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Abstract

We depict a facile and one step approach to fabricate a high capacity anode by drawing pencil lead onto the current collector.
For efficient loading and adhesion, stainless steel substrate used as a collector is roughened using sand paper before drawing
the pencil lead onto it. As pencil lead comprises graphite-clay (primarily silica) composites, graphite provided cyclic stabil-
ity due to lithium ion intercalation while SiO, resulted in higher reversible capacity by facilitating alloying and de-alloying
of lithium with silicon. To evaluate their role further onto the anodic performance, three different pencil grades (4H, 4B
and 10B) are used which varied in graphite and silica composition. A detailed comparative analysis of their electrochemical
performances is done and is further correlated to their structural parameters. Importantly, the fabrication of anode is not only
facile but also is solvent and binder free and is also scalable for real application.
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Introduction

Among the rechargeable batteries, lithium-ion batter-
ies (LIBs) have become the most popular choice and are
being used in almost every portable device (Tarascon
and Armand 2001; Thackeray et al. 2012). Commercial
LIBs majorly use graphite as an anode, which has a lim-
ited specific capacity (372 mA hg~!) and energy density
(Winter et al. 1998). The lower specific capacity and poor
rate capability of graphite that is currently used in LIBs
restrict their usage and consequently application in large-
scale electric vehicles (Abraham 2015; Li et al. 2015).
The problem of low specific capacities for carbon anode
materials needs to be addressed to meet the current energy
storage demand in other important sectors like transporta-
tion and grid application.

Researchers have developed new anode materials such as
Si-based, Sn-based, Sb-based, having high specific capaci-
ties (Allcorn and Manthiram 2014; Wen et al. 2003; Zhang
et al. 2013, 2008). Among the various new anode materials,
silicon (Si) has been considered as the highly favourable
material for the replacement of commercial graphite as an
anode due to some appealing advantages(Dimov et al. 2007).
Firstly, Si can accommodate ten times more lithium per unit
volume than graphite and possesses the highest capacity of
4200 mAh g~! (Wang et al. 2015a, b). Secondly, Si is a
highly abundant element in earth-crust and low-cost mate-
rial (Teki et al. 2009; Yim et al. 2013). However, Si suffers a
serious problem. Upon cycling, Si undergoes a huge volume
expansion of 400% of the initial volume (Wang et al. 2015a,
b; Wen et al. 2003). During cycling, the repeated volume
changes cause unstable solid electrolyte interphase (SEI)
film, which leads to rapid consumption of lithium-ions and
electrolyte, capacity fading, loss of mechanical stability, and
increase in impedance (Kalaga et al. 2018; Wang et al. 2018;
Wu and Cui 2012; Zhang et al. 2016; Zuo et al. 2017). The
electrode dimensional stability needs to be improved for Si-
based anode materials to minimize the capacity losses dur-
ing cycling. To overcome the above-mentioned challenges,
various types of efforts have been made in last few years
such as porous Si materials, carbon-Si based composites to
accommodate the volume change during cycling (Andersen
et al. 2019; Liang et al. 2014; Ngo et al. 2017; Tesfaye et al.
2015; Wang et al. 2015a, b; Wu and Cui 2012). In the Car-
bon-Si composite, carbon matrix not only buffers the large
volume changes of the Si during alloying and de-alloying
but also provides efficient pathways for the electron migra-
tion. This improves the structural stability and electronic
conductivity of electrode. The composite of graphite (car-
bon) and silica (silicon-based oxide) combine the advantages
of graphite (better capacity retention) and Si (high specific
capacity).

Another major concern for Li-ion batteries is about their
safety. Conventional electrode preparation uses conductive
carbon black (Acetylene Black), polyvinylidene fluoride
(PVDF) binder and N-Methyl-2-pyrrolidone (NMP) along
with the active electrode materials. In the typical composi-
tion, binder and conductive additives amount to 25 wt% of
electrode weight(Liu et al. 2009). This decreases the active
electrode mass loading. In addition to this, at elevated tem-
peratures, the PVDF binder reacts with the lithiated car-
bon (Li et al. 2017). These reactions are exothermic, which
eventually leads to a battery explosion (Black et al. 2012).
Various strategies are reported to prepare binder and solvent-
free methods to eliminate the safety hazards in the electrode
fabrication (Ludwig et al. 2016; Mamidi et al. 2019; Park
et al. 2016; Wang et al. 2020).

In this work, we demonstrate an easy and cost-effective
way of fabricating SiO,-graphite composite anode material
by a simple pencil drawing method on to the current collec-
tor (stainless steel, SS) directly that delivers high capacity
and good cycling performance when used as an anode for
Li-ion battery. The method depicted here is also importantly
solvent and binder-free to overcome safety concerns. Pencil
lead essentially consists of graphite and clay (majorly SiO,
along with other metal oxides in small traces), which acts a
binder in its manufacturing process (Bhowmik 2012; Den-
man et al. 2008; Kurra and Kulkarni 2013). Depending on
the graphite and clay ratio, pencils are categorized into two
grades B and H, which stands for blackness and hardness,
respectively. The more clay content, the harder the pencil,
while the presence of more graphite content produces black-
ness (Bhowmik 2012). A detailed comparative study has
been conducted with three different pencil grades to find an
optimal composition of graphite and clay for enhancing the
anodic performance. As deposited Graphite-SiO, composite
using pencil lead contains graphite particles as structurally
characterized, which facilitates the faster ion movement by
providing conductive paths and results in higher and stable
capacity (Park et al. 2016).

Experimental method

A 12 mm stainless steel (SS) wafer procured from MTI Cor-
poration USA, was used as current collector. Three different
commercially available pencil grades (4H, 4B, 10B) (Make:
Apsara) were purchased from a local stationery shop. Firstly,
one side of the SS current collector surface was made rough
using abrasive sandpaper (KAP 2000 grade) to increase the
surface area for higher mass loading of the active mate-
rial (pencil powder) and better adhesion. Then, the active
materials (4H, 4B, and 10B pencil powders) were loaded
by directly writing on the rough SS surface. As obtained
pencil trace coated SS current collector (12 mm diameter)
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was directly used as a solvent-free and binder-free anode
without any further treatment.

Cell fabrication and electrochemical testing

The CR-2032 coin cells were assembled in an argon-
filled glove box (UNI lab, MBRAUN, H,0 < 0.1 ppm,
0,<0.1 ppm) using the pencil trace coated SS current
collectors as the working electrode and lithium metal as
counter/reference electrode for half-cell studies. For elec-
trolyte, 1 M LiPF, dissolved in dimethyl carbonate (DMC)
and ethylene carbonate (EC) in 1:1(v %) used and What-
man filter paper soaked in electrolyte was used as a separa-
tor. The cells were galvanostatically cycled in the voltage
range of 0.01-3.0 V (vs. Li/Li") at a rate of 50 mAg~! at
the room temperature. Cyclic voltammetry (CV), Galvano-
static charge—discharge (GCD) experiments were performed
in electrochemical workstation (Biologic VSP 300) in the
potential range of 0.01-3.0 V. The electrochemical imped-
ance (EIS) measurement was carried out in the frequency
range 0.1 Hz to 1 MHz by applying a disturbance of 10 mV.

Results

Fabricated electrodes from different pencil grades are used
as binder-free anode to evaluate their electrochemical per-
formance. The facile pencil drawing method is deployed to
increase the active material mass loading and to eliminate
any safety hazards in the electrode fabrication. The per-
centage of graphite, clay and wax present in 4H, 4B and
10B grade pencils are summarized in Table 1 (Sousa and
Buchanan 2000). Figure 1 shows a representative scan-
ning electron microscopy (SEM) image of 4B pencil lead
powder. It can be observed that pencil lead contains micro
flakes of stacked graphite with sharp edges. Further, the
surface profiling of the roughened SS substrate is done
using a surface profilometer (Nanomap D) in contact mode
and the corresponding 2D and 3D images are illustrated
in Figure S1. The average roughness value is found to
be 548 nm in 106 pm X 84 um base area. As the coars-
ening of the SS substrate is done manually, the surface
roughness may vary each time and affect the consistency

Table 1 Summary of crystallite sizes along with percentage values of
graphite, silica, and wax in different pencil grades

Pencil grades  Percentage Percent- Percent- Ip/I; Crystal-
graphite age silica age wax lite size
(nm)
4H 55 39 5 0.50 38.45
4B 79 15 5 033 58.26
10B 93 2 5 022 87.38
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Fig.1 SEM image of 4B pencil lead powder used for the fabrication
of anode

of electrochemical performance. To address this issue, a
constant electrode mass loading is maintained across dif-
ferent pencil grades.

Raman spectroscopy is done to analyze the structural
characterization of the different grades of pencil leads.
Raman spectra of the samples are obtained with green
laser excitation (532 nm, excitation energy of 2.33 eV)
by using WITec Raman spectroscopy. Figure 2 shows the
Raman Spectra of the 4H, 4B and 10B samples respec-
tively. The two prominent vibrational bands at 1350 and
1583 cm™! in Fig. 2 corresponds to D and G bands, respec-
tively. The D band is associated with the A g radial vibra-
tion mode corresponding to the edge defects or disordered
layers and the G band is associated with zone centre in-
plane E,g vibration of the sp? bonded ordered carbon in
graphitic domains(Ferrari et al. 2004). The intensity ratio
(Ip/Ig) of the D and G band offers a measure of crystal-
lite size and disorder of the sample (Schwan et al. 1996).
From Fig. 2, the 4H, 4B and 10B pencil lead samples
have I,/I5 value of 0.50, 0.33 and 0.22, respectively. In
Fig. 2a, the 4H pencil lead has a maximum I/I; value,
which shows it has the highest disorders due to the pres-
ence of more silica irregularities. The other extreme pencil
grade 10B, which has the highest graphitic content with
minimal silica traces, has shown the lowest I,/I; (0.22)
(Fig. 2c). This signifies the presence of a higher amount of
orderly-stacked graphene layers. The 4B pencil trace has
a moderate Ip/I; (0.33) (Fig. 2b) that can be attributed to
the presence of graphite and silica in a similar proportion.
The crystallite size of the 4H, 4B and 10B pencil lead
samples are calculated by using Tuinstra-Koenig relation
(Eq 1) and found to be 38.45 nm, 58.26 nm, and 87.38 nm,
respectively(Cancado et al. 2006).
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Fig.2 Raman spectra of a 4H pencil lead powder, b 4B pencil lead powder, ¢ 10B pencil lead powder

Crystallite size (L,) innm = (2.4 x 10719) 24 (1p /1) ™"
®
where A is wavelength of laser in nanometres.

In the pencil manufacturing process, finely ground graph-
ite and clay particles are thoroughly blended before shap-
ing and baking (Denman et al. 2008). The intercalated clay
nanoparticles act as a binder to hold graphite particles and
induces hardness to the pencil lead. An increase in the silica
percentage leads to the presence of large amounts of inter-
calated SiO, nanoparticles in the graphitic domains. This
affects the long-range crystallinity of graphite, leading to
the formation of several new defects regions. This is evident
with the Raman spectroscopy, which shows the increase of
I/Ig ratio from 10B to 4H samples, where the silica percent-
age increases quantitatively. Since, the D band corresponds
to A, radial vibrational mode of the graphite lattice, which
arises from the edges of the crystalline areas. The increase in
the intensity of D band implies the presence of more edges
or defects (Tuinstra and Koenig 1970). Also, the crystal-
lite size is inversely proportional to I,/ ratio (Tuinstra and
Koenig 1970). Therefore, the increase in silica percentage
affects the graphite crystallinity. The Raman spectra results
correlate well with relative percentages of graphite and
clay in respective pencil grades as reported in the literature
(Sousa and Buchanan 2000).

After the structural characterization, the anodic perfor-
mance of 4H, 4B, and 10 B pencil coated anodes are evalu-
ated in coin cells CR-2032. Initially, EIS measurements are
carried out and the corresponding results are summarized
in Fig. 3a—c. The raw impedance spectra obtained from the
workstation is fitted with the equivalent circuit, consisting
series and parallel combinations of constant phase element,
resistors and Warburg element. The charge-transfer (Rqy) at
electrode—electrolyte interphase for 4H, 4B and 10B elec-
trodes are 220 €, 30 Q, and 19.9 Q, respectively(Favors
et al. 2015). The R of 10B is significantly lower than
4B and 4H due to the presence of electrically conductive

graphite particles in the highest percentage with a minimal
amount of SiO,. The Ry of 4H is 220 Q, this can be due to
the presence of non-conductive metal oxides and impurities.
It is observed that the Ry value increased with the decrease
in the graphitic content in respective electrode materials.
The lower resistance for these electrodes can also be attrib-
uted to the fact that these are binder-free electrodes (Zhang
and Yu 2016). Further, the CV measurement is carried out
in 0.01-3 V potential window with 0.1 mV s~! scan rate,
as shown in Fig. 3d—f. In the first cycle of all CV measure-
ments, the occurrence of the cathodic peak at 0.7 V cor-
responds to electrolytic decomposition at the electrode and
subsequent formation of a passivation layer called the solid
electrolyte interphase (SEI) (Verma et al. 2010). From the
Fig. 3e and f, in the 2nd and subsequent cycles, the disap-
pearance of this peak indicates the stable SEI layer forma-
tion whereas, in the case of 4H electrode (Fig. 3d), stable
SEI formation is not observed (Kim et al. 2011). Moreover,
from the CV of 4H, it is observed that the current response
of the cell is very poor, which implies that the number of
electrons generated during the electrochemical reactions
is minimal, when compared to other electrodes (4B and
10B). This signifies that the 4H electrode, which comprises
of clay with other impurities such as aluminium oxide and
other silicates remain electrochemically inactive (Down
et al. 2016; Park et al. 2016). This can be due to the non-
availability of required conducting pathways throughout the
electrode to facilitate electrons migration. From the Fig. 3e
and f, the reduction peaks at 0.3 and 0.13 V corresponds to
the reduction of silica present in pencil lead to the genera-
tion of electrochemically active Si along with crystalline
lithium Silicates (Li,Si0,) and amorphous lithium oxide
(Li,0), respectively (Reaction 1 and 2) (Guo et al. 2008; Lu
et al. 2010). The reduction peak at 0.06 V corresponds to
the alloying of electrochemically active Si with the lithium-
ions (Reaction 3). In the initial lithiation cycles, the irrevers-
ible formation of Li,O and Li,SiO, consumes lithium-ions
irreversibly leading to irreversible capacity. From the CV
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Fig.3 EIS measurement plots of a 4H, b 4B, ¢ 10B. CV measurement plots of d 4H, e 4B, f 10B. Galvanostatic charge discharge profiles of g

4H,h 4B,i 10B

measurements, the common oxidation peaks of 0.14 V cor-
respond to Li dealloying with electrochemically active Si
(Zhu et al. 2013). These peaks can be seen only in 4H and
4B that has SiO, in significant quantity. The anodic peaks
at 0.12, 0.18 and 0.22 V corresponds to de-lithiation from
graphitic domains, which are LiC¢, LiC,, and LiC,, stages,
respectively (Ding et al. 2012; Levi and Aurbach 1997,
Yoshio et al. 2000). The anodic peaks in 4B pencil samples
(Fig. 3e) are more prominent in comparison to the other pen-
cil grade electrodes that indicate a better alloying/dealloying
process of lithium and silicon in the case of 4B pencil trace
electrode. This observation is further confirmed by GCD
experiments done at 50 mA g~!, current density.

ALit+ 20 ,+4e” > Lig i 4+ i (1)
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From the Fig. 3g—i, the 1st cycle-specific discharge
capacities of 4H, 4B and 10B pencil lead electrodes are
270, 560 and 330 mA hg™!, respectively at 50 mA g~! cur-
rent density. The 1st cycle columbic efficiencies of the 4H,
4B, and 10B pencil lead electrodes are 61.3%, 86.01% and
92.1%, respectively. From this, it is clearly understood that
the coulombic efficiency increases with an increase in gra-
phitic content. The lowest coulombic efficiency with the
4H electrode can be attributed to side reactions of Li-ions
with impurities present, which also correlates with CV
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measurement. The poor electrochemical performance 4H
electrode is majorly due to the minimal loading of graphite
and poor conductivity of SiO,. The 10B electrode behaves
like a typical commercial graphite anode with a constant
plateau at 0.1 V. Therefore, its specific discharge capaci-
ties are also limited by LiCg4 stoichiometry. Among the
three electrodes, the 4B pencil lead electrode has deliv-
ered a high discharge capacity of 560 mAh g~! (discharge)
which is much higher than the other two pencil electrodes
with a very reasonable coulombic efficiency. This overall
excellent electrochemical performance of the 4B electrode
can be attributed to the optimal composition of graphite
and silica. CV and GCD profiles of 4B electrodes clearly
display the characteristics of Li,Si alloying/dealloying and
LiC, intercalation/de-intercalation. The graphitic domains
accommodate the volume changes of Li,Si alloying/deal-
loying. Therefore, the synergetic effect from Si and graph-
ite has enabled the 4B electrode to outperform 4H and 10B
electrochemically. In the subsequent cycles, the columbic
efficiency increases for 4B electrodes and after the 10th
cycle, it reaches to 92.2% with a capacity retention of
91.1%. From GCD, it is established that the variation in
graphitic content of the different pencil grades has a dra-
matic effect on their electrochemical performance. Further,
to check the reproducibility, similar grade pencils from the
same batch are tested separately. The error in the delivered
discharge capacities (at 37.2 mA g current density) is
found to be +30 mAh g~!. From the comparative studies,
the 4B pencil electrode due to its optimized graphite silica
composition has emerged out as a potential candidate for
high-performance LIBs.

Conclusions

To summarize the work, we have shown a novel and fac-
ile method to fabricate solvent-free and binder-free anode
materials for practical LIB applications in this research. A
comparative study has been done for three pencil grades
(4H, 4B, and 10B) as anode materials. The correlation
between the structural composition and the electrochemi-
cal performance of electrodes is clearly established. The
4B pencil lead anode has shown superior performance due
to the presence of optimal composition of graphite and
intercalated clay particles. Scalability, cost-effectiveness,
binder and solvent free approach of using pencil lead as
high performance and stable anode may attract the scien-
tific community further to explore the potential for devel-
oping safer LIB for practical applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43538-021-00022-9.
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