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Abstract: A plasma-reduced graphene oxide/lithium titanate oxide (PrGO/LTO) composite is pre-
pared as an anode material to enhance the performance of lithium-ion capacitors (LICs). The
PrGO/LTO composite is synthesized by mixing graphene oxide (GO) and LTO, followed by a series
of freeze-drying and plasma-treatment processes. PrGO forms a porous three-dimensional (3D)
structure with a large surface area, effectively preventing the restacking of PrGO while covering
LTO. The GO/LTO mixing ratio is controlled to optimize the final structure for LIC applications.
In lithium-ion half-cell assembly, the PrGO/LTO-based anode with an 80% mixing ratio exhibits
the highest specific capacity of 73.0 mAh g−1 at 20 C. This is attributed to the optimized ratio for
achieving high energy density from LTO and high power density from PrGO. In a LIC full-cell
comprising PrGO/LTO as the anode and activated carbon as the cathode, the energy and power
densities at 1 A g−1 are 40.3 Wh kg−1 and 2000 W kg−1, respectively, with a specific capacitance of
36.3 F g−1 and capacitance retention of 94.1% after 2000 cycles. Its outstanding performance, obtained
from incorporating 3D-structured PrGO with LTO at an optimized ratio, lowers the cell resistance
and provides efficient lithium-ion diffusion pathways.

Keywords: plasma-reduced graphene oxide; freeze-drying; lithium titanate oxide; lithium-ion
capacitor

1. Introduction

As the demand for energy increases, high-energy-density and high-performance en-
ergy storage devices, such as lithium-ion batteries and electrochemical capacitors (ECs),
have begun to receive wide attention [1,2]. ECs are widely used in industrial applications,
including electric vehicles, mobile devices, uninterruptible power supplies (UPSs), and
renewable energy systems, owing to their advantageous characteristics of long-term cy-
cling, rapid charge/discharge, and high power density [3–6]. Among the various types
of ECs, electric double-layer capacitors (EDLCs) store electric charge through the phys-
ical absorption/desorption of ions using carbon-based active materials to achieve high
power density [7]. However, conventional EDLCs have limitations as high-energy storage
devices because of their low energy density and narrow operating voltage range. To over-
come these drawbacks, lithium-ion capacitors (LICs) have been developed as advanced
electrochemical energy-storage systems. LICs combine high-energy-density lithium-ion
battery anode materials with high-power-density EDLC cathode materials to bridge the
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gap between lithium-ion batteries and ECs [8]. This hybrid approach enables LICs to pro-
vide fast charge/discharge capabilities, extended cycle life, and improved energy storage
capacity [9,10].

The selection of anode materials is crucial for determining the electrochemical perfor-
mance and stability of LICs. Graphite has been widely used as an anode material in LICs
because of its ability to efficiently intercalate lithium ions. However, the use of graphite as
an anode material has drawbacks, such as volumetric changes during charging/discharging
and the formation of lithium dendrites [11,12]. To resolve these issues, lithium titanate
oxide (LTO, Li4Ti5O12) has emerged as an alternative anode material owing to its zero-strain
property and operation at a high voltage of 1.55 V, which prevents the formation of lithium
dendrites [13,14]. Despite these advantages, LTO as an anode has intrinsically low electrical
conductivity, which limits its high-rate capability [15]. Previously reported articles have
stated that adding carbon and its derivatives to LTO to prepare the LIC anode materials
results in higher electrochemical properties, by resolving the drawbacks of low electrical
conductivity and rate capability of pristine LTO [16–18]. Among carbon-based materials,
reduced graphene oxide (rGO) can prevent the agglomeration of LTO owing to its flexible
structure and large surface area. This leads to effectively increased lithium ions and fast
interfacial kinetics, ensuring rapid charge and discharge cycles, resulting in high power
densities and reduced internal resistance within the LIC [19–21]. In addition, rGO derived
from a two-dimensional (2D) structured graphene oxide precursor can provide a suitable
substrate to immobilize LTO nanoparticles.

However, 2D-structured GO sheets have drawbacks such as volumetric changes
during charging/discharging, due to the van der Waals forces and π–π interactions that
occur between interfaces of sheets, resulting in hindered Li+ movement [22–24]. Forming a
three-dimensional (3D) structure in GO is one of the strategies to prevent restacking and
hindered Li+ movement. In addition, the freeze-drying method is a more favorable and cost-
effective method to fabricate the 3D-structured GO without inducing significant chemical
changes in GO [25]. In detail, the freeze-drying method can immobilize the structures
by removing solvents, like water, at relatively low temperatures (−80 ◦C), generating a
large number of pores in the 3D structure. The formation of the 3D structure permits
the immobilization of other nanomaterials, including LTO, resulting in improved electron
movement [26–28]. Incorporating LTO with a 3D-structured GO can result in better ion
transfer when applied to electrodes for energy storage systems.

For synthesizing rGO, various methods including hydrothermal treatment, calcination,
and plasma-induced photothermal reduction, have been used and provide a high degree
of reduction [29–32]. Among these methods, plasma-induced photothermal reduction is
more advantageous due to its simple operation and high plasma power, which avoids
dissolving materials in acid and preserves the porous 3D structure [33]. This method gen-
erates high-energy electrons and reactive species, enhancing reduction efficiency through
localized heating and rapid electron transfer, thereby maintaining structural integrity while
improving electrical conductivity and surface area [34–36]. In addition, employing the
freeze-drying method with plasma treatment can provide reduced GO with a large sur-
face area, which may enhance electrochemical performance by providing rapid charge
dynamics and lithium-ion transport pathways when incorporated into LTO as an LIC
anode material [37].

In this study, a plasma-reduced graphene oxide/lithium titanate oxide (PrGO/LTO)
composite was successfully synthesized via a series of freeze-drying and plasma-treatment
processes and used as an LIC anode material. This is the first study to employ 3D-structured
PrGO synthesized by freeze-drying followed by plasma treatment to create a framework
for the immobilization of LTO and to improve its electrochemical performance at high
charge/discharge rates. The amount of LTO added to the GO solution was controlled
within the range of 60–90% to investigate the optimal ratio for use as an LIC anode (referred
to as PrGO/LTO#amount%). The weight ratios of LTO to GO for the final PrGO/LTO60,
PrGO/LTO70, PrGO/LTO80, PrGO/LTO90 materials were set to be 6:4, 7:3, 8:2, and 9:1, re-
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spectively. For the half-cell tests, the PrGO/LTO80-based cell exhibited the highest specific
capacity of 73.0 mAh g−1 at 20 C. The high performance of the PrGO/LTO80-based cell
was attributed to its balanced incorporation ratio, which provided high energy and power
densities at high current rates (C-rates). In the LIC full-cell assembly, PrGO/LTO80 and
activated carbon (AC) were employed as the anode and cathode materials, respectively,
with retention rates of 94.1% even after 2000 cycles. This suggests that the PrGO/LTO80
composite is a promising anode material for LIC applications. The remarkable electrochem-
ical performance of the PrGO/LTO composite is due to the enhanced lithium-ion diffusion
pathways formed by the 3D-structured material with a large surface area, confirming its
potential as an effective electrode material for LICs.

2. Materials and Methods
2.1. Materials

Lithium titanate oxide (LTO, Li4Ti5O12, 99.0%) and lithium hexafluorophosphate
(LiPF6) were purchased from Tokyo Chemical Industry (Tokyo, Japan). Graphite (200 mesh,
≤74 µm), ethylene carbonate (EC), ethyl methyl carbonate (EMC), 1-methyl-2-pyrrolidinone
(NMP), carbon black, and polyvinylidene fluoride (PVDF, Mw = 534,000) were acquired from
Merck KGaA (Darmstadt, Germany). Sulfuric acid (H2SO4, 99.5%), hydrogen chloride (HCl,
35.0%), sodium nitrate (NaNO3, 99.0%), and potassium manganate (KMnO4, 99.3%) were
obtained from Samchun Chemical Co. (Seoul, Republic of Korea). All chemical reagents
and materials were used without further treatment. Activated carbon (AC, diameter:
0.85–2.40 mm, specific surface area: 1000 m2 g−1) was purchased from Kuraray Co., Ltd.
(Tokyo, Japan).

2.2. Preparation of Graphene Oxide

Graphene oxide (GO) was prepared using a modified Hummers’ method, as previously
described in the literature. Prior to using Hummers’ method, a ball-milling process was
conducted on graphite for 48 h using zirconium oxide balls (1, 2, and 5 mm) to reduce the
size of the graphite. NaNO3 (0.5 g) and H2SO4 (20 mL) were mixed under stirring in an ice
bath. As-milled graphite powder (1.0 g) was then added to the solution and vigorously
stirred for 30 min. Subsequently, KMnO4 (3.0 g) was slowly added to the solution for
30 min. The oxidation reaction was conducted at 35 ◦C to form a viscous slurry. Deionized
(DI) water (178 mL) was then slowly added to the slurry, followed by the dropwise addition
of H2O2 (2.5 mL). The resulting brownish GO solution was washed three times using a
1.0 M HCl aqueous solution, followed by multiple rinses with DI water until the pH of the
solution reached 7.0. The resulting GO solution was centrifuged (9500 rpm) for 20 min to
remove residues.

2.3. Preparation of Plasma-Reduced GO/LTO Composite (PrGO/LTO)

As-prepared GO powder (0.250 g) was dispersed in DI water and vigorously stirred for
30 min. LTO was ball-milled for 48 h using the zirconium oxide balls (1, 2, and 5 mm), and
added to the GO solution. Subsequently, as-milled LTO powder (0.375, 0.583, 1.000, 2.250 g)
was added to the GO solution, and stirred for additional 2 h (referred to as GO/LTO60,
GO/LTO70, GO/LTO80, and GO/LTO90). The resulting GO/LTO solution was then frozen
using liquid nitrogen, and freeze-dried for 48 h using a freeze-drying machine (TFD 8501,
Ilshin Bio Base, Seoul, Republic of Korea). The freeze-dried GO/LTO was kept in a vacuum
oven to remove moisture. The GO/LTO was treated under atmospheric plasma conditions
using commercial plasma equipment (MyPL-100P, APP Co., Ltd., Hwaseong, Republic of
Korea) to produce the plasma-reduced GO/LTO composite (PrGO/LTO). A plasma power
of 200 W was applied with oxygen (25 sccm) and argon (4.5 L min−1) to produce the plasma
curtain by radio frequency (13.56 MHz). The freeze-dried GO/LTO was placed 1.0 cm
vertically from the tube and exposed to the curtain for 30 s. The PrGO/LTO material was
obtained and kept in vacuum oven overnight.
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2.4. Characterization

The morphologies of LTO, GO, GO/LTO, and PrGO/LTO were analyzed using field-
emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Tokyo, Japan). Fourier-
transform infrared (FT-IR, Nicolet iS10, Thermo Fisher Scientific, Waltham, MA, USA) and
Raman spectroscopy (QE Pro, Ocean Optics Inc., Largo, FL, USA) were used to determine
the molecular structures of the materials. The crystal structures were obtained by X-
ray diffraction (XRD, D8 Advance, Bruker Co., Billerica, MA, USA). X-ray photoelectron
spectroscopy (XPS, K-alpha, Thermo Fisher Scientific, Waltham, MA, USA) was employed
to examine the chemical states of the materials. The Brunauer–Emmett–Teller (BET) surface
areas and Barrett–Joyner–Halenda (BJH) pore distributions of the materials were derived
from N2-sorption curves. (TriStar II 3020, Micromeritics, Norcross, GA, USA). The thermal
stability of the LTO, GO, and PrGO/LTO samples was measured using thermogravimetric
analysis (TGA2, Mettler Toledo GmbH, Columbus, OH, USA).

2.5. Electrochemical Analysis

The electrochemical performances of PrGO/LTO and pristine LTO half-cells, as well
as AC//LTO and AC//PrGO/LTO LIC full-cells were measured using 2032 coin-type
cells. For the half-cell measurement, lithium metal was used as both counter and reference
electrodes. To prepare the anode, conductive additive (carbon black) and binder material
(PVDF) were first mixed using a mortar and pestle, and dispersed in NMP solvent to achieve
homogeneity. After adding the active material (PrGO/LTO and LTO), the resulting slurry
was shuffled using a paste mixer (PDM-300, DAEHWATECH, Gyeonggi-do, Republic of
Korea) with 800 rpm rotation and 750 rpm revolution for 2 h. The mass ratio of the active
material, conductive additive, and binder material in NMP was set to 8:1:1. The resultant
slurry was pasted on the copper foil (12 µm) using a doctor blade, achieving a uniform
coating with a thickness of ca. 150 µm. After the coating process, the electrode was dried,
and circular samples with a diameter of 14 mm were punched out for electrochemical
testing. The mass loading of the active material was 7.6 mg cm–2

. As an electrolyte, a
1.0 M LiPF6 solution in ethylene carbonate and ethyl methyl carbonate (EC/EMC, 3:7 v/v)
was used. The cathode for the LIC full-cell was prepared using a similar experimental
procedure to that of the anode, except activated carbon (AC) was used as the active material
and aluminum foil as the current collector. All cell assemblies were conducted in a glove
box (MOtek, Daejeon, Republic of Korea) purged with high-purity argon (99.9995%).

The galvanostatic charge/discharge (GCD) performance of the cells was characterized
using multi-channel battery testing instruments (WBCS 3000, WonATech, Seoul, Republic
of Korea). For half-cells, the potential ranges of the anode and the cathode were selected
to be 1.0–2.5 V and 3.0–4.3 V vs. Li/Li+, respectively. For LIC full-cells, the GCD test was
conducted within a potential range of 1.0–3.0 V. The specific capacitance of the cells was
determined from their GCD curves using the following equation [38]:

Cs =
q

∆V × m
=

1
∆V × m

∫ t

t0

i dt(from GCD curves) (1)

where Cs is the specific capacitance (F g−1), q is the total charge, ∆V is the potential range
(V), m is the mass of the active material (g), i is the current (A), and t is the discharge time
(s). The energy density (E, Wh kg−1) and power density (P, W kg−1) values of the LIC
full-cell were calculated using the following equations [39]:

E =
1
2
×

(
Vmax

2 − Vmin
2
)
× Cs ×

1000
3600

(2)

P =
E
∆t

× 3600
1000

(3)

where Vmax and Vmin are the initial and final potentials of the discharging process (V). The
electrochemical impedance spectroscopy (EIS) analysis of the cells was conducted using
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an electrochemical workstation (Zive SP1, WonATech, Seoul, Republic of Korea) across a
frequency range of 100 kHz to 10 mHz with a 10 mV AC voltage.

3. Results and Discussion
3.1. Fabrication of PrGO/LTO Composite

Figure 1 shows a schematic overview of the preparation process for the PrGO/LTO
composite. First, GO was synthesized via a modified Hummers’ method, assisted by ball
milling for size control [40]. The pH of the resulting GO was adjusted to 7.0 by washing
with HCl, followed by rinsing with DI water, to prevent side reactions with LTO in acidic
conditions [41,42]. The prepared GO was mixed with LTO in DI water and freeze-dried to
synthesize the GO/LTO composite. To determine the optimal concentration that provides
the greatest improvement in electrochemical performance when applied to the LIC anode,
a GO/LTO solution was prepared by adjusting the amount of LTO to 60–90% of the amount
of GO. During freeze-drying, the water content in the GO was removed to form brown,
sponge-like GO sheets that covered the surface of the LTO. GO/LTO was then reduced
by atmospheric plasma treatment under Ar and O2 gases, generating plasma through
low-frequency radio waves within the tube. The high-energy electrons and ions generated
from the plasma collided with the oxygen-containing groups on the surface of GO/LTO,
converting GO to PrGO, whereas LTO remained unchanged during the process, resulting
in the formation of a black PrGO/LTO composite.
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The structural and surface properties of pristine LTO, GO, GO/LTO, and PrGO/LTO
were investigated using FE-SEM (Figure 2). For pristine LTO, spherical structures with
diameters ranging from 300 to 500 nm were observed [43,44]. Freeze-dried GO exhibits a
3D structure formed by the random stacking of GO sheets [45]. In the case of GO/LTO, the
LTO particles were successfully embedded within the 3D-structured GO matrix, confirming
the effectiveness of the freeze-drying method in achieving structural advantages. However,
distinct structural and surface properties were observed for PrGO/LTO. A large number of
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mesopores are present in PrGO/LTO, with cracked pores marked by yellow dashed circles
in the high-magnification scanning electron microscopy (SEM) images. In contrast, pores
were not observed in either GO or GO/LTO, indicating the impact of plasma treatment
in inducing porous structures, which is beneficial for electrochemical performance. SEM
images of 60%, 70%, and 90% GO/LTO and PrGO/LTO are shown in Figure S1. In the
case of PrGO/LTO90, fewer pores were observed owing to the larger amount of LTO. The
analysis results demonstrate the critical role of plasma treatment in enhancing the structural
properties of the composite, which directly contributes to its superior electrochemical
performance. The formation of mesopores in PrGO/LTO not only increased the surface area
but also provided additional active sites for lithium-ion adsorption, thereby improving ion
transport and overall electrochemical activity. This study emphasizes synthesis methods for
developing advanced materials for energy storage applications. The PrGO/LTO composite,
with its unique structural features and enhanced performance, is a promising candidate for
future high-performance LICs.
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FT-IR analysis was performed to characterize the presence of functional groups in
pristine LTO, GO, GO/LTO80, and PrGO/LTO80 (Figure 3a). Pristine LTO showed a
characteristic peak at 1114 cm−1, and Li2CO3 peaks appeared at 1444 and 1493 cm−1,
respectively [46]. The spectrum of GO confirmed the successful oxidation of graphite,
showing characteristic peaks at 1053, 1621, 1726, and 3350 cm−1, corresponding to the
C–O, C=C, and C=O stretching of the carboxyl group and the O–H peak, respectively [47].
The spectrum of GO/LTO exhibited decreased intensity compared to that of GO owing
to its mixing with LTO, which suggests successful integration of the two materials. After
the reduction of GO/LTO80, the peaks of PrGO/LTO80 were diminished, which can be
attributed to the characteristic limitation of FT-IR analysis in accurately measuring black
and dark-gray materials. Nevertheless, the reduction process was indirectly confirmed by
the changes observed in the spectrum, indicating the successful reduction of GO to PrGO.
Raman spectroscopy was conducted to further analyze the structures of the materials, as
shown in Figure 3b. For pristine LTO, an intense peak occurred at 680 cm−1, corresponding
to the vibrations of the Ti–O bonds in octahedral TiO6 [48]. Additionally, the peaks at 429
and 353 cm−1 were attributed to the stretching and bending vibrations of the Li–O bonds
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in polyhedral LiO4 and LiO6, respectively [49]. LTO also exhibited a peak related to the
bending vibration of the O–Ti–O bond at 231 cm−1. Two characteristic peaks were detected
for GO at 1354 and 1587 cm−1, which correspond to the D-band and G-band of carbon
materials, respectively [50]. The D-band indicates structural defects and disorder in carbon,
whereas the G-band corresponds to the sp2 graphitic carbon structure [51]. The spectrum of
GO/LTO80 involves peaks related to both GO and LTO, with an increased D-band intensity
to G-band intensity (ID/IG) ratio owing to the addition of LTO, which suggests an increase
in structural disorder due to the incorporation of LTO. However, the ID/IG ratio decreased
for PrGO/LTO80, indicating successful reduction by the plasma treatment, leading to a
more ordered carbon structure and improved material properties. The effectiveness of
the plasma reduction process in modifying the structural and surface properties of the
composite materials was verified. The successful integration of LTO into the GO matrix
and its subsequent reduction to PrGO/LTO80 demonstrated the potential of this composite
for advanced electrochemical applications. Both FT-IR and Raman spectroscopy provide
an overview of the molecular changes and structural enhancements achieved through the
freeze-drying followed by plasma treatment employed in this study. Furthermore, the
improvement in the structural integrity and electrochemical performance, particularly
the increased conductivity and ion transport, has resulted in the development of high-
performance anode materials for LICs.
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GO/LTO80, and PrGO/LTO80.

The XRD patterns were analyzed to investigate the crystallinity of pristine LTO, GO,
GO/LTO80, and PrGO/LTO80 (Figure 4). The diffraction peaks of pristine LTO were
detected at 2θ = 18.4◦, 35.6◦, 43.3◦, 47.5◦, and 57.3◦, corresponding to the (111), (311), (400),
and (511) crystal planes of LTO, respectively (JCPDS No. 49-0207) [52]. In contrast, the XRD
pattern of GO showed a broad peak around 2θ = 11◦, corresponding to the (001) plane of
graphene oxide [53], which indicates a relatively low crystallinity typical of GO owing to the
disordered stacking of oxidized graphene layers. The XRD pattern of GO/LTO80 exhibited
the characteristic peaks of both LTO and GO, confirming the successful combination of
these two materials in the composite. In the case of PrGO/LTO80, a broad diffraction peak
appeared at 25.2◦, corresponding to the (002) diffraction plane of graphitic carbon, which is
indicative of the reduced form of graphene oxide [54]. Additionally, PrGO/LTO80 exhibited
an extra peak at ca. 40.2◦, suggesting the formation of a more graphitized structure after
the plasma reduction process. Importantly, the LTO peaks observed for PrGO/LTO80
matched those of pristine LTO, indicating that the crystalline structure of LTO was well
preserved during the freeze-drying and plasma treatment processes. This preservation
of the crystalline integrity of LTO, along with the reduction of GO to PrGO, implies the
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effectiveness of the synthesis methods employed. The interlayer spacing (d-spacing) values
of GO/LTO80 and PrGO/LTO80 were calculated using Bragg’s law [55]:

nλ = 2dsinθ, (4)

where λ is the wavelength of the X-ray source. The d-spacing of GO/LTO80 and PrGO/
LTO80 were calculated to be ca. 8.0 and 3.5 Å, respectively. The presence of oxidized
graphene sheets in GO/LTO80 led to an increased interlayer spacing owing to the insertion
of oxygen-containing groups between the graphene layers. This is evident from the broad
diffraction peak of PrGO/LTO80, which indicates a modification of the graphitic structure
as a result of the plasma treatment, suggesting the successful reduction of GO through the
removal of oxygen-containing groups. Consequently, the XRD results confirmed not only
the formation of PrGO but also the preservation of the crystal structure of LTO, even after
freeze-drying followed by plasma treatment. In addition, the results demonstrated that
the synthesis method effectively formed highly crystalline and electrochemically stable
LTO with enhanced conductivity and surface properties of PrGO, making the PrGO/LTO
composite a promising material for advanced electrochemical applications.
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Figure 4. X-ray diffraction (XRD) patterns of pristine LTO, GO, GO/LTO80, and PrGO/LTO80.

The XRD patterns of LTO, GO/LTO, and PrGO/LTO samples were analyzed using
Rietveld refinement, confirming that all samples crystallized in the spinel structure with
the space group Fd-3m. The observed (Yobs) and calculated (Ycal) patterns are shown in the
provided graphs for each sample (Figure 5). For LTO, the refinement indicated a good fit
between the observed and calculated patterns, confirming the high crystallinity and phase
purity (Rexp = 31.2%, Rwp = 17.7%, Rp = 21.7%). The GO/LTO sample showed slight shifts
in peak positions and intensities, suggesting successful composite formation (Rexp = 63.1%,
Rwp = 6.76%, Rp = 59.5%). The PrGO/LTO sample exhibited further modifications in the
diffraction pattern, indicating interactions between PrGO and the LTO matrix, which may
enhance the material properties (Rexp = 8.3%, Rwp = 21.4%, Rp = 19.2%). The Bragg peaks are
well-matched with the calculated patterns, demonstrating the accuracy of the refinement
process (Table 1). These results are consistent with previously reported articles, which also
reported the successful incorporation of graphene oxide and its derivatives into lithium
titanate matrices, leading to improved structural and electrochemical properties [56–59].
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LTO80.

Table 1. Structural parameters of the LTO, GO/LTO80, and PrGO/LTO80 a.

Sample Yobs Ycal Bragg Rfactor Vol (nm3) Rp (%) Rexp (%) Rwp (%)

LTO 3312.7 3312.5 2.6 583.6 21.7 31.2 17.7
GO/LTO80 30,127 2912.5 3.4 582.4 59.5 63.1 6.76

PrGO/LTO80 128.5 118.3 8.1 584.7 19.2 8.3 21.4
a Structural parameters were obtained from Rietveld refinement of XRD.

XPS spectra were obtained to reveal the chemical states of LTO, GO, GO/LTO80,
and PrGO/LTO80 (Figure S2). For pristine LTO, Li 1s, Ti 2p, C 1s, and O 1s peaks were
observed. Specifically, LTO exhibited C 1s peaks at ca. 284.6 and 286.3 eV, corresponding to
the C–C and C–O bonds typically found in carbon contamination, respectively (Figure 6).
Additionally, high-resolution XPS spectra showed that two Ti 2p and one Li 1s characteristic
peaks appeared at 457.2, 463.0, and 53.6 eV caused by the Ti4+ and Li+ valence state
of LTO, respectively (Figure S3) [60,61]. The O 1s spectrum of LTO was deconvoluted
into two peaks at ca. 531.4 and 529.6 eV, suggesting contamination and the Ti–O band
(Figure S4) [62]. However, only the C 1s and O 1s peaks were observed for GO. In the C
1s spectra, high-intensity peaks corresponding to oxygen-containing (i.e., C–O and C=O)
groups were observed at ca. 286.4 and 287.6 eV, respectively, along with the C–C peak at ca.
284.6 eV, indicating the oxidation of graphite [63]. Additionally, peaks associated with the
C–O and C=O groups were observed for GO in the O 1s spectrum at 532.1 and 530.2 eV,
respectively [64]. For GO/LTO80 and PrGO/LTO80, only the peak intensities of the Li 1s
and Ti 2p spectra decreased compared to those of pristine LTO, indicating that there were no
chemical changes after plasma treatment. In the C 1s spectrum, GO/LTO exhibited the same
peaks as those of GO; however, the peak intensities were lower than those of GO owing to
the mixing of LTO with GO. In the case of PrGO/LTO80, the intensities of the C 1s peaks
for the oxygen-containing groups were significantly decreased compared to those of GO,
whereas the intensity of the C–C peak increased, verifying the successful transformation of
the oxygen-containing groups into carbon-based groups and indicating a higher degree
of graphitization of the sp2 carbon network. Besides the C 1s peaks, the intensity of the
C=O peak in the O 1s spectrum was higher than that of the C–O peak, verifying successful
reduction by plasma treatment. Consequently, the XPS spectra confirmed that both pristine
LTO and GO exhibit characteristic peaks consistent with their expected chemical states.
The GO/LTO80 and PrGO/LTO80 samples show modifications in peak intensities and
shifts, indicative of minimal chemical changes post-plasma treatment for GO/LTO80 and
significant reduction and increased graphitization for PrGO/LTO80.
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(c) GO/LTO80, and (d) PrGO/LTO80.

To evaluate the porous structures of pristine LTO, GO, GO/LTO, and PrGO/LTO, the
BET surface area and BJH pore distributions were analyzed using N2-sorption isotherms
(Figure 7). Pristine LTO exhibited typical type-II hysteresis curves, reflecting its non-
porous characteristics [65]. Conversely, type-IV hysteresis curves were observed for GO,
GO/LTO80, and PrGO/LTO80, indicating their porous nature [66]. This porosity was
induced by the freeze-drying process, which preserved the interlayer spacing within the
graphene-based materials. The specific surface areas and pore size distributions of pristine
LTO, GO, GO/LTO, and PrGO/LTO are listed in Table S1. GO possessed a larger surface
area of 19.3 m2 g−1 compared to that of LTO (5.4 m2 g−1), attributed to oxygen-containing
functional groups, such as carboxyl (–COOH), hydroxyl (–OH), and epoxy (–C–O–C–)
groups, that prevent the restacking of GO sheets. After mixing LTO with GO in different
ratios, the surface areas of GO/LTO60, GO/LTO70, GO/LTO80, and GO/LTO90 were
distributed between those of LTO and GO, with values of 15.8, 14.1, 13.3, and 12.8 m2 g−1,
respectively. These values verified the presence of LTO particles occupying the space be-
tween the GO sheets. The surface areas of PrGO/LTO60, PrGO/LTO70, PrGO/LTO80, and
PrGO/LTO90 increased drastically compared with those of the corresponding GO/LTO
composites, with values of 126.6, 110.9, 94.1, and 72.8 m2 g−1, respectively, along with
the presence of a dominant pore size of ca. 3.9–4.1 nm. This increase was attributed to
the effects of freeze-drying and plasma treatment, which induced the formation of nu-
merous mesopores [67–69]. As the amount of LTO increased, the surface area decreased,
confirming that the proportion of PrGO positively affected the porosity of the materials.
Thus, BET and BJH analyses revealed that while pristine LTO remained nonporous, the
incorporation of GO and subsequent plasma treatment in the GO/LTO and PrGO/LTO
composites significantly enhanced their surface areas and porous structures. This increase
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in the surface area and pore structure facilitates the improved electrochemical performance
of the LIC electrodes.
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Thermogravimetric analysis (TGA) was conducted to investigate the temperature-
dependent characteristics of the LTO, GO, and PrGO/LTO samples under O2 conditions
within a temperature range of 30–750 ◦C. Figure 8 shows the TGA results for the samples.
Pure LTO exhibited a slight weight loss at 100 ◦C, corresponding to the loss of adsorbed
water. No other decomposition peaks were observed for pristine LTO, indicating its
high thermal stability across the temperature range [70,71]. For the PrGO/LTO samples,
three stages of decomposition were observed: below 100 ◦C, 150–380 ◦C, and 380–550 ◦C.
The first decomposition peak is related to water vaporization. The subsequent peaks are
associated with the decomposition of oxygen-containing functional groups and elimination
of aromatic carbons (–C=C–) in GO [72–74]. The decomposition of PrGO/LTO varied
with the GO loading amount, with the maximum decomposition peak at 468.7 ◦C for
PrGO/LTO. As PrGO decreased, the decomposition peak intensity related to GO decreased,
indicating increased stability at higher temperatures. LTO became the dominant factor
for the thermal stability of the PrGO/LTO samples. In addition, the weight percentage of
PrGO in the PrGO/LTO samples was calculated by subtracting the remaining weight of
LTO from the PrGO/LTO samples. It was estimated that the measured weights were ca.
58.2%, 99.3%, 79.8%, 84.2%, 88.7%, and 91.3% for GO, LTO, PrGO/LTO60, PrGO/LTO70,
PrGO/LTO80, and PrGO/LTO90, respectively. TGA results verified that PrGO/LTO with
optimum GO loading can withstand operational conditions without degradation, thus
ensuring consistent performance of the LIC.
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Figure 8. TGA analysis of pristine LTO, GO, PrGO/LTO60, PrGO/LTO70, PrGO/LTO80, and
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3.2. Electrochemical Performance of PrGO/LTO-Based Electrodes

The electrochemical performance of the PrGO/LTO-based electrodes was evaluated
using a half-cell assembly, where the PrGO/LTO composite served as the working electrode,
lithium as the counter and reference electrodes, and 1.0 M LiPF6 in a mixture of EC and
EMC (3:7 v/v) as the electrolyte. To assess the electrochemical behavior, various tests such
as charge/discharge, rate capability, and electrochemical impedance spectroscopy (EIS)
were performed. The specific capacities of PrGO/LTO60-, PrGO/LTO70-, PrGO/LTO80-,
and PrGO/LTO90-based electrodes were measured at different C-rates, ranging from 0.1
to 20.0 C within a voltage range of 1.0–2.5 V, as depicted in Figure 9a–e. For comparison,
the capacities of the pristine LTO-based cells were also measured at the same C-rates
(Figure S5). The discharge capacities of the LTO-based electrode at 0.1, 1.0, 2.0, 5.0, and
10.0 C were measured as ca. 151.7, 139.0, 128.2, 95.9, and 52.0 mAh g−1. However, as
the C-rate increased to 20 C, the discharge capacity of the pristine LTO-based electrode
rapidly decreased, ultimately reaching 21.9 mAh g−1. This significant drop in capacity can
be attributed to the inherently low electrical conductivity of pristine LTO, which hinders
efficient electron transport during high-rate charging and discharging. In addition, pristine
LTO lacks the ability to facilitate the rapid movement of electrons without the aid of con-
ductive carbon materials, leading to a substantial performance degradation at high C-rates.
In contrast, all the PrGO/LTO-based electrodes exhibited higher discharge capacities at
20 C than the pristine LTO-based electrode. This improvement is primarily due to the
presence of three-dimensional (3D)-structured PrGO, which provides a wide pathway for
lithium-ion diffusion and enhances electrical conductivity during the charging/discharging
processes. Among the different composites, the PrGO/LTO80-based electrode demon-
strated the highest discharge capacity of 73.0 mAh g−1 at 20 C, suggesting that an optimal
amount of LTO is essential to maintain high capacity at elevated C-rates. The discharge
capacities of the various PrGO/LTO-based electrodes are detailed in Table S2.
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Figure 9f, with the inset showing the equivalent circuit used for fitting the EIS data. Ac-
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To gain a deeper understanding of the contribution of PrGO to the electrochemical
behavior of LTO, electrochemical impedance spectroscopy (EIS) analysis was conducted
on various PrGO/LTO- and pristine LTO-based electrodes. Nyquist plots are presented in
Figure 9f, with the inset showing the equivalent circuit used for fitting the EIS data. Accord-
ing to the literature, the circuit includes an equivalent series resistance (RS), representing
the ionic resistance in the electrolyte and the surface resistance of the electrodes; charge-
transfer resistance (RCT), reflecting the resistance of ion reactions at the electrode–electrolyte
interface; a constant phase element (CPE) representing double-layer capacitance; and War-
burg impedance (ZW) associated with lithium-ion diffusion [75]. In the high-frequency
region, a semicircle centered on the real axis was observed in all EIS curves, indicating
capacitive behavior owing to CPE. The RS values for the PrGO/LTO60-, PrGO/LTO70-,
PrGO/LTO80-, PrGO/LTO90-, and pristine LTO-based electrodes were ca. 3.4, 3.2, 2.9, 3.1,
and 3.5 Ω, respectively, while the RCT values were around 120.2, 110.7, 85.8, 116.1, and
160.2 Ω, respectively. Notably, the RS values across all electrodes were similar, suggesting
that RS is not directly influenced by the proportion of PrGO and LTO. However, the RCT
values varied with the mixing ratio, with the PrGO/LTO80-based electrode exhibiting
the lowest RCT value. This was attributed to the optimal mixing ratio, which facilitated
rapid and efficient lithium-ion transfer. For the pristine LTO- and PrGO/LTO90-based
electrodes, the absence or insufficient amount of PrGO resulted in low conductivity [76],
whereas an excessive amount of PrGO reduced the amount of LTO available for lithium-ion
supply, thereby reducing the performance [77]. In the low-frequency region, the Warburg
impedance appeared as a straight line, indicating lithium-ion diffusion within the pristine
LTO. The significant enhancement in the electrochemical performance, as observed in both
EIS and other electrochemical measurements, is due to the synergistic effects of PrGO and
LTO in the composite. The 3D porous structure of PrGO offers an extensive surface area and
shortens the diffusion pathways for lithium ions, thereby improving the overall ion trans-
port and electron mobility within the electrode. Moreover, the optimal PrGO/LTO ratio,
particularly at 80%, ensures a balanced combination of the high electrical conductivity of
PrGO and the sufficient lithium-ion storage capacity of LTO. This balance leads to reduced
charge-transfer resistance, lower internal resistance, and enhanced rate capability, which
collectively contribute to the superior electrochemical performance, long-term stability, and
high capacity retention of the PrGO/LTO80-based electrodes.

Consequently, the electrochemical performance evaluations and impedance spec-
troscopy demonstrate that the PrGO/LTO composites, particularly with an optimal PrGO
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content of 80%, significantly outperform pristine LTO electrodes by enhancing electrical
conductivity, reducing charge-transfer resistance, and improving rate capability, thereby
ensuring superior electrochemical performance, long-term stability, and high capacity
retention.

3.3. Electrochemical Performance of the AC//PrGO/LTO80 Full-Cell

The potential application of PrGO/LTO was evaluated in a LIC full-cell assembly,
where PrGO/LTO was used as the anode and AC was used as the cathode. Prior to the
assembly, the electrochemical performance of the AC-based electrode was evaluated, and
the corresponding charge/discharge curves at different current densities, ranging from
0.05 to 2.00 A g−1, are shown in Figure S5. These curves maintain a symmetric triangular
shape with a slight IR drop, suggesting that AC is a suitable material for LIC cathodes with
efficient capacitive behavior. The mass ratio of the cathode to anode material was balanced
to maximize the energy density of the LIC according to the following equation [78]:

m+

m− =
QSP

−

QSP
+ , (5)

where QSP is the specific capacity and m is the mass of the active material. From the capacity
profiles of the half-cells, the typical capacity of the PrGO/LTO80 anode was selected as
121.4 mAh g−1 at 5 C, whereas the specific capacity of the AC cathode was measured to be
ca. 117.4 F g−1 (42.4 mAh g−1) at a current density of 0.05 A g−1. Hence, the theoretical
mass ratio was set to 1:2.5. Electrochemical measurements of the cells were conducted
several times to ensure reproducibility of the energy balance. For comparison, an LIC
full-cell using pristine LTO and AC was assembled (AC//LTO) using the same method as
for the AC//PrGO/LTO80 full-cell.

The electrochemical performance of the assembled AC//LTO and AC//PrGO/LTO80
full-cells was evaluated using various analytical methods. First, galvanostatic charge/
discharge (GCD) curves of the LIC cells were measured at different current densities ranging
from 0.05 to 1.00 A g−1, as shown in Figure 10a,b. In both cells, an asymmetric slope of the
discharge curves was observed, indicating a difference in the energy storage mechanisms
of the cathode and anode. Specifically, the charging/discharging of the AC//PrGO/LTO80
cell involved the insertion/extraction of lithium ions from PrGO/LTO80 and the interfacial
adsorption/desorption of anions on the AC surface. The detailed reaction equations are as
follows [79]:

AC + PF6
− ↔ AC+ + PF6

− + e− (cathode) (6)

Li4Ti5O12 + 3Li+ + 3e− ↔ Li7Ti5O12 (anode) (7)

The AC//LTO cell showed a higher IR drop compared to that of the AC//PrGO/LTO80
cell because of the higher resistance caused by the absence of a conductive material. The
specific capacitance values of the AC//PrGO/LTO80 cell from GCD curves ranged from
65.1 to 43.8 F g−1 at current densities of 0.05 to 1.00 A g−1, whereas those of the AC//LTO
cell ranged from 56.9 to 19.2 F g−1. Notably, the AC//PrGO/LTO80 cell showed a higher
rate capability (67.3%) than that of the AC//LTO cell (33.7%), confirming the effect of
incorporating the conductive material into LTO. Figure 10c shows the specific capacitance
values of the AC//PrGO/LTO80 and AC//LTO cells at different current densities, as
determined by the GCD curves.
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The ion diffusion capabilities of the LICs were evaluated using EIS analysis, and
the equivalent circuit diagram is shown in Figure 10d. The Rs and Rct values for the
AC//PrGO/LTO80 cell were 6.0 Ω and 22.1 Ω, respectively, which are lower than those
of the AC//LTO cell (6.24 Ω and 35.9 Ω, respectively). Additionally, the cycle stability
of the LIC cells was tested by performing charge/discharge cycles at a current density of
0.5 A g−1 for 2000 cycles (Figure 10e). The capacity retention of the AC//PrGO/LTO80 cell
reached 94.1%, compared to 88.9% for the AC//LTO cell. The incorporation of the highly
conductive PrGO material improved the ion transport capability and cycling performance
by providing shorter diffusion pathways for lithium ions. The energy and power densities
of the LIC cells were compared with those of other supercapacitors (Figure 10f) [80–90].
The LIC using the AC//PrGO/LTO80 cell showed superior power and energy densities
compared to previously reported articles, including NGA/LTO [86], AC/CNT-chained
LTO [87], AC/LTO [88], AC/pre-lithiated LTO [89], and Si/LTO [90]. The maximum energy
density of the AC//PrGO/LTO80 cell was calculated to be 72.3 Wh kg−1 at a power
density of 100 W kg−1. In addition, the cell was capable of delivering a power density of
2000 W kg−1 while maintaining an energy density of 40.3 Wh kg−1. The LIC cell assembled
in this study demonstrated remarkable energy and power densities compared to those of
other cells.

These results indicate that PrGO/LTO80 exhibits enhanced electrochemical perfor-
mance compared to pristine LTO, which is attributed to the incorporation of PrGO, which
provides a larger surface area and high electrical conductivity (Figure 10). Therefore, the
assembled AC//PrGO/LTO80 LIC cell, with its high specific capacitance, energy density,
and power density, shows significant potential as an anode material for advanced LIC.
The enhanced electrochemical performance observed by EIS and other electrochemical
analyses can be attributed to the unique structural and co-positional properties of the
plasma-reduced graphene oxide/lithium titanate oxide (PrGO/LTO) composite. This syn-
thesis method, combining freeze-drying and plasma reduction, resulted in a 3D porous
structure that significantly improved lithium-ion diffusion and electron transport. This 3D



Batteries 2024, 10, 311 16 of 20

porous structure prevents the restacking of graphene oxide sheets, maintains a large surface
area, and facilitates efficient ion transfer. Moreover, the plasma reduction process not only
reduced GO but also introduced mesopores within PrGO, providing additional active
sites for lithium-ion adsorption and enhancing the overall electrochemical activity. The
synergistic integration of LTO into the conductive PrGO matrix optimized the performance
of the composite by balancing the energy and power densities, particularly at 80% LTO
composition. This optimal ratio improves the high energy-storage capacity of LTO, while
benefiting from the superior conductivity and rapid electron transport capabilities of PrGO.
Consequently, the composite exhibited reduced charge transfer resistance (RCT), lower
internal resistance, and improved rate capabilities, as evidenced by the EIS results. The
correlation between these factors led to enhanced electrochemical kinetics, superior energy
storage performance, and excellent long-term stability, making the PrGO/LTO composite a
promising candidate for high-performance LICs.

The plausible mechanism for attaining high electrical conductivity and a shorter
lithium-ion diffusion property by adding PrGO to pristine LTO is shown in Figure 11.
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4. Conclusions

In this research, we successfully synthesized a novel plasma-reduced graphene ox-
ide/lithium titanate oxide (PrGO/LTO) composite and demonstrated its effectiveness as an
anode material for lithium-ion capacitors (LICs). The PrGO/LTO composite was prepared
using an innovative approach that combined freeze-drying with plasma treatment, result-
ing in a unique porous three-dimensional (3D) structure. This structural design played a
crucial role in enhancing the electrochemical performance of the material, particularly by
improving lithium-ion diffusion and preventing the restacking of graphene oxide. Our anal-
ysis revealed that the PrGO/LTO composite with an 80% LTO mixing ratio (PrGO/LTO80)
exhibited the most optimal performance. In half-cell tests, PrGO/LTO80 achieved a specific
capacity of 73.0 mAh g−1 at 20 C, demonstrating an effective balance between energy and
power densities. This optimal composition was further validated in full-cell LIC tests,
where PrGO/LTO80 delivered an impressive energy density of 40.3 Wh kg−1 and a power
density of 2000 W kg−1. Additionally, the composite showed excellent cycle stability, retain-
ing 94.1% of its capacitance after 2000 charge/discharge cycles, highlighting its potential
for long-term applications.

The novelty of this work lies in the synthesis method, which integrates plasma-reduced
graphene oxide with lithium titanate oxide in a way that enhances the intrinsic properties of
both materials. The innovative freeze-drying process combined with plasma treatment not
only addresses the common issues of low electrical conductivity and limited high-rate capa-
bility in traditional LTO anodes but also promotes the development of a high-performance
anode with superior energy storage capabilities. This study not only advances the cur-
rent understanding of LIC anode materials but also opens new pathways for designing
next-generation energy storage systems. The PrGO/LTO composite, particularly in its
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optimal configuration, presents a promising candidate for future high-energy-density LIC
applications, offering both high efficiency and durability.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/batteries10090311/s1, Figure S1: SEM micrographs of
(a) GO/LTO60, (b) GO/LTO70, (c) GO/LTO90, (d) PrGO/LTO60, (e) PrGO/LTO70, and (f) PrGO/
LTO90 composites. Figure S2: XPS survey of (a) pristine LTO, (b) GO, (c) GO/LTO80, and
(d) PrGO/LTO80. Figure S3: (a–c) XPS Li 1s and (d–f) Ti 2p spectra of pristine LTO, GO/LTO80,
and PrGO/LTO80. Figure S4: XPS O 1s spectra of (a) pristine LTO, (b) GO, (c) GO/LTO80, and
(d) PrGO/LTO80. Table S1: BET surface areas and pore volumes of pristine LTO, GO, GO/LTO,
and PrGO/LTO. Figure S5: Charge/discharge curves of pristine LTO/Li half-cell at various C-rates.
Table S2: Specific capacities of PrGO/LTO-based electrode at various C-rates. Figure S6: (a) GCD
curves of activated carbon/Li half-cell at various current densities. (b) Specific capacitances of
activated carbon/Li half-cell calculated from the GCD curves.
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