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W N e

Abstract: Multilayer graphene (MLG) prepared via ultrasonic exfoliation has many advantages such
as its low-cost and defect-free nature, high electronic conductivity, and large specific surface area,
which make it an apt conductive substrate for TiO, composites. To synthesize graphene/TiO, hybrids,
traditional methods that greatly depend on the chemical bond of oxygen-containing functional groups
on graphene with titanium cations are not applicable due to the absence of these functional groups
on MLG. In this work, a facile chemical method is developed to directly deposit TiO, on the MLG
surface without the introduction of chemically active groups. With this method, four types of TiO,
materials, that is pure anatase TiO, nanoparticles, a mixture of anatase TiO, nanoparticles and rutile
TiO, nanoflowers, pure rutile TiO, nanoflowers, and pure rutile TiO, nanorods, are homogeneously
anchored on the MLG surface by controlling the amount of HCl in the reactant. Interestingly, the
rutile TiO, nanorods in the TiO, /MLG composite are assembled by many TiO, nanowires with
an ultra-small diameter and ultra-long length, which provides a better synergetic effect for high
performances as LIB anodes than other composites. A specific capacity of 631.4 mAh g~! after
100 cycles at a current density of 100 mA g~! is delivered, indicating it to be a valuable LIB anode
material with low cost and high electrochemical performances.

Keywords: TiO, nanowires; TiO, nanorods; multilayer graphene; composites; LIB anodes

1. Introduction

As Lithium-ion batteries (LIBs) have become more and more popularly used for electric
vehicles, the enhancement of the energy density of LIBs is desired for longer distances
on one charge [1,2]. Anode materials with high specific capacities have been widely
researched [3,4] in order to replace commercial graphite, which has a specific capacity of
372 mAh g~!. Another shortage of graphite anode is the lithium plating that easily occurs
due to the low operation potential, which will cause a serious safety issue [5,6]. Recently,
anode materials based on different lithiation mechanisms including insertion, alloying, and
conversion were researched [7-11]. As a kind of insertion-type anode material, titanium
dioxide (TiO,) has many particular advantages due to its high theoretical specific capacity
(336 mAh g~ 1), high reversible cyclic stability, and relatively high operational potential.
Meanwhile, TiO; has several crystalline phases such as rutile, anatase, and brookite, which
can thus provide different electrochemical performances [12-17]. However, the poor
intrinsic electrical conductivity and weak Li* diffusion capability limit the application of
TiO, in LIBs. Reducing the size of TiO; and combining it with highly conductive carbon
materials are two efficient ways to improve electrochemical performances [18-26].
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Graphene is a well-defined 2D material for building TiO, composites due to its
large specific surface areas, high electronic conductivity, and superior mechanical per-
formances [27]. Some typical architectures, such as TiO, anchored on graphene [20-22],
TiO, wrapped by graphene [28], and TiO,-modified graphene aerogel [29], were prepared
and studied. Among them, TiO, anchored on graphene was intensely studied because of
the intimate contact between TiO, and graphene, nano-structured TiO;, and 3D conductive
graphene networks, thus obtaining a high electrochemical performance of composites. For
example, D.Y. Zhao et al. [30] reported the synthesis of TiO, nanoparticles on graphene by
a sol-gel method. The resultant TiO; nanocrystals were sized ~5 nm and ultra-dispersed
on graphene, which resulted in a high specific surface area of ~229 m? g~1. The composite
exhibited an excellent rate of capability and cycle performance as an anode material for
LIBs. Lu Liu et al. [18] reported mesoporous nanoplates of the TiO, /reduced graphene
oxide composite. The novel mesoporous nanoplates could provide extra space to accom-
modate the volume changes, shortening the transport length for Li* and e~ and superior
interfacial kinetics during lithium insertion-extraction. Zheng Jiao et al. [31] synthesized
mesoporous succulent-like TiO, /graphene aerogel composites. The mesoporous TiO,
submicron flowers offered more active sites for lithium ions. Hence, the succulent-like
TiO, /GA composite exhibited excellent electrochemical properties. The above reports indi-
cate that different morphologies, structures, and crystalline phases of TiO, show different
electronic structures and surface atomic geometries, leading to different movement speeds
of Li* and e™, and thus determining the rate capability and cycling stability. However,
controlling the morphology and crystal phase of TiO, in the same system to obtain an
optimal TiO,/graphene composite for high electrochemical performances has not been
reported yet.

On the other hand, in previous research work, GO was popularly used as a substrate
for a TiO;-graphene composite due to the rich oxygen-containing function groups, which
can help the anchor of the Ti cation [18-22]. However, the oxidation treatment of graphite
usually needs strong oxidants, such as KMnO, and HyO,. The severe oxidation of graphene
will damage the carbon bonds, thus significantly decreasing the electronic conductivity.
Mechanically exfoliated multilayer graphene (MLG) has the advantages of low cost and
defects, high electronic conductivity, and large specific surface area, which makes it an
ideal substrate for TiO;-based hybrids. However, it is still a great challenge to homoge-
neously anchor TiO, on multilayer graphene uniformly due to the absence of active sites to
chemically bond Ti cations. In this work, a facile chemical method is developed to deposit
TiO,; on MLG surfaces at a low temperature. Moreover, four types of TiO, with different
phases and morphologies are controllably synthesized on MLG surfaces. Among them,
TiO, nanorods/MLG exhibits the best electrochemical performances as LIB anodes due to
their special hierarchical nanostructure.

2. Experimental Section
2.1. Preparation of Samples

Titanium trichloride (TiCl3), hydrochloride (HCI), nitric acid (HNO3), N,N-dimethyl-
formamide (DMF), ethanol and N-methylpyrrolidone (NMP) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) and used as received. Expanded graphite was
purchased from Tianyuanda graphite Co., Ltd. (Qingdao, China).

A mechanically exfoliated MLG suspension was prepared by ultrasonicating 20 mg of
expanded graphite in a mixed solvent of 4 mL of DMF and 1 mL of distilled water (H,O)
for 4 h using an ultrasonic cleaner VGT-1990QTD (Suzhou Jiangdong Precision Instrument
CO., Ltd., Suzhou, China) with ultrasonic power of 200 W and a frequency of 40 kHz.
Subsequently, 360 uL of TiCl; and different amounts of HCI (3.0 mL, 3.5 mL, 4.5 mL, and
6 mL) were added to the suspension at room temperature. It was then magnetically stirred
at 90 °C with a rotation speed of 500 rpm for 4 h in a constant-temperature magnetic stirrer
HCJ-4A (Jintan Zhigian Xuri Experimental Instrument Factory, Changzhou, China). Then,
120 puL of HNOj3 solution (10% vol) was poured into the suspension. After a 2 h reaction,
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the vial was taken out and cooled in the air. The product was washed several times with
water and ethanol by centrifugation with a rotation speed of 6000 rpm. The powder was
collected after drying at 70 °C for 24 h. TiO,-NP/MLG, TiO,-NPNF/MLG, TiO,-NF/MLG,
and TiO,-NR/MLG were used to name the as-synthesized powder in volumes of 3.0 mL,
3.5 mL, 4.5 mL, and 6 mL of HCI, respectively. A pristine TiO, nanorod (TiO,-NR) was
synthesized by the same procedures of TiO,-NR/MLG but without MLG in the solution.
MLG powder was obtained by washing and drying the MLG suspension.

2.2. Materials Characterization

X-ray diffraction (XRD) was performed on Shimadzu XRD-6000 (Kyoto, Japan) using
Cu K« radiation at a scan rate of 4° /min to analyze the phase composition of samples. Field
emission scanning electron microscope (FESEM) and transmission electron microscope
(TEM) observations were carried out on a Hitachi 5-4800 (Tokyo, Japan) and a JEOL-2100F
(Tokyo, Japan), respectively.

2.3. Anode Performance Measurements for LIBs

As-synthesized samples were used to fabricate working electrodes. The sample mate-
rial, conductive carbon, and poly(vinyldifluoride) (PVDF) (Shanghai Sanaifu New Material
Technology Co., Ltd, Shanghai, China) were mixed in NMP as the solvent with a weight
ratio of 80:10:10 and stirred at room temperature for 3 h. Then the slurry was pasted onto
copper foils and dried in a vacuum oven at 80 °C for 20 h. The working electrodes were then
assembled into coin-type lithium-ion batteries with lithium foils as counter/reference elec-
trodes and a solution of 1 M LiPFg in ethylene carbonate (EC)/dimethyl carbonate (DMC)
(1/1, w/w) (Tianjin Jinniu Power Sources Material Co., Ltd.) as the electrolyte. Assem-
bling cells were operated in an argon-filled glove box MIKROUNA, Super (1220/750/900)
(Shanghai, China), where both moisture and oxygen levels were less than 1 ppm. A CHI-
660E electrochemical workstation (Shanghai, China) was used to test cyclic voltammetry
(CV) curves of the cells at a scan rate of 0.1 mV /s and electrochemical impedance spec-
troscopy (EIS) with a perturbation voltage of 10 mV in a frequency range of 10 kHz to
0.01 Hz. A NEWARE multi-channel battery test system CT-ZWJ-3'S-T (Shenzhen China)
was used to test galvanostatic charge/discharge (GCD) processes and cycling performances
of cells in a voltage range of 0.01-3.0 V.

3. Results and Discussion

The XRD patterns of MLG, four TiO, /MLG composites, and pure TiO,-NR are shown
in Figure 1. The strong peak at 26.5° belongs to the (002) plane of graphite (No. 41-1487),
indicating the graphitic layer structure of MLG. The layer number of MLG was measured
to be approximately 10 via AFM measurement [8]. In TiO, /MLG composites, all diffraction
peaks belong to the TiO, phase. Notably, TiO, gradually transforms from anatase (PDF
No. 21-1272) into the rutile phase (PDF No. 21-1276) with an increasing amount of HCl
from 3.0 mL to 4.5 mL. The pure anatase phase, a mixture of anatase and rutile phases,
and the pure rutile phase are determined in TiO,-NP/MLG, TiO,-NPNW /MLG, and TiO,-
NE/MLG composites, respectively. The crystalline TiO, in TiO»-NR/MLG is also in the
rutile phase, meaning that the rutile phase is maintained for HCI over 4.5 mL. Pure rutile
TiO,-NR has a similar XRD pattern to the TiO,-NR/MLG sample except for the peak at
26.5°, which belongs to MLG, indicating that the addition of MLG does not change the
crystalline phase of TiO; and just provides the substrate for TiO, nanostructures.
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Figure 1. XRD patterns of TiO, /MLG composites, MLG, and TiO,-NR.

The typical SEM images of MLG, four TiO, /MLG composites, and TiOp-NR are shown
in Figure 2. Figure 2a shows the SEM image of MLG. It can be observed that MLG is
ultra-thin in thickness and smooth on the surface. A few oxygen-containing groups are
present on the surface of MLG, which have been determined by XPS in our previous
report [32]. Then, with our developed chemical method, four types of TiO, nanostructures
are anchored on MLG tuning by the different amounts of HCI. Both Figure 2b,c show the
SEM images of TiO,-NP/MLG, in which 3.0 mL of HCl is added. A thin layer of anatase
TiO, nanoparticles is homogeneously distributed on the MLG surface. Figure 2d,e are the
SEM images of TiO,-NPNF/MLG, where 3.5 mL of HCl is used. Thin films consisting
of anatase TiO, nanoparticles and rutile TiO; nanoflowers are decorated on the surface
of MLG. As shown in Figure 2f,g, when HCI is increased to 4.5 mL, only rutile TiO,
nanoflowers are anchored on the surface of MLG, and TiO, nanoparticles disappear when
compared with TiO,-NPNF/MLG. Figure 2h,i exhibit the SEM images of TiO,-NR/MLG,
where HCl is further increased to 6 mL. It can be observed that a large number of rutile
TiO, nanorods are anchored on the MLG surface. The average diameter of nanorods is
approximately 80 nm and the mean length mostly ranges from 400 nm to 550 nm. These
TiO; nanorods construct a 2D network on the MLG surface due to their interconnection.
Figure 2j displays the SEM images of TiO,-NR. Homogenous nanorods with diameters of
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approximately 15 nm to 20 nm are randomly aggregated together. It indicates that TiO,
nanorods cannot grow to a large size as in TiO,-NR/MLG due to the absence of substrates.
From the above XRD and SEM results, we can find that the phase and morphology of
TiO, nanostructures anchored on MLG are greatly influenced by the amount of HCl in
the reactant.

Figure 2. SEM images of MLG (a), TiO»-NP/MLG (b,c), TiO,-NPNF/MLG (d,e), TiO,-NF/MLG (£,g),
TiO,-NR/MLG (h,i), and TiO,-NR (j). Small red rectangles in (b,d,f,h) mark the places for (c,e,g,i),
respectively.

In order to understand the growth mechanism of TiO; on MLG, the intermediate
products of TiO,-NP/MLG and TiO,-NR/MLG were both observed with SEM. Figure 3a,b
show the SEM images of TiO,-NP/MLG and TiO,-NR/MLG in the stage before the addition
of HNOj3, respectively. It can be observed that many TiO, nuclei are anchored on the MLG
surface in this stage. These TiO; nuclei are derived from the hydrolysis of TiCly, which is
from the oxidation of TiCl3 by oxygen. So, the crystal phase and morphology of TiO; can
be controlled by the amount of HCI, which can suppress the hydrolysis process [33]. When
HCl is 3.0 mL, the hydrolysis rate is fast, thus leading to the formation of the metastable
anatase phase of TiO; with a high nucleation rate. These TiO, nuclei are ultra-small with
low crystallization and large in quantity (in Figure 3a). On the contrary, when HCl is 6.0 mL,
the stable rutile phase of TiO, can be obtained due to the slow hydrolysis rate. These TiO,
nuclei have a nanorod shape, are better crystallized, and are in a smaller quantity than that
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using 3.0 mL HCI (Figure 3b). After the addition of HNOj3, the remaining TiCl; is then
oxidized to TiCl4 and hydrolyzed to form TiO,, resulting in the further nucleation and
growth of TiO; to nanorods.

400 nm

Figure 3. SEM images of TiO»-NP/MLG (a) and TiO,-NR/MLG (b) in the stage before the addition
of HNO3 .

Four TiO, /MLG composites were also observed by TEM in order to further understand
the detailed structures. Regarding the TiO;-NP/MLG composites in Figure 4a,b, they
show that a dense layer of TiO, nanoparticles, homogeneous in size with a diameter of
approximately 7 nm, completely coats MLG surfaces. A high-resolution TEM (HRTEM)
image (Figure 4b) shows an interlayer distance of 0.239 nm, which corresponds well with
the (110) planes of anatase TiO,. Figure 4c is a TEM image of TiO,-NPNF/MLG. A dense
layer consisting of TiO, nanoparticles and nanoflowers is observed on the surface of MLG.
These TiO; nanoparticles are approximately 10 nm in size, which is larger than that in
TiO,-NP/MLG. The nanoflowers are composed of many TiO, nanoneedles, which are
scattered from the center region. A typical high-resolution TEM image of the top region of
a nanoflower is exhibited in Figure 4d, displaying sufficient crystallization in the center
and poor crystallization on the surface. An interlayer distance of 0.324 nm is assigned to
the (110) planes of rutile TiO,, indicating that the TiO, nanoflowers are rutile in phase.
Figure 4e,f show the TEM and HRTEM images of nanoflowers in the TiO;-NF/MLG sample,
respectively. Many pores can be observed in the nanoflowers, and the interlayer distance
of 0.219 nm belongs to rutile TiO, (111) planes. Figure 4g is a TEM image of nanorods in
the TiO,-NR/MLG sample. It can be clearly observed that the rods are composed of many
sub-sized nanowires, which have the same length as nanorods but are much smaller in
diameter, measuring approximately 7 nm. These nanowires are packed together with small
gaps. An HRTEM image of a separated nanowire marked in a cycle in Figure 4g is shown
in Figure 4h. It shows that the nanowire is well crystallized and has an interlayer distance
of 0.324 nm belonging to the rutile TiO, (110) plane.
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Figure 4. TEM and HRTEM images of TiO»-NP/MLG (a,b), TiOp-NPNF/MLG (c,d), TiO,-NF/MLG
(e,f), and TiO,-NR/MLG (g,h).
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Electrochemical performances of the assembled semi-cells with these materials as anode
electrodes were tested. Figure 5 shows the CV curves of all the samples in the initial three
cycles. In the first cycle for the MLG electrode (in Figure 5a), a cathodic peak at 1.62 V and
an anodic peak at 2.35 V relate to the irreversible lithium storage due to the defects of MLG,
and both are gradually weakened in the following two cycles and almost disappear after
three cycles. The cathodic peak at 0.54 V is attributed to the formation of SEI films on the
active material in the first cycle. The cathodic and anodic peaks below 0.31 V are attributed
to the insertion and extraction of the lithium ion in the graphitic layer of MLG, which is
reversible during the following cycles. For all TiO,/MLG composites (Figure 5b—d), the
broad peaks between 1.75 V and 0.5 V appeared in the first cathodic process, which may be
attributed to the insertion of lithium ion into TiOy, the interfacial storage of the lithium ion,
and the formation of SEI films. The difference in the first cathodic profiles of four TiO, /MLG
composites may be related to their different phases and morphologies of TiO,, which leads
to different specific surface areas and electrochemical activity of TiO,. The anodic peaks
at approximately 2.34 V can be attributed to the irreversible lithium-ion storage due to the
defects of TiO, and MLG, which become gradually weaker in the following cycles. From the
second cycle, the redox reaction is highly reversible, which shows stable cathodic peaks at
1.59 V-1.77 V and anodic peaks at 1.88 V-2.05 V deriving from the reversible reaction (TiO,
+ XLi* + xe™ > LixTiOy) [30]. The peaks below 0.31 V can be observed in all TiO,/MLG
composites, representing the contribution of MLG to lithium-ion storage in the composites.
Pure TiO,-NR has similar CV profiles to TiO,-NR/MLG except for the peaks from MLG
(Figure 5f).
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Figure 5. CV curves of MLG (a), TiO,-NP/MLG (b), TiO,-NPNF/MLG (c), TiO,-NF/MLG (d),
TiO,-NR/MLG (e), and TiO,-NR (f).

GCD curves of all cells in the first three cycles are displayed in Figure 6. The GCD
profiles agree well with the CV curves. As shown in Figure 6a, MLG shows an initial
discharge capacity of 652 mAh g~! and a charge capacity of 429 mAh g~ in the first cycle.
The irreversible capacity can be caused by the defects of MLG as well as the formation
of SEI films. In the third cycle, the discharge and charge capacities are 475 mAh g~! and
419 mAh g, respectively, which mostly come from the insertion and extraction of lithium
in the graphitic layer of MLG. A plateau at approximately 1.71 V in the first discharge
process of TiO,-NP/MLG (Figure 6b) may be attributed to the insertion of the lithium
ion into anatase TiO, [30]. Then, TiO, will react with lithium ions when the potential is
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below 1.0 V, which destroys the crystal structure of anatase TiO,, resulting in the disap-
pearance of the plateau in the following cycle. As shown in Figure 6c—e, TiO,-NPNF/MLG,
TiO,-NF/MLG, and TiO;-NR/MLG samples do not have obvious plateaus, such as in
TiO;-NP/MLG in the first discharge curve. This difference may be caused by the crystal
structural difference between the anatase and rutile phases of TiO; [34]. In the following
second and third cycles, four TiO, /MLG samples have similar discharge and charge curves,
indicating similar electrochemical processes after activation despite their initial crystal
phases and morphologies. The TiO,-NR/MLG sample delivers a discharge capacity of
1088 mAh g~ ! and a charge capacity of 594 mAh g~ ! in the first cycle, showing a columbic
efficiency of 54.6%. The columbic efficiency is increased to 88.7% in the second cycle,
showing high reversibility after one work cycle. TiO,-NR shows similar discharge and
charge curves to TiO»-NR/MLG except for a short capacity below 0.3 V due to the absence
of MLG. A discharge capacity of 921.9 mAh g~! and a charge capacity of 460.7 mAh g~!
are delivered in the first cycle for pure TiOp-NR, showing a rather low columbic efficiency
of 50.0%.
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Figure 6. GCD curves of MLG (a), TiO,-NP/MLG (b), TiO,-NPNF/MLG (c), TiO,-NF/MLG (d),
TiO,-NR/MLG (e), and TiO,-NR (f).

Figure 7a shows the rate performances of the samples under increased current densities
from 0.1 A g=! to 2 A g~ L. It is obviously observed that TiO,-NR/MLG has the highest
capacities at different current densities. A discharge capacity of 547.5 mAh g~ ! is delivered
for TiO,-NR/MLG at 0.1 A g~ 1. Then the capacity continuously decreases with the gradual
increase in current density. A discharge capacity of 248.8 mAh g~ ! is retained at 2 A g~ !,
indicating its high-rate performance. As a comparison, MLG delivers 347.6 mAh g~ ! at a
current density of 0.1 A g1, and rapidly decreases to 51.3 mAh g~! at a current density of
05A g_l. TiO,-NR exhibits capacities of 282.2 mAh g_1 and 102.2 mAh g_1 at0.1 A g_1
and 2 A g~ respectively. The capacity of the TiO,-NR/MLG composite is much higher
than those of MLG and TiO,-NR at every current density, indicating a sufficient synergic
effect between TiO, nanorods and MLG in the composite.
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Figure 7. (a) Rate performances of all samples at different current densities, (b) cycling performances
of all samples at 0.1 A g1, (c) cycling performances of all samples at 0.5 A g1, (d) Nyquist plots of
MLG, TiO,-NR/MLG, and TiO,-NR.

TiO,-NP/MLG, TiO;-NPNF/MLG, and TiO,-NF/MLG deliver specific capacities of
4734 mAh g~ !, 347.6 mAh g~!, and 359.2 mAh g~ ! at a current density of 0.1 A g~1,
respectively, and 230.3 mAh g~!,90.6 mAh ¢!, and 147.7 mAh g~ ! at 2 A g1, respectively.
It can be concluded that the specific capacities of TiO;-NF/MLG, TiO,-NP/MLG, and
TiO,-NR/MLG increased in order. This phenomenon may be related to the number of
accessible active sites in the electrodes. For TiO,-NP/MLG, ultra-small TiO; nanoparticles
on MLG enable fast electron transfer. However, the small size and close arrangement
of TiO; nanoparticles on MLG leave small gaps between TiO; nanoparticles, resulting
in some difficulty in the penetration of the electrolyte into the gaps. For TiO,-NF/MLG,
TiO, nanoflowers cause a big gap between the TiO, nanoflowers, enabling relatively easy
penetration of the electrolyte into the gaps. However, the top region of TiO, nanoflowers
has a long distance to exchange electrons with MLG, resulting in the difficult electron
exchange of TiO, with the electrode. With regard to TiO,-NR/MLG, intersected TiO,
nanorods form a 2D porous network parallel to MLG, which produces suitable nano-pores
for electrolytes to reach TiO; and a suitable distance for electron exchange between TiO,
and MLG, resulting in the highest capacity and rate capability.

The cycling performances of these samples at a current density of 0.1 A g~ ! are shown
in Figure 7b. In the initial five cycles, the capacities are delayed quickly, which may be
due to the formation of SEI films and side reactions. Then, all samples maintain a rather
stable specific capacity, and even a slight increase in capacity. Notably, TiO, nanorods in
TiO2-NR/MLG are composed of sub-sized TiO; nanowires, leading to further penetration
of the electrolyte in the interval of TiO; nanorods and a gradual increase in the capacity.
After 100 cycles, a specific capacity of 631.4 mAh g~! can be maintained for TiO,-NR/MLG,
which is higher than other composites. The TiO,-NR and MLG samples also provide stable
specific capacities during the cycling tests, indicating the high stability of TiO, and MLG



Nanomaterials 2022, 12, 3697

11 0f 14

for Li-ion anodes themselves. The capacity of TiO-NR/MLG is much higher than those of
MLG and TiO,-NR, indicating the best synergistic effect between MLG and TiO, nanorods.
Cycling performances of samples at a higher current density of 0.5 A g~ ! are also displayed
in Figure 7c. All TiO,/MLG samples exhibit high stability even at a high current density,
indicating the high stability of the composites. Among them, the TiO,-NR/MLG sample
exhibits the highest specific capacity of 456.5 mAh g~! after 300 cycles with a capacity
retention of 114.3%.

The kinetic process was tested to explain the advantage of the TiO,-NR/MLG com-
posite. Figure 7d shows the EIS plots of TiO;-NR/MLG, TiO,-NR, and MLG electrodes
after activation. All curves show a semicircle in the high-frequency range and an oblique
line in the low-frequency range. The diameter of the semicircle reflects the charge-transfer
resistance (Rct) and the oblique line represents the Warburg impedance (Zw) associated
with Li-ion diffusion. An equivalent electric circuit shown in the inset of Figure 7d was used
to fit these plots. TiO,-NR/MLG, TiO,-NR, and MLG display Rct values of 98.6, 646.7, and
1231 ), respectively. It shows that TiO,-NR/MLG has a lower charge-transfer resistance
than both TiO,-NR and MLG due to the special combined nanostructure of MLG and TiO»,
indicating the homogeneously distributed nanowires-assembled TiO; nanorods on MLG
not only accelerate the transfer of electron and Li-ion, but also improve the chemical activity
of T102

The comparison of the as-prepared TiO,-NR/MLG composite with previously re-
ported TiO,-based composites on the cycling property is listed in Table 1. It can be seen
that using the hydrothermal method to synthesize TiO,/graphene composites usually
requires rather high temperatures of approximately 140~180 °C, a long reaction time of
approximately 12~30 h, and post-annealing treatment at high temperatures of approxi-
mately 400~550 °C for 3~4 h. However, TiO;-NR/MLG can be synthesized by a simple
chemical process at a low temperature of 90 °C for 7 h without post-annealing treatment in
this work. It means that TiO,-NR/MLG can be synthesized with a higher efficiency under
a lower energy cost, which is favorable for reducing the production cost of the composite.
Moreover, the TiO,-NR/MLG electrode exhibits a higher reversible capacity and a higher
rate performance when compared with these previously reported composites. It can be
attributed to several special structural features of TiO,-NR/MLG, which contribute to
higher electrochemical performances. Firstly, the carbon substrate of MLG is prepared via
ultrasonic exfoliation and without further oxidation treatment, leading to less damage in
the carbon bonds than graphene oxide. The higher conductivity of MLG can accelerate the
movement of electrons and decrease the inner resistance of the electrode. Secondly, the 2D
network composed of TiO; nanorods on the MLG surface not only provides fast electron
movement between TiO, and MLG but also benefits the penetration of the electrolyte into
the composite. Finally, the TiO, nanorods are composed of nanowires, which can facilitate
the electrolyte to penetrate the inner region of TiO, nanorods. It further increases the
contact surfaces of TiO, with the electrolyte and the active sites of TiO, in the electrode.

Table 1. Comparison of TiO,-NR/MLG with some reported TiO,-based composites on the cycling
property.

Cycle Cycle Current Publication
TiO; Based Materials Synthesis Method Capacity Number Density Year Reference
(mAh g-1) (n) Ag™

Mesoporous nanoplate Hydrothermal treatment at 150 °C for

TiO, /reduced graphene oxide 18h 200 300 12C 2017 18]
. Hydrothermal treatment at 160 °C for

N-doped TiO, 48'h and heated at 500 °C for 3 h under 191.4 500 2 2019 [19]

nanotubes/TiN/graphene
Ar atmosphere
. Hydrothermal treatment at 180 °C for 267 100 1C
R-TiO,/rGO 12 h, annealing at 500 °C for4 hin a 151 500 10C 2019 (20]

N, atmosphere




Nanomaterials 2022, 12, 3697

12 of 14

Table 1. Cont.

Cycle Cycle Current

TiO, Based Materials Synthesis Method Capacity Number Density PubYch;tlon Reference
(mAh g=1) (n) Ag™
Reduced graphene oxide modified ~ Soak of NCF@rGO in TBOT solution, 214 150 1C
N-doped carbon foam-TiO, hydrolysis of TBOT, calcination at 1333 3000 10C 2019 (21]
(NCFerGO-TiO») 400 °C for 3 h in Ar atmosphere ’
TiO, nanorods on reduced Solvothermal process at 180 °C for
2 raphene oxide 30 h and annealed treatment at 550 °C 353.6 100 0.1 2019 [22]
grap for 2 h under N, atmosphere)
Hybrid . 540 100 0.5C
TiO, /Graphite/Nanodiamond Microwave treatment method 300 1000 5C 2021 (23]
TiO; quantum dots confined in 3D Reverse microemulsion method )
carbon framework combined with heat treatment 3705 200 0.1 2021 (241
Flower-like TiO, Sol-gel method with a silicon dioxide
hollow microspheres (5i0,) template 121 1000 1 2022 [35]
TiO; quantum d.ots on Hydrolysis strategy followed by 3208 100 05 2022 [25]
graphene nanoribbons heat-treatment
Rutile TiO, nanorods grown on Microwave-assisted 138.3
carbon nanotubes hydrothermal method 1-3V) 200 1€ 2022 [26]
. . - o 631.4 100 0.1 This
TiO,-NR/MLG Chemical deposition at 90 °C 456.5 300 05 work

References

4. Conclusions

TiO, was successfully synthesized on MLG surfaces by a soft chemical method, which
did not need an activation treatment of MLG before synthesis. The morphologies of the
synthesized TiO; can be varied from anatase TiO, nanoparticles to a mixture of anatase
TiO, nanoparticles and rutile TiO, nanoflowers, rutile TiO, nanoflowers, and rutile TiO,
nanorods by increasing the amount of HCl addition. Among them, the rutile TiO, nanorods
in TiO;-NR/MLG are composed of many smaller TiO, nanowires, which contribute to
the excellent electrochemical performance of the lithium-ion battery anode. A specific
capacity of 631.4 mAh g~ ! after 100 cycles at a current density of 100 mA g~! was delivered.
TiO,-NR/MLG has the advantages of cost-effective synthesis and high electrochemical
performances.

Author Contributions: Conceptualization, ].X. and J.C.; methodology, ].X. and T.Z.; validation, ].W.
(Jianfeng Wu); formal analysis, X.W. and J.C.; investigation, D.C. resources, J.C.; data curation, ] W.
(Jun Wu) and J.Z.; writing—original draft preparation, D.C. and ].X.; writing—review and editing,
J.X. and ]J.C,; visualization, ].W. (Jianfeng Wu). and D.C.; supervision, J.C.; project administration, ].X.;
funding acquisition, T.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(Grant No. 62175056) and the Zhejiang Provincial Science and Technology Program under Grant
LGG20F010007.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

1. Turcheniuk, K.; Bondarev, D.; Amatucci, G.G.; Yushin, G. Battery materials for low-cost electric transportation. Mater. Today 2021,

42,57-72. [CrossRef]

Wu, W.; Sun, Z.; He, Q.; Shi, X,; Ge, X.; Cheng, J.; Wang, J.; Zhang, Z. Boosting Lithium-Ion Transport Kinetics by Increasing the

Local Lithium-Ion Concentration Gradient in Composite Anodes of Lithium-Ion Batteries. ACS Appl. Mater. Interfaces 2021, 13,
14752-14758. [CrossRef] [PubMed]

3. Yang, Z.Y.; Yuan, Y.F,; Zhu, M.; Yin, S.M.; Cheng, ].P.; Guo, S.Y. Superior rate-capability and long-lifespan carbon nanotube-in-
nanotube@Sb,S;3 anode for lithium-ion storage. J. Mater. Chem. A 2021, 9, 22334-22346. [CrossRef]

Chen, X.; Kure Chu, S.Z.; Matsubara, T.; Hihara, T.; Yashiro, H.; Okido, M. Fabrication and electrochemical performance of

TiO,-TiN/Sn-SnO, composite films on Ti for LIB anodes with high capacity and excellent conductivity. Adv. Mater. Interfaces
2022, 9, 2200956. [CrossRef]


http://doi.org/10.1016/j.mattod.2020.09.027
http://doi.org/10.1021/acsami.1c01589
http://www.ncbi.nlm.nih.gov/pubmed/33729763
http://doi.org/10.1039/D1TA06708G
http://doi.org/10.1002/admi.202200956

Nanomaterials 2022, 12, 3697 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Finegan, D.P;; Quinn, A.; Wragg, D.S.; Colclasure, A.M.; Lu, X,; Tan, C.; Heenan, TM.M,; Jervis, R.; Brett, D.J.L.; Das, S.; et al.
Spatial dynamics of lithiation and lithium plating during high-rate operation of graphite electrodes. Energy Environ. Sci. 2020, 13,
2570-2584. [CrossRef]

Cai, W,; Yan, C; Yao, Y.; Xu, L.; Chen, X.; Huang, J.; Zhang, Q. The Boundary of Lithium Plating in Graphite Electrode for Safe
Lithium-Ion Batteries. Angew. Chem. Int. Ed. 2021, 60, 13007-13012. [CrossRef]

Divakaran, A.M.; Minakshi, M.; Bahri, P.A ; Paul, S.; Kumari, P.; Manjunatha, K.N. Rational design on materials for developing
next generation lithium-ion secondary battery. Prog. Solid State Chem. 2021, 62, 100298. [CrossRef]

Zhang, L.; Xu, J.; Hu, X.; Song, K.; Wu, J.; Li, B.; Cheng, J.P. Ultra-small Co-doped Mn3O4 nanoparticles tiled on multilayer
graphene with enhanced performance for lithium ion battery anodes. J. Appl. Electrochem. 2019, 49, 1193-1202. [CrossRef]

Xu, J.; Xu, D.; Wu, J.; Wu, J.; Zhou, ].; Zhou, T.; Wang, X.; Cheng, J. Ultra-small Fe;O3 nanoparticles anchored on ultrasonically
exfoliated multilayer graphene for LIB anode application. Ceram. Int. 2022, 48, 32524-32531. [CrossRef]

Zhao, W.; Shi, Z.; Qi, Y.; Cheng, J. The Carbon-Coated ZnCo,04 Nanowire Arrays Pyrolyzed from PVA for Enhancing Lithium
Storage Capacity. Processes 2020, 8, 1501. [CrossRef]

He, Q.; Sun, Z; Shi, X.; Wu, W.; Cheng, ].; Zhuo, R.; Zhang, Z.; Wang, J. Electrochemical Performance Enhancement of Nitrogen-
Doped TiO; for Lithium-Ion Batteries Investigated by a Film Electrode Model. Energy Fuels 2021, 35, 2717-2726. [CrossRef]
Wang, S.; Yang, Y.; Dong, Y.; Zhang, Z.; Tang, Z. Recent progress in Ti-based nanocomposite anodes for lithium ion batteries. J.
Adv. Ceram. 2019, 8, 1-18. [CrossRef]

Pham, T.N.; Bui, VK.H.; Lee, Y. Recent advances in hierarchical anode designs of TiO,-B nanostructures for lithium-ion batteries.
Int. ]. Energy Res. 2021, 45, 17532-17562. [CrossRef]

Paul, S.; Rahman, M.A_; Sharif, S.B.; Kim, J.; Siddiqui, S.; Hossain, M.A.M. TiO; as an Anode of high-performance lithium-ion
batteries: A Comprehensive Review towards Practical Application. Nanomaterials 2022, 12, 2034. [CrossRef]

Zhang, W.; Tian, Y.; He, H.; Xu, L.; Li, W.; Zhao, D. Recent advances in the synthesis of hierarchically mesoporous TiO, materials
for energy and environmental applications. Natl. Sci. Rev. 2020, 7, 1702-1725. [CrossRef]

Zhang, Y.; Tang, Y.; Li, W.; Chen, X. Nanostructured TiO,-Based Anode Materials for High-Performance Rechargeable Lithium-Ion
Batteries. ChemNanoMat 2016, 2, 764-775. [CrossRef]

Wei, T.-T.; Wang, E-F; Li, X.-Z.; Zhang, J.-H.; Zhu, Y.-R; Yi, T.-F. Towards high-performance battery systems by regulating
morphology of TiO, materials. Sustain. Mater. Technol. 2021, 30, e00355. [CrossRef]

Zhen, M.; Zhen, X.; Liu, L. Mesoporous nanoplate TiO, /reduced graphene oxide composites with enhanced lithium storage
properties. J. Mater. Lett. 2017, 193, 150-153. [CrossRef]

Li,J.; Li, Y;; Lan, Q.; Yang, Z.; Lv, X.-]. Multiple phase N-doped TiO, nanotubes/TiN/graphene nanocomposites for high rate
lithium ion batteries at low temperature. J. Power Source 2019, 423, 166-173. [CrossRef]

Fu, Y;; Dai, Y; Pei, X.; Lyu, S.; Heng, Y.; Mo, D. TiO; nanorods anchor on reduced graphene oxide (R-TiO, /rGO) composite as
anode for high performance lithium-ion batteries. Appl. Surf. Sci. 2019, 497, 143553. [CrossRef]

Zhang, X.; Wang, B.; Yuan, W.; Wu, J.; Liu, H.; Wu, H.; Zhang, Y. Reduced graphene oxide modified N-doped carbon foam
supporting TiO, nanoparticles as flexible electrode for high-performance Li/Na ion batteries. Electrochim. Acta 2019, 311, 141-149.
[CrossRef]

Ma, Y,; Li, Y.; Li, D.; Liu, Y.; Zhang, J. Uniformly distributed TiO, nanorods on reduced graphene oxide composites as anode
material for high rate lithium ion batteries. J. Alloys Compd. 2019, 771, 885-891. [CrossRef]

Wang, C.; Sun, X,; Li, H.; Liu, J.; Cheng, S.; Li, H.; Yuan, X. Hybrid TiO, /Graphite/Nanodiamond Anode for Realizing High
Performance Lithium Ion Battery. ChemistrySelect 2021, 6, 1458-1465. [CrossRef]

Yin, J.; Yu, J.; Shi, X.; Kong, W.; Zhou, Z.; Man, J.; Sun, J.; Wen, Z. TiO, quantum dots confined in 3D carbon framework for
outstanding surface lithium storage with improved kinetics. J. Colloid Interface Sci. 2021, 582, 874-882. [CrossRef]

Yu, W.-J.; He, W,; Wang, C.; Liu, E; Zhu, L.; Tian, Q.; Tong, H.; Guo, X. Confinement of TiO, quantum dots in graphene
nanoribbons for high-performance lithium and sodium ion batteries. J. Alloys Compd. 2022, 898, 162856. [CrossRef]

Chen, L.; Tao, Y.; Shang, H.; Ma, Z.; Li, S.; Cao, H.; Li, Q.; Li, G.; Li, H.; Xiao, S.; et al. Rutile TiO; nanorods grown on carbon
nanotubes as high-performance lithium-ion batteries anode via one-dimensional electron pathways. J. Sol-Gel Sci. Technol. 2022,
103, 437-446. [CrossRef]

Raccichini, R.; Varzi, A.; Passerini, S.; Scrosati, B. The role of graphene for electrochemical energy storage. Nat. Mater. 2014, 14,
271-279. [CrossRef]

Wang, ].-F; Zhang, J.-J.; He, D.-N. Flower-like TiO,-B particles wrapped by graphene with different contents as an anode material
for lithium-ion batteries. Nano-Struct. Nano-Objects 2018, 15, 216-223. [CrossRef]

Qiu, B.; Xing, M.; Zhang, ]. Mesoporous TiO, Nanocrystals Grown in Situ on Graphene Aerogels for High Photocatalysis and
Lithium-Ion Batteries. . Am. Chem. Soc. 2014, 136, 5852-5855. [CrossRef]

Li, W,; Wang, F; Feng, S.; Wang, J.; Sun, Z.; Li, B.; Li, Y.; Yang, J.; Elzatahry, A.A.; Xia, Y; et al. Sol-Gel Design Strategy for
Ultradispersed TiO, Nanoparticles on Graphene for High-Performance Lithium Ion Batteries. J. Am. Chem. Soc. 2013, 135,
18300-18303. [CrossRef]

Cheng, L.; Qiao, D.; Zhao, P; He, Y.; Sun, W.; Yu, H.; Jiao, Z. Template-free synthesis of mesoporous succulents-like TiO, / graphene
aerogel composites for lithium-ion batteries. J. Electrochim. Acta 2019, 300, 417-425. [CrossRef]


http://doi.org/10.1039/D0EE01191F
http://doi.org/10.1002/anie.202102593
http://doi.org/10.1016/j.progsolidstchem.2020.100298
http://doi.org/10.1007/s10800-019-01358-3
http://doi.org/10.1016/j.ceramint.2022.07.198
http://doi.org/10.3390/pr8111501
http://doi.org/10.1021/acs.energyfuels.0c03580
http://doi.org/10.1007/s40145-018-0292-2
http://doi.org/10.1002/er.6956
http://doi.org/10.3390/nano12122034
http://doi.org/10.1093/nsr/nwaa021
http://doi.org/10.1002/cnma.201600093
http://doi.org/10.1016/j.susmat.2021.e00355
http://doi.org/10.1016/j.matlet.2017.01.077
http://doi.org/10.1016/j.jpowsour.2019.03.060
http://doi.org/10.1016/j.apsusc.2019.143553
http://doi.org/10.1016/j.electacta.2019.04.136
http://doi.org/10.1016/j.jallcom.2018.08.251
http://doi.org/10.1002/slct.202004628
http://doi.org/10.1016/j.jcis.2020.08.076
http://doi.org/10.1016/j.jallcom.2021.162856
http://doi.org/10.1007/s10971-022-05835-8
http://doi.org/10.1038/nmat4170
http://doi.org/10.1016/j.nanoso.2018.03.008
http://doi.org/10.1021/ja500873u
http://doi.org/10.1021/ja4100723
http://doi.org/10.1016/j.electacta.2019.01.133

Nanomaterials 2022, 12, 3697 14 of 14

32.

33.

34.

35.

Xu, J.; Wu, J; Luo, L.; Chen, X.; Qin, H.; Dravid, V.; Mi, S.; Jia, C. Co304 nanocubes homogeneously assembled on few-layer
graphene for high energy density lithium-ion batteries. J. Power Source 2015, 274, 816-822. [CrossRef]

Xia, X.; Peng, S.; Bao, Y.; Wang, Y.; Lei, B.; Wang, Z.; Huang, Z.; Gao, Y. Control of interface between anatase TiO, nanoparticles
and rutile TiO, nanorods for efficient photocatalytic H, generation. J. Power Source 2018, 376, 11-17. [CrossRef]

Manickam, M.; Singh, P; Issa, T.B.; Thurgate, S. Electrochemical behavior of anatase TiO, in aqueous lithium hydroxide electrolyte.
J. Appl. Electrochem. 2006, 36, 599-602. [CrossRef]

Ren, Y,; Zhang, G.; Huo, J.; Li, J.; Liu, Y,; Guo, S. Flower-like TiO, hollow microspheres with mixed-phases for high-
pseudocapacitive lithium storage. J. Alloys Compd. 2022, 902, 163730. [CrossRef]


http://doi.org/10.1016/j.jpowsour.2014.10.106
http://doi.org/10.1016/j.jpowsour.2017.11.067
http://doi.org/10.1007/s10800-005-9112-9
http://doi.org/10.1016/j.jallcom.2022.163730

	Introduction 
	Experimental Section 
	Preparation of Samples 
	Materials Characterization 
	Anode Performance Measurements for LIBs 

	Results and Discussion 
	Conclusions 
	References

