Volume 9
Number 8

21 April 2025
Pages 1907-2250

Sustainable
Energy & Fuels

Interdisciplinary research for the development of sustainable energy technologies

rsc.li/sustainable-energy

PAPER

0 Seung-Min Paek et al.

Chemically pre-lithiated/sodiated reduced graphene
ROYAL SOC' ETY oxide-antimony oxide composites for high-rate capability
“ OF CH EMISTRY and long-term cycling stability in lithium and sodium-ion

batteries



Open Access Article. Published on 20 February 2025. Downloaded on 6/21/2026 5:06:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable

Energy & Fuels

W) Check for updates ‘

Cite this: Sustainable Energy Fuels,
2025, 9, 1998

Received 5th February 2025
Accepted 19th February 2025

DOI: 10.1039/d55e00172b

I ROYAL SOCIETY
PPN OF CHEMISTRY

Chemically pre-lithiated/sodiated reduced
graphene oxide—antimony oxide composites for
high-rate capability and long-term cycling stability
in lithium and sodium-ion batteriest

Minseop Lee, @ i Gi-Chan Kimi and Seung-Min Paek (= *

Utilizing ultrasonication and microwave irradiation processes, we present a straightforward synthetic route
to microwave-irradiated reduced graphene oxide (MrGO)-antimony oxide (Sb,Oz) composites used as
anode materials for lithium-ion batteries (LIBs) and sodium-ion batteries (SIBs). Furthermore, after
a chemical pre-lithiation (PL) and pre-sodiation (PS) process, PL-MrGO/Li,Sb,Oz and PS-MrGO/
Na,Sb,Oz composites incorporating an inorganic solid electrolyte interface (SEl) layer and amorphous
Li,Sb,0O3/Na,Sb,Os were prepared by drying in an ambient environment. The inorganic SEI, including
Li(Na)OH already formed at the defect site where irreversible Li/Na-ion trapping occurs, inhibits the initial
irreversible reaction and provides ~100% initial coulombic efficiency. In addition, the amorphous
Li,Sb,O3 and Na,Sb,03 formed before the 1st discharge process promote improved cycling stability. For
LIBs, the reversible capacity of the PL-MrGO/Li,Sb,Os anode is 877.7 mA h g~* at 100 mA g~ after 150
cycles and 315.3 mA h g~ after 3000 cycles at 5000 mA g~ Also, for SIBs, PS-MrGO/Na,Sb,05 exhibits
a reversible capacity of 313.1 mA h g~ at 1200 mA g~ after 3000 cycles. This rational structural design,
which considers the irreversible reactions that occur during cycling, can be extended to the

rsc.li/sustainable-energy

1 Introduction

To meet the growing global demand for energy storage solu-
tions while adhering to the principles of sustainability,
researchers have increasingly focused on the development of
electrochemical energy storage materials and processes." In
particular, the use of chemically pre-lithiated and pre-sodiated
anode materials in lithium- and sodium-ion battery (LIB and
SIB) systems has emerged as a promising approach to improve
the performance and lifespan of batteries. These materials
address structural stability and capacity retention issues,
enhancing the batteries’ overall durability and providing
performance benefits throughout their lifecycle.” ™

The chemical pre-lithiation/sodiation process involves the
incorporation of lithium or sodium ions into the anode material
during synthesis. This preconditioning stabilizes the electrode
structure and mitigates irreversible capacity losses that typically
occur during the initial cycles of battery operation, thus
substantially improving operational efficiency. Furthermore,
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development of other high-performance anode materials.

these techniques align closely with the goals of a circular
economy by reducing material waste and improving resource
efficiency.

Additionally, one of the biggest challenges in current LIB
and SIB research is developing anode materials that offer high
energy density and long-term cycling stability."*™® Graphite-
based anodes are widely used in LIBs due to their excellent
stability and cost-effectiveness. However, the theoretical
capacity of graphite is limited to 372 mA h g~ ', which falls short
of meeting the increasing demand for high-energy-density
batteries required for applications such as electric vehicles and
large-scale energy storage systems.”*** Additionally, graphite-
based anode materials in SIBs suffer from low capacity, ineffi-
cient cycling performance, and poor structural stability due to
the large ionic radius of sodium ions.>**’ In contrast, Sb-based
anodes, particularly Sb,03, have garnered significant attention
as lithium and sodium storage materials due to their abundant
resources and high theoretical capacity of 1102 mA h g~
However, like most conversion/alloy type-transition metal
oxide-based electrode materials, Sb,0; suffers from low elec-
trical conductivity and significant volume changes during
charge/discharge cycles, leading to physical instability and
degraded cycling performance.”®** To address these challenges,
graphene-based composites have been extensively studied.
Existing literature primarily focuses on uniformly dispersing

This journal is © The Royal Society of Chemistry 2025
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antimony oxide in a carbon matrix to mitigate volume changes
and resolve conductivity issues.**** Nevertheless, to address
problems related to high-rate performance and long-term
cycling stability, new approaches that consider the irreversible
reactions occurring during the cycling process must be
explored. Specifically, for the practical application of high-
energy-density LIBs and SIBs, it is essential to suppress the loss
of active lithium/sodium ions in the electrolyte and enhance the
initial coulombic efficiency (ICE) of the anodes up to
~100%.%*

This study developed a simple synthesis route for chemically
pre-lithiated/sodiated ~MrGO/Li(Na),Sb,0; composites to
suppress irreversible reactions occurring during cycling.

The combined approach of introducing Li(Na)OH-Li(Na),-
CO; to induce an inorganic-rich solid-electrolyte interphase
(SEI) and chemically pre-lithiating/sodiating Sb,O; to enhance
electrochemical reversibility in graphene-antimony oxide
composites represents a significant advancement over conven-
tional strategies. While traditional carbon coating or alloying
techniques primarily focus on modifying the electrode surface,
the approach proposed in this study effectively mitigates initial
irreversible capacity loss while simultaneously improving long-
term cycling performance. The formation of an inorganic-rich
SEI layer stabilizes the electrode-electrolyte interface and
suppresses continuous electrolyte decomposition, a common
issue in conversion-type anodes. Furthermore, the pre-lith-
iation/sodiation process of Sb,O; promotes the formation of
amorphous Li,Sb,03, enhancing the structural stability of the
electrode and ensuring excellent cycling longevity. This syner-
gistic effect contributes to improved coulombic efficiency,
reduced interfacial resistance, and increased lithium/sodium
ion flux uniformity, ultimately leading to superior high-rate
performance and long-term cycling stability.*®

The PL(S)-MrGO/Li(Na),Sb,03; composite was synthesized by
ultrasonic and microwave treatments, followed by chemical pre-
lithiation/sodiation and drying under ambient conditions. The
Li(Na)OH-Li(Na),COj3-based inorganic SEI introduced into the
carbon domain of PL(S)-MrGO/Li(Na),Sb,03; was characterized
using (HR)TEM and XPS analysis. Electrochemical analyses
confirmed the improved structural stability and suppression of
irreversible lithium/sodium ion trapping. Additionally, it was
found that the amorphous Li(Na),Sb,0; formed from crystal-
line Sb,0; minimizes irreversible reactions following the initial
conversion reaction and can stably participate in lithium/
sodium ion storage reactions over long-term cycling.**
Notably, PL-MrGO/Li,Sb,0; demonstrates exceptional perfor-
mance as an anode material for LIBs. The PL-MrGO/Li,Sb,0;
anode exhibits a discharge capacity of 866.7 mA h g~ " at 100 mA
g~ ', which remains at 576.9 mA h ¢~ * when the current density
increases to 1000 mA g~ . This value represents ~99.4% of the
theoretical capacity of MrGO/Sb,0; (872 mA h g ). In addition,
the PL-MrGO/Li,Sb,0; anode retains its capacity of 877.7 mA h
g ' after 150 cycles at 100 mA g ‘. The long-term cycling
stability of the PL-MrGO/Li,Sb,0; anode is remarkable, main-
taining a capacity of 315.3 mA h g even after 3000 cycles at
a high current density of 5000 mA g '. This excellent rate
performance and long-term cycling stability are also observed in

This journal is © The Royal Society of Chemistry 2025
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SIBs. The PS-MrGO/Na,Sb,0; anode retains a capacity of over
78.0 mA h g~ " as the current density increases from 100 mA g~*
to 20 000 mA g~ ". Additionally, it retains a discharge capacity of
386.2 mA h g after 300 cycles when the current density returns
to 100 mA g~ '. Furthermore, in a constant current test con-
ducted at 1200 mA g, the PS-MrGO/Na,Sb,0; anode achieves
a reversible capacity of 313.5 mA h g ' after 3000 cycles.
Consequently, this simple and rational synthesis strategy of
graphene and metal oxide composites, which includes chemical
pre-lithiation/sodiation, can effectively enhance long-term
cycling stability and energy density.

2 Experimental

2.1. Materials

Sodium nitrate (NaNOj, =99%), sulfuric acid (H,SO,4, 95.0-
98.0%), graphite (<20 um), tetrahydrofuran (THF, 99%) and
antimony(m) acetate (SbAc, 99.99%) were purchased from
Sigma-Aldrich Corporation (USA). Potassium permanganate
(KMnO,, =99.3%), ethyl alcohol (=94.0%) and ethylene glycol
(EG, =99.5%) were acquired from Duksan Pure Chemical Co.,
Ltd (Korea). Hydrogen peroxide (H,O,, 34.5%) was purchased
from Samchun Pure Chemical Co., Ltd (Korea). Antimony(m)
oxide (Sb,03, 99%) was purchased from Alpha Aesar. All
reagents were used without further purification.

2.2. Synthesis of graphene oxide

Graphene oxide (GO) was synthesized using a modified
Hummer's method, involving the chemical exfoliation of
graphite with a strong oxidizing agent in an acidic medium.*
Initially, graphite powder (1.0 g), sodium nitrate (NaNOjz, 0.75
g), and sulfuric acid (H,SO,, 75 mL) were mixed and stirred in
an ice bath to control the exothermic reaction. Potassium
permanganate (KMnO,, 4.5 g) was gradually added to the
mixture over the course of 1 hour, followed by stirring for two
more hours in the ice bath and subsequently at room temper-
ature for five days. The resulting GO suspension was purified by
washing with H,SO,, hydrogen peroxide (H,0,), and distilled
water to remove residual manganese salts and halt the oxida-
tion process. Finally, the GO was repeatedly washed with
distilled water and ethanol until a neutral pH was achieved.
Then, it was collected through centrifugation at 15 000 rpm for
5 min.

2.3. Synthesis of rGO/Sb(OH); and MrGO/Sb,0;

To synthesize rGO by reducing GO, antimony acetate (Sb(Ac);)
and GO are reacted using ultrasonication and microwave
treatments. Initially, GO and Sb(Ac); are dissolved separately in
ethylene glycol (EG) to prepare 1 g per L GO/EG and 4 g per L
Sb(Ac);/EG solutions, respectively. These two solutions are then
thoroughly mixed at a volume ratio of GO/EG : Sb(Ac)3/EG = 25 :
65 and subjected to ultrasonic treatment for 1 hour, resulting in
the formation of an rGO/Sb(OH);/EG solution. This solution is
centrifuged and dried to obtain a slurry form of rGO/Sb(OH);.
Finally, the obtained rGO/Sb(OH); is subjected to microwave
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treatment in a microwave oven for 10 min, yielding the final
product, MrGO/Sb,03.

2.4. Chemical pre-lithiation and pre-sodiation

In a glovebox filled with ultrapure Ar, 50 mg of MRGO/Sb,0;
powder is immersed in a 3 mL solution of 1 M lithium-biphenyl
(Li-Bp) and sodium-biphenyl (Na-Bp) in THF for 1 minute and
1.2 min, respectively, followed by washing with THF. The
resulting powder is vacuum-dried. The powders obtained by
vacuum drying are then dried in an oven at 60 °C under an
ambient atmosphere for 6 hours. The final products are named
PL-MrGO/Li,Sb,0; and PS-MrGO/Na,Sb,0;. To evaluate the
effect of drying conditions on the initial coulombic efficiency
(ICE) of PL-MrGO/Li,Sb,0j; electrodes, samples were dried at 60
°C for different durations (6 and 24 hours) before electrode
slurry preparation and initial charge-discharge testing. The
results showed that the ICE was ~99% after 6 hours of drying
and remained ~97% even after 24 hours (Fig. S17). This indi-
cates that the 60 °C, 6-hour drying conditions were chosen for
experimental convenience, and the material maintains stable
electrochemical performance even after extended drying.

2.5. Calculation of theoretical capacity

The theoretical capacities of MrGO/Sb,0; as an anode material
were calculated based on the weight fractions of its components
and their respective theoretical capacities. The weight fraction
of Sb,0; in MrGO/Sb,0; is 35.68 wt%, and the remaining 64.32
wt% corresponds to MrGO. The theoretical capacity of Sb,0; is
1102 mA h g™, while MrGO, assumed to have the same theo-
retical capacity as graphene, contributes 744 mA h ¢~ ". The total
theoretical capacity was calculated as a weighted sum of the
contributions from Sb,O; and MrGO, using the following
formula:

CMrGorsb,0, = (Wish,0, X Csp,0,) T (Wimrgo X Cvrgo)

CMrGO/Sb203 = (03568 x 1102 mA h gil)
+(0.6432 x 744mAhg ) =872mA hg™!

Therefore, the theoretical capacity of the MrGO/Sb,0; anode
is calculated to be 872 mA h g .

2.6. Electrode preparation and Li(Na) half cells assembly

Active electrodes were fabricated by casting a slurry consisting
of 70 wt% active material, 20 wt% carbon black, and 10 wt%
polyacrylic acid (PAA) in N-methyl-2-pyrrolidone (NMP) onto
copper foil. The coated electrodes were dried in a vacuum oven
at 110 °C for 12 hours. These electrodes were used for evaluating
the electrochemical performance of LIB and SIB anodes.
CR2032 coin cells were assembled in an argon-filled glovebox
(H,0 and O, levels < 0.1 ppm). Lithium metal was cast onto an
aluminum spacer to serve as the counter electrode. A Celgard
3501 separator was used to separate the anode and counter
electrode. The electrolyte consisted of a 1 M LiPF, solution in
a 1:1 (v/v) mixture of ethylene carbonate (EC) and diethyl
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carbonate (DEC). Sodium metal on aluminum foil served as the
counter electrode, and a Celgard 3501 separator was employed.
The electrolyte comprised 1 M NaPF; in a propylene carbonate/
fluoroethylene carbonate (98 : 2 w/w) solution.

Galvanostatic charge-discharge tests were performed within
a voltage range of 0.01-3.0 V (vs. Li/Li*) and 0.01-2.5 V (vs. Na/
Na') using a battery tester (Maccor K4300). Cyclic voltammetry
(CV) was conducted at scan rates of 0.1, 0.3, 0.5,and 0.8 mV s~ "
using a potentiostat (WonATech WMPG1000). EIS measure-
ments were performed at open-circuit potential over
a frequency range of 10 > to 10° Hz using a potentiostat
(Oneartec ZIVE SP2). For DRT analysis, the MATLAB-based
software ‘DRTtools’, available at Ciucci's GitHub repository
(https://github.com/ciuccislab/), was utilized.*

2.7. Characterization

The crystalline phases of the samples were analyzed using
powder X-ray diffraction (PXRD, Bruker D2 Phaser, USA) with
CuKo radiation (A = 1.54056 A). FTIR spectra were recorded
using a Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific,
USA) with the KBr pellet method. Surface elemental composi-
tion and oxidation states were determined through X-ray
photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher
Scientific, USA). Thermogravimetric analysis (TGA) was con-
ducted using a Discovery SDT 650 instrument (TA Instruments,
USA) over a temperature range of 35-900 °C in an ambient
atmosphere at a heating rate of 5 °C min~'. The surface
morphology of the samples was characterized via scanning
electron microscopy (SEM, Hitachi SU8220, Japan). Trans-
mission electron microscopy (TEM) and selected area electron
diffraction (SAED) were performed using a Titan G2 Chem-
iSTEM Cs Probe (FEI Company, Netherlands).

3 Results and discussion

3.1. Synthesis and chemical pre-lithiation and pre-sodiation
mechanism

Fig. 1a schematically illustrates the synthesis process of PL(S)-
MrGO/Li(Na),Sb,03, while Fig. 1b shows the analysis of the
crystallinity of the products using X-ray diffraction (XRD). In
ethylene glycol (EG) solvent, GO nanosheets containing oxygen
functional groups exhibit negative surface charges, and the
positively charged [Sb(EG);]>* complexes are adsorbed through
electrostatic interactions. Upon ultrasonic treatment, the
temperature of the solution rises significantly due to an
exothermic reaction. At elevated temperatures, the oxygen-
containing species on the unstable GO nanosheet surfaces react
with -OH and are removed, forming reduced graphene oxide
(rGO) nanosheets. The XRD pattern of rGO/Sb(OH); formed
after ultrasonic treatment does not exhibit the peak around 8°
associated with GO, nor does it show distinct crystallization
peaks attributed to Sb,0;. However, the XRD pattern of micro-
wave-treated MrGO/Sb,0O; reveals clear crystallization peaks due
to the formation of Sb,0; from Sb(OH);. Consequently, a simple
process involving ultrasonic irradiation
successfully  fabricated composites Sb,0;

and microwave
containing

This journal is © The Royal Society of Chemistry 2025
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nanoparticles within a graphene matrix.*> The chemical reac-
tions occurring during the synthesis of MrGO/Sb,O; are
detailed in Fig. 1c. During the synthesis of MrGO/Sb,0;, the
interaction between acetate anions and ethylene glycol in the
reaction solution serves as a source of OH . These generated
OH™ remove oxygen-containing functional groups from GO,
thereby promoting the formation of rGO.

Fig. S21 presents the XRD spectra of samples where GO was
dispersed in EG and then subjected to ultrasonic treatment
(EG-GO) and microwave treatment (EG-MGO) in the absence of
antimony acetate. These spectra confirm that no reduction of
GO occurs in EG without antimony acetate, demonstrating that
antimony acetate is essential for the reduction of GO during the
synthesis of MrGO/Sb,0;. Under ambient conditions, the XRD
pattern of pre-lithiated/sodiated and dried PL(S)-MrGO/
Li(Na),Sb,0; shows a decrease in peaks attributed to crystalline
Sb,03, indicating the formation of amorphous Li(Na),Sb,0;.
The peaks observed at around 41° and 46° in the XRD spectrum
of PL(S)-MrGO/Li(Na),Sb,0; can be indexed to inorganic crys-
talline phases. The peaks observed around 41° and 46° can be
indexed to inorganic crystalline phases. According to the PDF
card (database) in Fig. S3,T the peaks near 41° and 46° are likely
associated with the crystal planes of Li(Na)OH or Li(Na),COs.

View Article Online
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This suggests that during the pre-lithiation (pre-sodiation)
process, reactions between Li(Na)-organic radical reagents,
Sb,03, and MrGO may lead to the presence of residual Li(Na)-
ions, which subsequently react with moisture and oxygen in the
ambient environment, resulting in the formation of Li(Na)OH
and Li(Na),CO;.

The chemical reactions involved in the pre-lithiation/sodia-
tion process of MrGO/Sb,0; are illustrated in Fig. 1d. When
MrGO/Sb,0; powder is immersed in a pre-lithiation/sodiation
solution containing Li(Na)-Bp under an inert atmosphere, both
MrGO and Sb,0; within MrGO/Sb,0; undergo a series of
chemical reduction reactions. MrGO undergoes chemical
reduction via electron transfer from biphenyl anions, with
Li(Na)-ions being introduced into the disordered regions of
MrGO, forming a lithiated/sodiated host. Additionally, crystal-
line Sb,0;, which has a higher redox potential than Li-Bp (0.33
V vs. Li'/Li) and Na-Bp (0.12 V vs. Na'/Na), transforms into
amorphous Li(Na),Sb,05.>*** Therefore, this straightforward
pre-activation method effectively prevents the irreversible loss
of lithium/sodium and mitigates the initial capacity decrease
due to the amorphization of Sb,0O; during the early cycling
process. Following the pre-lithiation/sodiation process in an
inert atmosphere, excess Li(Na)-ions were removed by washing

C)
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Fig. 1

(a) Schematic representation of the synthesis route for PL(S)-MrGO/Li(Na),Sb,Os composites. (b) X-ray diffraction (XRD) patterns of GO,

MrGO/Sb(OH)s, MrGO/Sb,05, PL-MrGO/Li,Sb,O3, and PS-MrGO/Na,Sb,0s. (c) Chemical reactions during the synthesis of MrGO/Sb,Os3. (d)

Chemical reactions during the pre-lithiation/sodiation process.

This journal is © The Royal Society of Chemistry 2025
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with THF. Subsequently, during the drying process under
ambient conditions, the Li(Na)-ions introduced into the MrGO
nanosheets reacted with moisture in the air to form Li(Na)OH
phases. This process resulted in the integration of an inorganic
SEI domain with enhanced mechanical strength and ionic
conductivity into PL(S)-MrGO/Li(Na),Sb,0;. Furthermore, the
crystalline LiOH phase incorporated into the carbon domain
occupied voids where irreversible Li(Na) ion trapping could
occur, thereby contributing to a high ICE.

Fig. S41 shows the Fourier Transform Infrared (FTIR) spectra
of the materials utilized during the synthesis process. In the
spectrum of GO, peaks corresponding to C-O, C-O-C, C=C,
and C=O0O (carboxylic acid) confirm the presence of oxygen-
containing functional groups. However, following ultra-
sonication treatment of antimony acetate and GO, the peaks
associated with oxygen-containing groups almost disappeared
or significantly diminished. After microwave irradiation, most
of the oxygen-containing functional groups were removed, and
only the aromatic C=C stretching mode at approximately
~1550 cm™?, attributed to the MrGO nanosheets, was promi-
nently observed.®

3.2. Thermal stability and composition analysis

To quantify the Sb,O; content in MrGO/Sb,0;, thermogravi-
metric analysis (TGA) was conducted in an ambient atmosphere
(Fig. S57). The mass loss observed below 600 °C corresponds to
the decomposition and combustion of carbonaceous material,
with the residual mass of approximately 39.50 wt% attributed to
the formation of Sb,0,. After the TGA scan, the XRD pattern of
the residue confirmed the conversion of Sb,O; to Sb,O,
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(Fig. S6t). Based on the molar mass of Sb,0,, the estimated
Sb,0; content in MrGO/Sb,0; was determined to be 37.44
wt%.%"% Further analysis using inductively coupled plasma
(ICP) was performed to assess the Sb content in MrGO/Sb,05.
The Sb,0; content, calculated from the molar mass of Sb ob-
tained via ICP analysis, was 35.68 wt%. Additionally, X-ray
photoelectron spectroscopy (XPS) elemental analysis was con-
ducted to verify the surface composition of MrGO/Sb,Os3,
revealing an Sb,0; content of 38.66 wt%. These values are
consistent with the results obtained from TGA and ICP analyses,
indicating that most Sb,0; nanoparticles are uniformly adsor-
bed on the surface of the graphene nanosheets in MrGO/Sb,0;.
A summary of the TGA, ICP, XPS, and TEM-EDS elemental
analysis results for MrGO/Sb,0; can be found in Table S1.7

3.3. Morphological and structural analysis

The surface morphology of the samples was characterized using
scanning electron microscopy (SEM). Fig. 2a illustrates the
expanded open structure of MrGO, with its increased interlayer
spacing. In contrast, EG-MGO retains oxygen functional groups
on the edges and basal planes of the graphene, resulting in
a thicker, multilayered structure similar to GO (Fig. 2b and S77).
The SEM images of MrGO/Sb,0; are distinctly different from
those of EG-MGO. Fig. 2c shows that the reduced graphene
nanosheets form an open structure, with a rough surface indi-
cating the presence of Sb,0; nanoparticles on the graphene
nanosheets. This structure is expected to exhibit a synergistic
effect, where the graphene nanosheets act as conductive chan-
nels while the Sb,0; nanoparticles prevent excessive restacking
of the graphene. Fig. 2d and e demonstrate the volumetric

Fig. 2
(e) PS-MrGO/Na,Sb,0s.

2002 | Sustainable Energy Fuels, 2025, 9, 1998-2013

(a) Field emission scanning electron microscopy (FE-SEM) images of (a) MrGO, (b) EG-MGO, (c) MrGO/Sb,03, (d) PL-MrGO/Li,Sb,03, and

This journal is © The Royal Society of Chemistry 2025
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expansion due to the formation of lithiated/sodiated graphene
and Li(Na),Sb,0; following the pre-lithiation/sodiation treat-
ment of MrGO/Sb,0;. Therefore, utilizing the already amorph-
ized and expanded samples as active materials through pre-
lithiation/sodiation treatments is expected to enhance the
physical stability of the electrodes during cycling.

The porosity of the synthesized samples was investigated
using nitrogen adsorption-desorption isotherms (Fig. S8 and
S9tf). The specific surface area calculated by the Brunauer-
Emmett-Teller (BET) method and the pore size distribution
calculated by the Barrett-Joyner-Halenda (BJH) method are
presented in Table S2+. The adsorption isotherms of GO and
EG-MGO exhibited very low BET-specific surface areas of 26 m>
g~ " and 21 m”> g, respectively. In contrast, MrGO, reduced by
microwave treatment under hydrated conditions, displayed
a significantly higher BET-specific surface area of 240 m”* g~"
and increased pore volume. This suggests the presence of
numerous electrochemically active sites capable of accommo-
dating lithium/sodium ions. However, this also indicates an
increase in the active surface area where irreversible reactions at
the electrode/electrolyte interface may occur. Therefore, the
Sb,0; nanoparticles adsorbed on the surface of the graphene
nanosheets and embedded within the carbon structure can help
inhibit irreversible reactions on the electrode surface and
within the SEI layer, thereby achieving a high ICE. The BET-
specific surface areas of PL-MrGO/Li,Sb,0; and PS-MrGO/Na,-
Sb,03;, which underwent pre-lithiation/sodiation treatment,
were found to be 11 m? g~ ' and 27 m® g, respectively. The
reduction in pore volume and specific surface area can be
attributed to the formation of an inorganic SEI layer containing
Li(Na)OH within the pores of the carbon structure and the
lithiation/sodiation of Sb,O; nanoparticles.

Transmission electron microscopy (TEM) images were
analyzed to gain a deeper understanding of the structural
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characteristics of MrGO/Sb,0;. The high-resolution (HR)TEM
images in Fig. S10} clearly illustrate the wide basal spacing of
MrGO nanosheets (0.39-0.41 nm) and the integration of small
Sb,0; nanoparticles, measuring a few nanometers, into the
graphene. Additionally, Fig. S11f presents HAADF and EDS
elemental mapping (C, O, and Sb) images of MrGO/Sb,0s,
confirming the uniform distribution of each element. Fig. S12
and S131 show the HRTEM and EDS elemental mapping images
of PL-MrGO/Li,Sb,0; and PS-MrGO/Na,Sb,0;. After pre-lith-
iation/sodiation, the HRTEM and SAED images reveal the
integration of amorphous nanoparticles (Li,Sb,0O; and Na,Sb,-
03) into the graphene. The EDS images confirm that uniform
chemical pre-lithiation/sodiation was successfully achieved
through the lithium/sodium-organic composite solution.”®”*

3.4. Chemical bonding and surface chemistry analysis

Fig. 3 and S14a-ef show the X-ray photoelectron spectroscopy
(XPS) spectra of MrGO/Sb,03;, PL-MrGO/Li,Sb,0;, and PS-
MrGO/Na,Sb,0; electrodes. The XPS elemental analysis results
of PL-MrGO/Li,Sb,0; and PS-MrGO/Na,Sb,0; are detailed in
Tables S3 and S4.7 In Fig. 3a, the C 1s spectra of MrGO/Sb,03;
show a significantly lower relative intensity of oxygen-contain-
ing functional groups compared to GO synthesized via the
Hummer's method (Fig. S151). This indicates that the GO
nanosheets were effectively reduced during the synthesis of
MrGO/Sb,0;. Additionally, the presence of an additional peak
at 285.4 eV in the C 1s spectra of MrGO/Sb,0; can be attributed
to the C-O(-Sb) bond, suggesting the formation of strong
electronic interactions between Sb,0; and the MrGO nano-
sheets.”” In Fig. 3b, the Sb 3d spectra of MrGO/Sb,0; overlap
with the O 1s spectra. The signals at 530.7 eV and 540.1 eV
correspond to Sb®" 3d;, and Sb** 3ds;, in c-Sb,0s,
respectively.”7® The O 1s spectral signal at 531.9 eV arises from
lattice oxygen and oxygen-containing functional groups on the

(b)
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— o L -
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Fig. 3 High-resolution XPS spectra of (a) C 1s and (b) Sb 3d & O 1s for MrGO/Sb,03, PL-MrGO/Li,Sb,03, and PS-MrGO/Na,Sb,0s.

This journal is © The Royal Society of Chemistry 2025

Sustainable Energy Fuels, 2025, 9, 1998-2013 | 2003


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se00172b

Open Access Article. Published on 20 February 2025. Downloaded on 6/21/2026 5:06:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

graphene surface. After pre-lithiation, the C 1s spectra of PL-
MrGO/Li,Sb,0; reveal an additional peak attributed to Li,CO3,
while the Sb 3d and O 1s spectra exhibit new peaks assigned to
LiOH (Fig. 3¢ and d). These findings suggest that Li'-ions react
with atmospheric moisture to form LiOH, which subsequently
reacts with CO, in air to form Li,CO; (Fig. S14dt}). Furthermore,
the formation of amorphous Li,Sb,0; shifts the Sb 3d;,, and Sb
3ds/, peaks to lower binding energies (530.4 eV and 539.7 eV,
respectively).”® In the C 1s spectra of PS-MrGO/Na,Sb,03
presented in Fig. 3e, an additional peak corresponding to
Na,COs; is observed. The Sb 3d, O 1s, and Na 1s spectra confirm
the formation of Na,CO; and NaOH (Fig. 3f and Si4ef).
Furthermore, the formation of amorphous Li,Sb,0; shifts the
Sb 3d;/, and Sb 3ds,, peaks to lower binding energies (530.4 eV
and 539.7 eV, respectively).®® The Li(Na)OH-Li(Na),CO3
formed on the electrode surface after pre-lithiation/sodiation
plays a crucial role in guiding inorganic-rich SEI growth during
charge/discharge cycles. Typically, Sb,0O;-based electrodes
undergo significant volume changes during cycling, leading to
continuous SEI destruction and reformation. This process often
results in the formation of a thick organic-rich SEI layer and
accumulation of insoluble byproducts from electrolyte decom-
position. Such effects increase interfacial resistance and dete-
riorate long-term electrochemical stability. However, the
inorganic-rich SEI layer exhibits high mechanical strength and
effectively mitigates excessive SEI growth. This property helps

View Article Online
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reducing initial irreversible capacity loss and enhancing the
long-term cycling stability of the electrode.*®

3.5. Lithium storage performance of PL-MrGO/Li,Sb,0;

To understand the effects of pre-lithiation and the structural
synergy of composites, the electrochemical performance of PL-
MrGO/Li,Sb,0; was compared with that of MrGO/Sb,03;, MrGO
and bare Sb,0;. The rate performance of each electrode was
evaluated at current densities ranging from 100 to 1000 mA g~
(Fig. 4a). The comparison of charge/discharge capacities and
capacity retention rates over the initial 35 cycles for PL-MrGO/
Li,Sb,03, MrGO/Sb,03, Sb,03, and MrGO electrodes presented
in Fig. 4a is shown in Fig. S16.f The PL-MrGO/Li,Sb,0; elec-
trode exhibited reversible capacities of 866.7 mA h g~ (2nd
cycles), 716.3 mA h g (10th cycles), 656.7 mA h g~* (15th
cycles), 611.6 mA h g~ (20th cycles), 580.8 mA h g~ ' (25th
cycles), and 573.7 mA h g~ (30th cycles) at current densities of
100, 300, 500, 700, 900, and 1000 mA g ', respectively. The
capacity retention rates relative to the 2nd cycle were 82.6%,
75.8%, 70.6%, 67.0%, and 66.2%, respectively. The MrGO/Sb,03
electrode, under the same conditions, showed capacities of
850.8 mA h ¢~ (2nd cycles), 678.8 mA h g~ * (10th cycles), 615.8
mA h g~ (15th cycles), 573.2 mA h g~ * (20th cycles), 541.5 mA h
g ' (25th cycles), and 518.2 mA h g~ * (30th cycles), with reten-
tion rates of 79.8%, 72.4%, 67.4%, 63.6%, and 60.9%,
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MrGO electrodes at different current densities (100-1000 mA g™%). dQ/
(k) MrGO electrodes.
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At 100 mA g, the initial discharge/charge capacities and
ICE values for the PL-MrGO/Li,Sb,0; and MrGO/Sb,0; elec-
trodes were 834.0/830.8 mA h g " (ICE = 99.6%) and 1020.4/
832.2 mA h ¢ (ICE = 81.6%), respectively. The MrGO/Sb,0;
electrode exhibited a lower ICE due to irreversible SEI forma-
tion, Li-ion trapping at graphene defect sites, and irreversible
reactions between Sb,0; and lithium ions during the initial
discharge. On the other hand, the PL-MrGO/Li,Sb,0; electrode
suppressed this irreversible reaction by forming amorphous
Li,Sb,0; and lithiated MrGO after the pre-lithiation process,
achieving a high ICE. Furthermore, after reverting the current
density to 100 mA g, the PL-MrGO/Li,Sb,0; and MrGO/Sb,0;
electrodes retained discharge capacities of 877.7 and 736.4 mA
h g7, respectively, at the 150th cycle, with capacity retention
rates of 101.3% and 86.6%. These results are especially impor-
tant compared to previously reported Sb-based anodes, as
summarized in Table S5, which provides a comprehensive
comparison of various synthesis strategies and their corre-
sponding electrochemical lithium storage performance.
Compared to conventional Sb-based electrodes, PL-MrGO/Li,-
Sb,0; exhibits superior rate capability and long-term cycling
stability. These advantages demonstrate that the chemical pre-
lithiation strategy and inorganic SEI formation provide a more
effective solution to the critical problems of Sb-based anodes.

In long-term cycling tests conducted at 1000 mA g, the PL-
MrGO/Li,Sb,0; and MrGO/Sb,0; electrodes exhibited capac-
ities of 715.7 and 333.5 mA h g%, respectively, after 1000 cycles
(Fig. 4b). Additionally, in cycling tests performed at 5000 mA
g', the PL-MrGO/Li,Sb,0; and MrGO/Sb,0; electrodes
retained capacities of 315.3 and 169.4 mA h g™, respectively,
after 3000 cycles (Fig. 4c). These results emphasize the superior
cycling performance of the PL-MrGO/Li,Sb,O; electrode
compared to MrGO, bare Sb,0;, and MrGO/Sb,0; electrodes.

The superior long-term cycling performance of the PL-
MrGO/Li,Sb,0; electrode can be attributed to the formation of
an initial SEI layer during the chemical pre-lithiation/sodiation
process, which acts as a stable, protective barrier at the elec-
trode-electrolyte interface. Typically, Sb,0j-based electrodes
undergo significant volume changes during charge/discharge
cycles, leading to continuous SEI cracking and reformation.
This process results in the formation of an irregular SEI struc-
ture, continuous electrolyte consumption, and an increase in
interfacial electronic and ionic resistance, ultimately compro-
mising long-term electrochemical stability. In contrast, the PL-
MrGO/Li,Sb,0; electrode synthesized in this study forms an
inorganic-rich SEI layer composed of Li(Na)OH-Li(Na),COs3,
which provides high mechanical strength and effectively
suppresses excessive SEI growth and degradation. As a result,
the stability of the SEI layer and the reduction in interfacial
resistance ensure that lithium-ion diffusion within the elec-
trode remains efficient throughout extended cycling. Conse-
quently, the PL-MrGO/LiSb,0; electrode retains a high
reversible capacity even after prolonged charge/discharge
cycles, demonstrating its excellent long-term cycling stability.

Fig. 4d-g present the charge-discharge profiles of PL-MrGO/
Li,Sb,03, MrGO/Sb,0;, MrGO, and bare Sb,0; electrodes, cor-
responding to Fig. 4a. The bare Sb,0; electrode exhibits

This journal is © The Royal Society of Chemistry 2025
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a distinct plateau at ~0.9 V, whereas the PL-MrGO/Li,Sb,0; and
MrGO/Sb,0; electrodes show more linear profiles, indicating
more pseudocapacitive behaviour over the test voltage range of
0.01-3.0 V. Furthermore, the average charge potentials for each
electrode are shown in Fig. S17.F The PL-MrGO/Li,Sb,0; and
MrGO/Sb,0; electrodes, which incorporate a graphene matrix,
exhibit a minimal polarization increase even as the current
density increases from 100 to 1000 mA g~ ', demonstrating the
formation of highly conductive graphene-Sb,0; composites. In
contrast, the bare Sb,0; electrode shows larger polarization and
a significant increase in operating potential (~0.2 V) with
increasing current density along with poor capacity retention,
highlighting its inferior electrical conductivity properties
(Fig. S177). Fig. 4h-k present the dQ/dV curves derived from the
charge-discharge profiles. The MrGO/Sb,0; and Sb,0; elec-
trodes exhibit a prominent irreversible lithiation peak at ~1.3 V
during the 1st cycle, attributed to the irreversible conversion
reaction of Sb,0;. However, the PL-MrGO/Li,Sb,0O; electrode,
having undergone pre-lithiation, already forms an amorphous
Li,Sb,0; phase, thereby avoiding such irreversible reactions in
the 1st cycle.

The Ragone plots in Fig. S187 illustrate the energy density (W
h keg™") and power density (W kg™ ') calculated based on the
mass of active material for PL-MrGO/Li,Sb,05; and MrGO/Sb,0;
electrodes in LIBs. The PL-MrGO/Li,Sb,0; electrode consis-
tently delivers a high energy density across various power
density conditions. This observation suggests that the pre-lith-
iation process significantly enhances the electrode's reversible
energy storage capacity and efficiency.

Several factors contribute to the superior performance of the
PL-MrGO/Li,Sb,0; electrode. Firstly, the pre-lithiation process
improves the structural stability of the electrode material,
thereby reducing structural damage during repeated charge/
discharge cycles. Secondly, the combination of MrGO and Sb,0;
optimizes electron transport pathways and enhances conduc-
tivity, thereby maximizing the electrochemical performance of
the electrode. Specifically, amorphous Li,Sb,0; exhibits high
energy density, while graphene nanosheets offer excellent
conductivity and a large surface area, resulting in a synergistic
effect between these two materials.

3.6. Lithium storage kinetics and reaction mechanism

Fig. 5a-d show the cyclic voltammetry (CV) curves for PL-MrGO/
Li,Sb,03, MrGO/Sb,0;, bare Sb,03;, and MrGO electrodes over
the initial 15 cycles measured at a scan rate of 0.1 mV s~ within
the voltage range of 0.01-3.0 V. In the first cycle, the CV curve for
the MrGO/Sb,0; electrode exhibits two reduction peaks. The
peak at 1.15 V corresponds to the partially reversible conversion
reaction of Sb,0; to Sb and the formation of Li,O, while the
peak at 0.7 V is attributed to the alloying reaction of Sb and the
formation of the SEL?®*® However, for the PL-MrGO/Li,Sb,03
electrode, the reduction peak at 0.7 V associated with the
alloying reaction is observed, while the peak corresponding to
the partially reversible conversion reaction of Sb,0; is absent.
This absence is due to the pre-lithiation process, which results
in the formation of amorphous Li,Sb,0;. Additionally, the
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Fig. 5 Lithium storage kinetics analysis: cyclic voltammetry (CV) curves of (a) PL-MrGO/Li,Sb,Os3, (b) MrGO/Sb,0s3, (c) bare Sb,O< and (d) MrGO
electrodes at a scan rate of 0.1 mV s~1. CV curves of (e) PL-MrGO/Li,Sb,Os, (f) MrGO/Sb,Os, (g) bare Sb,O3z and (h) MrGO electrodes at various
scan rates (0.1-0.8 mV s72). (i) Comparison of b-values at different voltages (0.01-3.0 V). Separation of the pseudocapacitive and diffusion-
controlled charge storage processes at the (j) PL-MrGO/Li,Sb,O3 and (k) MrGO/Sb,Os3 electrodes. () Comparison of the pseudocapacitive

contributions.

sharp peak around 0.01 V is attributed to the insertion of
lithium ions into graphene. The oxidation peaks at 1.18 V for
both MrGO/Sb,0O; and PL-MrGO/Li,Sb,O; electrodes result
from the alloying and de-alloying reactions between Sb and Li,
while the peak at 1.48 V is due to the re-oxidation of Sb to Sb,053.
The redox reactions during the first cycle for the MrGO/Sb,0;
electrode can be summarized as follows:*’

Sb,0; + 6Li* + 6~ — 2Sb + 3Li,O (partially reversible due to the
formation of Li,O)

Sb + xLi* + xe~ — Li,Sb (x < 3, reversible)

In subsequent cycles, the redox peak pairs corresponding to
the conversion and alloying reactions are consistently observed
at 1.53/1.48 V and 0.73/1.18 V, indicating the reversible nature
of these processes in Sb,0; nanoparticles. Notably, the oxida-
tion peak at 1.48 V for the PL-MrGO/Li,Sb,0; electrode is
stronger than those for the MrGO/Sb,0O; and bare Sb,0; elec-
trodes, indicating a higher degree of reversibility in the
conversion/alloying reaction. Furthermore, the CV curves for
subsequent cycles overlap well after the 1st cycle, demon-
strating the reversible lithium-ion storage behaviour of the
electrode. Fig. 5e-h present the CV curves of PL-MrGO/Li,Sb,03,

2006 | Sustainable Energy Fuels, 2025, 9, 1998-2013

MrGO/Sb,0;, MrGO, and bare Sb,0; electrodes measured at
various scan rates ranging from 0.1 to 0.8 mV s '. The rela-
tionship between the peak current (i) and the scan rate (v, mV
s 1) is used to calculate the b-value (eqn (1) and (2)).

i=a’ (1)

logi=blogv + loga (2)

A b-value close to 0.5 indicates that the diffusion-controlled
process dominates the lithium-ion storage behaviour, while a b-
value close to 1.0 suggests surface charge storage behaviour.**°

Therefore, the b-values calculated for the reduction and
oxidation processes of PL-MrGO/Li,Sb,O; and MrGO/Sb,0;
electrodes show that both electrodes exhibit surface charge
storage behaviour (Fig. 5i). Integrating the MrGO framework
with small Sb,O; nanoparticles provides rapid electron trans-
port and efficient lithium-ion pathways, enhancing the diffu-
sion-independent pseudocapacitive behaviour. Therefore, the
capacitive-controlled and diffusion-controlled currents were
calculated using eqn (3) and (4) to analyze the capacitive
contribution quantitatively.

I(V) = kl\/ + sz% [3)

This journal is © The Royal Society of Chemistry 2025
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i(v)

IS klvl/z + ks

(4)

The terms k;v and k,»? represent the capacitive and diffusion-
controlled currents, respectively, allowing the quantification of
the capacitive current from the CV curve at specific potentials
(Fig. 5j and k).*®*** Fig. 51 compares the capacitive contributions
of PL-MrGO/Li,Sb,0;, MrGO/Sb,0;, MrGO, and bare Sb,0;
electrodes at various scan rates. The PL-MrGO/Li,Sb,0; and
MrGO/Sb,0O; electrodes exhibit the highest -capacitive-
controlled ratios, reaching 79.2% and 79.8% at 0.8 mV s ',
respectively. Therefore, the excellent cycling stability and rate
performance of the PL-MrGO/Li,Sb,0; and MrGO/Sb,0; elec-
trodes can be attributed to the diffusion-independent pseudo-
capacitive behaviour. However, since the capacitive
contributions of the PL-MrGO/Li,Sb,0; and MrGO/Sb,0; elec-
trodes show minimal differences, further EIS analysis was

(a) (b)
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conducted to explain the performance enhancement before and
after pre-lithiation.

Fig. 6a-c and S191 show the Nyquist plots of PL-MrGO/Li,-
Sb,0;, MrGO/Sb,0;, MrGO, and bare Sb,0; electrodes
measured at various charge/discharge states. All electrodes
exhibit a decreasing trend in charge transfer resistance up to
the 100th cycle. Fig. 6d-f present the distribution of relaxation
times (DRT) plots for a more detailed comparison of the
internal resistance changes for each electrode. The MrGO
electrode showed the highest increase in resistance due to SEI
formation in the high-frequency region after the 1st cycle.”>* In
contrast, the resistance increase due to SEI formation in the PL-
MrGO/Li,Sb,0; electrode was negligible. Furthermore, the PL-
MrGO/Li,Sb,0; electrode exhibited lower internal resist