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A stable TiO,—graphene nanocomposite anode
with high rate capability for lithium-ion batteriesy
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A rapid microwave hydrothermal process is adopted for the synthesis of titanium dioxide and reduced
graphene oxide nanocomposites as high-performance anode materials for Li-ion batteries. With the
assistance of hydrazine hydrate as a reducing agent, graphene oxide was reduced while TiO,
nanoparticles were grown in situ on the nanosheets to obtain the nanocomposite material. The
morphology of the nanocomposite obtained consisted of TiO, particles with a size of ~100 nm,
uniformly distributed on the reduced graphene oxide nanosheets. The as-prepared TiO,—graphene
nanocomposite was able to deliver a capacity of 250 mA h g™ + 5% at 0.2C for more than 200 cycles
with remarkably stable cycle life during the Li* insertion/extraction process. In terms of high rate
capability performance, the nanocomposite delivered discharge capacity of ca. 100 mA h g~* with >99%
coulombic efficiency at C-rates of up to 20C. The enhanced electrochemical performance of the
material in terms of high rate capability and cycling stability indicates that the as-developed TiO,-rGO
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Introduction

Li-ion batteries (LIBs) are considered to be the most attractive
electrochemical energy storage technology among all technol-
ogies for portable devices and electric vehicles." With growing
interest in developing green electrode materials for future LIBs,
attention has also been given to TiO, as a negative electrode
material.>* TiO, can be a viable electrode material because of its
stable cycle life, low environmental impact, low cost, and
abundance.>® The relatively higher working voltage of a TiO,
anode (=1.5 Vvs. Li'/Li) compromises the overall energy density
of the cell but it can also effectively slows the growth of irre-
versible formation of an SEI layer, which consequently improves
the coulombic efficiency compared to conventional carbon-
based anode materials.” However, the major challenge in its
practical application for the anode in LIBs is its low electronic
conductivity of TiO, (~107"* § cm )* which limits the rate
capability and LIB performance.
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nanocomposites are promising electrode materials for future Li-ion batteries.

To enhance the rate capability, extensive efforts have been
deployed to increase the surface area of active material. Thus,
the mobility of electrons and Li ions is facilitated by decreasing
the diffusion path and controlling the stress mechanism. This
was achieved by developing TiO, nanotubes, nanowires, and
altering the crystal structures of material through high
temperature calcination.”® However, as discussed above the
low electrical conductivity of TiO, still limits its electrochemical
performance for battery application.” TiO, composites with
carbon and metal oxides have demonstrated improvements in
electronic conductivity, but more work is required to achieve
a material which can be of technical relevance.?*>* Compared to
the traditional carbonaceous additives, graphene is considered
promising to improve the electrochemical performances of
various electrode materials due to its high electrical conduc-
tivity, superior mechanical strength and large surface area.”>>*
These properties make graphene a suitable material for use in
a TiO, composite anode for LIBs.

The conventional methods to synthesize TiO, nano-
structures include sol-gel methods which can be utilized to
develop TiO,-graphene nanocomposites.”””® Nevertheless,
these methods often require anhydrous alcohols as solvents
and normally yield a mixture of rutile and anatase TiO, phases
instead of a pure single phase. The rutile TiO, phase has been
found to exhibit low rate performance when subjected to high
current density during cycling.”” To address this challenge
extensive studies such as template-assisted synthesis, electro-
spinning, and anodization, have been carried out to obtain
structures suitable for fast electron and Li* mobility.?*=** In most
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cases an improved battery performance of TiO,-graphene nano-
architectures was achieved by altering the synthesis conditions
to control the particle size and phase of TiO,; however, the
previously reported methods are time consuming and costly.®
There is thus a need for a rapid and cost-effective method for
developing well-organized TiO,-graphene nanocomposites for
application in LIBs. Herein, we report a swift and scalable
method for in situ synthesis of TiO, nanoparticles on rGO
nanosheets via a microwave hydrothermal process to obtain
a high-performance TiO,-rGO nanocomposite LIB anode
material. These nanocomposites exhibit outstanding rate
performance due to the fast mobility of electrons and Li'
diffusion during insertion/extraction. The improved electro-
chemical performance demonstrates the viability of this mate-
rial as a high-rate negative electrode for advanced LIBs.

Experimental

The material synthesis, characterization and electrochemical
testing methods used in this study are described below. The
synthesis and electrochemical testing methods are also illus-
trated schematically in Fig. 1.

(a) Synthesis of TiO,-rGO nanocomposite

GO was synthesized using the Hummers' method** for which
details are provided in ESLt The resulting GO obtained was
dried at 80 °C after washing with water several times. In the next
step, to synthesize the desired TiO,-rGO nanocomposite, an
aqueous solution containing 4 M of titanium(m) chloride
precursor and 0.1 M of potassium hydroxide was prepared.
Three different concentrations of wt% of rGO (1, 2 and 5) rela-
tive to the amount of TiO, in the nanocomposite along with 50—
100 ul of hydrazine hydrate (HH) reducing agent were added to
the solution. The solution was transferred to a hydrothermal
microwave (CEM MARS 5) at 160 °C, 160 psi, 900 W for 25 min.
After hydrothermal microwave treatment, the product was
washed in deionized water and ethanol several times and dried

Graphene Oxide Nanosheets Ti precursor
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at 80 °C for 15 h. The as-prepared product was ground using
a mortar and pestle prior to further study the physical and
electrochemical properties. A more detailed description of the
synthesis of TiO,-rGO nanocomposite is presented in the ESIL.{
Based on the wt% of rGO added to the TiO, nanoparticles, these
samples are named TiO,—pristine, TiO,-rGO 1%, TiO,-rGO 2%,
TiO,-rGO 5% in the following discussion.

(b) Materials characterization

The structural characterization was performed using a Philips
X'Pert MPD 3030 X-ray diffractometer equipped with Cu Ka
radiation in the 26 range of 20-60°. The morphological char-
acterization of the composite was carried out by using field
emission scanning electron microscopy (FESEM) and Jeol 2010F
transmission electron microscopy (TEM) which was operated at
200 kV. Elemental mapping was obtained using energy-
dispersive X-ray spectroscopy (EDS) using the same SEM. The
nitrogen adsorption/desorption studies were performed using
a Micromeritics ASAP 2020.

(c) Cell fabrication and electrochemical characterization

To explore electrochemical performance of TiO,-rGO nano-
composite, the working electrode was prepared by using the as-
prepared TiO,-rGO nanocomposites with different amounts of
rGO, polyvinylidene difluoride (PVDF) and Super P carbon black
with a weight ratio of 8 : 1 : 1, respectively. The active material
mass loading in the as-prepared electrodes was in range of 1.9
to 2.5 mg cm > for different experiments. Once the slurry was
prepared, it was coated onto a copper foil and dried overnight.
Lithium foil (purity 99.9%) served as the counter electrode,
polypropylene (PP) membrane as a separator and 1 M lithium
hexaflurophosphate (LiPFs) dissolved in ethylene carbonate
(EC) and dimethyl carbonate (DMC) (1 : 1 in vol%) as the elec-
trolyte. The 2032-type coin cells were assembled in an argon
filled glovebox with O, and H,O levels less than 0.1 ppm. Gal-
vanostatic cycling and rate capability experiments were per-
formed using multi-channel battery tester (LAND) with

KOH, H,0
—_—

160 °C, 160 psi, 900W, 25min

TiO,-1GO

Fig. 1 Schematic illustration of synthesis method of TiO,—rGO nanocomposite and Li insertion/extraction process.
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a potential range between 1 and 2.5 V at a range of current
densities. An aging time of 12 h was used before starting the
battery cycling. Cyclic voltammetry tests were carried out in
a potential range of 0 to 3 V with a scan rate of 0.5 mV s~
Electrochemical impedance spectroscopy (EIS) tests were con-
ducted in a frequency range of 100 kHz to 10 mHz using a Bio-

logic SP-300 potentiostat.

Results and discussion

The structural and morphological properties of TiO,-based
nanocomposites are strongly dependent on the temperature
and time of reaction which consequently affects the electro-
chemical response of nanocomposite in battery application.?*3¢
Although rutile is considered to be most stable TiO, phase, it is
not favorable for battery anode applications because of the
limited Li* diffusion along the c-axis channels only.* It has been
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Fig. 2 (a) XRD patterns of TiO,—pristine, TiO,-rGO 1%, TiO,—rGO 2%,

TiO,-rGO 5%. Peaks at 26 values of 25.3°, 36.9°, 37.8°, 38.5°, 48.0°,
53.8° and 55.0° correspond to the characteristic diffraction peaks of
anatase TiO, (JCPDS 21-1272).#° (b) Nitrogen adsorption/desorption
isotherms TiO,—-rGO 5%. The inset shows the pore-size distribution
plot of the same sample.
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reported that anatase phase TiO, with <200 nm particle size is
thermodynamically stable.*-*° Thus, it is important to consider
both the crystal structure as well as the particle size of TiO, in
order to achieve better electrochemical performance in LIB
negative electrodes.

The synthesis time to obtain the TiO,-rGO nanocomposite
was only around 25 min. The simple process is a convenient
synthesis route to prepare the nanocomposite in less time, with
the desired morphology and the right crystal structure. Without
adding rGO, the synthesized TiO, materials (hereinafter
referred to as TiO,-pristine) was found to have an anatase
structure, confirmed by XRD analysis (Fig. 2a). The XRD
patterns of samples with rGO 1, 2 and 5 wt% revealed that TiO,
retained this anatase crystalline structure. The anatase phase of
the TiO, nanoparticles was confirmed by the seven character-
istic diffraction peaks (JCPDS 21-1272),* while no evidence of
rutile phase TiO, was observed. The specific surface area and
pore size distribution of the sample having maximum rGO
content (TiO,-rGO 5%) was further explored by nitrogen
adsorption/desorption studies, and the isotherms obtained are
presented in Fig. 2b. The Brunauer-Emmett-Teller (BET)
specific surface area of TiO,-r1GO 5% was found to be ~105 m?
¢!, much higher than that of TiO,-graphene nanoparticles
previously reported.”**® The high surface area can be attributed
to the uniform distribution and relatively small size of the TiO,
nanoparticles, as well as the contribution of the graphene
sheets in the nanocomposite. The differential pore volume in
a plot calculated from the desorption isotherm by BET method
(inset graph in Fig. 2b) represents mesopores having an average
pore diameter of 7 nm in the nanocomposite. These mesopores
in the nanocomposite are expected to be associated with the
interparticle space.

Detailed morphological characterization was performed
using FESEM and TEM. Fig. 3a shows an FESEM image of the
TiO,-rGO 5% sample which reveals well dispersed TiO, on GO
nanosheets and connected to each other to form a well-defined
nanocomposite. The TiO, nanoparticles have a size in the range
of ca. 100 nm. Fig. 3b shows EDS elemental mapping of the area
shown in Fig. 3a, which indicates that all the major elements
were homogenously present including carbon, titanium and
oxygen. Fig. 3c and d present the bright-field TEM images of
same sample at two different magnifications. The images
confirm the homogenous distribution of TiO, particles on
sheet. This morphological characterization indicates that the
TiO, particle size is in the suitable size range for thermody-
namic stability (<200 nm (ref. 37-39)), with appropriate pore
size to achieve good electrochemical performance in LIBs.

The FESEM image and elemental mapping of TiO,-rGO 5%
is presented in the ESIf along with EDS results Fig. S1 and S2.t
Furthermore, the FESEM images of the pristine and samples
with different rGO loadings are presented in ESI (Fig. S3).t
When the rGO content was increased from 1% to 5%, no visible
change was observed in the morphology. Therefore, differences
in the electrochemical performance of these materials can be
attributed to the rGO to TiO, weight ratio rather than differ-
ences in the morphological structure, which was found to be
independent of the composition ratio.

RSC Adv, 2020, 10, 29975-29982 | 29977
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Fig. 3
bright-field TEM image at higher magnification.

The electrochemical performance of TiO,-rGO nano-
composites prepared with 1, 2 and 5 wt% GO as anode materials
was evaluated in Li half-cells. A schematic of the coin cell
assembly is shown in Fig. S4.1 The first galvanostatic discharge/
charge voltage profiles of the four samples tested at 0.2C with
a voltage window of 1.0-2.5 V are presented in Fig. 4a. With this
voltage window no contribution from rGO is anticipated
because LiC¢ formation only takes place at potentials lower than
1.0 V. In these samples, all the cells display characteristic
discharge and charge voltage plateaus at 1.75 V and 1.85 V,
respectively, associated with anatase-TiO,.”” The initial
discharge and charge capacities of all the three samples were
between 125 mA h g~ ' (based on the mass of the TiO,-rGO
nanocomposite) and 255 mA h g~ with excellent first cycle
coulombic efficiencies. These high coulombic efficiencies
(>90%) demonstrate that formation of SEI in case of TiO,
anodes is notably less than for conventional carbon negative
electrode materials.>»**

The TiO,-rGO 5% nanocomposite showed the highest first
discharge capacity of mA h g~' among all tested samples. The
nanocomposite prepared using 2% rGO is comparable to 5%,
however, the capacity shown by sample TiO,-rGO 1% and TiO,—
pristine is significantly lower which is attributed to the low rGO
content in the nanocomposite, and thus its relatively low
conductivity. Increasing the rGO content from 2 wt% to 5 wt%
led to only a small increase in electrochemical performance,

29978 | RSC Adv, 2020, 10, 29975-29982

(a) FESEM image of TiO,-rGO 5%, (b) EDS elemental mapping of the area shown in (a), (c) bright-field TEM image of TiO,-rGO 5%, (d)

suggesting that the percolation threshold of the nanocomposite
had been reached and thus the increase in the conductivity was
relatively small. Furthermore, 5% graphene content is reported
to be the most favorable composition ratio with TiO, to achieve
best C-rate performance.”® Adding more than 5% rGO could
result in re-stacking of rGO nanosheets, which in turn will limit
the diffusion of Li'. However, further experimental studies
could be conducted with higher amounts of rGO to determine
the optimum. TiO,-rGO 5% is expected to have the highest
content of rGO and thus will have the highest conductivity. The
longest voltage plateau for the TiO,—-rGO 5% confirms that the
rGO enhances the discharge capacity. The shorter and similar
terminal voltage slope in all the samples show that the capaci-
tive behavior and its contribution in the discharge capacity of
these electrodes is negligible.

The TiO,-rGO 5% shows remarkable cycling stability with
superior discharge capacity. The cyclic stability is one of the key
features of TiO, based anodes which is apparent in the experi-
mental results presented in Fig. 4b. All the cells retained about
90% of their initial capacity after 200 cycles at 0.2C. The average
fade in capacity was lower than 1% each cycle while the
coulombic efficiency was above 99% for each cycle after first few
formation cycles.

The rate capability performance of an anode material is one
of the most important parameters for practical application.** To

evaluate the as-prepared samples for rate -capability

This journal is © The Royal Society of Chemistry 2020
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performance, all the cells were subjected to current densities
ranging from 0.1 to 20C with identical discharge and charge
current density and five charge/discharge cycles at each current

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

density. The results presented in Fig. 4c show that at a current
density of 0.1C, both TiO,-rGO 5% and TiO,-rGO 2% possess
a noticeably higher capacity than TiO,-rGO 1%, which is also
higher than TiO,-pristine. As the C-rate was increased from 1 to
20C, the capacities of TiO,-pristine sample declined from
167 mA h g~ * to almost zero. At up to 2C the capacities for TiO,-
rGO 5% and TiO,-1GO 2% remained comparable, but at 5C and
above the TiO,-rGO 5% anode showed the highest capacity,
achieving 100 mA h g™ " or above at current densities as high as
20C. At 20C, the TiO,-rGO 5% anode retained 40% of the
capacity recorded at 0.1C. When returned to 1C after cycling at
20C, the samples retained their capacities nicely and remained
stable for the next 20 cycles. TiO,-based anodes have been
studies previously, including at even higher C-rates; however,
the achievable discharge capacity remained in the range of ca.
100 mA h g~ '.*? Stable discharge capacities of ca. 161 mAh g *
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Fig. 5 (a) Representative cyclic voltammograms of TiO,—pristine,

TiO,—rGO 1%, TiO>—rGO 2%, TiO,—rGO 5% at a scan rate of 0.5 mV s+
between 0 V and 3 V; (b) EIS Nyquist plots of the same samples, along
with the equivalent circuit (Rg is the bulk resistance, Rsg; and Csg are
the resistance and capacitance of the solid electrolyte interface,
Rct and Cct are the charge transfer resistance and capacitance,
and Zy is the Warburg impedance).
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at 5C, ca. 129 mA h g~ ' at 10C, and ca. 100 mA h g~ ' at 20C, were
obtained for the TiO,-rGO 5% anode. These capacities
demonstrate that the rGO contributed significantly to enhanced
electrochemical performance in comparison to other recent
studies of TiO, based anodes.*?

Cyclic voltammetry (CV) is a useful electrochemical tech-
nique to evaluate redox potentials of reversible systems. CV
results for the TiO, nanocomposite samples were recorded
using a potential window 0.0 to 3.0 V vs. Li'/Li are shown in
Fig. 5a. The CV results show no significant change in the redox
potentials, but differences in the magnitude of the cathodic and
anodic peak currents were observed. A higher amplitude in the
cathodic and anodic peak currents (at around 1.45 V and 1.5V
respectively) was observed for TiO,-rGO 5%, indicating higher
redox activity in terms of current for this sample. It is evident
from the results that beside the characteristic pair of current
peaks from the anatase TiO,, broad peaks were also recorded in
the lower voltage range around 0.1 V. These cathodic and
anodic peaks can be attributed to additional electrochemical
processes including formation of an SEI layer taking place due
to the presence of rGO and Super P carbon black in the elec-
trode. However, further studies are required to understand the
impact of carbon in the TiO, electrodes.

Electrochemical impedance spectroscopy (EIS) was con-
ducted to investigate the electrode resistance and active
material-current collector interfacial resistance. The results of
EIS study is illustrated using the Nyquist spectra shown in
Fig. 5b. The shape of the impedance arc (depressed or distinct)
depends on the total resistance offered by the cell. In the case of
the four different samples the contact resistance was strongly
dependent on the amount of GO present in the composite due
to differences in the electron mobility in the nanocomposites.
For the TiO,-pristine, the poor electrical contact hindered the
electron flow from the Cu current collector to the active mate-
rials, consistent with previous studies.**** The high contact
resistance for the TiO,-pristine led to a large overall resistance
of ~387 Q, calculated from the x-intercept of impedance arc.
The total resistance for TiO,-rGO 5% was ~164 Q, which is
about 60% decrease in overall resistance of the pristine cell.
From the EIS results it is evident that the TiO,-rGO 2% and 5%
nanocomposite anodes have low surface resistance, enabling
the high capacity and rate capability of the half-cell using these
materials.

Conclusions

In this study, rGO was investigated as an additive to enhance the
conductivity of TiO, anodes. TiO,-rGO nanocomposites were
synthesized by a simple and rapid in situ method. The experi-
mental results demonstrated that TiO, nanoparticles homoge-
nously dispersed on rGO nanosheets could be obtained. The
electrochemical results demonstrate that high rate capability
and cycle stability could be achieved with the developed TiO,-
rGO electrode. The well-integrated rGO nano-filler enhanced
the electrode conductivity enabling the increased rate capability
of the TiO,-electrodes. The as-prepared TiO,-rGO nano-
composite showed potential for use as a viable anode material
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in advanced Li-ion battery applications which require high
power.
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