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Abstract
In sodium-ion batteries (SIBs), TiO2 or sodium titanates are discussed as cost-effective anode
material. The use of ultrafine TiO2 particles overcomes the effect of intrinsically low electronic
and ionic conductivity that otherwise limits the electrochemical performance and thus its Na-ion
storage capacity. Especially, TiO2 nanoparticles integrated in a highly conductive, large surface-
area, and stable graphene matrix can achieve an exceptional electrochemical rate performance,
durability, and increase in capacity. We report the direct and scalable gas-phase synthesis of
TiO2 and graphene and their subsequent self-assembly to produce TiO2/graphene
nanocomposites (TiO2/Gr). Transmission electron microscopy shows that the TiO2

nanoparticles are uniformly distributed on the surface of the graphene nanosheets. TiO2/Gr
nanocomposites with graphene loadings of 20 and 30 wt% were tested as anode in SIBs. With
the outstanding electronic conductivity enhancement and a synergistic Na-ion storage effect at
the interface of TiO2 nanoparticles and graphene, nanocomposites with 30 wt% graphene
exhibited particularly good electrochemical performance with a reversible capacity of
281 mAh g−1 at 0.1 C, compared to pristine TiO2 nanoparticles (155 mAh g−1). Moreover, the
composite showed excellent high-rate performance of 158 mAh g−1 at 20 C and a reversible
capacity of 154 mAh g−1 after 500 cycles at 10 C. Cyclic voltammetry showed that the Na-ion
storage is dominated by surface and TiO2/Gr interface processes rather than slow, diffusion-
controlled intercalation, explaining its outstanding rate performance. The synthesis route of these
high-performing nanocomposites provides a highly promising strategy for the scalable
production of advanced nanomaterials for SIBs.
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1. Introduction

The demand for rechargeable batteries has increased in many
applications such as electric vehicles, cell phone devices,
stationary energy storage, and grid stabilization. Lithium-ion
batteries (LIBs) are widely used because of their long cycle
life and high energy density [1, 2]. However, owing to the
limited availability and increasing costs of lithium, as well as
the unclear supply situation, the demand for alternative safe,
available, and cheap batteries is increasing [3]. Sodium-ion
batteries (SIBs) are highly promising alternatives because of
the low cost of sodium and its virtually unlimited availability
[4–6]. SIBs are commonly fabricated from hard carbon as an
anode material and naturally abundant transition-metal-based
cathodes (e.g. titanium, iron, manganese) without using
cobalt, making SIBs sustainable and cheap [7].

The working principles of the SIBs and LIBs are similar.
However, SIBs have lower energy density compared to LIBs
because sodium is heavier than lithium and has a higher
standard electrode potential (−2.71 V versus SHE for sodium
as compared to −3.02 V versus SHE for lithium) [8, 9]. One
of the greatest challenges is the significantly larger ionic
radius (Na+: 1.02Å, Li+: 0.76Å) that often induces structural
changes during Na+ insertion and extraction, which causes
storage materials to disintegrate and capacity to gradually
fade [10, 11]. Developing long-term stable, environmentally
friendly storage materials based on abundant elements that
provide high specific capacities and operate at a reasonable
potential is considered a major challenge [12]. To date, hard
carbon (HC) has mainly been used as an anode material for
SIBs owing to its availability, low cost, and high capacity
[13]. However, HC exhibits poor rate capability and cycling
stability, which limits its commercialization as an anode
material for SIBs [14].

Recently, titanium-based anode materials, such as TiO2,
NaTiO2 [15], Na2Ti3O7 [16], and Na2Ti6O13 [17] have
received attention because of their stability and low cost
[18, 19]. In particular, titania (TiO2) is a low-cost, non-toxic
anode material with a moderate sodium insertion/extraction
voltage (∼0.7 V versus Na/Na+). Thus, it efficiently prevents
sodium plating on the anode and provides a suitable working
voltage when coupled with the cathode material. During
charge/discharge, TiO2 exhibits only small volume changes
leading to good long-term cycling stability [20, 21]. There-
fore, TiO2 in the form of its different polymorphic structures,
such as anatase, amorphous, rutile [22], and TiO2 (B) [23] has
been studied as an anode material for SIBs. Among them,
anatase has a higher theoretical storage capacity of
335 mAh g−1 and a lower energy barrier for the insertion of
Na+ than rutile and amorphous TiO2 [22]. Nano-sized parti-
cles offer a high surface-to-volume ratio to facilitate ion
transport, overcoming the long diffusion time of large Na+

ions into the TiO2 crystal structure [24, 25]. In addition, small

particle sizes reduce the effect of mechanical strain during the
intercalation/deintercalation of Na+ because they enable the
dissipation of mechanical stress via the surface. This enables a
high sodium storage capacity without material disintegration
[20]. However, the poor electrical conductivity of TiO2

(anatase) limits its performance and practical capacity [26].
To overcome these problems and to improve the electro-
chemical performance of TiO2 as anode materials in SIBs,
many researchers have investigated elemental doping
[27, 28], morphological control [29], and carbonaceous dec-
oration [30, 31]. Graphene and reduced graphene oxide (rGO)
have been used to generate TiO2/graphene composites with
increased electronic conductivity and superior mechanical
strength [32, 33]. Because of their mechanical and electro-
chemical stability, TiO2/Gr anodes with long cycle lives
could be achieved. In addition, a strong electrostatic interac-
tion between graphene and TiO2 with opposite surface char-
ges enhances the interfacial storage capacity for sodium ions
[34]. A strong interaction between graphene and TiO2 can
reduce the diffusion energy barrier, thus improving the
sodium intercalation/deintercalation process and preventing
the aggregation of TiO2 nanoparticles [35, 36]. Moreover,
graphene acts as a conductive network matrix, which
improves the electrochemical performance and stability of
electrodes [37, 38]. Therefore, the integration of ultrafine
TiO2 into highly conductive and stable graphene matrices
results in exceptional electrochemical performance [39].
Recently, Wang et al reported that TiO2/rGO composite
anodes in SIBs delivered high reversible capacities of
280 mAh g−1 at 17 mA g−1 and excellent cycling perfor-
mance with negligible capacity loss after 500 cycles at a
specific current of 85 mA g−1 [36]. Xiong et al demonstrated
that TiO2/rGO provides a high capacity of 300 mAh g−1 and
good cycling stability, with a capacity retention of
208 mAh g−1 over 300 cycles. They attributed this perfor-
mance to the introduction of graphene, which prevents the
aggregation of TiO2 particles and provides a short path for Na
ions during cycling [40].

Related to the above-mentioned rGO materials, free-
standing gas-phase plasma-synthesized few-layer graphene
provides higher conductivity and a larger specific surface area
(SSA) [41], which could further improve the capacity, rate
capability, and stability of TiO2-based anode materials for
SIBs. This is due to the fact that rGO suffers from saturated
sp3 defects, undesirable contaminations, and oxygen-bonded
groups [42]. Moreover, TiO2/rGO composites are usually
prepared by post-impregnation, graphene oxide (GO) reduc-
tion, and a hydrothermal process [43], which requires multi-
ple subsequent processing steps [20, 35, 36, 40, 43–45]. As a
scalable alternative, few-layer graphene synthesis in micro-
wave plasmas has been proposed as a single-step production
of high-purity and highly conductive graphene [46]. Micro-
wave plasma synthesis involves the fast decomposition of
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low-cost hydrocarbon precursors, such as ethanol, to rapidly
and continuously produce ultra-high-quality carbon materials
[47]. In addition, cost-effective TiO2 nanoparticles have been
produced using scalable spray-flame synthesis [48, 49].
Spray-flame synthesis is a promising method that can be used
to synthesize a wide range of oxide nanoparticles with high
crystallinity, narrow particle size distribution, and outstanding
homogeneity. Therefore, this process is a good source of
battery electrode materials [50] based on low-cost precursors.

Herein, we address a new pathway for the preparation of
TiO2/Gr nanocomposites in dispersions of TiO2 and gra-
phene from gas-phase-grown starting materials by utilizing
electrostatic forces. The aim of this study was to prepare
stable composites of TiO2 and few-layer graphene, to inves-
tigate their electrochemical performance as anode materials in
SIBs, and to understand the physicochemical properties of the
novel TiO2/Gr anode materials and the Na-ion storage
mechanism. We found that a synergetic effect between
ultrasmall TiO2 nanoparticles and graphene nanosheets [20]
enhances the electrochemical performance of the anode in
SIBs. In this study, we demonstrate that high-performance
TiO2/Gr composites for SIB anodes can be generated from
gas-borne materials, opening a scalable production route.

2. Methods and materials

2.1. Characterization methods

X-ray diffraction (XRD) patterns were recorded using a
PANalytical x-ray diffractometer (X’Pert) with Cu Kα

radiation (λ = 1.5406Å). Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were
acquired using a JEOL JEM-2200FS. Raman measurements
were performed using a Renishaw inVia Raman microscope
with excitation laser wavelengths of 532 nm (1000–1800 cm–1)
and 680 nm (100–1000 cm–1). X-ray photoelectron spectrosc-
opy (XPS) analysis was applied to analyze the surface chemical
states of the elements in the TiO2/Gr samples and was per-
formed with a VersaProbe II (Ulvac-Phi) with monochromatic
Al Kα light at an emission angle of 45°. All the binding
energies were referenced to the Cu 2p peak at 933 eV. The
graphene content of the TiO2/Gr nanocomposites was deter-
mined using thermogravimetric analysis (TGA, Netzsch 449 F1
Jupiter) up to 1000 °C at a heating rate of 5 Kmin−1 under a
flow of synthetic air (250mlmin−1). Nitrogen adsorption/
desorption isotherm measurements were performed at 77 K
using a Quantachrome NOVA2200 analyzer, and the SSA was
analyzed according to the Brunauer-Emmett-Teller method.
The ζ-potential of the material dispersions in water was
determined using a Malvern Zetasizer (Malvern Panalytical,
United Kingdom).

2.2. Materials

Ethanol absolute (100% on anhydrase substance) used for
microwave plasma synthesis of graphene was purchased from
VWR Chemicals. Titanium (IV) isopropoxide (97%) and

2-propanol (100% on anhydrate substance) used for spray
flame synthesis were purchased from Sigma-Aldrich and
VWR, respectively. Chemicals required for surface treatment
of graphene (sulfuric acid 95%–98%, nitric acid 69%) were
purchased from Sigma Aldrich and Roth, respectively. The
chemicals required for battery assembly (carboxy methyl
cellulose (CMC) as binder, conductive carbon, glass micro-
fiber filter, and sodium cubes) were purchased from Sigma
Aldrich. The battery electrolyte (1 mol l−1 NaPF6 in ethylene
carbonate (EC), polycarbonate (PC), and diethyl carbonate
(DEC) (EC: DEC: PC, 1:2:1, by wt.) + 3 wt% FEC) was
directly purchased from E-lyte. All chemicals were used as
received without further purification.

3. Synthesis of nanomaterials

3.1. Synthesis of TiO2 nanoparticles

TiO2 nanoparticles were synthesized using a spray-flame
reactor, as described previously [51] (supplementary material,
figure S1). In brief, using the SpraySyn burner [52], a
0.3 mol l-1 solution of titanium (IV) isopropoxide in iso-
propanol (precursor solution) was injected by a syringe pump
(2 ml min−1) into a two-fluid nozzle and aerosolized by a
dispersion gas mixture of oxygen (8 slm; standard liters per
minute, Air Liquide, purity 99.95%) and methane (2 slm,
purity 99.99%). The generated spray is ignited by a premixed
methane/oxygen pilot flame (2 slm/16 slm) surrounding the
spray nozzle. The SpraySyn burner was mounted at the bot-
tom of an enclosed reactor housing. Furthermore, a coaxial
sheath airflow (120 slm) surrounding the spray and pilot
flames stabilized the gas flow in the reaction chamber. In
addition, quenching air (230 slm) was added downstream to
quench the reactor off-gas and to suppress water condensa-
tion. The synthesized TiO2 nanoparticles were collected from
a PTFE-coated filter membrane located downstream of the
reactor.

3.2. Synthesis of graphene

Few-layer graphene sheets were synthesized using a micro-
wave plasma reactor, as described previously [41] (supple-
mentary material, figure S2). Briefly, a plasma was generated
using a 2 kW microwave generator (Muegge, Germany)
operated at a frequency of 2.45 GHz, and a cylindrical
microwave antenna (Cyrannus, iplas company, Germany) to
focus the microwaves to the center of a quartz tube located
within the cylindrical antenna. Liquid ethanol (0.5 ml min−1),
as graphene precursor, was transported into a controlled
evaporation mixing system (CEM W-209–333-P, Bronkhorst,
Netherlands), mixed with a carrier gas (Ar, 5 slm), and eva-
porated at 180 °C. The ethanol/argon mixture was then fed
through a nozzle to the center of the plasma zone. A mixture
of Ar (30 slm) and H2 (1 slm) was used as coaxial sheath gas
to stabilize the central gas flow and to provide an appropriate
gas mixture for the creation of a stable plasma. Within the
plasma zone, ethanol undergoes chemical reactions, leading
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to the formation of high-purity few-layer graphene [41].
Synthesized graphene was collected from a PTFE-coated filter
membrane located downstream of the reaction zone. The
typical production rate of this process was 200 mg h−1 .

3.3. Preparation of TiO2/Gr nanocomposites

TiO2/Gr nanocomposites were assembled using a con-
trollable ultrasonication-assisted self-assembly process in the
wet phase, which requires materials with opposite surface
charges according to the scheme demonstrated for other
oxide/graphene composites [53]. The amounts of graphene
loaded into the composite were 20% and 30%, namely
TiO2/Gr20 and TiO2/Gr30 respectively. The ζ-potential of an
aqueous dispersion of as-prepared TiO2 is +40 mV, whereas
pristine few-layer graphene cannot be dispersed in water
because of its hydrophobicity. To make it dispersible and
simultaneously enable self-assembly with TiO2 based on
electrostatic interactions, its surface must be modified with
polar groups to provide a negative surface charge, that is,
carboxyl groups. Therefore, pristine graphene was dispersed
and stirred in a mixture of concentrated nitric acid and sul-
furic acid (1:2) for 30 min, collected by centrifugation, and
washed with deionized water. The graphene was then dried at
60 °C under vacuum for 24 h. In the following, this material
will be referred to as f-graphene.

200 and 300 mg of f-graphene were dispersed in 70 ml of
water by sonication (Hielscher UP200S, 60% amplitude, 60%
cycle duty, 0.6 s pulse rate) for 30 min. The dispersion of the
functionalized graphene (f-graphene) in distilled water
showed a ζ-potential of –34 mV (supplementary material,
figure S3). Afterwards, dispersions of 700 and 800 mg of
TiO2 in 120 ml of distilled water were sonicated and added to
the f-graphene dispersions (300 and 200 mg), respectively,
under stirring, as shown in figure 1. The obtained mixtures
were cooled in an ice bath and sonicated for 1 h. The prepared
TiO2/Gr nanocomposites were collected by centrifugation,
washed with deionized water, and dried at 60 °C under
vacuum for 16 h.

4. Electrode preparation and electrochemical
characterization

4.1. Electrode preparation

The electrochemical performance of the as-synthesized TiO2,
f-graphene, and TiO2/Gr nanocomposites as anode materials
was investigated by integration into sodium half-cells. The as-
synthesized TiO2, f-graphene, and TiO2/Gr nanocomposites
were processed into working electrodes by mixing 75 wt% of
the active material with 15 wt% Super P conductive carbon
black (IMERYS-Graphite and Carbon) and 10 wt% binder
(CMC, 3 wt% in H2O). Slurries of these mixtures were gen-
erated with 30% of solid content in water. The slurries were
coated on copper foil as current collectors and dried at 60 °C
for 12 h. The resulting electrodes were punched into discs
(d = 12 mm) and dried at 120 °C for 16 h under vacuum
before assembling them into T-type cells. The mass loading
of the electrodes was controlled at 1.1–1.2 mg cm−2. Sodium
foil was used as counter and reference electrode (12 and 8 mm
in diameter), respectively. The working, counter, and refer-
ence electrodes were separated using a separator (glass
microfiber filter binder-free, grade GF/F, Sigma Aldrich). 1
mol/l NaPF6 in ethylene carbonate (EC), polycarbonate (PC),
and diethyl carbonate (DEC) (EC: DEC: PC, 1:2:1, by wt.) +
3 wt% FEC was used as electrolyte. T-type cells were
assembled in a glovebox (O2 < 0.5 ppm, H2O < 0.5 ppm).

4.2. Electrochemical characterization

The charge/discharge cycling was performed using a Maccor
battery tester in the voltage range of 0.01−3 V versus
Na/Na+ at 25 °C. The first two cycles for the long-cycle tests
were performed at 0.05 and 0.1 C charge/discharge rates for
the formation. The charge/discharge rate of the TiO2/Gr
nanocomposites at 1 C was 280 mA g−1 based on the value of
the measured capacity after formation. Cyclic voltammetry
and electrochemical impedance spectroscopy (EIS) of
f-graphene, TiO2, and TiO2/Gr nanocomposites electrodes

Figure 1. Schematic of the TiO2/graphene composite preparation through the interaction of positive surface charge of dispersed TiO2

nanoparticles and negative surface charge of f-graphene as confirmed by the respective ζ-potential measurements.
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were measured with a Bio-Logic SAS (Model: VMP3) in the
frequency range of 100 kHz to 0.1 Hz, and at different
potentials between 0.01 and 3.0 V (versus Na/Na+).

5. Results and discussion

5.1. Thermogravimetric analysis (TGA)

To determine the mass fractions of graphene and TiO2 in the
composites, the temperature-dependent weight loss was
measured by TGA up to 1200 °C under synthetic air (sup-
plementary material, figure S4). As-synthesized TiO2 exhib-
ited a 6% mass loss, attributed to the desorption of water
(2 wt%, below 120 °C) and the oxidation of unburned com-
bustion residuals (4 wt%, at 150 °C–300 °C). In the nano-
composites, an additional weight loss occurred between
550 °C and 750 °C associated with the oxidation of graphene
[54]. The related losses were 20.3 wt% for TiO2/Gr20,
30.5 wt.% TiO2/Gr30, and 40 wt% for TiO2/Gr40 respec-
tively. Thus, the TGA results confirm that the intended target
composition was achieved.

5.2. Structural characterization of graphene, TiO2, and TiO2/Gr
nanocomposites

The as-synthesized few-layer graphene showed the char-
acteristic morphology of crumpled 2D structures in TEM
(figure 2(a)) with lateral structure sizes of several hundred
nanometers [41]. Raman spectroscopy was used to analyze
the quality of the graphene (figure 2(b)), where the Raman D
band (∼1350 cm–1) refers to the degree of disorder, and the G
band (∼1582 cm–1) indicates the bond stretching of all pairs
of sp2 atoms in both rings and chains. Thus, strong covalent
bonds are formed between two adjacent carbon atoms [55].

The ID/IG signal intensity ratio of the pristine graphene
was 0.5, in combination with a strong 2D signal, indicating a
very low degree of disorder and low defect density in the
chemical structure. As expected, the ID/IG ratio of the func-
tionalized graphene increased slightly to 0.77, indicating that

a chemical change has taken place as a result of the
functionalization.

The number of layers of the as-synthesized few-layer
graphene was estimated from the theoretical SSA of single-
layer graphene (2600 m2 g−1) versus the measured SSA of the
as-synthesized graphene (320 m2 g−1), revealing that the as-
synthesized graphene consisted of an average of eight layers
stacked on each other. It is worth mentioning that there was
almost no change in the SSA of graphene after surface
functionalization (330 m2 g−1), indicating neither mechanical
decomposition nor aggregation.

XPS analysis of pristine graphene revealed a carbon and
oxygen contents of 99.2% and 0.8%, respectively, and the
mass fraction of oxygen increased to 5% for f-graphene. The
XPS results also indicated that the surface of f-graphene was
slightly modified with attached carboxyl groups, details of the
XPS analysis are provided in the supplementary material
(figure S5).

In figure 3(a), the TEM image of TiO2 nanoparticles
reveals aggregates with primary particles of spherical shape.
The HRTEM analysis unveiled lattice fringes with a mea-
sured spacing of 0.35~ nanometers (figure 3(c)). This spacing
value corresponds to the anatase (101) crystal orientation of
TiO2 [56]. The SSA of bare TiO2 obtained from the nitrogen
adsorption measurements was 165 m2 g−1. Assuming sphe-
rical, monodisperse TiO2 nanoparticles, the average TiO2

crystallite size can be estimated from the SSA according to
equation (1).

( )d
6

SSA
1p

r
=

dp is the particle diameter and ρ is the weighted average
density of the particle (4.25 g cm−3) considering the different
densities and fractions of anatase and rutile as obtained from
XRD analysis. The calculated primary particle size from the
BET SSA was approximately 8.5 nm, which is in very good
agreement with the TEM analysis, as shown in figure 3(b).

The Raman spectrum of bare TiO2 (figure 4(a), black
line) shows five peaks at 146, 196, 399, 519, and 639 cm–1

which can be assigned to the characteristic TiO2 anatase
Raman modes, consistent with the literature [57, 58]. In

Figure 2. (a) TEM image of graphene, and (b) Raman spectra of graphene and f-graphene.
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addition, powder XRD was used to analyze the structural
composition of TiO2, which also indicated anatase as the
main phase (ICSD card 98–015–4604) with traces of the rutile
phase (ICSD card 98–020–0391). Rietveld refinement of the
diffraction pattern revealed that the material consisted of
90 wt% anatase and 10 wt% rutile (supplementary material,
figure S6).

Raman and XRD studies of TiO2/Gr20 and TiO2/Gr30
composites (figure 4, blue and green graphs) confirmed the
presence of a composite material. The Raman results indi-
cated that the deposition of TiO2 nanoparticles on the gra-
phene nanosheets did not lead to a change or decomposition
of the graphene structure because the ID/IG ratio is identical
to that of the functionalized graphene (figure 2(b)). Thus, no
change was detected in the Raman peaks of TiO2 and
f-graphene after assembly, which confirms that the electro-
statically induced self-assembly does not lead to a change in
the structure of the materials.

The analysis of the XRD data revealed that the typical
(002) diffraction peak of graphene at 2 26q =  (red graph,
figure 4(b)) [59] almost disappeared after assembling the
composites (green and blue graphs), suggesting that the signal
was either masked (position is almost identical to the anatase
(101) peak) or almost vanished because of the massive TiO2

nanoparticle coverage [60, 61]. The mixing of TiO2 and

f-graphene was also confirmed by analyzing the SSAs of the
composites. While the starting materials have SSAs of
165 m2 g−1 (TiO2) and 320 m2 g−1 (f-graphene), the SSA of
the composites were in between, as expected, 197 m2 g−1

(TiO2/Gr20), 250 m2 g−1 (TiO2/Gr30), and 185 m2 g−1

(TiO2/Gr40).
TEM studies of TiO2/Gr30 showed a very uniform dis-

tribution of TiO2 on the graphene flakes (figures 5(a) and (b)),
which was confirmed by elemental mapping of the nano-
composite (figures 5(d)–(g)). The HRTEM image shown in
figure 5(c) indicates an intimate mechanical contact between
graphene and TiO2 and also shows the crystal structure of
anatase with an interlayer spacing of 0.345 nm, corresponding
to the (101) plane as well as the graphene structure. The
distribution of TiO2 on the f-graphene surface did not lead to
changes in the crystal structure of TiO2. However, the
agglomeration tendency of TiO2 nanoparticles in the
TiO2/Gr40 nanocomposite increased (see supplementary
material, figure S7).

5.3. Electrochemical performance

The cycling stability and rate capability of TiO2, graphene,
and TiO2/Gr nanocomposites were investigated by testing
them as anode materials in electrochemical half cells.
Figure 6(a) shows the respective results for all materials

Figure 3. (a) TEM image of TiO2, (b) histogram of the particle size distribution from TEM with log-normal fit, CMD stands for count median
diameter, and (c) HRTEM of TiO2 nanoparticles.

Figure 4. (a) Raman spectra and (b) XRD patterns for TiO2, graphene, and TiO2/Gr nanopowders. In the XRD graphs, (A) stands for anatase
and (R) for rutile.
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Figure 5. (a) Low-magnification, (b) high-magnification and (c) HRTEM image of TiO2/Gr30. (d)–(g): elemental mapping of TiO2/Gr30
nanocomposites indicating a homogeneous distribution of the TiO2 particles on f-graphene.

Figure 6. (a) Cycling performance at 0.5 C and (b) rate capability of graphene, TiO2, TiO2/Gr20, and TiO2/Gr30. (c) Charge/discharge
curves of the first cycle for TiO2 and TiO2/Gr30, and (d) charge/discharge curves of the fifth cycle in each case (TiO2/Gr30) measured at 0.1,
1, 5, and 20 C.

discussed. After formation, the reversible capacity of TiO2

(black graph) decreased within 60 cycles from 147 to
113 mAh g−1. The initial reversible capacity of f-graphene

(red graph) was less than 100 mAh g−1, which can be
attributed to the large size of the sodium ions and the low
number of active adsorption sites of graphene [62]. An anode
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prepared by simple physical mixing of f-graphene (30 wt%)
and TiO2 (purple graph) showed an initial capacity of about
131 mAh g−1, which is roughly the weighted average of the
capacitances of the two starting materials. TiO2/Gr40 exhib-
ited a higher capacity than TiO2, but a lower capacity than
TiO2/Gr20 and TiO2/Gr30, which can be attributed to the
agglomeration of the nanoparticles (see supplementary mat-
erial, figure S7) as well as a lower SSA compared to both
composites, and therefore a decreased number of active sites.

In contrast, TiO2/Gr20 and TiO2/Gr30 both exhibited
significantly increased initial capacities after formation (198
and 240 mAh g−1, respectively), which were much higher
than the capacities of the physical mixtures discussed before.
This increase in capacity can only be explained by a syner-
gistic effect between the TiO2 nanoparticles and graphene
[20] rather than their individual contributions. A similar
behavior has been previously reported for a composite of
TiO2 and reduced graphene oxide, and the synergistic effect
has been attributed to the storage of sodium at the TiO2/rGO
interface [20]. Compared to the starting materials and the
physical mixture, the composites were also characterized by
higher cycle stability (84% and 93% for TiO2/Gr20 and
TiO2/Gr30, respectively, after 60 cycles).

In addition to the synergistic effect that can be attributed
to the high TiO2/Gr interfacial area and short diffusion paths,
the graphene nanosheets can decrease the polarization of the
electrodes by maintaining sufficient electronic conductivity
[63, 64], which also contributes to the improved performance.
The decrease in polarization was also confirmed by cyclic
voltammetry (CV) of TiO2/Gr30 nanocomposites compared
to that of pristine TiO2 (supplementary material, figure S8).
CV measurements were recorded after the third cycle at a rate
of 0.1 mV s−1. The anodic and cathodic peaks of pristine
TiO2 are located at (0.8 V) and (0.55 V) respectively, while
the anodic and cathodic peaks of TiO2/Gr30 are positioned at
0.8 and 0.6 V. The higher current in the CV measurements of
TiO2/Gr30 along with the lower polarization between the
sodiation and desodiation voltages (ΔE = 0.2 V) indicates
higher electrochemical activity, better reversibility, and lower
polarization of the composite anode [65]. In addition, EIS was
performed to further analyze the performance of the TiO2/Gr
nanocomposites. In the Nyquist plots (supplementary mat-
erial, figure S9), the semicircles are correlated to the SEI film

and charge transfer resistances. The diameters of the semi-
circles of TiO2/Gr20 and TiO2/Gr30, i.e. their Ohmic con-
tributions were noticeably smaller than that of pristine TiO2,
also indicating higher electronic conductivity of the TiO2/Gr
nanocomposites.

The synergistic effect of the TiO2/Gr nanocomposite is
also expressed in the rate capability of the materials, as shown
in figure 6(b). TiO2/Gr30 shows an average overall reversible
capacity of 281 mAh g−1 at 0.1 C and still delivers a high
capacity of 158 mAh g−1 at a charge/discharge rate of 20 C.
In contrast, the TiO2 electrode showed a significantly lower
rate performance with capacities of 155 and 79 mAh g−1 at
0.1 and 20 C, respectively. In addition, TiO2/Gr30 exhibited
95% of initial capacity at 1 C when the current density was
reversed back to 1 C, whereas TiO2 exhibited only 70% of its
initial capacity under the same conditions. Charge/discharge
curves of TiO2 and TiO2/Gr30 show that the initial Cou-
lombic efficiency of pristine TiO2 is significantly lower (31
versus 47%, figure 6(c)). The noticeable increase in Cou-
lombic efficiency can be ascribed to the enhanced electronic
conductivity of the composite (figure S9). Furthermore, the
integration of graphene can enhance the structural stability of
TiO2 [66]. Charge/discharge curves of different current
densities of TiO2/Gr30 are also shown in in figure 6(d) sup-
porting the results shown in figure 6(b).

Long-term tests at 3 and 10 C charge/discharge showed
excellent composite capacity retention and stability of the
TiO2/Gr30 nanocomposites (155 mAh g−1 after 500 cycles at
a charge/discharge rate of 10 C with a capacity retention of
96% after 500 cylces, figure 7(b)).

We ascribe the outstanding high-rate performance of the
TiO2/Gr30 nanocomposites to the enhancement of the elec-
trical conductivity of charge transfer due to the strong inter-
action between TiO2 nanoparticles and graphene sheets, as
well as the high TiO2/Gr interface area, which provides
additional storage space to host Na ions [67]. Overall, the
TiO2/Gr30 nanocomposites showed higher capacity and sta-
bility than most of the reported TiO2-based anode materials
for SIBs (for comparison see table 1). Compared to previous
works where rGO was used [43, 45], we attribute the excel-
lent electrochemical performance of the nanocomposites
investigated here to the utilization of high-surface-area TiO2

Figure 7. Cycle performance of TiO2/Gr30 at (a) 3 C and (b) 10 C charge/discharge.
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and highly conductive graphene, both synthesized by gas-
phase methods.

6. Sodium ion storage mechanism

For a more detailed investigation of the sodium-ion storage
behavior of TiO2 in the composite, ex situ HRTEM studies
were performed on materials obtained from the battery cells at

charged and discharged states. Figure 8(a) shows the HRTEM
image of a fully sodiated TiO2/Gr30 anode material, sampled
at a voltage of 0.01 V. Compared to pristine TiO2, an addi-
tional lattice spacing value of 0.62 nm could be identified.
This can be attributed to the formation of a new phase of
NaxTiO2 due to the direct intercalation of sodium ions into the
anatase phase. A similar lattice spacing value corresponding
to the (−101) plane has been observed previously [74].
However, the typical d-spacing of the anatase phase

Figure 8. HRTEM images of (a) sodiated TiO2/Gr30 (0.01 V) and (b) de-sodiated TiO2/Gr30 (3 V) and the corresponding element mapping
for the sodiated ((c) and (d)) and the de-sodiated composite ((e) and (f)).

Table 1. Comparison of the electrochemical performance of TiO2/Gr nanocomposites presented in this work with previous reports of
TiO2-based anode materials for sodium-ion batteries (standardized to 1 C: 280 mA g−1).

TiO2-based anode materials Observations References

TiO2 nanoparticles/graphene Rate performance of 281 and
158 mAh g−1 at 0.1 and 20 C.

This work

TiO2 nanoparticles/graphene Long cycle stability of 155 mAh g−1

after 500 cycles
This work

TiO2 quantum dots in graphene nanoribbons Specific reversible capacity
101.6 mAh g−1 at 1.8 C after
100 cycles

[68]

Photonic split-second induced mesoporous TiO2-graphene 212 and 93.2 mAh g−1 at 0.35
and 7 C.

[39]

Hydrogenated anatase TiO2 146 mAh g−1 at 8.5 C [69]
N-doped modified graphene/mixed crystal phases TiO2 223.3 mAh g−1 at 0.35 C after 50

cycles and 101.1 mAh g−1 at 7 C
[70]

TiO2 nanoparticles/reduced graphene oxide 98.2 and 72 mAh g−1 at 7 C and 14 C. [20]
Carbon-free anatase/bronze TiO2 microsphere 221 mAh g−1 at 0.08 C [71]
Nitrogen-doped TiO2 nanotube 232 and 114 mAh g−1 at 0.1 and 20 C. [72]
TiO2 nanotubes anchored on a large-area graphitic carbon nitride/reduced graphene
oxide

138.5 mAh g−1 after 244 cycles at
0.35C 103.3 mAh g−1 at 2.7 C

[73]
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(0.345 nm) still exists, indicating that the anatase phase was
only partially transformed into a new phase. This is in line
with the finding that the measured storage capacity of pure
TiO2 was much lower than the theoretical value of
147 mAh g−1. Traces of this new phase still exist after dis-
charge (3 V). Figure 8(b) also shows lattice spacings of
0.62 nm indicating that the anatase phase is not fully recov-
ered, which also can explain the reduced first cycle efficiency.
However, despite evidence of the TiO2/Gr interface storage
mechanism of Na ions, direct intercalation of Na+ into the
bulk of TiO2 occurs. From the EDX images, it is obvious that
the amount of sodium is reduced after desodiation but does
not vanish, also explaining, besides parasitic surface reac-
tions, the low Coulombic efficiency of the first cycles.

In addition, to study the role of the new formed phase of
NaxTiO2 in enhancing the electronic conductivity of the
anode material, impedance measurements were performed at
the end of different cycles. We compared the charge transfer
resistance (RCT) of TiO2/Gr30 before cycling and after the 1st

and the 50th cycles (figure 9). The RCT before cycling was
69 ,W decreases to 30W after the first cycle, and to 17W after
50 cycles. We attribute this to the formation of electronically
conductive NaxTiO2 leading to decreasing charge transfer
resistances for further cycles [75].

In addition to HRTEM analysis, ex situ XPS measure-
ments were carried out to study the titanium oxidation state of
the cycled electrodes at different charge/discharge conditions
[69]. To this end, uncharged electrodes, electrodes sodiated to
1 and 0.01 V, and de-sodiated electrodes (3 V) were analyzed
(figure 10).

The Ti 2P spectrum of the un-charged TiO2/Gr30
(figure 10(b)) shows two peaks at 458.5 and 464.2 eV which
correspond to Ti+4 [71, 76]. After sodiation to 1 V, no
obvious change in the spectrum was observed, suggesting that
the main capacity of the composite up to 1 V was not obtained
from the electrochemical reaction of TiO2 but from sodium
ion storage at the surfaces and interfaces (figure 10(b)). With

further sodiation (0.01 V), the binding energies of titanium for
TiO2/Gr30 shifted to lower energy and a new peak appeared,
which can be ascribed to the reduction of Ti+4 to Ti+3. After
the electrode was de-sodiated to 3 V, the binding energies
slightly shifted back to higher energies, but not to the original
position of the un-charged electrode, which provides evidence
of an incomplete re-oxidation of Ti+3 to Ti+4 after de-
sodiation. This explains the reduced capacity after the first
cycle. In contrast, pristine TiO2 showed a clear shift in the
Ti4+ peak position when sodiated to 1 V and an additional
peak around 454.5 eV appeared indicating Ti+3. De-sodiation
to 3 V only led to an incomplete re-oxidation of Ti3+ to Ti4+,
and the binding energy for the Ti4+ signal did not return to
the original value either, so that the electrode still contained
considerable amounts of Ti3+ after discharge, this also is in
line with the significantly lower Coulomb efficiency com-
pared to TiO2/Gr30. Overall, the sodium storage mechanism
of the TiO2/Gr30 nanocomposites was established by both,
TiO2 bulk and interface storage processes.

To further study the Na+ storage mechanism in both
TiO2 and the TiO2/Gr30 nanocomposite, CV measurements
were performed at different scan rates (0.1, 0.5, 1, 2, 5, and
10 mV s−1). Figures 11(a) and (b) show the results at scan
rates of 2, 5, and 10 mV s−1, graphs for all scan rates are
given in figure S10 in the supplementary material. As
expected, with increasing scan rate, the anodic peak current
increased and the signal slightly broadened. Owing to its
higher capacity, the peak current of the TiO2/Gr30 nano-
composite was much higher than that of TiO2 which indicates
better electrochemical reactivity [77, 78]. The relationship
between scan rate υ and peak current I was utilized to study
the kinetics of sodium ion intercalation/deintercalation using
equations (2) and (3) [79]

( )I a 2bu=

( )I a blog log log . 3u= +

Figures 11(a) and (b) represent the cyclic voltammetry data
recorded at various sweep rates while the figures 11(c) and (d)
provide insights into the relationship between the peak current
and scan rate for pristine TiO2 and TiO2/Gr30, respectively.
The b-values correspond to the slopes of the plots and are an
indicator of sodium-ion storage mechanism in the structure. A
b-value close to 0.5 indicates a diffusion-controlled electro-
chemical process, whereas a b-value close to unity refers to a
capacitance-controlled surface mechanism [80, 81]. The b-
values for TiO2 and TiO2/Gr were 0.65 and 0.81 indicating
that both, diffusion and surface-controlled processes con-
tribute to the sodium ion storage mechanism. Notably, in line
with the XPS data, the b-value of TiO2/Gr30 is significantly
higher, giving a clear indication that surface effects play a
major role, which again underlines the synergistic function-
ality of the particle/graphene interface [20]. This underlines
the superiority of the composite in terms of its electro-
chemical performance as an anode material for Na-ion
batteries.

Figure 9. Impedance measurements of TiO2/Gr30 and fit of the
spectra to the shown equivalent circuit to obtain the charge-transfer
resistances before cycling and after cycle 1 and 50.
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7. Conclusions

In summary, we have established a new process for preparing
TiO2/Gr nanocomposites. The advanced approach consists of
gas-phase synthesis of both constituent nanomaterials fol-
lowed by self-assembly towards functional nanocomposites
with two different TiO2/graphene mass ratios. We benefit
from the fact thatgas-phase synthesis,in contrast to the pro-
duction of nanoparticles in the liquid phase, provides

comparatively clean particles. Since no ligands or stabilizers
are required, which otherwise can account for a considerable
mass fraction, especially for the smallest particles due to their
large surface-to-volume ratio. The particles produced can
therefore be used directly as-synthesized without the need for
further annealing steps, which is usually associated with
particle growth.

We demonstrated the electrochemical performance of
TiO2/Gr nanocomposites as anode materials in SIBs. The

Figure 10. XPS spectra at different discharge/charge of (a) pristine TiO2, and (b) TiO2/Gr30 electrodes.

Figure 11. (a), and (b) Cyclic voltammetry measured at various sweep rates for pristine TiO2 and TiO2/Gr30 respectively. (c) and (d) indicate
the relationship between peak current and scan rate for pristine TiO2 and TiO2/Gr30.
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enhanced electrochemical performance of the TiO2/Gr com-
posite compared to pristine TiO2 nanoparticles is due to
several features. First, the strong synergistic effect between
TiO2 nanoparticles and the graphene nanosheets due to the
electrostatically induced self-assembly process, leading to
outstanding electrochemical performance and excellent sta-
bility (96% after 500 cycles at 10 C). Second, the fast electron
transport of TiO2 taking place with the help of the highly
conductive graphene nanosheets. Third, nano-sized TiO2

enabling short diffusion paths for the Na ions. Thus, TiO2/Gr
exhibits an excellent rate capability even at fast charge/dis-
charge rates. Since—in addition to the storage of sodium in
TiO2, a significant contribution to the storage capacity comes
from the TiO2/Gr interface, the small TiO2 particle size is
particularly advantageous. This study provides a new strategy
for preparing promising anode materials for SIBs.

Acknowledgments

The authors thank Dr Ulrich Hagemann and Dr Markus
Heidelmann from the Interdisciplinary Center for Analytics
on the Nanoscale (ICAN), and Beate Endres and Sascha
Apazeller (EMPI-RF) for XPS, TEM, BET, and TGA mea-
surements. The authors acknowledge support from the Mer-
cator Research Center Ruhr (MERCUR) within the
DIMENSION project. AhmedK. Al-Kamal acknowledges the
support of the German Academic Exchange Service (DAAD/
ref. no. 91725972), the Max-Planck Institute for Chemical
Energy Conversion (IMPRS-RECHARGE) program, and
Mustansiriyah University.

Data availability statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

ORCID iDs

Ahmed K Al-Kamal https://orcid.org/0000-0003-0969-7599
Mohaned Hammad https://orcid.org/0000-0003-4384-3553
Md Yusuf Ali https://orcid.org/0000-0001-6581-576X
Steven Angel https://orcid.org/0000-0001-5390-2209
Doris Segets https://orcid.org/0000-0003-3102-2934
Christof Schulz https://orcid.org/0000-0002-6879-4826
Hartmut Wiggers https://orcid.org/0000-0001-8487-9937

References

[1] Shen X et al 2021 Energy Mater. Adv. 2021 1205324
[2] Manthiram A 2020 Nat. Commun. 11 1550
[3] Usiskin R, Lu Y, Popovic J, Law M, Balaya P, Hu Y-S and

Maier J 2021 Nat. Rev. Mater. 6 1020–35
[4] Chen M, Zhang Y, Xing G and Tang Y 2020 Front. Chem.

8 152

[5] Liu Q, Hu Z, Chen M, Zou C, Jin H, Wang S, Chou S-L,
Liu Y and Dou S-X 2020 Adv. Funct. Mater. 30 1909530

[6] Zhang H, Huang Y, Ming H, Cao G, Zhang W, Ming J and
Chen R 2020 J. Mater. Chem.A 8 1604–30

[7] Abraham K M 2020 ACS Energy Lett. 5 3544–7
[8] Hwang J-Y, Myung S-T and Sun Y-K 2017 Chem. Soc. Rev.

46 3529–614
[9] Yu Z et al 2019 ACS Energy Lett. 4 2007–12
[10] Cha G, Mohajernia S, Nguyen N T, Mazare A, Denisov N,

Hwang I and Schmuki P 2020 Adv. Energy Mater. 10
1903448

[11] Zhou W, Kuang W, Liang X, Zhou W, Guo J, Gan L and
Huang D 2020 J. Phys. D: Appl. Phys. 54 064001

[12] Perveen T, Siddiq M, Shahzad N, Ihsan R, Ahmad A and
Shahzad M I 2020 Renew. Sustain. Energy Rev. 119 109549

[13] Chen X, Zheng Y, Liu W, Zhang C, Li S and Li J 2019
Nanoscale 11 22196–205

[14] Liu L, Tian Y, Abdussalam A, Gilani M, Zhang W and Xu G
2022 Molecules 27 6516

[15] Ming K, Zhang Z and Li H 2022 Mater. Lett. 309 131457
[16] Cao Y, Ye Q, Wang F, Fan X, Hu L, Wang F, Zhai T and Li H

2020 Adv. Funct. Mater. 30 2003733
[17] Zhu L, Yin X, Pan C, Han Q, Miao Y, Liu J, Xie L and Cao X

2022 J. Alloys Compd. 906 164306
[18] Xiong P et al 2018 ACS Nano 12 12337–46
[19] Guo S, Yi J, Sun Y and Zhou H 2016 Energy Environ. Sci. 9

2978–3006
[20] Xu G-L et al 2018 Nano Lett. 18 336–46
[21] Shin J-Y, Samuelis D and Maier J 2011 Adv. Funct. Mater. 21

3464–72
[22] Su D, Dou S and Wang G 2015 Chem. Mater. 27 6022–9
[23] Opra D P et al 2021 Nanomaterials 11 1703
[24] Wang H, Xiong J, Cheng X, Chen G, Kups T, Wang D and

Schaaf P 2020 Sci. Rep. 10 11817
[25] Peng B, Gao J, Sun Z, Li J and Zhang G 2020 J. Phys. D: Appl.

Phys. 54 014001
[26] Massaro A, Muñoz-García A B, Maddalena P, Bella F,

Meligrana G, Gerbaldi C and Pavone M 2020 Nanoscale
Adv. 2 2745–51

[27] Wang H, Xiong J, Cheng X, Chen G, Kups T, Wang D and
Schaaf P 2019 Sustain. Energy Fuels 3 2688–96

[28] Yan D, Yu C, Zhang X, Li J, Li J, Lu T and Pan L 2017
Electrochim. Acta 254 130–9

[29] Wang J, Lian R, Zhao S, Zheng L, Huang Y, Wei M,
Mathur S and Hong Z 2022 Chem. Eng. J. 431 134272

[30] Greco G, Mazzio K A, Dou X, Gericke E, Wendt R,
Krumrey M and Passerini S 2019 ACS Appl. Energy Mater.
2 7142–51

[31] Fu L, Wang Q, He H, Tang Y, Wang H and Xie H 2021
J. Power Sources 489 229516

[32] Thakur A K et al 2021 J. Mater. Chem. A 9 2628–61
[33] Farooq U, Ahmed F, Pervez S A, Rehman S, Pope M A,

Fichtner M and Roberts E P L 2020 RSC Adv. 10 29975–82
[34] Zhang Y et al 2019 Adv. Energy Mater. 9 1803342
[35] Liu H, Cao K, Xu X, Jiao L, Wang Y and Yuan H 2015 ACS

Appl. Mater. Interfaces 7 11239–45
[36] Wang J et al 2020 J. Power Sources 461 228129
[37] Zhang Z-J, Wang Y-X, Chou S-L, Li H-J, Liu H-K and

Wang J-Z 2015 J. Power Sources 280 107–13
[38] Li D, Zhou J, Chen X and Song H 2016 ACS Appl. Mater.

Interfaces 8 30899–907
[39] Ambade R B, Veerasubramani G K, Ambade S B, Christy M,

Eom W, Shin H, Kim Y-B, Kim D-W and Han T H 2021
Carbon 178 332–44

[40] Xiong Y, Qian J, Cao Y, Ai X and Yang H 2016 J. Mater.
Chem. A 4 11351–6

[41] Münzer A, Xiao L, Sehlleier Y, Schulz C and Wiggers H 2018
Electrochim. Acta 272 52–9

[42] Tsyganov D et al 2020 Phys. Chem. Chem. Phys. 22 4772–87

12

Nanotechnology 35 (2024) 225602 A K Al-Kamal et al

https://orcid.org/0000-0003-0969-7599
https://orcid.org/0000-0003-0969-7599
https://orcid.org/0000-0003-0969-7599
https://orcid.org/0000-0003-0969-7599
https://orcid.org/0000-0003-4384-3553
https://orcid.org/0000-0003-4384-3553
https://orcid.org/0000-0003-4384-3553
https://orcid.org/0000-0003-4384-3553
https://orcid.org/0000-0001-6581-576X
https://orcid.org/0000-0001-6581-576X
https://orcid.org/0000-0001-6581-576X
https://orcid.org/0000-0001-6581-576X
https://orcid.org/0000-0001-5390-2209
https://orcid.org/0000-0001-5390-2209
https://orcid.org/0000-0001-5390-2209
https://orcid.org/0000-0001-5390-2209
https://orcid.org/0000-0003-3102-2934
https://orcid.org/0000-0003-3102-2934
https://orcid.org/0000-0003-3102-2934
https://orcid.org/0000-0003-3102-2934
https://orcid.org/0000-0002-6879-4826
https://orcid.org/0000-0002-6879-4826
https://orcid.org/0000-0002-6879-4826
https://orcid.org/0000-0002-6879-4826
https://orcid.org/0000-0001-8487-9937
https://orcid.org/0000-0001-8487-9937
https://orcid.org/0000-0001-8487-9937
https://orcid.org/0000-0001-8487-9937
https://doi.org/10.34133/2021/1205324
https://doi.org/10.1038/s41467-020-15355-0
https://doi.org/10.1038/s41578-021-00324-w
https://doi.org/10.1038/s41578-021-00324-w
https://doi.org/10.1038/s41578-021-00324-w
https://doi.org/10.3389/fchem.2020.00152
https://doi.org/10.1002/adfm.201909530
https://doi.org/10.1039/C9TA09984K
https://doi.org/10.1039/C9TA09984K
https://doi.org/10.1039/C9TA09984K
https://doi.org/10.1021/acsenergylett.0c02181
https://doi.org/10.1021/acsenergylett.0c02181
https://doi.org/10.1021/acsenergylett.0c02181
https://doi.org/10.1039/C6CS00776G
https://doi.org/10.1039/C6CS00776G
https://doi.org/10.1039/C6CS00776G
https://doi.org/10.1021/acsenergylett.9b01347
https://doi.org/10.1021/acsenergylett.9b01347
https://doi.org/10.1021/acsenergylett.9b01347
https://doi.org/10.1002/aenm.201903448
https://doi.org/10.1002/aenm.201903448
https://doi.org/10.1088/1361-6463/abc11e
https://doi.org/10.1016/j.rser.2019.109549
https://doi.org/10.1039/C9NR07545C
https://doi.org/10.1039/C9NR07545C
https://doi.org/10.1039/C9NR07545C
https://doi.org/10.3390/molecules27196516
https://doi.org/10.1016/j.matlet.2021.131457
https://doi.org/10.1002/adfm.202003733
https://doi.org/10.1016/j.jallcom.2022.164306
https://doi.org/10.1021/acsnano.8b06206
https://doi.org/10.1021/acsnano.8b06206
https://doi.org/10.1021/acsnano.8b06206
https://doi.org/10.1039/C6EE01807F
https://doi.org/10.1039/C6EE01807F
https://doi.org/10.1039/C6EE01807F
https://doi.org/10.1039/C6EE01807F
https://doi.org/10.1021/acs.nanolett.7b04193
https://doi.org/10.1021/acs.nanolett.7b04193
https://doi.org/10.1021/acs.nanolett.7b04193
https://doi.org/10.1002/adfm.201002527
https://doi.org/10.1002/adfm.201002527
https://doi.org/10.1002/adfm.201002527
https://doi.org/10.1002/adfm.201002527
https://doi.org/10.1021/acs.chemmater.5b02348
https://doi.org/10.1021/acs.chemmater.5b02348
https://doi.org/10.1021/acs.chemmater.5b02348
https://doi.org/10.3390/nano11071703
https://doi.org/10.1038/s41598-020-68838-x
https://doi.org/10.1088/1361-6463/abb8aa
https://doi.org/10.1039/D0NA00230E
https://doi.org/10.1039/D0NA00230E
https://doi.org/10.1039/D0NA00230E
https://doi.org/10.1039/C9SE00350A
https://doi.org/10.1039/C9SE00350A
https://doi.org/10.1039/C9SE00350A
https://doi.org/10.1016/j.electacta.2017.09.120
https://doi.org/10.1016/j.electacta.2017.09.120
https://doi.org/10.1016/j.electacta.2017.09.120
https://doi.org/10.1016/j.cej.2021.134272
https://doi.org/10.1021/acsaem.9b01101
https://doi.org/10.1021/acsaem.9b01101
https://doi.org/10.1021/acsaem.9b01101
https://doi.org/10.1016/j.jpowsour.2021.229516
https://doi.org/10.1039/D0TA10227J
https://doi.org/10.1039/D0TA10227J
https://doi.org/10.1039/D0TA10227J
https://doi.org/10.1039/D0RA05300G
https://doi.org/10.1039/D0RA05300G
https://doi.org/10.1039/D0RA05300G
https://doi.org/10.1002/aenm.201803342
https://doi.org/10.1021/acsami.5b02724
https://doi.org/10.1021/acsami.5b02724
https://doi.org/10.1021/acsami.5b02724
https://doi.org/10.1016/j.jpowsour.2020.228129
https://doi.org/10.1016/j.jpowsour.2015.01.092
https://doi.org/10.1016/j.jpowsour.2015.01.092
https://doi.org/10.1016/j.jpowsour.2015.01.092
https://doi.org/10.1021/acsami.6b09444
https://doi.org/10.1021/acsami.6b09444
https://doi.org/10.1021/acsami.6b09444
https://doi.org/10.1016/j.carbon.2021.03.028
https://doi.org/10.1016/j.carbon.2021.03.028
https://doi.org/10.1016/j.carbon.2021.03.028
https://doi.org/10.1039/C6TA04402F
https://doi.org/10.1039/C6TA04402F
https://doi.org/10.1039/C6TA04402F
https://doi.org/10.1016/j.electacta.2018.03.137
https://doi.org/10.1016/j.electacta.2018.03.137
https://doi.org/10.1016/j.electacta.2018.03.137
https://doi.org/10.1039/C9CP05509F
https://doi.org/10.1039/C9CP05509F
https://doi.org/10.1039/C9CP05509F


[43] Zhang R, Wang Y, Zhou H, Lang J, Xu J, Xiang Y and Ding S
2018 Nanotechnology 29 225401

[44] Zheng P, Liu T, Su Y, Zhang L and Guo S 2016 Sci. Rep. 6
36580

[45] Yeo Y, Jung J-W, Park K and Kim I-D 2015 Sci. Rep. 5 13862
[46] Asghar A, Hammad M, Kerpen K, Niemann F, Al-Kamal A K,

Segets D, Wiggers H and Schmidt T C 2023 Sci. Total
Environ. 864 161079

[47] Fortugno P, Musikhin S, Shi X, Wang H, Wiggers H and
Schulz C 2022 Carbon 186 560–73

[48] Phanichphant S, Liewhiran C, Wetchakun K,
Wisitsoraat A and Tuantranont A 2011 Sensors 11 472–84

[49] Michalow K A, Flak D, Heel A, Parlinska-Wojtan M,
Rekas M and Graule T 2012 Environ. Sci. Pollut. Res. Int.
19 3696–708

[50] Kammler H K, Mädler L and Pratsinis S E 2001 Chem. Eng.
Technol. 24 583–96

[51] Hardt S, Wlokas I, Schulz C and Wiggers H 2013
J. Nanoparticle Res. 15 9449–56

[52] Schneider F, Suleiman S, Menser J, Borukhovich E, Wlokas I,
Kempf A, Wiggers H and Schulz C 2019 Rev. Sci. Instrum.
90 085108

[53] Xiao L, Schroeder M, Kluge S, Balducci A, Schulz C and
Wiggers H 2015 J. Mater. Chem.A 3 11566–74

[54] Hammad M, Fortugno P, Hardt S, Kim C, Salamon S,
Schmidt T C, Wende H, Schulz C and Wiggers H 2021
Environ. Technol. Innov. 21 101239

[55] Wu J-B, Lin M-L, Cong X, Liu H-N and Tan P-H 2018 Chem.
Soc. Rev. 47 1822–73

[56] Cheng G, Xu F, Stadler F and Chen R 2015 RSC Adv. 5
64293–8

[57] Frank O, Zukalova M, Laskova B, Kürti J, Koltai J and
Kavan L 2012 Physical Chemistry Chemical Physics 14
14567–72

[58] El-Deen S S, Hashem A M, Abdel Ghany A E, Indris S,
Ehrenberg H, Mauger A and Julien C M 2018 Ionics 24
2925–34

[59] Siburian R, Sihotang H, Raja S, Supeno M and Simanjuntak C
2018 Oriental J. Chem. 34 182–7

[60] Wang C et al 2016 J. Phys. Chem. C 120 336–44
[61] Hammad M et al 2023 Chem. Eng. J. 454 139900

[62] Sun J, Lee H W, Pasta M, Yuan H, Zheng G, Sun Y, Li Y and
Cui Y 2015 Nat. Nanotechnol. 10 980–5

[63] Liu Y, Liu J, Bin D, Hou M, Tamirat A G, Wang Y and Xia Y
2018 ACS Appl. Mater. Interfaces 10 14818–26

[64] Tahir M N, Oschmann B, Buchholz D, Dou X, Lieberwirth I,
Panthöfer M, Tremel W, Zentel R and Passerini S 2016 Adv.
Energy Mater. 6 1501489

[65] Ling L, Bai Y, Wang Z, Ni Q, Chen G, Zhou Z and Wu C 2018
ACS Appl. Mater. Interfaces 10 5560–8

[66] Wang Q, Tang Z, Zhang R, Sun D, Fu L, Tang Y, Li H,
Xie H and Wang H 2023 ACS Appl. Mater. Interfaces 15
40508–18

[67] Wang Q, Zhang S, He H, Xie C, Tang Y, He C, Shao M and
Wang H 2021 Chem.—Asian J. 16 3–19

[68] Yu W-J, He W, Wang C, Liu F, Zhu L, Tian Q, Tong H and
Guo X 2022 J. Alloys Compd. 898 162856

[69] Patra J et al 2021 ACS Appl. Energy. Mat. 4 5738–46
[70] Wang S, Zhu Y, Sun X, An S, Cui J, Zhang Y and He W 2021

Colloids Surf.A 615 126276
[71] Hwang J-Y, Du H-L, Yun B-N, Jeong M-G, Kim J-S, Kim H,

Jung H-G and Sun Y-K 2019 ACS Energy Lett. 4 494–501
[72] Qu Y, Zhu S, Dong X, Huang H and Qi M 2021 J. Alloys

Compd. 889 161612
[73] Wang S, Zhu Y, Jiang M, Cui J, Zhang Y and He W 2021

Vacuum 184 109926
[74] Duarte-Cárdenas A, Díaz-Carrasco P, Kuhn A, Basa A and

García-Alvarado F 2022 Electrochim. Acta 427 140872
[75] Choe S-H, Yu C-J, Ri K-C, Kim J-S, Jong U-G, Kye Y-H and

Hong S-N 2019 Phys. Chem. Chem. Phys. 21 8408–17
[76] Chen J, Ding Z, Wang C, Hou H, Zhang Y, Wang C, Zou G and

Ji X 2016 ACS Appl. Mater. Interfaces 8 9142–51
[77] Wang W, Yu C, Liu Y, Hou J, Zhu H and Jiao S 2013 RSC

Adv. 3 1041–4
[78] Zhang Y, Pu X, Yang Y, Zhu Y, Hou H, Jing M, Yang X,

Chen J and Ji X 2015 Phys. Chem. Chem. Phys. 17
15764–70

[79] Hong Z, Zhou K, Huang Z and Wei M 2015 Sci. Rep. 5 11960
[80] Hou M, Qiu Y, Yan G, Wang J, Zhan D, Liu X, Gao J and

Lai L 2019 Nano Energy 62 299–309
[81] Bai L, Sun Y, Tang L, Zhang X and Guo J 2021 J. Alloys

Compd. 868 159080

13

Nanotechnology 35 (2024) 225602 A K Al-Kamal et al

https://doi.org/10.1088/1361-6528/aab562
https://doi.org/10.1038/srep36580
https://doi.org/10.1038/srep36580
https://doi.org/10.1038/srep13862
https://doi.org/10.1016/j.scitotenv.2022.161079
https://doi.org/10.1016/j.carbon.2021.10.047
https://doi.org/10.1016/j.carbon.2021.10.047
https://doi.org/10.1016/j.carbon.2021.10.047
https://doi.org/10.3390/s110100472
https://doi.org/10.3390/s110100472
https://doi.org/10.3390/s110100472
https://doi.org/10.1007/s11356-012-0953-6
https://doi.org/10.1007/s11356-012-0953-6
https://doi.org/10.1007/s11356-012-0953-6
https://doi.org/10.1002/1521-4125(200106)24:6<583::AID-CEAT583>3.0.CO;2-H
https://doi.org/10.1002/1521-4125(200106)24:6<583::AID-CEAT583>3.0.CO;2-H
https://doi.org/10.1002/1521-4125(200106)24:6<583::AID-CEAT583>3.0.CO;2-H
https://doi.org/10.1166/jnn.2015.10607
https://doi.org/10.1166/jnn.2015.10607
https://doi.org/10.1166/jnn.2015.10607
https://doi.org/10.1063/1.5090232
https://doi.org/10.1039/C5TA02549D
https://doi.org/10.1039/C5TA02549D
https://doi.org/10.1039/C5TA02549D
https://doi.org/10.1016/j.eti.2020.101239
https://doi.org/10.1039/C6CS00915H
https://doi.org/10.1039/C6CS00915H
https://doi.org/10.1039/C6CS00915H
https://doi.org/10.1039/C5RA11099H
https://doi.org/10.1039/C5RA11099H
https://doi.org/10.1039/C5RA11099H
https://doi.org/10.1039/C5RA11099H
https://doi.org/10.1039/C2CP42763J
https://doi.org/10.1039/C2CP42763J
https://doi.org/10.1039/C2CP42763J
https://doi.org/10.1039/C2CP42763J
https://doi.org/10.1007/s11581-017-2425-y
https://doi.org/10.1007/s11581-017-2425-y
https://doi.org/10.1007/s11581-017-2425-y
https://doi.org/10.1007/s11581-017-2425-y
https://doi.org/10.13005/ojc/340120
https://doi.org/10.13005/ojc/340120
https://doi.org/10.13005/ojc/340120
https://doi.org/10.1021/acs.jpcc.5b10032
https://doi.org/10.1021/acs.jpcc.5b10032
https://doi.org/10.1021/acs.jpcc.5b10032
https://doi.org/10.1016/j.cej.2022.139900
https://doi.org/10.1038/nnano.2015.194
https://doi.org/10.1038/nnano.2015.194
https://doi.org/10.1038/nnano.2015.194
https://doi.org/10.1021/acsami.8b03722
https://doi.org/10.1021/acsami.8b03722
https://doi.org/10.1021/acsami.8b03722
https://doi.org/10.1002/aenm.201501489
https://doi.org/10.1021/acsami.7b17659
https://doi.org/10.1021/acsami.7b17659
https://doi.org/10.1021/acsami.7b17659
https://doi.org/10.1021/acsami.3c07402
https://doi.org/10.1021/acsami.3c07402
https://doi.org/10.1021/acsami.3c07402
https://doi.org/10.1021/acsami.3c07402
https://doi.org/10.1002/asia.202001172
https://doi.org/10.1002/asia.202001172
https://doi.org/10.1002/asia.202001172
https://doi.org/10.1016/j.jallcom.2021.162856
https://doi.org/10.1021/acsaem.1c00571
https://doi.org/10.1021/acsaem.1c00571
https://doi.org/10.1021/acsaem.1c00571
https://doi.org/10.1016/j.colsurfa.2021.126276
https://doi.org/10.1021/acsenergylett.8b02510
https://doi.org/10.1021/acsenergylett.8b02510
https://doi.org/10.1021/acsenergylett.8b02510
https://doi.org/10.1016/j.jallcom.2021.161612
https://doi.org/10.1016/j.vacuum.2020.109926
https://doi.org/10.1016/j.electacta.2022.140872
https://doi.org/10.1039/C9CP00267G
https://doi.org/10.1039/C9CP00267G
https://doi.org/10.1039/C9CP00267G
https://doi.org/10.1021/acsami.6b01183
https://doi.org/10.1021/acsami.6b01183
https://doi.org/10.1021/acsami.6b01183
https://doi.org/10.1039/C2RA22050D
https://doi.org/10.1039/C2RA22050D
https://doi.org/10.1039/C2RA22050D
https://doi.org/10.1039/C5CP01227A
https://doi.org/10.1039/C5CP01227A
https://doi.org/10.1039/C5CP01227A
https://doi.org/10.1039/C5CP01227A
https://doi.org/10.1039/C5CP01227A
https://doi.org/10.1016/j.nanoen.2019.05.048
https://doi.org/10.1016/j.nanoen.2019.05.048
https://doi.org/10.1016/j.nanoen.2019.05.048
https://doi.org/10.1016/j.jallcom.2021.159080

	1. Introduction
	2. Methods and materials
	2.1. Characterization methods
	2.2. Materials

	3. Synthesis of nanomaterials
	3.1. Synthesis of TiO2 nanoparticles
	3.2. Synthesis of graphene
	3.3. Preparation of TiO2/Gr nanocomposites

	4. Electrode preparation and electrochemical characterization
	4.1. Electrode preparation
	4.2. Electrochemical characterization

	5. Results and discussion
	5.1. Thermogravimetric analysis (TGA)
	5.2. Structural characterization of graphene, TiO2, and TiO2/Gr nanocomposites
	5.3. Electrochemical performance

	6. Sodium ion storage mechanism
	7. Conclusions
	Acknowledgments
	Data availability statement
	References



