are sodium metal and its alloys. They are
suffering from dendrite formation issues during
recycling, which is the main problem reported for Li
metal in LIBs [3]. Carbon-based anodes in SIBs do
not fulfill the requirements for fast charge in SIBs.
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intercalate Na* ions reversibly as Li* ions. Expanded
graphite and hard carbon are the most extensively
studied carbon-based anodes for SIBs [4]. Titanium-
based anodes as anatase TiO,and sodium-titanate are
advantaged by their high stability, but their electronic
conductivity and Na* ionic conductivity are low,
which lower their power density as anodes [5,6].
Sodium terephthalate was examined by et al. As an
organic material, they possess the features of
flexibility and lightweight, leading to the advantages
of easy fabrication ability and high gravimetric
theoretical capacity. On the other hand, Na-
terephthalate was reported to undergo a partial
dissolution in organic electrolytes that are commonly
used in SIBs, leading to loss of capacity upon cycling
[7]. Alloy-based anode materials as P, Sn, Sb, Si, and
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Ge were known as “P-block elements” having high
capacities as LIBs anode materials [8].

The silicon anodes for LIBs were able to form LiisSia
alloy resulting in a theoretical capacity of 3580 mAh
gl On the other side, crystalline Si was
electrochemically inactive at room temperature owing
to a large Na ion diffusion barrier [9]. Only the
orthorhombic silicon was reported as active for sodium
alloying, forming NasSiz4, having a theoretical capacity
of only 160 mAh g%, which is insufficient due to the
presence of the first irreversible capacity that is
normally recorded in anodes. In addition, in both SIBs
and LIBs, they suffer from high unit cell volumetric
expansion during charging (up to 300%), causing
capacity fading after a few cycles [10].

Amorphous silicon is, theoretically, able to form
an alloy with sodium to form Nao 76Si, with a theoretical
capacity of about 725 mAh g 1[11,12]. Practically, Xu
et al. prepared hybrid crystalline/amorphous Si
nanoparticles with a ratio of 0.39:0.61 using thermal
plasma chemical vapor deposition of silane. It showed
a reversible capacity of 279 mAhg™ (at a low current
of 10 mAg™?) with capacity retention of 89%eafter 100
cycles [13]. Nanoporous silicon (NPS) — graphene
composite is suggested in this work to be used instead
of intact — nonporous — silicon nanoparticles that have
been used in LIBs anode. The porosity of Si NPS is
expected to enhance the ability of particles for volume
change and allow more convenient Na ion movement
[14].

2. Experimental

2.1. Active material synthesis

Two starting materials were used, a pure silicon
powder (99%, Acros, Germany) and a mixture of
silicon with graphite nanoplatelets (industrial quality
graphite nanoplatelets, ACS material, USA) with a
ratio of 2:1. The two samples are signed as (Si) and (Si-
G) respectively.

A total of 3 g of each sample was ball milled at
400 rpm for 5 min with 5 ml NaOH (min 99%, Carl
Roth GmbH, Germany) solution (8 wt% in Milli-q
water) and 5 ml n propanol (30 Vol%), the total
solution volume was 10 ml. The ball milling machine
is Fritsch Pulverisette 7, Germany, and the ball to
powder ratio was 1:20. The produced slurry was
washed many times using Milli-Q water, filtered, and
dried at 50 °C overnight. The resulting powder was
kept in a dry jar to prevent the oxidation of reactive Si
powder.
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2.2. Material characterization

Elemental composition of is analyzed using EDAX
unit associated with JEOL JSM- 6360 LA, Scanning
Electron Microscope (SEM). Structural is analyzed
using Shimadzu- XRD- 6000 Diffractometer, Japan,
and Raman spectroscopy (SENTERRA, Bruker,
Germany). Morphological studies are made by
scanning electron microscope (JEOL JSM- 6360 LA
SEM, Japan) and particle size analyzer (Beckman
coulter N5 submicron PSA, USA). For PSA analysis,
the powder samples are prepared by dispersing 2 mg of
powder in 5 ml Dimethyl Sulfoxide (DMSO) and
sonication in an ultrasonic bath for 30 minutes.

2.3. Electrochemical Characterization
2.3.1. Electrode preparation

Electrodes are prepared by mixing active materials
with conductive carbon (industrial quality graphite
nanoplatelets, ACS material, USA) using ball milling
at 400 rpm for 30 min. N-methyl pyrrolidone (NMP)
(99.5%, Merck, Germany) containing 20 mg/ml PVDF
(99%, Alfa Aesar, Germany) is added to the mixture.
The final weight ratio of (active material: conductive
carbon: PVDF) is (75:15:10). The slurry has been
plated on copper foil while the unloaded parts of the
current collectors are covered with isolating tape. The
current collectors with an area of 1cm? are weighed
before and after material loading. The weight of
conductive additive and binder are subtracted to
determine the active mass loading in the electrodes.

2.3.2. Cell fabrication

Electrochemical cells are two-electrode systems.
The working electrode acts as the anode, sodium metal
as both the counter and reference electrodes with an
approximate area of 1.13 cm?, fiberglass filter paper
(GFD Wattman, UK) as the separator, and 1M NaClO4
(99% Across, Germany) in propylene carbonate (PC)
(99%, Fluka, Germany) as the electrolyte. The
components are assembled inside a homemade Teflon
coin cell with an internal diameter of 11 mm. Cell
assembly is conducted under a dry air-filled glove box.

2.3.3. Electrochemical Assessment

The electrochemical experiments are conducted
using an Autolab workstation (Aut 87070). The
capacity is calculated from galvanic charge/discharge
by the formula (I x t/m), where | is the applied current
(mA), t is the discharge time (hour), and m is the
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loading weight of active materials (grams). The first
discharge curve is considered as the irreversible
capacity. CV and impedance are also performed using
the same cell. CV range is from 0 to 3 V and the
scanning rate is 0.1 V/S. EIS is made at the open
circuit potential of each electrode in a frequency range
from 1MHz to 0.2 Hz.

3. Results and discussion

Alkali etching process is a low-cost and
environmentally friendly method that has been used for
increasing the specific surface area of silicon powder
[15]. The use of ball mail for a short time reduces the
energy cost of the fabrication process. The mechanism
of alkali etching is presented in equations 1- 4.

*Si + 2NaOH + 2H,0 :”” SiO(OH),2+ 2 Na* + Hy
' (1)

SiO2(OH)z2 + 2Na* + Hy— Si* + 2Na* +4 OH-

— Si(OH),+2Na*+ 2¢° )

Si + 4e + 4 H,0 + 2Na*—Si" +2NaOH + 2(0OH) "+
2H; )

Si(OH)s” ———— SiO; + 2H,0 @)

This treatment produces a surface etched silicon
powder, the other soluble components (NaOH and
isopropanol) are washed out by filtration. The color of
pure silicon powder is converted from grey color to
dark brown color after the etching process. This is
because Si atoms of the different crystal planes have
different activation energies for the etching reaction.
The NaOH etching of Si is not diffusion-limited but
etching-rate-limited, the etching process takes place
anisotropically: The (100) and (110) planes are much
more rapidly etched compared to the stable (111) plane
[16]. The role of isopropyl alcohol in the alkali etching
technique is to suppress the etching rate at (100) planes
in alkaline solutions [17]. The EDAX graph for
samples Si and Si-G is presented in Figure 1, the results
of elemental analysis are summarized in Table 1. In
addition to silicon and carbon, the formation of silica
and the presence of sodium residues due to the etching
process are also detected. The amount of oxidized
silicon (silica) is about four times in graphene-
containing sample indicating catalytic power of high
surface area carbon. Also, the Si-G sample is
characterized by the presence of sodium residues that
might be strongly adsorbed to carbon. XRD patterns of
sodium iron phosphate Fe3 group samples are
presented in Figure 2. The crystal structure matches
(JCPDS #01-079-0613) with face-centered cubic
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(FCC) diamond structure (a = b = ¢ = 5.431 A), space
group Fd-3m (no 227) [18]. There is no presence of
peaks for crystalline silicon dioxide in both samples,
graphite peak appears at 20 of 26.37° for the Si-G
sample. The absence of peaks around 20 of
10.7°(specific to graphene oxide) indicates that no
oxidation process had occurred for graphite and only
silicon is oxidized during the etching process [19].
Crystallite sizes calculated for the prepared samples by
applying Scherer’s equation for (111), (220), and (311)
planes are summarized in Table 2. The crystallite sizes
for sample Si and Si-G samples do not show large
differences, indicating that the process of alkali etching
has an insignificant effect on silicon’s crystal structure.
The amorphous silica part of the material also may
participate in the capacity as it was used as anode for
lithium-ion batteries [20]. Raman spectra for anode
samples are presented in Figure 3. The main one-
phonon peak that appears at 510 cm™ is related to Si,
beside the peaks at 295 and 934 cm* which are also
related to silicon structure [21]. No other peaks appear
for both samples except the relatively weak D band and
G band at 1340 and 1580 cm™ respectively which are
related to graphite structure in Si-G sample. The
absence of SiC peaks at around 790 cmt indicates that
there is no chemical binding between silicon and
carbon, and only physical mixing had occurred [22].
Amorphous silica peak that is broad and very weak
appeared at around 446 cm™ and hidden by the strength
of Si peaks due to their low proportion on the silicon
particle’s surface [23].

SEM images of Si and Si-G samples at different
magnification powers are shown in Figure 4. Si
samples show un-uniform particles with rough surface
due to etching. Si-G sample shows a uniform
distribution of graphite particles with silicon, with
apparent lower particle sizes and enhanced
homogeneity. The mean particle size measured
manually from SEM is compared with PSA results in
Table 3, particle size distribution curve obtained from
PSA is shown in Figure 5.

SEM images show the presence of many particles
with microscale in pure Si samples (left). This is due to
the fact that ball milling with alkaline etching technique
cannot be performed for long times, this is because
hydrogen evolution during reaction may cause an
explosion of milling vessel due to increasing pressure
[24]. On the other side (right), SiG samples are more
homogenous in particle size and shape. The presence of
graphene during the ball milling alkaline etching
process acts as a solid lubricant and prevents the
formation of silica bridges between milled particles
[25].
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Table 1. Elemental analysis of the anode samples.
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Si C (@] Na
Sample Wit% At% Wit% At% Wit% At% Wit% At%
Si 96.86 95.34 - - 3.14 4.66 - -
Si-G 52.03 33.32 35.18 52.59 12.02 13.48 0.77 0.6
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Fig. 1 EDAX graph for treated silicon and S|I|conk—'§raphene samples.

There is little or no presence of micro-scale
particles in contrast to pure silicon samples. Charge-
discharge curves for alkaline etched Si and Si-G
samples Vs Na/Na* are presented in Figure 6. For
comparison, pure graphene (commercial graphite
nanoplatelets) electrode was tested as an electrode with
the same specific current density. The theoretical
capacity was assumed to be 160 mA per each gram of
coated material on the Cu electrode (based on the
formation of Si»sNas alloy reported with orthorhombic
Si)[10]. The discharge capacities of these electrodes at
different C rates are summarized in Table 4. The
specific discharge capacity and first discharge
coulombic efficiency reported for pure alkaline etched

Si electrode were very low to be used for
application in Na ion batteries. The intrinsic low
electronic conductivity of silicon and compact FFC
structure form a barrier for reversible Na* ion
insertion/extraction.  The large first irreversible
discharge capacity indicates the occurrence of alloying.
According to charge calculations, the ratio of Na: Si
alloy was 1:3. Si-G electrode performance was much
higher than both alkaline treated Si and untreated G
electrodes. The average discharge potential decreases
with increasing graphitic carbon part, which is
favorable for anode materials [4]. CV curves in Figure
7a, show the difference in Vo between pure Si and Si-
G was more than 0.65 V, and the CV plot area indicates
the presence of higher capacity for Si-G electrode.
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Fig. 2 XRD patterns for the anode samples (Si and Si-G).

Table 2. Calculated crystallite sizes (D) for anode samples.

Fig. 3
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Raman spectra for alkali etched Si and Si-G samples.

20 crystallite size Average crystallite size
Sample peak (hkl) (Degree) FWHM (nm) (nm)
(111) 28.36 0.27 317
Si (220) 47.23 0.278 32.56 33.15
(311) 56.05 0.267 35.19
(112) 28.26 0.25 34.64
Si-G (220) 47.14 0.25 36.2 35.1
(311) 55.96 0.27 345
Si
4000
3500
3000 Graphite
/g-zsm Sl 6’ // \ S . G
oS @ Si D G D 1=
I
22000 tﬁ__/\ e
=] 1500
1000
500 .
si J { si Si
0 < L yas . . . )
0 500 1000 1500 2000 2500 3000




EKB Publishing

W. Wazeer et al.

UMTI vol. 1, issue 2 (2021) 24-33

https://doi.org/10.21608/ijmti.2021.101079.1040

Fig. 4 SEM images for alkali etched Si and Si-G samples at different magnifications
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Table 3. Mean particle sizes for Si and Si-G samples.

Sample SEM mean PSA mean
(nm)
Si 1316 406.7
Si-G 416.8 216.1

(2l 0

Stze () Lasear

2]

114

Fig.5 Particle size distribution curves for Si and Si-G

samples.

(3

The Si with graphene in weight ratio 2:1 perform a
synergetic effect with each other, the graphene
provides high electronic and ionic conductivity and

silicon provide active sites for Na insertion [2].
EIS curves for Si, Si-G, and G samples are shown

in Figure 7b.
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Table 4. Discharge capacities of alkaline etched anodes at different C rates.

First Irreversible Specific reversible capacity (mAhg™) Coulombic
Sample discharge capacity 02C 05C 1C efficiency of first
(mAhg?) discharge cycle
Si 228.96 15.76 6.6 NA 6.9 %
Si-G 209.3 83.9 49.13 34.19 40 %
G 37.23 12.88 NA NA 34.6 %
=
zZ 1stdischarge
50 100 150 200 250

Specific capacity (imAhg?)

Si-G

Potential (V)

1stdischarge

0 25 50 78 100 12§ 150 178 200 228 250

Specific capacity (mAhg1) -

Potential (V)

—ep

3s 40

Specific capacity (mAhg1)

Fig. 6 Charge-discharge curves for alkaline etched Si and Si-G samples Vs Na/Na* at different c rates
compared to untreated graphene electrode.

30



EKB Publishing

W. Wazeer et al.

UMTI vol. 1, issue 2 (2021) 24-33

https://doi.org/10.21608/ijmti.2021.101079.1040

T—"—-’
o
-
£
<]
()
i~
—
=
4
=
.v-‘
o
- ™ -
- . ¢
- -
— pEro) . N -
g £ S - _ J
- Si - B . =~ 2 .o
™~ . ~ S1-Gr * =
® N 3 -
.. '. :
- ..
N fJ'
Z' (Q)

Z'(Q) Z' (0)

Fig. 7 a) Cyclic voltammetry curves for Si and Si-G electrodes, and b) Nyquist plots for Si and Si-G electrodes

compared to pure graphene electrode.

The increase in graphene nanoplatelet part
decreases the charge transfer resistance (Rct) owing to
its intrinsic high conductivity. In addition, the lower
particle size and the relatively enhanced homogeneity
of the sample’s particle size and shape have enhanced
the performance of the Si-G electrodes [26]. However,
the rate performance of Si-G anode materials reported
in this work is still behind many of the anode materials
that were discussed previously in the literature.

4. Conclusion

Alkali etched porous silicon and porous silicon-
graphene composite was produced by a fast and low-
cost method. Porous silicon with FCC structure was
generally unable to reversibly intercalate sodium ions
for sodium-ion battery application. The presence of
commercial graphene during the etching and ball
milling process relatively enhanced its morphology
leading to a significant increase in its capacity and rate
capability. It is recommended to study the effect of
increasing-decreasing Si:G ratio on the overall
electrochemical performance of the material. It may be

useful to use silicon powder with an orthorhombic
structure instead of FCC silicon.
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