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Abstract

In this contribution, new electrocatalyst materials, namely silicon-multiwalled carbon nanotubes (Si/MWCNTSs), nitrogen-
doped multiwalled carbon nano-tubes (Si/NCNTs), and silicon—-carbon black (Si/CB), were developed and characterized in
an effort to investigate less expensive and more efficient alternatives to Pt-based catalysis for energy storage cells appli-
cations. The role of structural behavior of obtained specimens and corresponding electrochemical performances were
characterized through X-ray diffraction and scanning electron microscopy, while cyclic voltammetry and electrochemical
impedance spectroscopy were analyzed for electrochemical measurements and evaluation of oxygen evolution reaction
(OER) along with oxygen reduction reaction (ORR). The electrochemical studies have shown that these materials exhibit
reasonable performance for both the ORR and the OER. The findings concluded that the Si/CB base catalyst has shown
both OER and ORR activities in comparison to Si/MWCNTs and Si/NCNTs where only ORR performance was monitored.
However, Si/NCNTs have shown much higher ORR activity compared to the others. This work highlights the comparison
of three possible alternative materials as a potential catalyst to develop optimum alternatives of Pt-free catalysts for fuel
cell and lithium-based battery systems.
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1 Introduction

One of the key challenges for the commercialization
of electrochemical energy conversion and energy stor-
age technologies is the development of low-cost and
efficient electrocatalysts [1]. The electrochemical reac-
tions play a vital role in the energy conversion pro-
cess, for instance;-fuel cells, metal-air battery systems,
water splitting-are oxygen reduction reactions (ORR)
and oxygen evolution reactions (OER) [2, 3]. The overall
performances of those energy conversion systems are
intensively limited due to sluggish kinetics in the evo-
lution of molecular oxygen. The electrocatalytic reduc-
tion also has limitations [4-6], as it demands suitable

development of bifunctional active electrocatalysts for
both ORR and OER at the electrodes. In that aspect, vari-
ous transition metal and noble metals catalysts—Co, Ni,
Mn, and Fe based-were widely employed for ORR and
OER electrocatalysis [7-11]. Most recently, carbon-based
metal-free nanostructured electrocatalysts, for example,
graphene carbon-based nanotubes were investigated
[12] and achieved valuable results for energy conver-
sion and storage systems through different innovative
ways, including geometric structuring, surface function-
alization, and heteroatom doping [13-15]. Among them,
nitrogen-doped carbon nanomaterials have received
prominent attention as an efficient OER and ORR elec-
trocatalyst due to their high catalytic activity towards
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O, reduction [16-19]. Generally, N-doping is preferred
because of the closeness in size (65 pm) of the N atom
with that (70 pm) of a carbon atom [20]. Therefore, sev-
eral N-doped cathode catalysts have been synthesized
and used as the cathode of microbial fuel cells with
increased efficiency [21-23].

In nitrogen-containing carbon material, it is believed
that nitrogen is responsible for the enhanced ORR activ-
ity. These nitrogen functional groups transform into more
thermally stable structures during heat treatment. Further-
more, nitrogen is known to be able to create defects on
carbon, which may then increase the edge plane exposure
and thus enhance the catalytic activity [24]. The funda-
mental investigation into these materials suggests that
both the morphology and the surface play significant roles
in their overall O, activity.

It is also revealed in a number of studies that heter-
oatoms-codoped carbonaceous materials have shown a
greater ORR activity compare to the unitary heteroatom
doped materials [25, 26]. Furthermore, heteroatom’s
doped carbon material also possesses the advantage of
long-term stability along with high electrochemical per-
formance. The heteroatom-doped carbon catalyst, in that
scenario, can be studied further to address the issues of
conventionally used platinum-based catalysts, including
stability, poor ORR kinetics, platinum migration, agglom-
eration, high cost, etc. [25-28]. On parallel, polymer-
metallic based carbonaceous nanocomposites and further
nitrogen-doped approach are used to improve microbial
fuel cells exhibiting high electrochemical activity [29, 30].
Carbon nanotubes (CNTs) and Graphene (G), a promising
class of carbon nanomaterials, have attracted consider-
able attention due to interesting electronic, photonic,
and electrocatalytic characteristics, and are actively used
in energy conversion and storage [31, 32]. This provides a
new window to develop and investigate new generations
of graphene and promising CNT-based heterogeneous
nitrogen-doped materials for energy conversion systems.
In this study, we succeeded to develop Si-based compos-
ites with multiwall carbon nanotubes, nitrogen-doped
carbon nanotubes, and carbon black, and these materials
are investigated in an effort to increase the ORR and OER
performances with excellent stability in alkaline media. To
the best of our knowledge, Si-containing carbon materials
with high ORR activity were scarcely investigated except
the Si and P co-doped carbon. In particular, in this study,
a comparative study is carried out by testing Si-based
composites with multiwall carbon nanotubes, nitrogen-
doped carbon nanotubes, and carbon black through elec-
trochemical impedance spectroscopy and cyclic voltam-
metry to analyze the difference in their performance. This
work provides necessary highlights to the use of alterna-
tive catalysts.
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2 Experimental section
2.1 Materials

The starting raw materials for electrode were commercially
available powders of Silicon (Si) (99.9% purity) (Fisher Sci-
entific), Ammonium fluoride (NH,F) (98% Purity) (Sigma-
Aldrich Inc), Multiwalled carbon nanotubes (MWCNTSs)
(Cheap Tubes Inc), nitrogen-doped multiwalled carbon
nano-tubes (NCNTs) (Cheap Tubes Inc), Carbon black
(Cheap Tubes Inc), Graphene oxide (GO) (Cheap Tubes Inc),
and Ethyl alcohol (C,H;OH) (95% purity) (BDH).

2.2 Samples preparation

Initially, silicon powder was ground into an agate with
milling balls (Model: YLJ-24T, MTI Corporation) under
4000 RPM for 4 h and further silicon powder (1 g), multi-
wall carbon nanotubes (0.2 g), NH,F (1.2 g) and ethyl alco-
hol (5 ml) were milled and magnetically stirred for 24 h to
form slurry (Fig. 1).

The resulted slurry was then calcined at 550 °C with
10 °C/min heating rate for 5 h in a constant flow of inert
gas (Argon atmospheric) using a tube furnace (Model:
GSL-1800X-S60, MTI Corporation) to obtain silicon/MCNTs
hybrids. For comparison, nitrogen-doped carbon nanotubes
(Si/NCNTSs) and Silicon/carbon black (Si/CB) were also syn-
thesized by taking the same initial weight as for Si/MWCNTs
composition and by following the above procedure. In sum-
mary, the silicon is ball milled with three different materials
to prepare Si/MWCNTs, Si/NCNTs, and Si/CB separately.

2.3 Physicochemical characterizations

The morphology of the prepared materials is characterized
by scanning electron microscopy (SEM) (Model: VEGA3,
Tescan) at acceleration voltage 20 kV and the phase iden-
tification, and a purity analysis was carried out by X-ray
Diffractometer (XRD) (Model: D8 Advance, Bruker) using
CuKa radiation (k=1.54051 /&) with a step size of 0.01°.
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Fig. 1 Synthesis route of Si-MWCNTs carbonaceous material
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2.4 Electrochemical characterizations

All synthesized samples were tested for electrochemical
measurements using a Gamry Interface 1000E Potentiostat
Instrument. Glassy carbon electrode (GCE) (7.065 mm?),
deposited with investigated material was consider as the
working electrode, while Ag/AgCl was used as a reference
with platinum as a counter electrode. For electrochemical
measurements, 100 pl Ethanol with 20 pl of (5 wt%) Nafion
was mixed thoroughly with the 2 mg of each synthesized
materials i.e., Si/MWCNTs, Si/NCNTs, and Si/CB. Then the
15 ul resulted slurry was transferred on to a glassy car-
bon electrode (3 mm in diameter) using a micropipette,
which further dried using a hot air blower. Ethanol was
used as a solvent and (5 wt%) Nafion solution was used
as an electrolyte to provide sufficient conductivity and
a binding agent. 0.1 M KOH solution was used as a sup-
porting electrolyte. Cyclic voltammetry was performed at
different scan rates with a frequency range of 100 kHz to
10 mHz and 5 mV amplitude. Electrochemical Impedance

Spectroscopy (EIS) was performed using the same three-
electrode setup.

3 Results and discussions

The XRD analysis of silicon with different forms of carbon is
displayed in Fig. 2a-c. The pulverized silicon reacts gradu-
ally with ammonium fluoride and forms different metasta-
ble phases like silicon fluorides and ammonium fluorides
during the stirring process, which causes the reduction
of silicon particle size. Subsequently, after the calcina-
tion at 550 °C temperature for 5 h, the obtained fluorides
decompose and volatize, and absolute purity is achieved
in the diffraction patterns of Si/MWCNTs, Si/NCNTs, and
Si/CB (Fig. 2b). The pattern of composites is the same as
that of pure Si nanoparticles as validated through JCPDS
card no. 27-1402, implying that the silicon crystals in the
composites are not annihilated during the processing. It
can be observed that the silicon main diffraction peaks

A - a — SIMWCNTs 111 b Si/ MWCNT s
( ) — Sil NCNTs ( ) Si/ NCNT s
— SilCB .
SIICB
(c) * | * " A 4 i u 220 :
5 Y A Ak W [} 311)
SR LN . - L L . S-E A (g 1 i {Agm (331}
I
= . 4 Cryptohalite(NH ) SiF 3 s
5 Fiy Bararite(NH‘)ZSiF6 8 (220)
" ¥C F F 311)
E A 2: @ | l 1 oo (331
= . E A h
a a . A LA . £
oo R dae o jg s s 4aafa § | = i1
F Y
- 220)
n
rY & i . (311}
a) A L oa Py = 331
"-‘-L...__ A A L-Jl_ A A my = (a) L {4‘0(“( L’
1 v | v 1 1 ’ | 1 v 1 T T T T T T T ' T T T T
10 20 30 40 5 60 70 80 10 20 30 40 60 70 80
26 (Degrees) 26 (Degrees)
111) (C) I_—S']
El
=
2 (220)
]
=
2
£
(311)
(311)
(400) h
X X
L] L] L] 1 1 1
10 20 30 40 50 60 70 80
26(Degrees)
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show the presence of pristine silicon, with a major decline
in peak intensity, which ensures homogeneous mixing as
well as homogeneous incorporation of silicon in the car-
bon network. For comparison purpose, the XRD pattern of
pure silicon is also shown in Fig. 2c. The XRD of uncalcined
Si/MWCNTs, Si/NCNTs/Si/CB is also represented in Fig. 2a.
When Si reacts with carbon it forms different metastable
phases that are hydrolysis products of Si, ammonium fluo-
ride and carbon. On heat treatment of the samples, meta-
stable phases decompose or volatize and homogenous
Si/C composites form that is the reason that composites
have shown the almost same XRD pattern as of Si and at
550 °C, the peak intensity of carbon becomes negligible
due to high dominancy of high silicon peak intensity.
Figure 3 shows the morphological analysis of Si/MWC-
NTs, Si/NCNTs, and Si/CB composite materials after calci-
nation at 550 °C. As seen in low magnification images in

Fig. 3a, ¢, e, the carbon and silicon distributed on the sur-
face of the Si-based carbonaceous composite materials.
High magnification images in Fig. 3b, d, f provide an idea
of the silicon composites with carbonaceous materials par-
ticles, where Si and Carbon, MWCNTs are observed to be
settled; and silicon particles appear to be coated on the
MWCNTs, which is also confirmed in other works [33]. That
trend is much evident in XRD patterns, as silicon structure
indicates lattice strain with MWCNTs, so it is possible to
say lattice parameter of silicon particles change and coat
on MWCNTs surface [33]. That specific surface area of the
carbon support has been proven to be a crucial factor in
the catalytic activity. These properties of the materials will
favor the ORR/OER performance for catalytic activities.
For the evaluation of oxygen evolution reaction (OER)
and oxygen reduction reaction (ORR) performance of
different samples, electrodes were prepared and linear

Fig.3 SEM images of a, b Si/MWCNTs, ¢, d Si/NCNTs, e, f Si/CB at low and high magnifications respectively
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sweep voltammetry (LSV) and cyclic voltammetry (CV)
were performed in a three-electrode assembly in 0.1 M
KOH solution as a supporting electrolyte. Figure 4a
showed the comparison of three different samples on
the basis of linear sweep voltammetry. As evident from
the voltammogram, the Si/NCNTs had the highest cur-
rent density at higher onset potential. Figure 4b shows
the recorded voltammogram for the Si/MWCNTs, Si/
NCNTs, and Si/Carbon black at the scan rate of 100 mV/s
at room temperature. Si/MWCNTs shows only a distinc-
tive (ORR) cathodic peak at —0.55 V with the current
density of 8.56 mA/cm?, and the ORR peak with 12 mA/
cm? current density appeared for Si/N,-doped CNTs at
a voltage of —0.49 V. The manifest improvement of ORR
potential and peak current density of Si/NCNTs indicate
the additional doping of nitrogen could improve the
ORR activity of carbon materials. The boosted perfor-
mance of the Si/NCNTs was also supported by LSV meas-
urements. The Si/CB material shows both ORR and OER
peaks. Oxygen-reduction peak appears at 0.46 V and OER
peak at 1.47 V with peak current densities of 0.347 mA/
cm? and 6.79 mA/cm? respectively. Onset potential, peak
potential, and the peak current densities were measured
and compared in Table 1.

From the comparison in Table 1, we can say that the Si/
NCNTs offer highest peak current density in comparison
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to the other two prepared materials, yet, at the same time,
the Si/CB material show the ORR potential in addition to
the OER potential. It is unconcealed from Table 1 that the
onset potential of Si/NCNTs at 0.11 V is visibly higher than
that of Si/MCNTs at —0.175V, as is the case with current
densities. It is quite evident that the doping of Si and nitro-
gen into carbon networks can possibly lead to significant
improvements in electrochemical performance.

The purging of the solution or the electrolyte was carried
out with an inert gas in different time intervals to confirm
that no other analyte is present in the electrolyte and only
dissolved oxygen reacts with the electrode. The voltammo-
grams were recorded with a 10 min purge of argon gas and
compared the response with dissolved oxygen as shown in
Fig. 5a, b, c for Si-MCNTs, Si/NCNT, and Si/CB respectively.
The specified pattern demonstrates a slight change in peaks,
validating the presence of dissolved oxygen as the only ana-
lyte present in the supporting electrolyte.

Figure 5d, e, f depicts the CV response at different scan
rates—50 mV/s, 100 mV/s, and 150 mV/s—for Si/MWCNTs,
Si/NCNTs and Si/CB over the peak current density. CV 100 mV
is found the most used scan rate for such type of materials,
thus authors follow the same scan rate to follow the other
literature studies [34]. It can be seen clearly that all materi-
als show stable responses against increasing scan rates and
the peak current densities of composites increase with an
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Fig.4 aLSVandb CV curves at 100 mV/s for Si/MWCNTSs, Si/NCNTs, and Si/CB

Table 1 Onset potential, peak

potential and peak current Samples Onset potential versus Ag/ Peak potential versus Ag/ Peak current den-
i u : 2
AgCl(V AgCl(V t A/
of Si-based carbonaceous 9cltv) 9cltv) sity (mA/cm?)
materials OER ORR OER ORR OER ORR
Si/MWCNTs - -0.175 - -0.559 - 8.56
Si/NCNTs - 0.11 - -0.49 - 12
Si/CB 1.083 -0.29 1.47 —0.46 6.79 0.34
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Fig.5 CV curves with or without Ar gas purging for a Si/MWCNTs, b Si/NCNTs, and ¢ Si/CB and CV curves at different scan rates for d Si/
MWCNTSs, e Si/NCNTs, and f Si/CB
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increasing scan rate, showing that the peak current densi-
ties are linearly proportional to the root of sweep rates. The
voltammograms show that with increasing scan rates, peaks
become more prominent due to the fact that the faster scan
rate doesn’t permit the constituent of a reaction, which is not
electroactive, to be reduced or oxidized into the products.
Such is why the peak current densities are higher at higher
scan rates.

As shown in Fig. 6, a linear trend between peak current
densities and the square root of scan rate for each mate-
rial, which indicates the possibility of a diffusion controlled
process. The experimental points are connected to three
different scan rates (50, 100, 150 150 mV/s) with the under
root values of 7, 10 and 12 mV/s, which were plotted against
their respective peak current densities to find out the aver-
age peak current density of each material (calculated by
the slope of respective line), and further used for determin-
ing the diffusion coefficient of each material through Ran-
dles-Sevcik equation (Eq. 1)

nFvD

RT M

Ip = 0.4463nFAC

where i, =Peak Current density, n=No. of electron transfer,
D = Diffusion coefficients, A =Surface area of GCE, C=Bulk
conc. of analyte in supporting electrolyte and v=Scan
rate, R=General gas constant and T=Room temperature.
Itis also be seen the two Si/CB lines in Fig. 6, in CV meas-
urements, if there are two peaks appear in the response

of the material then it's mean that material is showing
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Fig.6 Graph of the square root of scan rate versus current Si/MWC-
NTs, Si/NCNTs, Si/CB—anodic and Si/CB—cathodic currents density

both anodic and cathodic currents that are a property of
bifunctional material. Here, Si/CB has shown both oxygen
reduction and oxygen evolution reactions. So one line was
for anodic current and the other was showing cathodic
current.

Furthermore, Tafel plots between over-potential and
current densities were made for measuring exchange cur-
rent densities, as shown in Fig. 7. Electrochemical kinetics
is explained by Tafel plots by comparing current density
and overpotential. It shows in what manner overp oten-
tial has to be increased to escalate the reaction kinetics.
The better value of overpotential depicts that the material
requires less activation energy and is catalytically more
active. Diffusion coefficients and exchange current den-
sities of the prepared materials were recorded and com-
pared in Table 2.

To understand the characteristics of the prepared mate-
rials in a more detailed way, electrochemical impedance
spectroscopy was performed for the prepared different
materials using the same three-electrode system in 0.1 M
KOH solution under potentiostatic mode. It is evident
from the Nyquist plot (Fig. 8) that, the curves bend shifted
right and responds to changes with changing forms of
the carbon. For the Si/CB and Si/NCNT samples, there is
a substantial decrease in impedance, which is, in fact, the
reduction in impedance for the electron transfer process
[31, 35]. The size of the Nyquist semicircle considerably
decreased for the Si/CB because of the decrease in charge
transfer resistance, attributed to the high kinetic rate and
also due to the relatively high conductive surface which
proved to be responsible for the high charge transfer rate
[36]. The diameter of the curve for Si/NCNT and Si/CB is
seemed to be smaller than that of Si/MWCNT, and thus
demonstrate superior charge transport kinetics naturally,
this is in accordance with the above explanation and previ-
ous studies [37]. Due to the reduction in charge transfer
resistance, surface area and conductivities of electrodes
increase. Furthermore, higher homogeneity in Si/CB and
Si/NCNT is reflected by a systematized behavior of the Si/
CB and Si/NCNT, in comparison to Si/MCNTs as per wit-
nessed from the capacitive current performance in voltam-
metric studies (Fig. 5). Further, it can conclude that as the
impedance of Si/CB and Si/NCNTs is way less than that in
the Si/MWCNTSs, This significant reduction in charge trans-
fer resistance clearly favors ORR and OER reactions in Si/CB
case, while ORR in Si/NCNTs as compared to Si/MWCNTs. In
a nutshell, the impedance results are strongly in concord-
ance with the voltammetry findings drawn above.
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Fig. 8 EIS Nyquist plot of a Si/MWCNTSs, b Si/NCNTs, and ¢ Si/CB
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4 Conclusion

In this work, Si-based composites are synthesized, by high
energy ball-milling, with multiwall carbon nanotubes,
nitrogen-doped carbon nanotubes, and carbon blackin an
effort to increase the ORR and OER performances of the sil-
icon composites. SEM analysis has shown the surface mor-
phologies and distribution of Si within the carbon matrix,
and further the cyclic voltammetry results suggested
that the materials Si/MWCNTs and Si/NCNTs can be used
as a catalyst for achieving higher reduction properties,
whereas Si/CB has shown both oxidation/reduction prop-
erties and thus act as a bifunctional catalyst for ORR and
OER activities, while Si/NCNTs offer higher peak current
density in comparison to the other investigated materials
Nyquist plots impedance results also to be in concordance
with the voltammetry findings and help to understand the
electrochemical response. We expect that these types of
Si-containing carbon materials could be served as low-cost
efficient ORR catalysts and the doping of silicon could be
investigated to design much lower-cost and more efficient
metal-free electrocatalysts for the ORR in the future alka-
line fuel cell devices.
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