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Iron-titanium bimetallic oxide, Fe;TiOs (FTO), is anticipated to exhibit superior electrochemical properties due
to its high theoretical capacity. However, the practical large-scale utilization of FTO is severely hindered by its
substantial capacity fading and subpar cycling performance. In this work, we propose a strategy to improve the
electrochemical properties of FTO by carbon coating. To implement this strategy, we synthesize FTO nano-
particles (FTO NPs) coated with reduced graphene oxide (rGO) by a solvothermal method. When used as anode
materials in lithium-ion batteries, FTO/rGO composite demonstrates a higher specific capacity (498.2 mAh g~*

after 100 cycles) than pristine FTO NPs, which is ascribed to the addition of rGO. The rGO with excellent
conductivity facilitates efficient electron and ion transportation, and the composite structure of FTO NPs
wrapped with rGO provides buffer space to alleviate the volume expansion during the charge/discharge process.

1. Introduction

Fe,TiOs (FTO) has attracted much attention in lithium-ion batteries
(LIBs) due to its high theoretical capacity and environmental friendli-
ness [1]. However, the substantial capacity fading and inferior cycling
performance are common problems for transition metal oxides [2,3]. To
achieve better electrochemical performance, researchers have devoted
great efforts to combining transition metal oxides with other materials
that can alleviate the volume changes, i.e., carbon [4]. In this case,
carbon coating can enhance the cycling stability because it can inhibit
the aggregation of FTO nanoparticles (FTO NPs) [5]. Therefore, the
fabrication of a hybrid structure comprising FTO and graphene presents
a promising strategy for the development of high-performance anode
materials in LIBs.

In this work, we report on a two-step solvothermal method for the
synthesis of hybrid FTO NPs decorated with reduced graphene oxide
(rGO). The resulting FTO NPs/rGO composites exhibit a superior elec-
trochemical performance compared to pristine FTO NPs when employed
as anode materials in LIBs. This enhancement in electrochemical per-
formance can be attributed to the introduction of rGO, which alleviates
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the volume expansion and aggregation of FTO NPs during electro-
chemical cycle.

2. Experimental

FTO NPs were produced through a solvothermal method and sub-
sequent annealing in air. Then FTO NPs and rGO were mixed to prepare
FTO NPs/rGO composites through a solvothermal method and subse-
quent annealing in argon. Their morphology, structure and micro-
structure were characterized by different techniques and their
electrochemical performances were investigated. Experimental details
are provided in the supplementary information.

3. Results and discussion

Fig. 1(a) shows the X-ray diffraction (XRD) patterns of FTO NPs and
FTO NPs/rGO composites, revealing sharp diffraction peaks corre-
sponding to specific crystal planes of orthorhombic FTO phase (JCPDS
no.: 41-1432). After careful examinations, it is found that FTO NPs/rGO
composites show diffraction peaks with lower intensities compared to
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FTO NPs, which is attributed to the addition of rGO. Further evidence is
presented in the Raman spectrum of FTO NPs/rGO composites, as shown
in Fig. 1(b). The Raman spectrum of rGO in Fig. 1(b) exhibits charac-
teristic peaks at wavenumbers 1335 em ! (D band) and 1580 cm ! (G
band). These peaks are also observed in the Raman spectrum of FTO
NPs/rGO, confirming the presence of rGO in the composite. The in-
tensity ratios of D and G bands of rGO and FTO NPs/rGO are 1.016 and
1.007, indicating that the graphitization degree remains unchanged
after wrapping with rGO. Both FTO NPs and FTO NPs/rGO composites
show similar characteristic Raman peaks of FTO without significant
peak position changes, indicating that FTO NPs are not bonded to rGO.
This suggests that the FTO NPs/rGO composites are composed of sepa-
rated phases of FTO and rGO. The content of rGO in the composites is
determined to be 10 wt% from Fig. S3.

Fig. 2(a) and (d) show typical scanning electron microscope (SEM)
images of FTO NPs and FTO NPs/rGO composites, respectively. The FTO
NPs and FTO NPs/rGO composites have uniform sizes, with an average
diameter of 18.8 nm and 20.3 nm, respectively. Thus, it can be deduced
that the size of FTO NPs remains unchanged after rGO coating. SEM
image in Fig. 2(d) reveals that FTO NPs are coated with flexible rGO
layers. The incorporation of graphene enhances electron transfer and
improves the electrical conductivity of the FTO NPs/rGO composites by
formation of a conductive network. Fig. 2(b) and (c) show bright-field
(BF) and high-resolution transmission electron microscopy (HRTEM)
images of FTO NPs, respectively. In Fig. 2(b), FTO NPs have even size
with an average size of 19.0 nm, consistent with our SEM observation.
From Fig. 2(c), the lattice spacing is measured to be 3.48 A, corre-
sponding to the (101) crystal plane of FTO. Fig. 2(e) and (f) demonstrate
the BF and HRTEM images of FTO NPs/rGO, respectively. In Fig. 2(e), it
can be seen that FTO NPs are uniformly distributed on the rGO surface,
where the layered arrangement of rGO is indicated by red arrows. From
Fig. 2(f), we measure a lattice spacing of 4.90 Io\, matching the (200)
crystal plane of FTO.

To investigate the lithium storage capacity of FTO NPs and FTO NPs/
rGO electrodes, half-cells were assembled and tested. Fig. 3(a) and (b)
display the cyclic voltammetry (CV) curves of FTO NPs and FTO NPs/
rGO electrodes during the first six charge-discharge cycles. As shown in
Fig. 3(a), four distinct reduction peaks (1.8 V, 0.9 V, 0.5V, 0.2 V) and
one oxidation peak (1.5 V) are observed in the first CV curve. Overall,
the CV curves of FTO NPs and FTO NPs/rGO electrodes demonstrate
similar peak positions in both reduction and oxidation processes.
However, the reduction peak at 0.9 V for FTO NPs/rGO is weaker than
that for FTO NPs, which might be related to the reduced mass proportion
of FTO in the composites. The electrochemical reactions of FTO during
charge—discharge cycles are summarized using the following equations
[6].

Fe,TiOs + xLit + xe” < Fey03 + Li TiO, (€9)]

TiO; 4 xLi* + xe” « LikTiO; (2
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Fe,03 + 2LiT + 2¢” < Lix(Fey03) 3)

Lio(Fe,03) + 4LiT + 4e” < 2Fe + 3Li,0 4

Fig. 3(c) displays the electrochemical cycling performance of FTO
NPs (theoretical specific capacity: 783 mAh g~1) and FTO NPs/rGO
(theoretical specific capacity: 742 mAh g 1) under a current density of
0.1 A gl Itis observed that the discharge capacity of FTO NPs electrode
drops to 78.5 mAh g~ after 100 cycles, suggesting that the structure of
FTO has been damaged due to the large volume change of the electrode
material during cycling. Compared to FTO NPs, FTO NPs/rGO electrode
exhibits a higher capacity of 498.2 mAh g™ ! after 100 cycles. The ca-
pacity is initially decreasing and then increasing with the cycle number,
which is attributed to the irreversibility of some electrochemical re-
actions and the gradual activation of the active substance, respectively.
As shown in Fig. 3(d), the average discharge capacities of FTO NPs/rGO
electrode are 483.5, 326.9, 263.6, 214.2, and 155.5 mAh/g at 0.1, 0.2,
0.5, 1.0 and 2.0 A/g, respectively. Moreover, as the current density
bounces back to 0.1 A/g, the reversible capacity of FTO NPs/rGO elec-
trode still maintains 453.7 mAh/g, higher than that of FTO NPs (85.3
mAh/g). The enhanced electrochemical performance of FTO NPs/rGO
electrode is attributed to the introduction of rGO into the composite
structure.

As observed from Fig. 4(a), the electrochemical impedance spec-
troscopy (EIS) spectra consist of semi-circles and inclined lines in high
frequency and low frequency regions, respectively. In the high fre-
quency region, the half-circle diameter of FTO NPs/rGO composites is
clearly smaller than that of FTO NPs, suggesting that they possess lower
contact and charge-transfer resistances [7]. The relationship between Z,,
and o %% is displayed in Fig. 4(b). The diffusion coefficient of Li" (Dy;) is
calculated using the following equation [8].

R*T?

bu = SpFcs

(%)
where the values of Faraday constant (F) and gas constant (R) are
96,485C mol ! and 8.314 J K~ ! mol L. The electrode area A is 1.54 x
10~* m? T is 298.15 K, n is the number of the electrons per single
molecule participating in the electron transfer reaction, and C represents
the lithium-ion concentration of the electrode. Z, R;, R and w denote
the impedance, electrolyte resistance, charge-transfer resistance and
frequency, respectively. Dy; values are calculated to be 4.3 x 108 and
1.8 x 1017 ¢m? s7! for FTO NPs and FTO NPs/rGO electrodes, respec-
tively. The conductivity o of the electrodes is expressed by the following
equation [9], corresponding to the slope of the straight line in Fig. 4(b).

Z.= R,+ Ry, + o™ %’ 6)

The linear regressions in Fig. 4(b) give ¢ values of 59.9 and 29.6 Q s °
for FTO NPs and FTO NPs/rGO electrodes, respectively.
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Fig. 1. (a) XRD patterns of the FTO NPs and FTO NPs/rGO composites. (b) Raman spectra of rGO, FTO NPs and FTO NPs/rGO composites.
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Fig. 2. Typical SEM image (a), BF TEM image (b) and HRTEM image (c) of FTO NPs; Typical SEM image (d), BF TEM image (e) and HRTEM image (f) of FTO NPs/

rGO composites.
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Fig. 3. CV curves of FTO NPs (a) and FTO NPs/rGO (b) obtained at 0.3 mV s L.

rGO electrodes.

4. Conclusions

In summary, we propose a carbon coating strategy to enhance the
electrochemical performances of FTO NPs. FTO NPs/rGO composite
electrode displays excellent specific capacity (498.2 mAh g~ after 100
cycles), higher than that of FTO NPs. Furthermore, it demonstrates su-
perior rate performance compared to FTO NPs, owing to the presence of
rGO. Besides, the large volume changes during charge and discharge can
be buffered by carbon coating, thus promoting the cyclic stability of the
electrode material. Our results suggest that the FTO NPs/rGO compos-
ites hold significant promise as high-performance anode materials for
LIBs.
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(c) Cycling performance and (d) rate performance of FTO NPs and FTO NPs/
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