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ABSTRACT: Graphite is the major anode material used in commercial lithium-ion batteries (LIBs). However, the sluggish ion-
transfer kinetics associated with graphite anodes significantly restrict the operation of LIBs over a wide temperature. This is primarily
due to their low reversible capacity and the substantial overpotential exhibited under low-temperature conditions. To address this
limitation, we demonstrate herein an approach that involves grafting an electrochemically active lithium benzenesulfonate layer onto
a graphite surface through a typical reduction reaction of diazonium cations, followed by ion exchange process. This surface
modification reduces the charge transfer resistance of graphite anodes, leading to an excellent reversible capacity of ∼150 mAh g−1 at
low-temperatures (−20 °C, 0.1C). Electrochemical impedance spectroscopy indicates that both desolvation of the lithium ions
outside the graphite, and lithium di-usion within the solid electrolyte interphase and graphite lattice are two crucial rate-limiting
steps during the Li (de)lithiation, with the latter dominating during the low-temperature operation. These findings demonstrate a
facile method for enhancing the low-temperature performance of graphite through surface modification and provide valuable insights
into fundamental understandings that can guide the future design of better -low-temperature graphite anodes.
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1. INTRODUCTION

Despite significant advancements in high-capacity anode
materials over the past decades,1−3 graphite remains the
predominant choice as the anode material used in lithium-ion
batteries due to its abundance, low cost, and long cycle life.4−7

However, conventional graphite materials have sluggish
intercalation kinetics, leading to metallic lithium plating and
low specific capacity during high-rate operation.8−11 These
limitations are exacerbated when the graphite is used at low-
temperatures (e.g., − 10 °C), resulting in significantly reduced
reversible capacity and increased overpotential.12−14 The
inadequate performance of graphite anodes at subzero
temperatures significantly hinders the widespread adoption of
electric vehicles in cold-weather regions worldwide.
Typically, the major rate-limiting processes during low-

temperature operations are considered to be the di-usion of
lithium ions within the host materials and the desolvation of
solvated Li ions occurring at the electrode and electrolyte
surface.15−18 Based on this understanding, there are many
e-orts have been paid to modify the surface of graphite and

manipulate the solid electrolyte interphase (SEI) to facilitate
the Li-ion di-usion into the graphite surface.19−22 However, it
has proven to be challenging to tailor the structure of the SEI
so that it allows fast charge transfer. This is because the SEI is
composed of a complex combination of organic and inorganic
components, formed by preferential reduction of the electro-
lyte.1,23,24 Apart from the SEI design which is based on
electrolyte additives, the tuning of interaction between the
solvents and the Li ions in the electrolyte has received
increasing attention in recent years.14,25 The weak interaction
between the solvents and Li ions is able to reduce the charge
transfer resistance and, thus, improve the low-temperature
performance. In contrast, the direct modification of graphite
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via surface etching has shown the potential to increase Li-ion
intercalation sites and thus enhance lithium intercalation
kinetics.26 Additionally, surface coatings, such as specific
carbon structures and Al2O3, have been reported to enhance
the rate performance of graphite by promoting rapid lithium
surface di-usion and improving wetting between graphite and
electrolyte.10,27,28 However, the electrochemical activity of
those coating layers, especially the Li di-usion behavior across
those layers, remains unclear.
As noted above, Li-ion di-usion through the SEI is

significantly suppressed with the reduced temperature, and
the low-temperature performance of graphite is controlled by
di-usion to a large extent. Lithium benzenesulfonate has been
reported as a material capable of enhancing lithium di-usion
due to its electrochemically active nature.29 In this study,
graphite anodes grafted with a lithium benzenesulfonate layer
(LBL-modified graphite) are prepared, using a typical
reduction reaction of diazonium cation.30 The subsequent
ion exchange introduces a distribution of Li ions on the surface
of the LBL-modified graphite. This electrochemically active
layer facilitates lithium di-usion across the graphite surface,
promoting charge transfer during low-temperature operation.
The formation of the lithium benzenesulfonate layer was
confirmed through scanning electron microscopy (SEM)
coupled to X-ray photoelectron spectroscopy (XPS). The
presence of this “artificial SEI” led to an increase in the initial
Coulombic e>ciency from 77.4% (pristine graphite) to 85.9%,
suggesting a suppressed SEI formation. The cycling perform-
ance and capacity retention at a low-temperature (−20 °C)
were further examined and compared with those of the pristine
graphite anodes. To gain a deeper understanding of the
intercalation kinetics and charge transfer limitations during
low-temperature operation, electrochemical impedance spec-
troscopy (EIS) was employed to analyze performance
limitations.31 It was observed that the lithium benzenesulfo-
nate layer on the graphite surface greatly reduced charge
transfer resistance, resulting in an improved low-temperature
capacity retention (0.1C, ∼150 mAh g−1) of 44.8% compared
with that of pristine graphite (∼122 mAh g−1, 37.0%).

2. METHODS

2.1. Materials. Graphite powders (MescoCarbon MicroBeads,
MCMB), Li foil (15.8 mm), and Super P conductive carbon were
purchased from MTI Corporation. Battery grade LiPF6, ethyl methyl
carbonate (EMC), ethylene carbonate, and lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) were supplied by Novolyte

Technologies. Fluoroethylene carbonate (98.0%, FEC) and ethyl
trifluoroacetate (99.0%, ETFA) were obtained from TCI and Thermo
Scientific Chemicals, respectively. Sulfanilic acid (98.0%) and sodium
nitrite (99.0%, NaNO2) were purchased from Alfa Aesar.

2.2. LBL-Modified Graphite Preparation. The LBL-modified
graphite was prepared based on a reduction reaction of diazonium
cation, well known for electrochemical derivatization of carbon
surfaces.32,33,30 First, 1 g of graphite powder was dispersed in 300 mL
of a 1 M HCl solution with the addition of 0.02 mol of sulfanilic acid.
The solution was vigorously stirred for 30 min before sodium nitrite
addition. 0.04 mol of NaNO2 was then introduced, and the mixture
was stirred for another 3 h at 70 °C. The final product was then
filtered, washed with water, and dispersed in 100 mL of 1 M LiNO3

aqueous solution for ion exchange, accomplished by stirring
overnight. The LBL-modified graphite was obtained by filtration,
washing with water, and oven-drying, successively.

2.3. Electrode Preparation. The electrode used in the coin cells
was prepared by slurry coating on a Cu foil, composed of 80 wt %
graphite (or LBL-modified graphite), 10 wt % Super P, and 10 wt %
poly(vinylidene difluoride) (PVDF). The mass loading of the
electrode is about 1.5 mg cm−2.

2.4. Electrochemical and Materials Characterization. The
electrochemical tests were conducted based on a CR2032-type coin
cell. Typically, a Li foil was used as the counter/reference electrode,
and as-prepared electrodes (graphite or LBL-modified graphite) were
used as the working electrodes with one piece of polypropylene
separator (Celgard 2400). 50 μL of EC-based (1.2 M LiPF6 in EC−

EMC, 3:7 by mass) or FEC-based (1 M LiTFSI in FEC−ETFA, 3:7
by mass) electrolyte was used in each cell for room-temperature or
low-temperature (−20 °C) operation. The cuto- voltage was
controlled at 0.005−2.0 V (vs Li+/Li). The galvanostatic charge and
discharge were collected on a LAND-CT2001 battery testing
instrument at a determined C rate (1C = 372 mA g−1). The
electrochemical impedance spectroscopy (EIS) was measured by a
Solartron potentiostat with an AC voltage of 10 mV in the frequency
range from 600 kHz to 0.1 Hz (model SI 1287). The pristine graphite
and LBL-modified graphite electrodes were examined using the X-ray
powder di-raction technique (Cu Kα, Bruker D8 Discover) to
investigate their crystal structure. Scanning electron microscopy
(SEM) images and corresponding energy-dispersive spectrometry
(EDS) images were acquired from JEOL 7800F field emission SEM
facilities with an operation voltage of 5 kV. Scanning transmission
electron microscopy (STEM) images and related EDS and EELS data
(elemental mapping and spectra) were obtained by using a JEOL
NEOARM instrument operated at 200 kV. For imaging, the camera
length used with the JEOL NEOARM was 4 cm, with a probe current
of 500 pA. For EDS and EELS, the camera length was 2 cm, and the
probe current was 700 pA. X-ray photoelectron spectroscopy (XPS)
data was acquired using a PHI 5000 VersaProbe II system.

Figure 1. Illustration of the formation process of the lithium benzenesulfonate layer (LBL) on the graphite surface.
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3. RESULTS AND DISCUSSION

The grafting of aryl diazonium salts onto the graphite surface
has been previously explored as an e-ective means to enhance
electrochemical performance.34−37 These layers can act as a
stable and compact artificial solid electrolyte interphase (SEI),
providing protection to graphite particles during (de)lithiation.
However, to the best of our knowledge, these layers have rarely
been designed as electrochemically active layers to facilitate
lithium di-usion on the graphite surface. Inspired by the recent
findings regarding the electrochemically active nature of the
lithium benzenesulfonate layer for enhancing lithium di-u-
sion,29 we have designed a similar layer to be grafted onto the

graphite surface directly. This process is accomplished through
a typical reduction reaction of diazonium cation,30 as depicted
in Figure 1. After ion exchange, in which protons are replaced
with Li ions, graphite with the lithium benzenesulfonate layer
(LBL-modified graphite) was successfully obtained after
subsequent washing and drying.

The surface structure and chemical composition of LBL-
modified graphite were investigated using a combination of
electron microscopy and X-ray photoelectron spectroscopy
(XPS). Scanning electron microscopy (SEM) images show a
complete LBL-modified particle (Figure 2c) similar to pristine
graphite (Figure 2a), indicating that the surface reaction occurs
without damaging the graphite particle during the reduction

Figure 2. Morphologies and components of the electrochemically active interface on the graphite surface. SEM image of pristine graphite (a, b) and
LBL-modified graphite (c, d). SEM images of an LBL-modified graphite particle (e) with corresponding EDS mapping images with carbon (f),
oxygen (g), and sulfur (h). STEM image of LBL-modified graphite (i) with corresponding EDS and EELS maps of oxygen (j) and lithium (k)
signals, respectively. (l) Characteristic Li K-edge EELS. XPS spectra of pristine graphite and LBL-modified graphite with C 1s spectra (m), O 1s
spectra (n), and S 2p spectra (o).

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.3c02203
ACS Appl. Energy Mater. 2023, 6, 12371−12378

12373

https://pubs.acs.org/doi/10.1021/acsaem.3c02203?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02203?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02203?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c02203?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c02203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reaction of diazonium cation and ion exchange. Moreover, X-
ray di-raction (XRD) patterns (Figure S1) show a typical
graphite structure with two characteristic peaks without any
noticeable shift compared with pristine graphite, which further
validates that graphite crystal structure is not destroyed during
the preparation process of LBL-modified graphite. Higher-
magnification SEM images also show a limited surface
di-erence on the LBL-modified graphite (Figure 2d)
compared with pristine graphite (Figure 2b). Moreover, the
corresponding SEM energy-dispersive X-ray spectroscopy
maps were acquired to understand the elemental distribution
on the LBL-modified graphite surface (Figure 2e−h). In
addition to the strong carbon signals (Figure 2f), a clear
oxygen signal corresponding to the grafting of the −SO3Li
group on the graphite surface is observed. However, a weak
sulfur signal is detected from the SEM EDS, making it
challenging to determine the sulfur elemental distribution
(Figure 2h). To further confirm the success of the ion
exchange process, STEM EDS and electron energy loss
spectroscopy (EELS) elemental mappings were performed
(Figure 2i−l). In addition to the oxygen distribution revealed
by STEM EDS maps (Figure 2j), a uniform distribution of
lithium elements on the LBL-modified graphite surface is
further identified by STEM-EELS (Figure 2k). The presence of
the lithium element was further confirmed by the EELS
spectra, which exhibit the characteristic K-shell ionization edge
of lithium at ∼55 eV (Figure 2l).38 To investigate the chemical
compositions of the grafted surface layer, XPS measurements
were conducted on the LBL-modified graphite and pristine
graphite samples. The C 1s spectra show strong C−C bonding
(∼284.8 eV) along with C−O bonding (∼286 eV) for both
samples (Figure 2m). In Figure 2n, an evident peak shift from
∼534 to ∼532 eV is observed in the O 1s spectra after LBL

grafting, corresponding to the O�C−O and S−O groups,
respectively.39,40 In particular, a distinct characteristic peak
located at ∼169 eV in the S 2p spectra represents the −SO3−

group present in LBL-modified graphite (Figure 2o). The
combination of information obtained from electron micros-
copy and XPS confirms the successful grafting of the lithium
benzenesulfonate layer onto graphite in our LBL-modified
graphite sample.

The electrochemical performance of an LBL-modified
graphite compared with pristine graphite at room-temperature
is shown in Figure 3. It is evident that the C-rate performance
ranging from 0.1C to 2.0C and the cycling stability (0.2C, 150
cycles) of LBL-modified almost remain unchanged after
surface layer grafting (Figure 3b,c). Both samples demonstrate
a specific capacity of ∼330 mAh g−1 during low-rate operation
(e.g., 0.1C), while a poor capacity of around 25 mAh g−1 is
observed under high-rate conditions (2.0C). These results
indicate that the improvement in Li surface di-usion has a
limited impact on the high-rate performance, as the rate-
limiting step is governed by the Li di-usion across SEI and
solid di-usion of lithium ions within the graphite lattice.41

However, it is worth noting that the formation of lithium
benzenesulfonate layer on the graphite surface significantly
suppresses SEI formation, as evident from the enhanced initial
Coulombic e>ciency (ICE), with ICE increasing from 77.4%
for pristine graphite to 85.9% for the LBL-modified graphite
(Figure 3a). The increase in ICE helps alleviate the initial
lithium loss caused by SEI formation on the graphite anode,
thus o-setting the energy density reduction in lithium-ion
batteries after the initial charge process.6,42 Therefore, grafting
the surface layer also provides an e-ective approach to mitigate
the initial lithium loss on graphite and increase the energy
density of lithium-ion batteries.

Figure 3. Electrochemical performance under room-temperature conditions. (a) Initial charge and discharge curves of graphite and the LBL-
modified graphite at 0.1C, in which an increased ICE is demonstrated by the LBL-modified graphite due to the suppressed SEI formation. C-rate
(b) and longtime cycling (c) performance of graphite and LBL-modified graphite.
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To evaluate the specific capacity retention and cycling
performance of LBL under low-temperature conditions,
galvanostatic discharge−charge tests were performed for the
LBL-modified graphite and the pristine graphite anode in a
low-temperature chamber (−20 °C). Figure 4a exhibits the
initial charge and discharge curves of the LBL-modified
graphite and graphite at 0.1C. It is evident that the LBL-
modified graphite exhibits an improved reversible capacity of
∼150 mAh g−1 (Figure 4a) at −20 °C compared with the
pristine graphite anode (∼123 mAh g−1), resulting in a
capacity retention of ∼45% relative to room-temperature
operation (Figure 3a,b). Moreover, voltage hysteresis was
calculated based on the di-erence between the average
discharge and charge voltage. It has been found that the
LBL-modified graphite shows a slightly lower voltage hysteresis
(∼0.22 V) compared with the pristine graphite anode (∼0.23
V), indicating an improved kinetics at low-temperatures.
Figure 4b presents the capacity retention and reversible
capacity for recent advances in graphite surface modification,
including our LBL-modified graphite during low-temperature
operation (0.1C and −20 °C if not indicated otherwise in the
figure). In comparison to SEI structures improved by
electrolyte modification,12,19−21,43 our LBL-modified graphite
demonstrates superior performance with higher reversible
capacity and capacity retention for low-temperature conditions
(Figure 4b). Furthermore, the longtime cycling of LBL-
modified graphite shows a capacity retention of ∼70.7% after

100 cycles at −20 °C (0.1C), which is competitive with those
SEI-modified graphite anodes.21

To elucidate the rate-limiting steps of the graphite anode
operation under low-temperatures, electrochemical impedance
spectroscopy (EIS) measurements were conducted using a
fitting method based on a previous report.31 The total
impedance was divided into four components: the electrolyte
and electrode resistance (Ree), contact resistance (Rcon), charge
transfer resistance (Rct), and di-usion resistance (Rdiff). The
resistance between the electrolyte and electrode reflects the
degree of wetting between the electrolyte and electrode, which
can be determined by the high-frequency resistance of the
cell.44 The high-frequency semicircle in a typical EIS curve
corresponds to the contact resistance between the graphite
electrode and the current collector. Furthermore, the
subsequent semicircle at high−medium frequency represents
the charge transfer resistance (Rct). Typically, di-usion
limitations in the electrolyte have much less influence than
the lithium di-usion within the graphite, regardless of whether
at room-temperature or low-temperature (≥−20 °C). Thus,
based on this analysis, the quantification of each individual
resistance was performed using the equivalent circuit shown in
Figure 5a (inset). After quantifying individual resistances, it
was observed that the charge transfer and Li di-usion
resistance in the graphite and via di-usion through the SEI
were the predominant rate-limiting steps, accounting for over
90% of the resistance contribution in these two processes for
both graphite and LBL-modified graphite anodes (Figure 5c).

Figure 4. Electrochemical performance during a low-temperature operation (−20 °C). (a) initial charge and discharge curves of pristine graphite
and LBL-modified graphite at −20 °C (0.1C). (b) Performance comparison of graphite anode by surface modifications from previous reports with
our LBL-modified graphite. The capacity retention shows the low-temperature (−20 °C and 0.1C if not indicated otherwise in the figure) reversible
capacity retention percentage compared with room temperature. (c) longtime cycling performance of the LBL-modified graphite and pristine
graphite at low temperatures (0.1C).
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At room temperature, the grafting of the electrochemically
active layer with lithium concentration in the LBL-modified
graphite negligibly reduced the charge transfer resistance (Rct,
∼34.3 Ω) compared with that of pristine graphite (∼35.0 Ω,
Figure 5a). Conversely, the rate-limiting step should be the
lithium-ion di-usion in the graphite lattice and via di-usion
through the SEI. In contrast, at low-temperatures, the LBL-
modified graphite also exhibited a slight reduction in charge
transfer resistance from ∼74.3 to ∼66.7 Ω in the EIS curve. In
general, the charge transfer process of the Li-ion intercalation
includes the desolvation of the solvated Li ions in the
electrolyte, the Li-ion transport in the solid electrolyte
interphase (SEI) layer, and the final acceptance of electrons
in the graphite lattice.18,45,46 However, the real charge transfer
process in the graphite anode actually occurs within the
graphite bulk and does not involve the di-usion of chemical
species in the SEI, while the Rct in the model was associated
with the Li-ion solvation sheath.47 This explains why similar Rct

values were observed in both pristine graphite and LBL-
modified anodes, independent of temperature since the same
electrolyte was used with the same Li-ion solvation sheath. In
contrast, the di-usion process consists of Li di-usion in the
SEI and graphite lattice. The surface functionalization of
lithium-containing groups e-ectively promotes Li di-usion
through the SEI, leading to a greatly suppressed Rdiff for LBL-
modified graphite anode (Figure 5c). To demonstrate the

improved surface di-usion further clearly on LBL-modified
graphite, a high-temperature cycling test (50 °C and 0.2C) was
conducted. At high-temperature operation conditions, the
influence of Li di-usion in the graphite lattice and desolvation
of the solvated Li ions decreases, which makes the contribution
of Li surface di-usion more significant. As expected, the LBL-
modified graphite shows a steady specific capacity of ∼360
mAh g−1 while the pristine graphite anode demonstrates a
lower capacity at the initial cycle (227 mAh g−1) and stabilizes
to ∼320 mAh g−1 (Figure S2, 0.2C) at high temperature. The
di-erence in performance at high-temperatures is much more
visible compared with that at room-temperature (Figure 3c).
Moreover, such a performance further indicates that this
lithium benzenesulfonate layer is compatible with a high-
temperature operation as high as 50 °C. This results in an
improved low-temperature performance. Finally, the large Rdiff

value of LBL-modified graphite and Rct further suggest that the
Li di-usion within the graphite lattice and the desolvation of
solvated Li ions are the rate-limiting steps for low-temperature
operation of graphite anodes.

4. CONCLUSIONS

Graphite with an electrochemically active lithium benzenesul-
fonate layer was fabricated to facilitate its charge transfer
capabilities and improve its performance at low temperatures.

Figure 5. EIS curves for graphite and LBL-modified graphite at room temperature (a) and low temperature (b) with relative contributions (c) of
the di-erent steps based on the impedance fitting.
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The presence of this layer resulted in a suppressed SEI
formation, leading to an elevated ICE of 85.9% compared with
that of pristine graphite (77.4%). This demonstrates the
feasibility of using LBL to compensate for the initial lithium
loss in lithium-ion batteries. Moreover, a comprehensive
investigation of the low-temperature performance was
conducted. The improved reversible capacity and capacity
retention of LBL-modified graphite can be attributed to
reduced Li di-usion resistances compared with pristine
graphite. However, the resistance contributions obtained
from fitting the electrochemical impedance spectroscopy
(EIS) curves indicate that di-usion within the graphite lattice
and desolvation of solvated Li ions remain the major rate-
limiting step under low-temperature conditions. Therefore, our
findings provide valuable insights for the future design of
graphite anodes with a focus on enhancing lithium di-usion
kinetics to achieve superior performance at low-temperatures.
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