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cial reactions in Li4Ti5O12 anodes
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Recently, Li4Ti5O12 has emerged as a potential alternative to graphite for automotive battery anodes.

However, gas production in LTO batteries, which results in battery expansion, is a significant concern.

This study employed sucrose as the carbon source. The methodology involved coating sucrose onto

LTO through spray granulation, followed by reduction to create a uniform carbon layer of 2–3 nm

thickness onto the LTO surface. Analysis of the material properties and electrochemical behavior

demonstrated that a more stable solid electrolyte interphase (SEI) layer was formed on the surface of the

LTO@C samples. This robust SEI layer functioned as the most effective barrier and enhanced the Li-ion

diffusion coefficient. Cells fabricated with LTO@C sucrose 5% electrodes exhibited exceptional capacity

retention (∼97%) and a specific discharge capacity of 161 mAh g−1 after 200 cycles at 1C in a 1–2 V

voltage range. Furthermore, linear sweep voltammetry (LSV) measurements revealed a higher

overpotential for the hydrogen evolution reaction at ∼2.25 V (Li/Li+), indicating that the surface activity

of LTO was successfully regulated. Our results show that spray granulation can not only quickly and

effectively coat uniformly but also efficiently suppress gas production, thus enhancing the potential of

LTO@C as an automotive battery anode material.
Introduction

Sustainable energy has become a pressing concern, leading to
signicant advancements in the development of lithium-ion
batteries (LIBs). LIBs have a wide range of applications,
including in smartphones, electric cars, and stationary energy
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storage stations. Research on LIBs with higher energy densities,
stable cycling lifetimes, safety, and eco-friendly recycling is
urgently required.1–3 Currently, various types of carbon are used
as the primary anode materials in LIBs. However, carbon pres-
ents several signicant challenges, such as the formation of
a solid electrolyte interface (SEI) aer the initial charge/
discharge cycle, poor rate performance during charge/
discharge, and cell contraction and expansion from structural
instability due to lithium-ion extraction and insertion. These
factors can lead to the formation of lithium dendrites over
extended cycling periods, thereby affecting the cycling lifespan
and safety of the battery.4,5 In recent years, negative electrode
materials with stable structures and safety have been actively
pursued as replacements for carbon-based materials. One of the
most promising alternatives is Li4Ti5O12 (LTO). LTO is a spinel
material with zero-strain characteristics, resulting in minimal
volume changes during the lithium insertion/extraction
processes, thereby ensuring an excellent cycling lifespan in
the battery. LTO operates at a voltage range of 2.5 V to 1.0 V,
exhibiting a long and at voltage plateau at ∼1.5 V (vs. Li/Li+)
during the charging and discharging processes. It has a theo-
retical capacity of 175 mAh g−1 and other advantages, such as
high thermal stability, low cost, and excellent safety.6–8 Despite
the various benets of LTO, its commercialization is hindered
by two major issues. First, LTO has relatively poor electronic
RSC Adv., 2025, 15, 11881–11892 | 11881
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conductivity, which results in poor high-rate charge/discharge
capability. Second, prolonged cycling can lead to gas produc-
tion, raising safety concerns. To address this poor conductivity,
numerous advanced technologies have been developed,
including micro–nano structures,9–12 surface modication
coatings,13–16 and doping with trace metals,17,18 all of which
effectively overcome the issue of poor conductivity. The focus on
gas production is currently the most challenging problem in
LTO.19,20 The exact mechanisms remain widely debated. Some
studies have suggested that gas production stems from the
decomposition of LiPF6 in the electrolyte at higher tempera-
tures, thereby producing CO and CO2.21,22 Additionally, the
generation of H2 may originate from trace amounts of H2O,
which originates from the LTO surface.23,24 However, other
studies indicate that gas production is due to catalytic reactions
between the LTO surface and the electrolyte in the dehydroge-
nation and decarboxylation decomposition of alkoxides in the
electrolyte, thereby producing gases.23–26 Electrochemical anal-
ysis to better understand the reactions at the interface has been
reported. As shown in Fig. 1(a), when the LTO anode contacts
the electrolyte without any charge/discharge cycles, a catalytic
reaction occurs, producing CO2 gas and forming an SEI layer on
the surface.21,22,24 During charging and discharging, electro-
chemical reactions between the LTO surface and electrolyte
generate gases such as H2, CO2, and CO,25,26 as shown in
Fig. 1(b). Therefore, applying a uniform coating to the LTO
surface can effectively reduce the direct contact between the
LTO material and electrolyte, thereby preventing the catalytic
production of additional gases,23,27–31 as shown in Fig. 1(c).

Based on previous studies, the commonly used coating
materials for LTO include carbon, Al2O3, and TiO2, all of which
require distinct deposition techniques. Carbon and TiO2 coat-
ings can be applied via conventional pyrolysis; however, as re-
ported by Lv et al.,32 this method oen leads to non-uniform
coatings and particle agglomeration. However, Al2O3 is typi-
cally deposited using ALD,33,34 which ensures excellent unifor-
mity but is costly and difficult to scale for mass production.
Although Al2O3 and TiO2 coatings are effective in stabilizing the
SEI by suppressing side reactions, their high cost and complex
processing steps limit their feasibility for commercial applica-
tions. Carbon coatings, in contrast, provide a more cost-
Fig. 1 Schematic of the LTO electrode during electrochemical cycling. (a
reactions. (c) Suppression of gas generation after surface coating with L

11882 | RSC Adv., 2025, 15, 11881–11892
effective and scalable alternative while enhancing electrical
conductivity and mitigating gas evolution. Various techniques
are available for applying carbon coatings, with pyrolysis, ball
milling, and spray granulation being the most commonly used
methods. Pyrolysis is generally considered the most cost-
effective approach; however, the method can be hampered by
uneven carbon thickness and particle agglomeration.35 Ball
milling, when not requiring high temperatures for coating, can
suffer from poor dispersion affecting carbon layer uniformity.36

Spray granulation offers several advantages for large-scale
production. This method enhances carbon layer uniformity,
improves particle dispersion, and provides greater scalability,
making it a more suitable choice for industrial applications. In
this study, we chose carbon as the coating material owing to its
availability and low cost, and previous studies have shown that
carbon coatings can effectively suppress gas generation and
signicantly enhance cycling life.37,38 However, the reported
synthesis processes are oen complex and time-consuming,
limiting their feasibility for large-scale industrial
manufacturing and practical applications. To address this
issue, we utilized a large-scale rapid spray granulation tech-
nique to form a protective carbon layer on the LTO surface.39–47

This coating is found to improve conductivity and reduce
interfacial gas production. Electrochemical analysis techniques
were employed to investigate interfacial electrochemical
changes and determine the optimal conditions for minimizing
gas generation.
Experimental section
Synthesis of LTO@C

First, pre-sintered spinel-type LTO (from Xingxin Chemical,
Japan) was evenly dispersed in pure DI water, referred to as
solution ‘A’. Sucrose was then dissolved and dispersed in DI
water at weight percentages of 5%, 7.5%, and 10%, referred to
as solution ‘B’. Subsequently, solutions A and B were thoroughly
mixed and continuously fed into a spray dryer (CNK SDDNH-3,
GUS Technology Co., Ltd, Taipei, Taiwan) using a peristaltic
pump. Gas was used to atomize the mixture through a nozzle
into a preheated tubular furnace for drying. During the spray
drying process, a gas pressure of 0.2 MPa is maintained as it
) Contact with the electrolyte. (b) Gas generation by LTO during redox
TO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enters the tubular furnace at a temperature of 200 °C. As the
sprayed droplets undergo rapid drying, capillary contraction
encapsulates sucrose onto the surface of the LTO. The product
collected in a collection bin through the cyclone separator-
driven ow constitutes the precursor material. The obtained
products were then sent into a box furnace under a nitrogen
atmosphere and calcined at 600 °C for 5 h, transforming into
LTO@C composite material. Note that the pristine sample and
the sucrose-added powders were named LC0, LC5, LC7.5, and
LC10.

Material characterization

The crystal structure was characterized using X-ray diffraction
(XRD, Empyrean) with a Cu Ka radiation source ranging from
10° to 90° in 2q. Raman spectroscopy (Horiba, iHR550) was
employed to detect the LTO@C composite material. The surface
elemental characteristics of the LTO@C samples before and
aer cycling were analyzed using high-energy X-ray photoelec-
tron spectroscopy (XPS, ULVAC-PHI (Quantes)). Field Emission
Scanning ElectronMicroscopy (FE-SEM, FEI Inspect-F SEM) and
high-resolution transmission electron microscope (HR-TEM,
JEOL) operated at 200 kV were used to examine the
morphology and microstructure of the carbon-coated LTO@C
samples.

Electrochemical measurements

Electrochemical measurements were performed using CR2032
button cells, with each half-cell assembly consisting of a 13 mm
diameter working electrode, a 15 mm diameter lithium metal
anode serving as both the counter and reference electrodes, and
a polypropylene separator from Asashi. The working electrode
Fig. 2 XRD patterns and Rietveld refinements for samples (a) LC0, (b) LC

© 2025 The Author(s). Published by the Royal Society of Chemistry
was prepared by creating a uniform slurry from 91 wt% active
material, 5 wt% PVDF binder, and 4 wt% super P in N-methyl
pyrrolidone (NMP) through continuous stirring for one hour.
This slurry was then cast onto aluminum foil and dried at 110 °
C overnight. Before assembly, the working electrode was pre-
wetted with a standard electrolyte solution, which consisted of
a 1 M LiPF6 solution mixed with ethylene carbonate (EC) and
dimethyl carbonate (DEC) in a 1 : 1 weight ratio, both purchased
from Formosa Co., Taiwan. All cells were assembled in an
argon-lled glove box (Vigor).

The galvanostatic charge–discharge process was performed
between 1 and 3 V (vs. Li/Li+) at a current rate of 0.1C (1C =

170 mAh g−1) with a ThinkLab cycler (TPT-B1HCL010A, Think
Power Technology Co., Ltd, Taipei, Taiwan). Cyclic voltammetry
was performed in a potential window ranging from 1 to 2 V at
a scan rate of 0.1 mV s−1 using a PARSTAT MC 200 electro-
chemical workstation at room temperature. Electrochemical
impedance spectroscopy was performed using the same work-
station with an AC amplitude of 10 mV between 200 kHz and
0.1 Hz.
Results and discussion

Fig. 2(a)–(d) shows the XRD patterns and Rietveld renement
data of samples LC0, LC5, LC7.5, and LC10. The renement
results for LTO in Table S1† (spinel structure, space group
Fd�3m, ICSD Pattern 98-003-5273) demonstrate a consistent LTO
single phase for all samples. The a-axis of all samples was
∼8.358 Å, as displayed in Table S1,†which is consistent with the
reported results.48–50 Furthermore, no carbon signals were
observed in the XRD patterns of LC5, LC7.5, and LC10,
5, (c) LC7.5, and (d) LC10.

RSC Adv., 2025, 15, 11881–11892 | 11883
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Fig. 3 (a) Raman spectra of LC0, LC5, LC7.5, and LC10, covering the 0–1000 cm−1 range. (b–d) Zoomed-in view of the 1000–1800 cm−1 region,
showing the D-band and G-band characteristics of all samples.
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indicating that the carbon coating was amorphous and did not
affect the LTO matrix. To deeply investigate the structural
changes induced by the carbon coating on LTO, Raman spec-
troscopy measurements were performed on the materials, as
shown in Fig. 3. The results for all samples revealed charac-
teristic peaks of F2g at 230, 262, and 350 cm−1, along with peaks
of Eg and A1g at 425 and 671 cm−1, respectively.51–53 The lower
frequency F2g peak corresponds to the bending vibration of the
O–Ti–O bond. The Eg peak, observed at an intermediate
frequency, is associated with the stretching vibration of the Li–
O bond within the LiO4 polyhedron. The higher frequency A1g
Raman peak refers to the tensile vibration of the Ti–O bond in
the TiO6 octahedron. As shown in Fig. 3(a), these peaks in
Fig. 4 Top-view SEM images for samples (a) LC0, (b) LC5, (c) LC7.5, and

11884 | RSC Adv., 2025, 15, 11881–11892
LTO@C samples are noticeably weaker and broader than in
LTO, indicating a potential enhancement in electronic
conductivity in the former.54 According to the ndings of Zhang
et al.,55 enhanced electronic conductivity can reduce the skin
depth of incident photons, which in turn affects the intensity of
the Raman spectra, reecting this phenomenon. However, the
characteristic peaks around 1300 and 1600 cm−1 shown in
Fig. 3(b)–(e), corresponding to the carbon D-band (disordered
carbon) and G-band (graphitic carbon), respectively, conrm
the presence of the carbon coating on LTO. The intensity ratio
of the D to G bands (ID/IG) can be utilized to estimate the degree
of graphitization. The highest ID/IG ratio of 0.8 is found in the
LC5 sample, suggesting that the LC5 sample exhibits better
(d) LC10.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrical conductivity.56–58 Additionally, measurements from
a laser particle size analyzer revealed that increasing the carbon
content led to an increase in the particle size, as detailed in
Table S2.† Notably, sample LC5 had a D90 of 12.93 mm, which
was smaller than those of the non-coated and other coated
samples. This reduction in particle size not only contributes to
enhanced ion transport59,60 but also makes the electrode surface
smooth and dense, as observed in the SEM images shown in
Fig. 4(a)–(b). Furthermore, Table S2† presents the surface
charge of all samples, revealing a clear shi to negative values
aer carbon coating. This negative surface charge facilitates
interactions with positively charged particles or molecules,
which, in turn, enhances Li-ion transport.61,62

To further investigate the microstructure and elemental
composition of LC0 and LC5, HR-TEM and EDX mappings were
employed, as shown in Fig. 5(a)–(d). Lattice fringes of 0.25 nm,
corresponding to the (311) crystal plane of the LTO spinel
phase, are observed in Fig. 5(c). In contrast, the HR-TEM images
of LC5 revealed two different lattice fringes of 0.478 and
0.251 nm, corresponding to the (111) and (311) planes of the
LTO, respectively, as shown in Fig. 5(d). Moreover, the thickness
of the amorphous carbon layer is estimated to be∼2–3 nm. This
indicates that the spray granulation process can effectively and
uniformly coat the LTO surface with a carbon layer, preventing
a direct reaction between the internal LTO and the electrolyte,
thus reducing gas production. Additionally, the elemental
mappings presented in Fig. 5(e)–(h) show that the distribution
area of carbon (red dots) coincides with oxygen (cyan-blue dots)
and titanium (green dots), indicating that amorphous carbon
uniformly covers the LTO. This further conrms the uniformity
of the carbon coating achieved by the spray granulation process.

The electrochemical performance shown in Fig. 6 (a) reveals
that all carbon-coated LTO samples exhibit superior cycling
stability compared to pristine LTO during a 200-cycle test at a 1C
charge–discharge rate in a potential range of 1–2 V. Though all
Fig. 5 TEM images of LC0 (a and c) and LC5 (b and d). (e–h) EDX mapp

© 2025 The Author(s). Published by the Royal Society of Chemistry
carbon-coated LTO samples exhibit excellent capacity retention,
voltage degradation was observed during extended cycling,
depending on the thickness of the carbon coating (see Fig. S3 in
the ESI†). Among these, the LC5 sample exhibited the best
stability, highlighting that an excessively thick carbon layer is
detrimental. These ndings suggest that surface coating
signicantly inuences the chemical properties of the material,
thereby impacting its performance. Importantly, our samples
achieved enhanced electrochemical performance, representing
a substantial improvement over previously reported LTO@C
samples, as shown in Fig. 6(b).63–67

We further used the galvanostatic intermittent titration
technique (GITT) to estimate the Li-ion diffusion coefficients of
all samples. In the GITT experiments, a 0.05C current pulse was
applied for 10 minute, followed by a 10 minute relaxation
period in an open-circuit state. We recorded the initial non-
equilibrium voltage and the nal equilibrium open-circuit
voltage and then calculated the Li-ion diffusion coefficient
using eqn (1):68,69

DLiþ ¼ 4

ps

�
mBVm

MBS

�2�
DEs

DEt

�2

; (1)

where DLi+ is the lithium-ion diffusion coefficient; s is the
constant current pulse time; mB is the mass of the active
material on the electrode; Vm is the molar volume of the elec-
trodematerial, which can be calculated from the electrode sheet
volume, molecular weight of the active material, and the mass
of the active material in the electrode sheet; MB is the molar
mass of the electrode material (459.1448 g mol−1); S is the
contact area between the electrode and the electrolyte (1.53938
cm2); DEs is the difference in potential aer stabilization; and
DEt is the voltage change of the battery during constant current
charge and discharge over time s. Aer performing the calcu-
lations and plotting the data, as shown in Fig. 6(c), we found
that the average DLi+ values for LC0, LC5, LC7, and LC10 were
ing photographs for C, Si, and O in sample LC5.

RSC Adv., 2025, 15, 11881–11892 | 11885
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Fig. 6 (a) Comparative cycling performance of all the samples. (b) Performance comparison of this work and other reported studies. (c–f) GITT
profiles were measured at 0.05C for each sample, and the corresponding diffusion coefficients were derived from these profiles.
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1.29 × 10−11, 9.25 × 10−11, 3.05 × 10−11, and 8.02 × 10−12 cm2

s−1, respectively. The LC5 electrode exhibited the highest
values, indicating a signicant enhancement in Li-ion
11886 | RSC Adv., 2025, 15, 11881–11892
intercalation and deintercalation. Additionally, calculations of
the lithium-ion diffusion coefficient revealed that a thicker
carbon layer results in lower ion diffusion efficiency. These
© 2025 The Author(s). Published by the Royal Society of Chemistry
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ndings suggest that excessive carbon coating hinders charge
transport via two primary mechanisms. First, the increased
carbon thickness elevates the internal resistance likely owing to
the reduced electronic conductivity of thicker carbon coatings
compared to the LTO substrate.70,71 Second, a thicker carbon
layer impedes lithium-ion transport by creating a longer and
less conductive pathway, thereby reducing the diffusion
kinetics.72 Moreover, an excessively thick carbon coating may
alter solid electrolyte interphase (SEI) formation, potentially
introducing additional interfacial resistance.

The stability of the LTO/electrolyte interface is a key factor
inuencing LTO battery performance. In the early stages of SEI
formation, the decomposition of LTO and electrolyte molecules
generates CO2, Li2CO3, and Li2O. The interaction between
Li2CO3 and LTO facilitates the formation of over-lithiated pha-
ses, such as Li2O and lithium carbides (LiCx), on the LTO
Fig. 7 XPS spectra of all samples, showing (a–d) C 1s, (e–h) O 1s, (i–l) T

© 2025 The Author(s). Published by the Royal Society of Chemistry
surface. This continuous SEI growth accelerates capacity
degradation and shortens the cycle life. To understand these
effects, XPS analysis was conducted on all samples both before
and aer 200 cycles, as shown in Fig. S2† and 7. Compared with
the XPS spectrum of Ti 2p of all samples before cycling, a small
negative shi can be observed in the XPS spectrum following
carbon coating, indicating the Ti(III) modication on the outer
surface. As reported by Colbow et al.,73 surface Ti3+ signicantly
enhances the electronic conductivity of carbon-coated LTO.
Unlike Ti4+, Ti3+ possesses an electron in the Ti:t2 band,
contributing to improved conductivity. This conclusion is
further supported by thermogravimetric analysis (TGA) in
Fig. S4(a),† where a slight weight increase in carbon-coated LTO
between 120 °C and 300 °C is likely due to the oxidation of
Ti3+,74 conrming its presence in the as-prepared material. It
should be mentioned that oxygen vacancies are known to
i 2p, and (m–p) F 1s regions after 200 cycles.

RSC Adv., 2025, 15, 11881–11892 | 11887
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reduce the band gap of bulk LTO, thereby improving conduc-
tivity and electrochemical performance. However, our O 1s
spectra (Fig. S2(e–h)†) did not show the characteristic oxygen
vacancy peak. This suggests that oxygen vacancies are unlikely
to contribute to the improvement of the conductivity in our
system, which is consistent with the band gap values of 3.88,
3.87, 3.88 and 3.89 eV from our Tauc plots (Fig. S4(b)†) for
samples LC0, LC5, LC7.5 and LC10, respectively. However, the
Ti 2p spectra for all electrodes showed no detectable Ti signals
aer 200 cycles, suggesting that a thick SEI layer was formed on
the surface aer long-term cycling. This result is consistent with
observations reported by Ma et al.75 However, interesting
differences were observed in the C 1s, O 1s, and F 1s spectra, as
shown in Fig. 7(a–h) and (m–p). The C 1s spectra reveal that the
SEI is composed of signals at 286.2 (C–O), 286.6 (ROLi), 288.7
(C]O), and 290.1 (ROCO2Li, Li2CO3) eV. The O 1s spectra show
signals at 528.5 (Li2O), 530.4 (ROLi), 531.4 (CO3), and 290.1 (C–
O) eV. Additionally, the F 1s spectra exhibit signals at 685 (LiF)
and 687.2 (CF2) eV, consistent with previous ndings from other
groups.75–78 The analysis indicates that the SEI is mainly
composed of Li2CO3 and Li2O. From the C 1s and O 1s spectra,
Li2O was the primary component in the SEI of pristine LTO,
with only trace amounts of Li2CO3. Previous studies have shown
that Li2CO3 in the SEI continuously reacts with the electrolyte,
degrading cycling performance.79,80 In uncoated LTO, this
reaction consumes Li2CO3, resulting in a weak signal. Thus, the
carbon coating serves as a protective barrier, minimizing direct
contact between the LTO and the electrolyte. This allows both
Li2CO3 and Li2O to contribute to SEI stabilization, thereby
enhancing cycling stability. Furthermore, the results suggest
that without a carbon coating, a stable Li2CO3 layer cannot be
maintained to support a robust SEI. Consequently, the unstable
Li2CO3 layer continues to react with LTO, leading to the
formation of Li2O and CO2 on the LTO surface, which subse-
quently contributes to gas generation. However, as the carbon
content increases, the signal weakens, suggesting that excessive
Fig. 8 Catalytic performances of LC0, LC5, LC7.5, and LC10. (a) HER and (
for different samples. All measured voltages were converted to values vs

11888 | RSC Adv., 2025, 15, 11881–11892
carbon may accelerate SEI formation and electrolyte consump-
tion. Therefore, a moderate carbon coating is the most effective
for SEI stabilization.

Thus far, the electrochemical performance of LTO has been
understood to be highly dependent on the stability of the LTO/
electrolyte interface, which can be quantitatively assessed
through SEI formation kinetics. Consequently, it is important to
investigate the interactions between the carbon coating layer
and LTO within the electrode. As suggested by Yi et al.,23 the gas
release of LTO in aqueous electrolytes is easily observable, with
voltages during catalysis tests converted to Li+/Li potentials. To
further evaluate the interfacial reactions in all samples, linear
sweeping voltammetry (LSV) was conducted in a three-electrode
electrochemical cell at room temperature. A graphite rod served
as the counter electrode for the hydrogen evolution reaction
(HER) tests, and Pt foil (1 cm2) was used for the oxygen evolu-
tion reaction (OER) tests. An Ag/AgCl/KCl (3 M) electrode was
chosen as the reference electrode. All recorded voltages were
carried out in 0.1 M Na2SO4 aqueous electrolyte (pH = 7) at
a sweep rate of 5 mV s−1 and converted against the redox
potential of lithium using the relationship VLi+/Li = 3.045 V + Vx

+ 0.197 V + 0.059 pH, where VLi is the voltage vs. Li
+/Li and Vx is

the voltage measured during catalytic experiments. During the
HER, as shown in Fig. 8, the LC5 electrode exhibited the highest
overpotential of around 2.25 V vs. Li+/Li. This value is slightly
higher than the overpotential of ∼1.98 V observed for pristine
LTO, indicating a weaker catalytic capability for the LC5 elec-
trode. However, Fig. 8 demonstrates that oxygen evolution for
all samples initiates only at an overpotential exceeding 5.18 V vs.
Li+/Li according to the OER ndings. This potential is signi-
cantly beyond the typical operational range (0.8 to 3 V vs. Li+/Li)
of LTO in battery applications. Therefore, the OER is unlikely to
occur during normal battery operation. The HER/OER tests
demonstrate that the carbon coating layers alter the surface
characteristics of the LTO electrode, effectively regulating its
b) OER polarization curvesmeasured in 0.1 MNa2SO4 aqueous solution
. Li+/Li.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Color-mapped DRT plots showing Li transition paths for the LC0, LC5, LC7.5, and LC10 electrodes during (a–d) lithiation and (e–h)
delithiation.
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surface activity and possibly leading to less gas production
during cell operation.

To further investigate the surface activities of LC0, LC5, LC7,
and LC10 at the electrolyte interface, a distribution of relaxation
time (DRT) analysis was carried out. This analysis was used to
assess the impedance responses of all the samples recorded at
various voltages during Li-ion intercalation and deintercalation
at the electrode interface. The results, combined with electro-
chemical impedance spectroscopy (EIS), generated a 2D color
map, providing a detailed examination of interfacial changes.
As shown in Fig. 9, different frequency phenomena are repre-
sented: P1 corresponds to the surface lm resistance, P2
represents the charge transfer resistance at the electrode/
electrolyte interface, and P3 indicates the solid-state diffusion
of the active material.81–83 In the 2D color maps for LC0 during
charge and discharge (Fig. 9(a)), there are no signs of increased
resistance at P1 or P2 during lithium-ion intercalation.
However, during lithium-ion deintercalation at 1.6 V (Fig. 9(e)),
there is an increase in resistance at P1, which is attributed to
SEI formation on the surface. For LC5, LC7, and LC10
(Fig. 9(b)–(d)), aer carbon coating, increased resistance signals
were observed at both P1 and P2 during lithium-ion intercala-
tion. Specically, at 1.4 V, a notable increase in surface lm
resistance (P1) and a rise in the charge transfer resistance (P2) at
1.5 V were observed. During lithium-ion deintercalation
(Fig. 9(f)–(h)), a stronger resistance signal at P1 between 1.6 and
1.5 V was observed compared to uncoated LTO. Additionally, P2
showed increased resistance at 1.8 V, emphasizing the impact of
carbon coating on interfacial properties. This suggests that the
carbon coating affected the resistance signals during the
lithium-ion insertion process. The results of the charge and
discharge analyses indicate that the increased resistance
response signals for P1 and P2 are likely due to the protective
amorphous carbon layer on the surface of the LTO@Cmaterial.
Similar ndings were reported in our previous studies.84–86
© 2025 The Author(s). Published by the Royal Society of Chemistry
Furthermore, the XPS data from the 200-cycle experiment
shown in Fig. 7 suggest that the carbon layer on LTO@C
stabilized the formation of the SEI layer, whereas the SEI
formed on non-coated LTO was less stable. Consequently, the
surface lm resistance and charge transfer resistance at the
electrode/electrolyte interface during Li-ion intercalation and
deintercalation did not exhibit signicant changes in resistance
for the non-coated LTO. Based on the XPS and DRT results, it is
evident that the carbon coating on LTO regulated its surface
activity and facilitated the formation of a stable SEI layer. A
stable SEI layer is benecial for Li-ion diffusion.87,88

Conclusion

In summary, the above analysis provides insights into how the
spray granulation coating of a carbon layer affects the material
properties and surface morphology of LTO, as well as the elec-
trochemical behavior at the interface between the electrode and
the electrolyte. Spray granulation allows for the rapid coating of
the material with a carbon layer. The XRD results indicate that
this process does not affect the material structure, as the spinel
structure of LTO is maintained aer granulation, and Raman
spectroscopy clearly shows signals for both LTO and amor-
phous carbon. SEM analysis reveals that with a 5% sucrose
weight percentage coating, LTO@C achieves a uniform surface
coating, and TEM conrms that the carbon is uniformly coated
on the outer layer of LTO with a thickness of 2–3 nm. Aer these
modications, the LTO@C electrode was tested over 200 battery
cycles. The XPS data show that the LTO@C sample forms
a stable SEI layer made up of Li2CO3 and Li2O. This stable SEI
layer prevented the loose SEI on the LTO surface from reacting
directly with the electrolyte to produce gas, indicating that the
coating effectively suppressed gas production. Further analysis
showed that the carbon coating formed a stable SEI, affecting
the impedance response in the DRT analysis. The LTO@C
sample exhibited increased resistance owing to the carbon layer
RSC Adv., 2025, 15, 11881–11892 | 11889
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and SEI on the surface. The lithium-ion diffusion coefficient,
estimated using the GITT, is higher for LTO@C with 5% sucrose
(9.25 × 10−11 cm2 s−1), demonstrating signicant improvement
in the electrochemical performance of the LTO@C electrode.
Aer 200 cycles at 1C, the LTO@C with 5% sucrose maintained
a capacity of 161 mAh g−1 with a 97% capacity retention rate.
Moreover, during the measurement of the HER using LSV, the
LTO@C electrode with 5% sucrose shows a slightly higher
overpotential of approximately 2.25 V vs. Li+/Li, indicating its
ability to effectively suppress gas generation. These ndings
demonstrate that spray granulation is a rapid and efficient
technique for uniformly coating LTO surfaces with a carbon
layer. This modication results in a stable SEI layer on the
electrode surface, which improves the cycling stability of the
battery and effectively addresses the issue of gas production.
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