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Inorganic aqueous binders (IAB) are an emerging class of aqueous binders. They offer exceptional physico-
chemical properties like intrinsic ionic conductivity, high thermal stability (>1000 °C), and environmental
benignity making them attractive. In a previous study, we found that graphite anode shows improved electro-
chemical performance with these binders as compared to conventional PVDF binder for lithium-ion batteries
(LIB). However, the cyclic performance of graphite-IAB at a higher rate (e.g., 1C) showed a declining trend. We
attributed it to the poor binding strength between graphite and IAB due to insufficient functional groups in
graphite. Therefore, in this report SiOx-based surface coatings of graphite are employed to improve its rate
capability with silicate-based IAB by providing functional silicon oxide polymorphs on the coated graphite as an
intermediate layer. The nature and structural arrangement of these coatings are investigated by tip-enhanced
Raman spectroscopy (TERS), X-ray photoelectron spectroscopy (XPS), and transmission electron microscopy
(TEM). Optimized SiOx-coated graphite (GS) with sodium metasilicate binder leads to excellent cyclic stability
with a capacity retention of >90 % at 20C for >4000 cycles. A high specific capacity of >315 mAhg ™' at 2C,
stable for over 1000 cycles, is achieved for GS with IAB. The improved performance of the coated graphite is
attributed to ameliorated binding with IAB as well as stable solid electrolyte interphase. We propose inorganic
aqueous binders in combination with SiOx-coated graphite as an approach to realize a stable anode for LIB.

1. Introduction

Graphite is a well-known commercial anode for lithium-ion batteries
(LIB). It has a characteristic sp> hybridized layered carbon structure held
together by weak van-der Waals forces. It has a flake like particle
morphology with two kinds of surfaces — edge planes and basal planes
[1]. Vast research efforts have been dedicated to study graphite in LIB
due to its advantages like low cost, abundance, high energy density and
cycle life [2,3]. However, only limited efforts were made to explore the
role of binders. For a long time, it was believed that they are inactive
ingredients which only have an adhesive function [4,5].

Conventional binders such as polyvinylidene fluoride (PVDF)
necessitate the use of toxic and expensive solvent like N-methyl
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pyrrolidone (NMP) [6]. Moreover, the weak van der Waals forces pre-
sent between PVDF and the active material fail to bond adequately and
maintain electrode integrity during long cycling, leading to capacity
fading [7]. Besides, the transition towards sustainable and low cost
energy devices has motivated to study water-soluble (aqueous) binders
and assess their role and contribution in electrochemical performance
[4,5,8]. In this regard, organic aqueous binders such as carboxy methyl
cellulose (CMC) and its mixture (CMC-SBR) with styrene butadiene
rubber (SBR), have been found to work well with graphite-based anodes
[9-12]. The carboxyl (—COOH) and hydroxy (—OH) groups on these
binders generate strong hydrogen bonds, leading to improved binding of
electrode components and eventually lead to stable electrochemical
performance [13]. Apart from these binders, IAB have also been known
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for over a decade. However, lack of detailed and systematic study did
not reveal the full potential of these binders.

Recently, we investigated several inorganic aqueous binders (IAB)
and studied them with different sodium and lithium-based electrode
material, which reignited the interest [14]. Most of these binders per-
formed well with hard carbon but failed to show stable cycling with
graphite although both are carbon-based materials. Graphite displayed
optimum capacities at 0.1C but at higher rate of 1C, poor rate capability
was observed [14]. We concluded that these binders hydrolyse and
develop —OH groups during aqueous processing. On electrode drying,
the —OH and —COOH groups of active material such as hard carbon
may undergo condensation reaction with —OH groups of IAB, thereby
creating a bond between active material and binder [14,15]. The dearth
of surface functional groups in graphite limits its binding with IAB.
Therefore, surface coating or incorporation of surface functional groups
on graphite would be necessary to improve electrochemical perfor-
mance of graphite with IAB. In this regard, thin silicon oxide (SiOy)
coatings on graphite could be helpful by providing two-fold assistance:
to bind with silicate based IAB through chemical interlinkage and pre-
venting exfoliation/structural degradation during prolonged electro-
chemical cycling.

Coating of graphite is a known technique to improve electrochemical
performance and is widely reported in the literature [16]. Graphite has
reactive edges along with heteroatomic impurity (e.g. O, H etc.) in its
basal planes and edge sites which may trigger electrolyte decomposition
and irreversible capacity loss [17]. Thin layer coatings and surface
modifications of graphite with materials such as carbon [18], metals
[19,20] metal oxides [21] and ion conducting polymers [22] etc. have
been reported to suppress irreversible intercalation of solvated species,
side reactions and exfoliation of graphite during cycling. Moreover,
these surface coatings can also act as an artificial solid electrolyte
interphase (SEI) which can have better compatibility with electrolytes as
compared to pristine graphite [16]. SiO3 coatings have been utilized to
improve thermal conductivity and electrical insulation properties of
graphite (composites) for electronic devices [23] but comparatively few
reports [24-26] are available for battery electrode materials, probably
because they compromise with electronic conductivity. The SiO5 coated
graphite was reported by Yong et al. [26] to show ~16 % improvement
in capacity retention (CR) after 40 cycles at 0.1 mAcm 2. This increase
in CR was attributed to improved SEI due to a steric network of SiO3 on
the coated graphite.

To combine the exceptional properties of IAB (aqueous processabil-
ity, high binding strength and ionic conductivity) with that of graphite, a
thin layer SiOy surface coating on graphite could be beneficial. These
coatings may act simultaneously as a surface protector and interlinkage
provider to IAB via physicochemical interaction.

Hence, in this study, we report the role of SiOy coatings on graphite
and investigate their physicochemical properties and electrochemical
performance with different binders. Firstly, SiOyx coatings on graphite
were produced using wet chemical method. This SiOy coated graphite
(GS) along with pristine graphite (G) was studied with three IAB: lithium
dihydrogen phosphate (LiH2PO4: LHPO), lithium polysilicate (Li>Si5O11:
LPS) and sodium metasilicate (Na;SiO3: SMS). For reference, the elec-
trochemical performance with three well-known organic binders, PVDF,
CMC and CMC-SBR (1:1 wt%), has also been evaluated. Overall, the
electrochemical performance of graphite is compared against coated
graphite using six different binders. In this report, we attempt to
improve the rate capability of graphite using combination of surface
coating and suitable binders.

2. Experimental
2.1. Materials

Commercial graphite (pristine graphite: G) was purchased from C-
Nergy™. All the binders used in this report are commercially available.
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The details and specifications of all chemicals used are provided in the
supporting information (SI), Table S1.

2.2. Thin layer coating on graphite

SiOy coating on graphite was carried out by polyvinyl pyrrolidone
(PVP: (CeHgNO),) assisted sol-gel reaction as reported in the literature
[27]. In brief, 5 g of graphite and 0.5 g (10 wt%) of PVP were added to
70 mL ethanol and then stirred at 500 rpm for 3 h. This step leads to
physical adsorption of PVP on graphite surface. After this, 10 L of tetra
ethyl orthosilicate (TEOS) and 830 pL of ammonia solution (NH4OH)
were added (1:3 wt%) to the above dispersion and continuous stirring
was maintained for 12 h at same rate. The final product was washed with
ethanol: water (1:1) mixture until neutral pH. The washing step removes
excess NH4OH and loosely bonded PVP from the graphite surface. The
coated graphite (GS) thus obtained was heated at 60 °C for 12 h under
vacuum. Similarly, coatings were also prepared by using two times (GS-
2) and five times (GS-5) TEOS concentrations but keeping PVP con-
centration fixed at 10 wt% with respect to graphite.

2.3. Electrochemical testing

In the first step, uniform dispersions of binders were obtained in a
suitable solvent by continuous stirring. Aqueous binders (CMC, CMC-
SBR, LHPO, LPS and SMS) were dispersed in deionized water (Milli-
Q® Water Purification System) whereas PVDF was dispersed in NMP.
The desired quantity of the binder dispersion was added to the active
material (G/GS) and mixed in a high-speed mixer (Thinky™ ARE-250)
at 2000 rpm for 10 min. The obtained slurry was coated on copper
current collector using doctor blade technique and dried at 80 °C for 12
h, followed by 120 °C for 4 h. Circular discs of 12 mm diameter were cut
using an electrode cutter. Average mass loading was maintained be-
tween 1 and 1.5 mg-cm 2 for all electrodes.

Swagelok type cells were fabricated in a half cell configuration inside
an argon filled glove box (<0.1 ppm H30, <0.1 ppm O3). The graphite-
binder electrode was taken as the working electrode and lithium metal
pressed on steel current collector was used as the counter electrode. Two
borosilicate glass (GF/C) separators soaked in liquid electrolyte (LE) was
used as the separating layer between the two electrodes. For each cell,
60 pL of 1 M LiTFSI in EC: DMC (1:1) was used as the LE. The cells were
first allowed to rest for 6 h to stabilize reach a steady state condition and
then cycled at 25 °C using a Biologic BCS-805 battery cycler. The cells
were discharged until 0.0 V followed by charging until 3.0 V at constant
current (C-rate). In case of cycling at 1C or more, lower potential was
increased to 1 mV. These discharge-charge cycles were repeated multi-
ple times to estimate cyclic performance and rate capabilities at different
C-rates. Electrochemical impedance spectroscopy (EIS) measurements
were carried out between 100 mHz and 1 MHz range with an AC
amplitude of 10 mV.

2.4. Methods

2.4.1. X-ray diffraction (XRD)

For XRD measurement, samples were placed between two polyimide
films in air atmosphere and scanned in a 20 range of 5-50° with a scan
speed of 1° min~!. XRD data was collected using STOE - STADI P
diffractometer equipped with a molybdenum Ko radiation source (50
kV/40 mA, A = 0.709 /o\) in the transmission mode.

2.4.2. Thermogravimetric analysis (TGA)

TGA of the graphite & coated graphite samples along with PVP were
carried out in argon atmosphere from 40 to 1000 °C at the rate of 10 °C/
min in TA instruments Q5000.

2.4.3. Raman spectroscopy
Micro-Raman spectra were collected by inVia™ confocal Raman
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Fig. 1. Characterization of graphite, coated graphite & their pristine electrodes. a) XRD of graphite and coated graphite powders. b) Raman of (coated) graphite
powder and electrode with LPS binder. ¢) XPS of graphite, coated graphite and their pristine electrode with LPS binder. d) TGA of graphite, coated graphite samples
and PVP powder. G = pristine graphite, GS: coated graphite, GS-2: coated graphite prepared using 2 times TEOS concentration, GS-5: coated graphite prepared using

5 times TEOS concentration.

microscope (RENISHAW) set with 532 nm excitation laser. The average
laser power was kept at ~1 mW and exposure times varied from 20 s to
120 s depending on sample response.

The tip-enhanced Raman spectroscopy (TERS) setup used here is a
commercial optical setup, where a Bruker nano surface Innova-IRIS
scanning probe microscope (SPM) system is optically coupled with
Renishaw’s inVia Raman microscope. The TERS system is installed in an
inert glovebox. The scanning tunneling microscope (STM) is aligned in a
side illumination geometry with the Raman microscope.

The TERS experiment was performed in STM mode and a TERS-STM
gold tip from Bruker was used. To get the STM image of the surface of
coated material (2 x 2 pmz), a constant current mode of 2 nA was
selected, keeping the tip bias at 0.5 V. A long focusing distance objective
(50x, 0.42 NA) was used for tightly focusing on the TERS tip apex
whereas the 633 nm excitation laser was used to illuminate the tip. The
TERS measurements were performed using 1 mW average laser power, 1
s exposure time and three acquisitions for acquiring Raman spectrum.

2.4.4. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed with a SPECS EnviroESCA unit
having a monochromatic Al K, source (1486.71 eV) and high-resolution
spectra were recorded at a pass energy of 30 eV. The NAP-XPS is part of
the platform for accelerated electrochemical energy storage Research
(PLACES/R) at Helmholtz Institute Ulm [28].

2.4.5. Electron microscopy
Microstructural investigation was performed by Thermoscientific
Spreo 2, scanning electron microscope (SEM) using an accelerating

voltage between 5 and 10 kV. Following, morphological and structural
investigation of the graphite was conducted by high-resolution trans-
mission electron microscope (HRTEM) with a ThermoFisher Themis 300
operating at a working voltage of 300 kV. It was equipped with high-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) coupled with energy dispersive X-ray spectroscopy
(EDX) for the HAADF imaging and elemental distribution analysis.

3. Results and discussion
3.1. Physicochemical characterization

Fig. 1a shows the XRD patterns of G and GS prepared using different
concentrations of TEOS. Graphite showed a characteristic peak at 20 =
12.09° which corresponds to a d-spacing (002) of 0.338 nm. The coated
graphite samples exhibited similar XRD peaks, suggesting no noticeable
change in bulk structure of graphite during sol-gel preparation of thin
layer coating.

Raman measurements were carried out for powders of graphite (G)
and coated graphite (GS) along with their electrode (pristine) counter-
parts with LPS binder. Fig. 1b shows that their Raman spectra is over-
lapped precisely along the prominent bands of graphite, at 1350 cm ™,
1580 ecm™!, and 2716 cm™! corresponding to D, G and 2D bands
respectively [29]. The Ip/Ig ratio remained unaltered at 0.9 even after
the coating. This proved that graphite lattice remained virtually un-
modified upon physical and chemical treatment of graphite during
coating and electrode preparation process. The presented Raman spectra
failed to capture any signal other than the graphitic structure, revealing
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Fig. 2. Electrochemical performance of graphite (G) and coated graphite (GS) with 10 wt% of different binders. a) 2nd discharge-charge profile of graphite. b) 2nd
discharge-charge profile of coated graphite. ¢) Rate capability of graphite. d) Rate capability of coated graphite. e) Cyclic performance of graphite and coated
graphite at 1C. The corresponding Coulombic efficiency plots are given in Fig. S5. The electrochemical performance is summarized in Tables S2 & S3 in the SI and

SEM of cycled electrodes in given in Fig. S6.

no information on chemical and structural changes. This could be due to
the presence of very thin layer of SiOx on graphite, the Raman effect
might be weak and hence its signals were not detected. Therefore, tip-
enhanced Raman spectroscopy (TERS) was used to examine these
coatings, the details of the findings are presented in Section 3.3.

XPS was performed on graphite, coated graphite and their pristine
electrodes with LPS binder. Fig. 1c shows XPS of graphite (G), coated
graphite (GS-2) and their electrode with LPS binder. In the Si 2p region
two sets of doublets were observed. The doublet at 102.1/102.7 eV was

assigned to Si bound to PVP and the doublet at 103.4/104.0 eV was
assigned to Si directly bound to graphite. The doublet at 102.1 eV and
102.7 eV was accompanied by a shakeup satellite peak at 108.3 eV
indicating an interaction of the unfilled 3d orbitals of Si with the n-or-
bitals of the aromatic heterocycle present in PVP that extends the final-
state orbital to the oxygen as indicated by an O 1s satellite peak at 537.7
eV [30]. The C1s, O 1s and N 1s spectra are shown in the SI, Fig. S1. The
C 1s feature corresponding to graphitic carbon was observed at 284.4 eV
and remained unchanged for graphite, coated graphite and its electrode
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with LPS binder [31]. This confirmed that the coating and aqueous
processing did not change the graphite lattice. In the O 1s region two
main peaks were observed at 531.9 eV and 533.5 eV assigned to terminal
and bridging oxygen in LPS binder respectively and a peak at 532.9 eV
was assigned to the C=0 group in PVP.

On the prepared electrodes, satellite features were no longer
noticeable, due to the strong intensity of the LPS related doublet in the Si
2p region. In case of GS, a main Si 2p peak around 103 eV was evident
but the XPS shake-up satellite feature corresponding to carbon-silicon
bonding in the Si 2p region around 108.3 eV was missing (Fig. S1a). This
could be due to small intensity of the main Si 2p peak, its satellite fea-
tures were probably lost in the noise. Additionally, XPS peak at 400.4 eV
corresponding to N 1s was detected in GS-2 powder and its electrode
with LPS binder, which was indicative of the presence of PVP in the
coated samples.

Overall, the XPS results suggest that SiOx moieties had bonded to
graphite as evident from C—Si signal. However, it failed to determine
the specific sites where these modifications had taken place. In addition,
SiOx coatings may also contain PVP as indicated by N 1s XPS spectra.
Further insights into the structure of SiOx coatings and the presence of
PVP was affirmed by TERS results discussed later. These results were
also consistent with the report by Kim et al. [27], where they found the
role of amphiphile such as PVP to be crucial in coating basal planes of
graphite. In this work they emphasized that in the absence of PVP,
islands can form at the edges of graphite because of their high surface
energy leading to excessive silica growth at this particular site.

To determine the thermal stability, TGA was performed for graphite,
coated graphite and PVP samples as depicted in Fig. 1d. All the graphite
samples were stable until 700 °C. The coated graphite samples showed a
minor weight loss of about 0.7-0.8 % after 350 °C. This was in contrast
with graphite, where no such weight loss was observed in this region.
This indicated the presence of surface groups or a thin coating on coated
graphite, which would decompose in this temperature region. PVP
showed a steady weight loss of 10 % until 380 °C. At around 400 °C, it
decomposed rapidly due to disintegration of its polymeric chains as
depicted in the inset [32]. As evident, coated graphite samples did not
contain any loosely bonded PVP as no weight loss was observed in the
region corresponding to PVP. GS-2 exhibited slightly higher weight loss
as compared to GS which could be due to thick coating or large number
of surface groups arising from two times TEOS concentration. On the
contrary, GS-5 (5 times TEOS), exhibited slightly lower weight loss as
compared to GS-2.

3.2. Electrochemical performance

As a first step, coated graphite samples prepared with different
concentrations of TEOS were studied in combination with LPS binder.
The first few cycles were operated at low current rates (0.1C and 0.2C) to
accomplish the formation of SEI, followed by a long-term cycling at 1C.
The discharge capacity vs. cycle number plot is shown in the SI, Fig. S2.
The GS electrode exhibited the most stable electrochemical performance
as compared to the graphite and coated graphite samples prepared using
higher TEOS concentrations (GS-2, GS-5). The high concentrations of
TEOS led to thicker SiOy coating as also observed in the TGA (Fig. 1d),
thereby reducing the electronic conductivity as well as Li" ion diffusion
in the material. Therefore, GS sample was used for all further studies in
this work and was compared against graphite electrodes.

A total of six binders were studied with graphite (G) and coated
graphite (GS). Firstly, graphite was tested with three IAB (LHPO, LPS
and SMS). For reference, three well-known organic binders (PVDF, CMC,
CMC-SBR) were also tested as they are widely reported with graphite
anode in the literature [9,33-35]. The cells were first discharged until
0.0 V and then charged until 3.0 V at 0.1C. During the discharge process,
Li" ions are intercalated in the graphite lattice to form LiC. In the first
discharge process, SEI is formed on the graphite surface as indicated by
the hump at about 0.6 V resulting in irreversible capacity loss from the
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electrochemical reduction of electrolyte [36]. The first five cycles of
different systems are displayed in the SI, Figs. S3, and S4. In the sub-
sequent cycles, the discharge profile dropped down smoothly to about
0.2 V followed by a low voltage plateau attributed to lithium interca-
lation/deintercalation in graphite [3,36].

3.2.1. Pristine graphite

The 2nd cycle of graphite (G) and the rate capability tests with
different binders are illustrated in Fig. 2a and c respectively. The cells
were cycled at different C-rates from 0.1C to 1C for 20 cycles each fol-
lowed by a further 5 cycles back at 0.1C. At 0.1C, the 2nd discharge
capacities (reversible capacity) of graphite obtained with different IAB
were 366 (LHPO), 362 (LPS) and 371 (SMS) mAhg’l. In contrast,
reference binders (PVDF and CMC-SBR) based graphite electrodes
fetched higher reversible capacities of 382 mAhg ! & 375 mAhg ™!, but
their capacities declined to <100 mAhg™! within 20 cycles at 1C.
Comparatively, IAB-based electrodes delivered more than double the
capacities delivered by the reference-binder based electrodes. All the
IAB-based electrodes also seemed to recover their capacities efficiently
with a CR of >90 % after 65 cycles with the highest observed for G-LHPO
(99 %).

However, CR with reference binders (PVDF and CMC) was found to
be lower (~85 %) except for CMC-SBR (94 %). The interactions between
graphite and PVDF are weak, arising mainly due to physisorption and/or
oxygen bonding. This often leads to poor CR at higher C-rates [37,38]. In
contrast, CMC-SBR adheres strongly with anode layer and current col-
lector as compared to CMC, leading to better electrical contact with
current collector [39]. SBR as an elastomer also helps to improve flex-
ibility and to endure volume changes during charge-discharge process
[40].

Clearly, the IAB outperformed all the reference binders and dis-
played enhanced electrochemical performance. This motivated us to test
these binders at 1C for longer cycles as shown in Fig. 2e. The cells were
first operated at low rates (0.1C and 0.2C) for few cycles and then at 1C.
In most cases, the capacity first reduced steeply and then stabilized at
1C. The CR was therefore calculated with respect to capacity at 50th
cycle (after stabilization). During cycling at 1C, most of these systems
including IAB showed steep decline in their capacities. The CR trend of
graphite with different binders was observed to be (CMC-SBR) > CMC >
PVDF > IAB.

G-(CMC-SBR) electrode displayed the highest average capacity (270
mAhg ™) with a CR of 92 % after 400 cycles which, however, decayed to
64 % in next 100 cycles. G-CMC and G-PVDF electrodes showed a CR of
72 % and 52 % respectively after 400 cycles. CMC is known to act as a
thickener which helps to achieve the right viscosity for the coating and
SBR due to its higher flexibility enhances the adhesion force between
film and the current collector [41]. Therefore, combining CMC and SBR
helped to achieve stable electrochemical performance even at 1C. The
poor cyclic performance of G-PVDF electrode was also in line with its
weak binding abilities causing delamination and electrode cracking
during cycling as also seen in the SI, Fig. S6 [5]. Also, at high C-rates
PVDF does not support fast intercalation of Li" ions due to its poor ionic
conductivity which often causes lithium deposition on graphite surfaces
leading to safety concerns [12].

In the case of IAB, graphite electrodes with LPS and SMS binders
suffered from poor cyclic stability with a CR of only 30 % after 500
cycles at 1C. The capacity of G-LHPO electrode first reduced abruptly to
60 mAhg ! and then gradually stabilized to an average of 120 mAhg .
The poor performance of graphite with IAB at 1C could be attributed to
the insufficient bonding between graphite and IAB which eventually led
to capacity fading. As discussed earlier, these binders tend to form
chemical bonds with functional groups present on the surface of active
material during aqueous processing and drying. The probability of such
favourable interactions is limited in the case of graphite due to lack of
surface groups in graphite.
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3.2.2. Coated graphite

To investigate the influence of surface coating on electrochemical
performance, coated graphite (GS) was studied with IAB. The 2nd
discharge-charge profiles of GS with LHPO, LPS and SMS binders
(Fig. 2b) did not show any noticeable change in (de-)lithiation potential
as compared to graphite, indicating that these coatings did not hinder
the lithiation of graphite. However, the initial Coulombic efficiency
(ICE) of GS got reduced by 5-10 %, probably due to irreversible Li* ion
trapping on SiOy surface groups. Rate capability tests for GS were per-
formed similar to graphite and are shown in Fig. 2d. At 0.1C, the
reversible capacities of GS with LHPO, LPS and SMS binders were
observed to be 390, 344 and 363 mAhg ™! respectively. Significant im-
provements were observed at 1C, highest capacity (356 mAhg 1) was
obtained for GS-LHPO electrode, corresponding to an improvement of
23 % as compared to G-LHPO electrode. With SMS binder, the capacity
of GS was almost doubled (97 % increase) whereas with LPS binder, it
showed an increase of 15 % as compared to their graphite electrodes.

The observed CR of GS was >95 % for all IAB after 65 cycles. These
drastic improvements in the electrochemical performances for the case
of coated graphite with IAB agreed well with our hypothesis, that the
SiOy surface coatings on graphite can provide adequate chemical
bonding with IAB, which could enable stable electrochemical cycling.

Owing to the immense improvement in electrochemical performance
of GS with IAB, it was also tested at 1C for prolonged cycling and
compared against graphite electrodes as shown in Fig. 2e. All the cells
were first operated at low C-rates for few cycles and then high current
corresponding to 1C were applied. GS showed an outstanding
improvement in its capacity and cyclic stability with LPS and SMS
binders. It maintained a capacity >310 mAhg ™! for both LPS and SMS
binders. After 500 cycles at 1C, both GS-LPS and GS-SMS electrodes
displayed almost negligible loss in their capacity and showed a very high
CR of ~100 % and 98 % respectively. This was almost three times su-
perior to graphite where only 30 % of CR was noted at this stage with
these IAB. GS-LPS electrode showed an excellent cyclic stability (CR
>95 %) until 800 cycles, followed by a minor decline in its capacity. GS-
SMS electrode also displayed similar trend with a CR of >93 % until 800
cycles followed by a steady drop. With LHPO binder, GS showcased ~70
% improvement (120 mAhg ! to 205 mAhg ™) in its average capacity at
1C but its CR after 500 cycles was only 53 %. This suggests that SiOx
coatings do not have high bonding affinity with phosphate-based
binders and hint towards the presence of favoured chemical interac-
tion between SiOx coating and silicate based IAB. Besides, nano-SiO; is
hydrophilic in nature, due to the presence of hydroxyl groups on it [42]
as was confirmed by an XPS signal at 531.9 eV in O 1s region (Fig. S1d).
The SiOx coating on graphite facilitated the formulation of uniform
slurry and also improved the coating quality with IAB (Fig. S7). The

superior electrochemical performance with IAB at high C-rate could also
be due to their intrinsic ionic conductivity [14], which aids Li" ion
diffusion particularly in the case of electrolyte drying during long
cycling [43].

In order to investigate the effect of SiOx coating with organic binder,
GS was tested with CMC but the cyclic performance deteriorated rapidly
(Fig. S8). This was probably due to insufficient interactions between the
coated layer and CMC binder. The findings further validated that these
coatings were only helpful with silicate-based binders. Further insights
on morphological and microstructural investigations by TEM and TERS
are detailed in Section 3.3.

3.2.3. Electrochemical impedance spectroscopy (EIS)

EIS was carried out for graphite (G) and coated graphite (GS) elec-
trodes with LPS binder at three separate instances, 0 h (immediately
after cell fabrication), after 6 h and after 5 cycles. The EIS spectra are
compared in Fig. 3. The Nyquist plots of graphite half cells displayed a
semicircle with an intercept on x-axis (Z") indicating charge transfer
resistance (R) followed by a Warburg impedance observed as a straight
line [44]. The R, was found to be lower for coated graphite, probably
due to better electrode wettability with the electrolyte and improved
interfacial contact with LPS binder. The impedance of graphite was
~220 Q, which remained unchanged with time. However, a slight in-
crease in impedance from 115 Q (0 h) to 140 Q (6 h) was observed for
coated graphite (GS-LPS).

After 5 cycles, the impedances reduced for both cells (G-LPS: 96 Q,
GS-LPS: 108 Q) due to the formation of SEI on graphite surface leading
to improved Li* ion diffusion kinetics. The Li* ion diffusion through SEI
is the rate determining step for Li" ion transfer in graphite anode
[44,45]. The kinetics is largely dependent on SEI composition, which is
significantly influenced by choice of binder. It can therefore be specu-
lated that graphite and coated graphite would have different SEI
composition with each binder which needs further investigation. How-
ever, it was evident that the SEI and surface chemistry of the inorganic
binders did not impair the diffusion of Li* ions through it.

3.2.4. 5 wt% binders

The optimization of electrode composition plays a vital role in pro-
cessing high quality slurry and improve electrochemical performance.
Binders comprise of a small portion (<5 wt%) of a battery electrode in
commercial batteries [46]. Therefore, electrochemical performance was
also evaluated with 5 and 2.5 wt% binders and is shown in Figs. S9 and
S10 and summarized in Tables S4 and S5 in the SI. GS performed
remarkably well even with 5 wt% of silicate-based IAB. Capacities >260
mAhg_1 were obtained with LPS and SMS binders at 1C with negligible
capacity loss until 500 cycles. GS-SMS emerged out to be most stable
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Fig. 4. High rate test. a) Cyclic performance of GS-LPS and G-(CMC-SBR) at 2C. b) Rate capability of GS-LPS and G-(CMC-SBR) with 10 wt% binder. c) Rate
capability of GS-LPS, G-CMC and G-(CMC-SBR) with 5 wt% binder. d) Cycling performance of GS-LPS, GS-SMS and G-(CMC-SBR) at 20C. The SEM image of cycled
electrode of GS:SMS is shown in Fig. S11. The electrochemical performance is summarized in the Tables S6-S9 in the SI.

system with CR of ~95 % after 1000 cycles at 1C. Among the reference
binders, G-CMC electrodes exhibited the highest CR of 57 % after 500
cycles at 1C.

3.2.5. High-rate tests

One of the major challenges in application of graphite in LIBs for
electric vehicles is fast charging time and difficulty in sustaining longer
cycle life [47]. Therefore, high-rate cycling tests were performed. The
stable cyclic performance at 1C, allowed to further test these samples up

to 20C in a systematic manner.

In the first test, GS was cycled with 10 wt% of LPS and SMS binders at
2C for 2000 cycles. The key aspect in high-rate cycling is the formation
of a stable SEI. Therefore, SEI of these systems were allowed to stabilize
by cycling at lower C-rates for 30 cycles. The current was increased in a
stepwise manner up to 2C as depicted in the inset (Fig. 4a). Capacity of
~320 mAhg ! was obtained at 2C for GS-LPS electrode which overlaps
with its performance at 1C (also shown in Fig. 2e), delivering similar
capacity at double C-rate. The system retained a capacity of 87 % after
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1000 cycles at 2C. After this, the capacity faded gradually, retaining
more than half of its capacity after 2000 cycles. GS-SMS electrode
showed an average capacity of 279 mAhg ! at 2C and retained ~87 % of
its capacity after 2000 cycles.

The SEI properties are significantly affected by cell conditions like
operation temperature, state of charge and current rate. Cycling at
higher current rates accelerates the growth of SEI and causes capacity
loss [48,49]. Higher current rates in graphite are also susceptible to
lithium plating and, hence, are a safety issue in case of inefficient SEI
[50]. Therefore, low current rates should initially be applied to form a
stable SEI in first few cycles. For a comparison, G-(CMC-SBR) electrode
was also cycled at 2C but it could only yield nearly half of the capacity as
showcased by GS-LPS electrode.

In the second experiment, high-rate capability tests were performed
by sequentially increasing current up to 20C. GS-LPS and G-(CMC-SBR)
electrodes were cycled from 0.1C to 20C for 40 cycles at each C-rate with
10 wt% and 5 wt% binder composition. The capacity vs. cycle number
plots are compared in Fig. 4b for 10 wt% binder and Fig. 4c for 5 wt%
binder with magnified images in respective insets. GS-LPS electrode
outperformed G-(CMC-SBR) based electrodes at all C-rates. At 20C, GS-
LPS electrode delivered a capacity of 38 mAhg ™! with 10 wt% binder but

only 31 mAh/g in the case of G-(CMC-SBR) electrode.

For 5 wt% binder, although considerable difference was not observed
in capacities of the two at high rates (5C-20C) but G-(CMC-SBR) elec-
trode failed to recover after cycling at 20C. In contrast, GS-LPS electrode
exhibited a CR of 94 % even after cycling at 20C owing to the high
bonding strength between GS and LPS.

In third cycling test, prolonged cycling (>4000 cycles) was per-
formed for GS with 5 wt% of LPS and SMS binders at 20C as shown in
Fig. 4d. GS-LPS electrode showed an average capacity of ~71 mAhg™!
followed by a gradual decline to 92 % capacity after 1000 cycles. In next
1000 cycles, ~64 % capacity could still be retained. Comparatively, in
GS-SMS electrode a higher capacity (~120 mAhg™!) was obtained with
a very stable cyclic performance until 1500 cycles. After this only <10 %
capacity loss was observed during cycling until 4000 cycles. The SEM
analysis of this cycled electrode was performed and is shown in Fig. S11.
The morphological and structural integrity of graphite remained un-
changed and no major changes were observed in the morphology. For a
comparison, G-(CMC-SBR) electrode was also tested at 20C which
showed 35 % lower capacity (71 mAg ') and stability up to 2000 cycles.
The high-rate performance is summarized in the SI, Tables S6-S9.

The outstanding performance of IAB particularly SMS even at high C-
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rates could also be ascribed to their much higher adhesion strength as
compared to reference binders. SMS binder showed an adhesion strength
of 9 N as compared to only 1.6 N and 4.2 N for PVDF and CMC
respectively (Fig. S12). Moreover, SMS was also reported to maintain
Young’s modulus of >50 GPa and does not soften even in presence of
liquid electrolyte unlike organic binders such as PVDF [51]. This report
also claimed that SMS formed a lithium-conducting binder by Li-Na
cation exchange via in situ process during cycling in LIB. The superior
performance of coated graphite could also be explained from TEM
analysis which revealed the presence of binder coating on graphite
particles preventing microcracking and pulverization during cycling at
high C-rates.

3.3. Surface investigations

3.3.1. Tip enhanced Raman spectroscopy (TERS)

The physicochemical characterizations by XPS (Fig. 1c) could only
confirm that silicon is bonded to graphitic carbon atoms along with PVP
in the coated graphite. It however, failed to clarify the structural orga-
nization of coated graphite and its chemical interaction with IAB. The
Raman spectra presented in Fig. 1b could only capture prominent bands
of graphite and also failed to confirm the presence of SiOy coating on the
graphite surface. Therefore, TERS measurements were performed. It
combines the chemical sensitivity of surface-enhanced Raman spec-
troscopy (SERS) with high spatial resolution of scanning probe micro-
scopy and enables chemical imaging of surfaces at the nanometer
length-scale. To elucidate the organizational correlation between sili-
con oxide coating and binder, TERS technique was utilized.

Fig. 5a and b show STM image and TERS spectra obtained at different
tunneling current and applied bias voltage. When the tip was far away
from the surface, i.e. in withdrawn mode, no Raman signal (Fig. 5b) was
observed. As the applied bias voltage reduced and tip was engaged TERS
signal from the electrode surface emerged revealing physical and
chemical affinity among graphite surface, silicon oxide coating and LPS

binder. A close inspection of the TERS spectra recorded at 2 nA
tunneling current and 0.5 V bias voltage is presented in Fig. 5c and all
the relevant bands are highlighted. Table S10 in the SI provides the
assigned Raman bands corresponding to specific vibration present in the
GS-LPS electrode. The band centered at 1588 cm ™! comes from G-band
[52], suggesting the region probed by the TERS was basal plane of
graphite. The broad band ~1440-1490 cm! is assigned as —CH,
scissor vibration [53,54]. The Raman band centered at ~1273 cm s
assigned to both —CHj; out of plane vibration or C—N stretching vi-
bration [53]. The low frequency band centered at 579 cm~Lis attributed
to N—C—=O0 bending [54], leading to ring deformation type vibration.

The abovementioned Raman fingerprints strongly suggest that a thin
film of PVP is present on top of graphite basal plane. The Raman bands
centered at 1196, 1131 and 1068 cm™! are associated with Si—O sym-
metric stretching [55-57] which are present in polysilicate chain
whereas 687 and 654 cm™! bands are assigned to Si—O symmetric
breathing present in Si—O ring-like structure [55,57,58]. Previous
studies of silicate glasses have demonstrated that silicon-oxygen tetra-
hedra with various numbers of bridging oxygen atoms are the funda-
mental structural blocks in polysilicate materials. The silicon-oxygen
tetrahedra are called Q" units, where n (n = 0-4) is the number of
bridging oxygen atoms per SiO4 tetrahedron [55,56]. Broad Raman
bands in the region 800-1200 cm ! are a signature of alkali silicate
amorphous glasses, in which ~800 cm ™! is assigned to the isolated SiO,
tetrahedron (QO). In TERS spectra, the absence of any band at 800 cm !
points to a silicate structure containing interlinked, polymeric SiO4
tetrahedra rather than isolated SiOy tetrahedra (Q®). The bands centered
at 1196, 1131 and 1068 cm ™! can be ascribed as Q*, Q° and Q? types of
SiO4 tetrahedron, reinforcing the presence of previously mentioned
polymeric silicate moiety. The narrow Raman bands pointed towards a
highly ordered silicate structure. Polysilicate can also form two, three or
four-membered rings resembling as a planer mosaic structure. Raman
bands centered at 687 and 654 cm™! are arising from two and three-
membered ring-like structures [58,59].
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measurement.

In conclusion, TERS revealed that GS-LPS electrodes have a very
intricate synergy. Graphite was coated with PVP which assisted the
coating of silicon oxide layer. The LPS binder combines with this silicon
oxide to form polysilicate chain, two or three-membered ring-like
structures which exhibit local ordering. A schematic of this coordinated
structural and chemical-driven harmony is presented in Fig. 5d. Perhaps
this interaction of these chemical and structural arrangements of surface
coating and binder enhanced the electrochemical performance in the
GS-LPS electrode.

3.3.2. Microstructural investigations

Electron microscopy (SEM and TEM) analysis were carried out to
examine the morphology, ascertain the nature of coating and investigate
structural changes after cycling. Firstly, TEM analysis was carried out for
graphite and coated graphite (GS and GS-5) powder as portrayed in the
SI, Figs. S13-S15. The TEM images exhibited a flake like morphology of
graphite without any noticeable structural or morphological change
after coating. Sharp peaks corresponding to carbon and oxygen were
observed in the EDX spectra. Additional copper peak was a contribution
from the TEM grid. GS showed a silicon signal arising from the SiOx
coating, but it was disguised due to poor signal to noise ratio (Fig. S14).
This however was more evident in GS-5 which had thicker SiOy coating
(Fig. S15). The elemental mapping from TEM-EDX confirmed that sili-
con and oxygen were uniformly distributed in both GS and GS-5 powder
samples which affirmed the uniform coating of graphite. These results
were also consistent with TERS signals arising from different surfaces
like basal planes and edges of graphite, confirming uniform coating on
graphite.

To investigate the nature of coatings, the powder was scrapped from
pristine electrodes of G-LPS and GS-LPS and TEM analysis was carried

10

out, as shown in Figs. 6 and S16 in the SI. Micrometric graphite with
flake like morphology was observed featuring highly crystalline regions
of graphite along with the edges (Fig. 6¢).

The elemental mapping of carbon, oxygen and silicon was observed
to be uniform throughout the sampled area. Mapping of Si intensity
confirmed that LPS binder was homogenously distributed over the
electrode. The EDX spectra displayed sharp peaks of carbon, oxygen and
silicon. The silicon signal was more intense in the electrode as observed
in the case of powder samples due to contribution from the LPS binder.

Fig. 7a and b show TEM images of pristine electrodes of G and GS
with LPS binder. The powders from respective electrodes were scrapped
off and analysed under a TEM. GS-LPS electrode showed a layer of
binder coated over graphite particles, probably due to enhanced silicate
(—O—Si—0—) bonding between GS and LPS binder. This binder layer
may also have acted as a protective layer during long cycling, avoiding
the formation of microcracks and electrolyte decomposition at high C-
rates. Often these cracks create fresh and reactive surfaces leading to
electrolyte decomposition and thereby contributing to capacity fading.
The binder layer was observed to be non-uniform perhaps due to higher
binder content (10 wt%) which would need further optimization of
electrode composition and slurry formulation method to achieve thin
and uniform binder layer over GS. This protective layer of binder could
be more optimal and uniform with 5 wt% binder content. No such
protective layer was observed in the case of G-LPS, which also corrob-
orates well with its drastic loss in capacity.

To further comprehend their cyclic behaviour, SEM was carried out
for cycled electrodes of G-LPS and GS-LPS. Fig. 7c shows SEM of G-LPS
electrode after 500 cycles at 1C. The graphite flakes looked agglomer-
ated and coalesced. Also, there was excessive electrolyte decomposition
as observed from thick SEI blanketed over graphite particles. Several
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cracks were detected on the graphite surface which could act as a site for
electrolyte decomposition. The SEM of the pristine electrodes are shown
in Figs. S17 and S18 for a comparison. However, the morphology of GS-
LPS after 1000 cycles at 1C remained unchanged with obvious flake like
morphology and minimum cracks (Fig. 7d).

These results assert the significance of SiOx coating on graphite for
usage with silicate-based IAB. It is well known that the binder plays a
significant role in SEI formation which is crucial in deciding electro-
chemical performance [60]. The nature of SEI formed in both cases
would be different, which needs further investigation.

4. Conclusions and outlook

In conclusion, to improve the electrochemical performance of
graphite anode, SiOy surface coatings of graphite were carried out using
a wet chemical process. These coatings were found to be highly effective
to improve electrochemical performance of graphite with IAB. The
coated graphite worked exceptionally well with silicate-based IAB due
to improved bonding between coated layer and these binders leading to
stable cycling even at high C-rates. It delivered a high capacity of >315
mAhg™! at 2C with LPS binder, stable for over 1000 cycles with a ca-
pacity retention of 87 %. At 20C, combination of coated graphite and
SMS binder achieved a capacity of ~120 mAhg™! and a capacity
retention of >90 % after 4000 cycles, making it the most stable and
reliable combination. The TEM results revealed that these binders tend
to form a surface protective layer on coated graphite leading to stable
cyclic performance unlike pristine graphite. The nature of coatings was
studied by TERS, XPS and electron microscopy. These SiOx coatings
were however not very successful with phosphate based IAB investi-
gated here. To improve electrochemical performance with phosphate-
based IAB, surface modification of graphite with phosphate-based
coatings such as LisPO4 would be necessary. Overall, this surface
coating strategy could also be extended to improve performances of
different electrode materials by employing a suitable inorganic binder
and surface coating on active material.
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