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A graphene oxide/LisTisO1, (GO/LTO) composite was prepared with 1 wt% GO and 99 wt%
commercial LTO by stirring at a high speed and then drying at a low temperature. Compared with pure
LTO, the GO/LTO composite demonstrated higher charge capacity and better rate capability over 0-3
V. The charge capacities at 0.5, 1, 3, 5, and 10 C were 246.3, 234.0, 223.2, 220.6, and 214.1 mAh g'l,
respectively, for GO/LTO and 233.7, 218.7, 202.1, 190.5, and 148.5 mAh g™, respectively, for LTO.
Furthermore, the GO/LTO composite retained 95.1% of the initial capacity after 200 cycles at a high
rate of 5 C, which was considerably higher than that that retained by the pure LTO (57.9%). The
greatly improved electrochemical performance is attributed to an enhancement of lithium ion and
electron conductivity caused by GO addition. GO acts as a binder, thereby improving the adhesive
power of the electrode materials to the current collector. The electrode polarization is reduced and the
electrolyte reduction decomposition is partially suppressed by adding GO. The process of preparing
the GO/LTO composite is simple, low-cost and suitable for industrial use.

Keywords: graphene oxide, LisTisO1,, composite, lithium-ion batteries

1. INTRODUCTION

The spinel LisTisO1; (LTO) is suggested as one of the most promising anode materials to
replace graphite in large-scale lithium ion batteries (LIBs) for application in electric vehicle and hybrid
electric vehicle power sources, due to its promising properties: zero volume change during
charge/discharge, high working potential of the Ti**/Ti*" redox couple (ca. 1.55 V vs. Li/Li"), absence
of SEl-layer formation and metallic lithium, excellent safety and thermal stability, and long cycle life
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within a wide range of operating temperatures [1-4]. Unfortunately, LTO shows a low intrinsic
electronic conductivity and lithium-ion diffusion coefficient, which seriously hinders its high-rate
performance [5]. A number of approaches have been used to overcome these problems in attempts to
improve the electrochemical performance of LTO anodes, including morphological optimization [6-
20], nanostructuring [21-25], doping [26-37], surface coating [38-44] and formation of composite [45-
54]. Among these methods above, preparation of LTO-based composites by adding high conductive
carbon materials via a facile route is practicable and economical for large-scale industrialization.

To our best knowledge, graphene as a carbon resource usually fabricated by reducing graphene
oxide (GO), has attracted intense attention recently [55]. Due to its superior electrical conductivity and
high specific surface area (>2600 m? g*), graphene has been used to prepare the LTO/graphene
composites to enhance the electrochemical properties of LTO [56-62]. The added graphene could
avoid aggregation of the LTO particles, increase the apparent conductivity of the electrode and provide
large active contact area between the electrode and electrolyte, thereby improving the electrode
performance, especially its rate capability [56-64]. As the precursor of graphene, GO also presents a
higher lithium storage capacity and the preparation of GO is simpler and lower cost than graphene
itself because it does not need a reduction treatment [65-66]. However, GO and GO-based composites
direct used as anode materials in LIBs are hardly reported. We have previously used GO to prepare
graphite/GO composites and GO/graphite/carbon composites as anode materials. These anode
materials demonstrated good electrochemical performance, including a higher storage capacity than
traditional graphite anode materials [66-67]. Moreover, GO has been found lithium to easily form self-
assembled membranes and can be used instead of a polymer binder in electrodes [66-67]. Thus,
commercial LTO, GO, and conductive carbon black were recently applied to fabricate a binder-free
GO/LTO composite as an anode material in our work [68]. The addition of GO provides the additional
capacity via oxygen-containing functional group and nano-cavity [68-69]. In addition to contributing
to the lithium-ion storage, GO also acted as a binder, replacing the carboxy methylated cellulose,
which makes the composite with CMC binder free, thereby speeding up the lithium ion diffusion in
anode materials [68].

Unfortunately, the binder-free GO/LTO composite required more than 10 wt% GO to obtain
outstanding electrode adhesion and electrochemical performance, which is prohibitive due to the high
cost of GO. In this study, we used a simple method that required only 1 wt% GO mixed with 99 wt%
commercial LTO to prepare a novel GO/LTO composite material and investigated this material for use
as a lithium battery anode.

2. EXPERIMENTAL

2.1. Synthesis and characterization

GO was synthesized from high-purity natural flake graphite (about 200 mesh, Changsha
Shenghua Research Institute, 99.999%) by a modified Hummers method [66-68]. A colloidal
dispersion of GO in deionized water was prepared by ultrasonication (20 kHz ultrasound probe)
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treatment for about 30 min to give a stable amber dispersion [68]. Commercial LTO powder (Shanghai
Dian Yang Industrial Co., Ltd.) was then added to the aqueous GO dispersion and stirred for 4 h at a
linear velocity of 18 m per s Finally, the mixture was dried at 105 °C to obtain the GO/LTO composite.
Powder X-ray diffraction (XRD, Xpert MPD DY1219) with Cu K, radiation was used to
identify the phase composition of the materials. The diffraction patterns were collected at room
temperature by step scanning over a 10-90° range at a scanning rate of 0.02° per 10 s. The morphology
of the materials was determined using scanning electron microscopy (SEM, Sirion 200 FEI
Netherlands) and high-resolution transmission electron microscopy (TEM, JEM-100CX, JEOL).

2.2. Electrochemical measurements

The electrochemical properties of the prepared materials were measured using a CR2032 coin-
type half-cell in which the cathode and Li-metal anode were separated by a porous polypropylene film
(Celgard 2400, Celgard Inc., USA). The cathode slurry was prepared by homogeneously mixing the
active material (LTO or GO/LTO), Super-P carbon black, and LA-132 binder in a mass ratio of 85:5:5
in deionized water. Then the slurry was cast onto a Cu foil and dried for 12 h under vacuum at 105 °C.
Finally, the electrode laminate was punched into disks (10 mm in diameter) and dried in a vacuum
oven at 105 °C for 24 h. The coin-cell assembly was performed in an argon-filled glovebox. A solution
of 1 mol L™ LiPFs in ethylene carbonate, dimethyl carbonate, and diethyl carbonate (1:1:1, in volume)
was used as the electrolyte (Shenzhen Capchem Technology (Shenzhen) Co., Ltd.).

Galvanostatic charge-discharge tests were conducted over 0-3 V at different charge/discharge
C-rates between 0.2 and 10 C (1 C = 250 mAh g*) at 25 °C using an automatic galvanostatic charge-
discharge unit (Land 2001A, Wuhan, China). An electrochemical workstation (PARSTAT 2273, USA)
was used to carry out cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
tests. The CV tests were carried out over 0-3 V at a scan rate of 0.2 mV s™. The EIS measurements
were performed over a frequency range of 10 mHz to 100 kHz at the stable voltage of 1.55 V during
the first charge cycle.

3. RESULTS AND DISCUSSION

Fig. 1 shows the standard XRD pattern of LTO and XRD patterns of the LTO used here and the
GO/LTO composite. The diffraction peaks of the pure LTO and GO/LTO samples are both in
agreement with the standard XRD pattern of LTO (ICSD No. 49-0207), suggesting the addition of GO
and the calcination process had no effect on the crystal structure of LTO. Fig. 2 displays SEM
micrographs of both samples. It can be seen from Fig. 3 that the particle size distribution of
commercial LTO is about 0.5-1 pum, and there are some GO sheets among the LTO particles in the
LTO/GO composite (Fig. 2b). The amount of GO in GO/LTO was about 1 wt% and, thus, only a few
GO sheets can be seen among the LTO particles. Fig. 3 exhibits TEM micrographs of GO and the
GO/LTO composite.
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Figure 1. The standard XRD pattern of LTO and XRD patterns of both samples
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Figure 3. TEM micrographs of (a) GO and (b) GO/LTO
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Figure 4. Photographs of (a) LTO and (b) GO/LTO electrodes

The GO appears as thin sheets (Fig. 3a), while GO sheets cover the LTO particles in the

GO/LTO composite (Fig. 3b). Photographs of LTO and GO/LTO electrodes prepared under the same
conditions are shown in Fig. 4.
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Figure 5. (a) CV curves of both samples at a scanning of 0.2 mV s and (b) discharge-charge curves
of both samples at 0.2 C-rate (1 C = 250 mAh g-1) over 0-3 V

The pure LTO electrode is unevenly coated with some bare Cu foil visible, but the GO/LTO
electrode is perfectly coated with no bare Cu foil visible. This is a result of the added GO acts as a
binder and enhancing the bond strength between the Cu foil and the electrode materials.

The electrochemical properties of both LTO and GO/LTO electrodes in the range of 0-3 V
were systematically studied. Fig. 5a shows the CV curves of both electrodes over a 0-3 V range at a
scan of 0.2 mV s™*. The cathodic and anodic peaks at around 1.6 and 1.5 V, respectively, are attributed
to the Ti**/Ti** redox couple, and the reduction and oxidation peaks below 0.6 V are caused by the
further reduction of Ti*" [69-70]. Moreover, for both samples, an obvious irreversible peak appears at
around 0.7 V during the reduction process.

This is due to a reduction decomposition of the electrolyte on the LTO particles [69-70]. He et
al prepared LTO and amorphous carbon-coated LTO materials with good electrochemical performance
and investigated the reduction reactivity of electrolyte on both electrodes [70]. They found that a
relatively thick SEI film was formed on both LTO electrodes after discharge-charge cycling up to 0 V,
whereas only a very thin SEI film could be formed after discharge-charge cycling up to 1 V. However,
the thinner SEI film formed on the LTO particles presented richer pores than that on the carbon-coated
LTO particles, which provided open ways for a new reduction of electrolyte in contact with LTO
surfaces. Thus, the electrolyte reduction on the carbon-coated LTO electrode could be suppressed
effectively due to the continuous and dense SEI film formed on the surface of LTO particles. In
contrast, the irreversible peak at around 0.7 V is slightly weaker for GO/LTO than LTO, suggesting the
electrolyte reduction decomposition on the LTO particles is partly suppressed by the presence of GO.
This is likely a result of the GO sheets covering a portion of the active sites on the surface of the LTO
particles and preventing the electrolyte reduction decomposition. However, the GO sheets will also
exist between the LTO particles rather than simply coating the surface, leading to incomplete
suppression of the electrolyte reduction decomposition.
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Figure 6. (a) Cycling performance and (b) rate capacity at various C-rates over 0-3 V and discharge
capacity as a function of the C-rates (inset Fig. 6b) over 0-3 V of both samples (1 C = 250 mAh

gt

Galvanostatic discharge-charge curves of both electrodes over 0-3 V at 0.2 C-rate for the first
cycle are shown in Fig. 5b. Both samples demonstrate a large range of flat voltage at around 1.5 V
during the discharge process and around 1.6 V during the charge process, which are assigned to Li*
insertion and de-insertion, respectively, during a two-phase reaction and correspond to the pair of
strong redox peaks around 1.6 and 1.5 V in the CV curves shown in Fig. 5a. Moreover, LTO shows a
small range of flat voltage at around 0.7 V during the discharge process, which is attributed to the
electrolyte reduction decomposition [69-70]. The flat-voltage range at around 0.7 V disappears for the
GO/LTO composite electrode, showing that the electrolyte reduction decomposition is likely to be
suppressed upon GO addition, which is in agreement with the CV data. The discharge curve of LTO
can be separated into two sections, 3.0-1.0 V region and 1.0-0 V region, with the total specific
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discharge capacity of 270.6 mAh g™, which is close to the results of reported work [71]. In the region
above 1.0 V, the discharge capacity of 162.1mAh g™ is corresponding to the transition from the spinel
(LTO) to the rock-salt structure (Li;TisO;2). And in the section below 1.0 V, the discharge capacity is
108.5 mAh g, which is higher than the theoretic capacity for the single phase transition from
Li-TisO12 to LigsTisO1, (about 87.5 mAh g?) [71]. The extra capacity is mainly attributed to the
lithium storage in the conductive carbon black and to the side reaction between the electrolyte and the
electrode [71]. For the GO/LTO composite, the discharge curve is similar as that for pure LTO. In the
first section (3.0-1.0 V), the discharge capacity is 164.7 mAh g, which is nearly equal to that of the
pure LTO. However, in the following section (1.0-0 V), the discharge capacity of 126.3 mAh g™ is
relatively higher than that of pure LTO (108.5 mAh g*). Comparing with LTO, the extra discharge
capacity of the GO/LTO composite can be due to the lithium storage in the added GO. Xiang etal
reported the LTO/graphene composite contains about 8 wt% garphene sheets showed a total discharge
capacity of over 430 mAh g, but a really low coulombic efficiency of 65.8% [71], which could be
ascribed to the more side reactions on the active graphene sheets with high specific surface area [66-68,
71]. Whereas, the GO/LTO composite shows a relative higher coulombic efficiency of 87.5%, which is
due to the less addition amount of GO.

Fig. 6a shows the cycling performance of both electrodes over 0-3 V and one can see that the
GO/LTO composite exhibits significantly better cycling stability than pure LTO. The capacity
retention of the GO/LTO composite electrode at a high rate of 5 C from cycles 35-230 is 95.1%, which
is much higher than that of the pure LTO electrode (57.9%). Fig. 6b shows the rate capacity of both
samples at various C-rates over 0-3 V, and the second-cycle discharge capacity at each rate is
compared in the inset of Fig. 6b. The charge capacity decreased with increasing C-rate for both
samples. The respective charge capacities at 0.5, 1, 3, 5, and 10 C are 233.7, 218.7, 202.1, 190.5 and
148.5 mAh g* for pure LTO and 246.3, 234.0, 223.2, 220.6 and 214.1 mAh g for the GO/LTO
composite, demonstrating that the charge capacity of GO/LTO was better than that of LTO at all tested
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Figure 7. Discharge-charge curves of (a) LTO and (b) GO/LTO at different C-rates over 0-3 V

In our previous report, the pure LTO is co-modified with Mg?* and F~ and the electrochemical
performance in the range of 0-3 V was studied [69]. The charge capacities of Mg®* and F~ co-modified
LTO at 0.5C, 1C, 3C, 5C and 10C rate were 234.1, 218.6, 200.8, 182 and 148mAh g™, respectively
[69]. Therefore, the GO/LTO composite electrode exhibits better rate capability than the Mg** and F
co-modified LTO.

Table 1. Potential differences (AV, V) between discharge voltage platform(gischarges V) and charge
voltage platform (@charge, V) at different C-rates

C-rat LTO GO/LTO

-rate (Pdischarge (Pcharge AV (Pdischarge (Pcharge AV
05C 1.548 1.594 0.046 1.550 1.591 0.041
1C 1.532 1.611 0.079 1.541 1.604 0.063
3C 1477 1.673 0.196 1.506 1.645 0.139
5C 1.439 1.723 0.284 1.476 1.678 0.202
10C 1.271 1.860 0.589 1.389 1.756 0.367

Fig. 7 shows the discharge-charge curves of both samples at different C-rates over 0-3 V. For
both electrodes, it can be seen that the potential difference between discharge and charge voltage
platforms becomes larger with increasing C-rate, suggesting increased electrode polarization at higher
C-rates. Table 1 lists the values of discharge voltage platforms (¢aischarge), Charge voltage platforms
(pcharge) @and potential difference between discharge and charge voltage platforms (AV) at different C-
rates. The GO/LTO presents lower gcharge than LTO, especially at high C-rates, which is benefit for
improving energy density of lithium ions batteries using LTO as anode material. The values of AV are
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smaller for the GO/LTO composite electrode compared to the pure LTO electrode at all tested C-rates,
which indicates that adding GO reduces the electrode polarization.

EIS is considered to be one of the most sensitive tools for studying changes in electrode
behavior. The results of EIS measurements at the stable voltage of 1.55 V are shown in Fig. 8 for all
samples. The impedance spectra in Fig. 8a are composed of one semicircle at higher frequencies
followed by a linear section at lower frequencies [69-70]. The low frequency region of the straight line
is attributed to the diffusion of lithium ions into the bulk of the electrode material, the so-called
Warburg diffusion [69-70]. The relationship between the imaginary impedance and the low
frequencies is illustrated in Fig. 8b. This relationship is governed by Egs. (1) and (2). Diffusion
coefficient values for the lithium ions in the bulk electrode materials are calculated by Eq. (3). The
exchange current density i is obtained by Eq. (4).

Z =-ow"°, [1]
Z.=R +R,+o, 0%, [2]
RT
D=05(——)2, 3
(AF Zowc) 3]
i RT ”
nFR, '

where Z is the imaginary impedance, o is the angular frequency in the low frequency region,
R is the electrolyte resistance, R is the charge-transfer resistance, R is the gas the gas constant; D is
the diffusion coefficient; T is the absolute temperature; F is Faraday's constant; A is the area of the
electrode surface; C is the molar concentration of lithium ions and i is the exchange current density.
The EIS parameters are stated in Table 2.
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samples
Table 2. The EIS parameters of both samples
Sample Rs (Q) Ret (Q) o (@ cm? s D (cm?s™) i (MA cm™)
LTO 2.89 51.13 8.78 1.83E-9 1.96E-3
GO/LTO 2.91 36.29 6.08 3.82E-9 2.76E-3

The value of D for the GO/LTO composite is higher than that of pure LTO, indicating that
lithium ions have greater mobility within the GO/LTO composite than within pure LTO. Furthermore,
the value of i for the GO/LTO composite is also higher than that of pure LTO, suggesting that the
charge-transfer reaction is stronger for the GO/LTO composite electrode than the pure LTO electrode.
Therefore, the GO/LTO composite has better ionic and electronic conductivity than pure LTO. This is
likely to be due to the following factors: (1) The added GO acts as a binder and enhances the adhesion
of the electrode materials to the current collector, thereby improving the transport of lithium ions and
electrons among the electrode materials; (2) The GO sheets cover a portion of the catalytic sites for
decomposition of electrolyte, thereby suppressing SEI layer formation and effectively accelerating the
diffusing of lithium ions and electrons to the electrode surface when compared with the SEI-layer-
coated LTO electrode.

4. CONCLUSION

GO acts as binder in the GO/LTO composite, thereby improving the adhesion of the electrode
materials to the current collector. The electrochemical results demonstrate that the electrode
polarization is reduced and the electrolyte reduction-decomposition is partially suppressed by adding
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GO. Meanwhile, the GO/LTO composite exhibits higher lithium ion and electron conductivity than
pure LTO. Hence, the GO/LTO composite shows superior rate capability and cycling performance
over 0-3 V compared with pure LTO. In particular, the GO/LTO composite retains 95.1% of the initial
capacity after 200 cycles at a high rate of 5 C.
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