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Lithium-ion batteries are efficient energy storage devi-
ces in electric vehicles (EVs). Graphite is used in these 
batteries as an anode material because of its high sta-
bility and good conductivity. However, the need for 
stability, safety and reversibility is increasing rapidly 
in commercial EVs. In this study, a Fe3O4/TiO2/gra-
phene hybrid nanocomposite coated with Al2O3 has 
been developed using the microwave-assisted hydro-
thermal process with graphite as the anode material 
for lithium-ion batteries. This combination of nano-
materials increases the stability of the anode, electrical 
conductivity and electrochemical performance. The 
Fe3O4/graphene/TiO2 nanocomposite results in a rever-
sible capacity of 920 mAh g–1 after analysing it in 160 
cycles at a current density of 100 mAh g–1. The nano-
composite provides excellent long-term cycle stability 
of 650 mAh g–1 after 160 cycles. This shows an ultra-
high rate capability of 475 mAh g–1 at 150°C. The gra-
phene and Fe3O4/graphene/TiO2 hybrid nanocomposite 
mixture coated with Al2O3 exhibits good nonlinear  
cumulative effects, stability, high reversibility, and in-
creased ultrahigh rate capability.  
 
Keywords: Electric vehicles, graphite anode, hybrid 
nanocomposite, lithium-ion batteries, microwave-assisted 
hydrothermal process.  
 
LITHIUM-ion batteries are the most preferred due to their 
long life, high stability, high rate capability and high en-
ergy density1–3. Graphite is widely used as a commercial 
anode material in all lithium-ion batteries due to its easy 
availability and low cost4,5. However, it is essential to find 
an alternative to meet the current demands of the automo-
tive industry, which requires high energy capacity, safety 
and power density.  
 Fe3O4 has an inverse spinel group structure and a high 
theoretical capacity of 924 mAh g–1, making it suitable as 
an anode material6. Fe3O4 nanoparticles embedded in 
mesoporous carbon spheres display good cyclic stability 
at a current rate of 2000 mA g–1 for 790 cycles, delivering 
a reversible capacity of 547.8 mAh g–1 and a grape cluster-

like structured hybrid formed by Fe3O4 nanoparticles. The 
carbon nanotubes have a reversible ability of 693 mAh g–1 
cycled at a current density of 300 mA g–1 after 300 cycles.  
 Metal oxides cannot be used separately as an alternative 
for graphene because of their low rate capability and poor 
stability7. The performance of graphene can be improved 
by combining it with metal-oxide nanomaterials8. TiO2 
nanoparticles have good thermal and chemical properties9. 
Hence they are used in various research and industrial ap-
plications10. Al2O3 nano-coating on the graphite anode ma-
terial will act as a protective surface and provide proper 
safety against thermal runaways and ageing. It also pre-
vents the risk of lithium metal deposition on the anode 
surface of aged lithium-ion batteries11. 
 Zhang et al.12 developed an N-doped carbon nanotube/ 
Fe3O4 anode that produced excellent cycling stability with 
87% capacity retention at 1 A g–1 after 1000 cycles. Li et 
al.13 developed a bio-inspired hierarchical nanofibrous 
Fe3O4/TiO2/carbon composite by applying a natural cellu-
lose substance that showed very high electrochemical per-
formances when used as an anode material for lithium-ion 
batteries. 
 In this study, we have developed a microwave-assisted 
hydrothermal method to make a Fe3O4/graphene/TiO2 
nanocomposite mixture coated with Al2O3 (FGT-Al) for a 
lithium-ion battery. The graphene anode in the Fe3O4/TiO2 
mixture delivers excellent chemical and thermal perfor-
mance. The FGT-Al anode has a reversible capacity of 
7490 mAh g–1 after 140 cycles, which is 92% of the first 
cycle capacity. Moreover, the material shows a relatively 
high discharge capacity of 656 mAh g–1. The nanocomposite 
exhibits cycle stability of 650 mAh g–1 up to 140 cycles. 
 The significant contributions of this study are:  
 

•  The problem of poor cyclic stability in most anode mate-
rials is addressed here. Cycle tests up to 1400 cycles 
have been carried out and the obtained specific capacity 
was reported. 

•  Current density used 100 to 1600 mAh g–1, and specific 
capacity and improved reversibility are reported here.  

•  C values varied from 1 to 150, and the corresponding 
specific capacity was obtained to check the perfor-
mance of the proposed anode material. 
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•  Discharge and charge voltage profiles were acquired 
and the plateau was obtained to check the performance 
of the electrodes. 

Material synthesis and characterization 

Graphene synthesis 

The synthesis of Fe3O4/graphene/TiO2 was carried out us-
ing the graphene synthesis method14. First, natural graphite 
flakes of specification 9% carbon, –100 mesh (≥80%) were 
mixed with 50 ml of concentrated nitric acid at 60°C and 
10 ml of hydrogen peroxide by magnetic stirring. This 
mixture was stirred and washed with deionized water to 
make it neutral.  
 The obtained graphite intercalation compounds were 
heated at 150°C for 24 h. The expanded graphite flakes 
were dispersed in 60 ml methanol solution. The obtained 
solution was transferred into a 100-ml Teflon-lined auto-
clave and the oven temperature was kept at 200°C for 
20 h. Finally, the collected product was rewashed using 
deionized water and 10% HCL solution.  

Synthesis of Fe3O4/graphene/TiO2  

The synthesis of Fe3O4/graphene/TiO2 composites was 
done according to Lu et al.15. The prepared graphene 
(400 mg) and FeCl3 · 6H2O (1200 mg) were dispersed into 
60 ml of ethylene glycol solution with trisodium citrate 
(150 mg), sodium acetate (2000 mg) and polyethylene 
glycol Mn 20000 (1000 mg). The obtained mixture was 
transferred into a 100-ml Teflon-lined autoclave and the 
oven temperature was kept at 200°C for 20 h. Next, the 
Fe3O4/graphene/TiO2 mixture was synthesized. 
 The obtained Fe3O4/graphene composite was further 
treated by dispersing 0.5 g in 150 ml of absolute ethanol. 
The ethanol-dispersed composite was further mixed with 
1.5 ml, 35% concentrated ammonia solution. An ultra-
sound-assisted synthesis process was used for this. The 
treated mixture was added to tetrabutyl titanate (TBOT, 
1.5 ml) and the hydrolysis process was carried out for 36 h 
at 60°C. 
 The obtained mixture was washed thoroughly with de-
ionized water and ethanol. Next, 40 ml of deionized water 
was added to Fe3O4/graphene/TiO2 composite and the 
product was transferred to an autoclave. Temperature 
maintained in the autoclave was about 200°C for 36 h. 
The product was cooled to 25°C and the nanocomposite 
mixture was washed and dried.  

Coating of Al2O3  

The prepared composite acted as an anode for the Li-ion 
batteries. Friesen et al.16 reported that the anode surface 

could be coated with Al2O3 nanoparticles directly by a wet 
coating process.  

Material characterization  

The prepared anode material was tested using a field-emit-
ted scanning electron microscope (Carl Zeiss Microscopy 
Ltd, UK and SIGMA, USA), and nanoscale analytics and 
elemental analysis were performed. Transmission electron 
microscopic (TEM) studies (JEOL JEM 2100 High-Reso-
lution Transmission Electron Microscope) were performed 
and an energy dispersive X-ray spectrometer (EDX) with 
a 0.28sr solid angle was used for highly sensitive analysis 
at nanometre resolution. Wide-angle X-ray diffraction 
(XRD) (Panalytical, The Netherlands and X’pert3 Powder) 
was used for phase analysis and orientation of a single 
crystal or grain. Fourier transform infrared (FTIR) spec-
troscopy and Raman spectroscopy are interchangeable, but 
the latter is preferred in functional groups with weak dipole 
changes17.  
 In this study, we have used FTIR spectroscopy (System 
ReactIR 702L, TEMCT) to analyse the functional groups, 
which exhibited good dipole changes and a low degree of 
symmetry. X-ray photoelectron microscopy (XPS-PHI 
VersaProbe III Scanning XPS Microprobe, Physical Elec-
tronics, USA) was used for the complete electronic band 
structure characterization of the prepared nanocomposite 
anode. 

Results and discussion 

The Fe3O4/graphene/TiO2 composite was synthesized us-
ing TBOT. TEM and scanning electron microscopic (SEM) 
analysis was performed on the obtained products.  
 From the TEM images, it can be observed that graphene 
and TiO2 are well synthesized with Fe3O4 at nanoscale 
thickness. Figure 1 shows that Fe3O4 and TiO2 nanoparti-
cles are adequately fed on the surface of the graphene after  
 

 
 
Figure 1. Scanning electron microscopic images of Fe3O4/graphene/TiO2. 
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the hydrothermal process. TiO2 crystals are visible on the 
surface of the Fe3O4/graphene mixture. 
 EDX analysis was performed to determine the compo-
nents and distribution in the Al2O3-coated Fe3O4/graphene/ 
TiO2 composite. Figure 2 confirms that titanium dioxide, 
iron, aluminium, carbon and oxygen are present in the 
composite. The analysis indicates that Ti is distributed 
more than Fe, while the Fe distribution area is more than 
C and O. From the above observations, Ti and Al stay at 
the outer layer of the Fe3O4 nanoparticles. TiO2 particles 
and aluminium coating are made on the Fe3O4 and gra-
phene particles. Table 1 shows the elemental analysis us-
ing EDX. The weight and atomic details of the elements 
present in the nanocomposite are provided in the table. 
The weight ratio of Ti, Al and Fe is 10 : 4.12 : 8.93. 
 Figure 3 shows the wide-angle XRD characterization of 
the prepared Fe3O4/graphene/TiO2 composite and Al2O3-
coated Fe3O4/graphene/TiO2 composite. The Al2O3-coat-
ing is reflected in 2θ = 32, 40, 43, 62 diffraction peaks. It 
is indexed at 220, 311, 400 and 440 reflections respectively. 
The Debye–Scherrer formula was used to estimate the 
nanocrystal size of the Al2O3 nanoparticles as 40.25 nm. 
 Figure 4 shows the FTIR spectra of Fe3O4/graphene/ 
TiO2 composite and Al2O3-coated Fe3O4/graphene/TiO2 
 
 

 
 
Figure 2. Energy dispersive X-ray spectroscopy analysis of Al2O3-
coated Fe3O4/graphene/TiO2 composite. 
 
 

Table 1. EDX elemental analysis for weight and  
  atomic percentage 

Element Weight (%) Atomic percentage 
 

O 25.1 35.2 
C 21.6 25.6 

Ti 15.64 10.5 
Fe 6.84 6.25 
Al 17.5 7.04 
Cu 13.32 15.41 

composite. The FTIR spectrum of Al2O3-coated Fe3O4/ 
graphene/TiO2 differs from that of Fe3O4/graphene/TiO2 
as recorded by the peaks at 3400 and 1636 cm–1. In Figure 
4 b, the wavenumber obtained between 3600 and 
3100 cm–1 belongs to OH. The Al–O bonds are found at 
1100 cm–1 (ref. 18), Ti–O bonds at 1650 and 600 cm–1 and 
Fe–O bonds at 750 cm–1 (ref. 19). 
 Electronic band structure characterization was done us-
ing XPS spectra. Figure 5 a shows the complete XPS 
spectrum of the prepared nanocomposite. It contains O 1, 
C 1, Fe 2p1, Fe 2p3, Ti 2p and Al 2p. In Figure 5 b, the Ti 
2p spectrum has been separately displayed. 
 The binding energy increases due to the interaction bet-
ween Ti and graphene20. Peaks obtained in Figure 5 c are 
located in the binding energy of 710 and 725 eV approxi-
mately, to synthesize Fe3O4 (ref. 21). In addition, Al 2p of  
the Al2O3-coated Fe3O4/graphene/TiO2 composite is taken 
at the binding energy of 75 eV (ref. 22; Figure 5 d). 
 
 

 
 
Figure 3. Wide-angle X-ray diffraction analysis of Fe3O4/graphene/ 
TiO2 composite and Al2O3-coated Fe3O4/graphene/TiO2 composite. 
 
 

 
 

Figure 4. a, Fourier πtransform infrared (FTIR) of Fe3O4/graphene/ 
TiO2 composite. b, Al2O3-coated Fe3O4/graphene/TiO2 composite. 
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Figure 5. a, XPS survey spectrum of Al2O3-coated Fe3O4/graphene/TiO2 composite. b, Ti 2p. c, Fe 2p. d, Al 2p spectra. 
 
 

 
 
Figure 6. Discharge–charge voltage profiles of Al2O3-coated Fe3O4/ 
graphene/TiO2 nanocomposite at different cycles. 
 
 

 
 Figure 6 shows the galvanostatic charge and discharge 
profile of Al2O3-coated Fe3O4/graphene/TiO2 composite 
electrode. Charge–discharge profiles were taken for 1st, 

2nd, 20th, 40th and 80th cycles at a rate of 160 mAh g–1. 
The first discharge shows the specific capacity of 
1400 mAh g–1. Tests carried out for the 2nd, 20th, 40th 
and 80th cycles gave a specific capacity of 1100, 950, 680 
and 675 mAh g–1 respectively.  
 The charging-specific capacity of the Al2O3-coated Fe3O4/ 
graphene/TiO2 composite was initially 995 mAh g–1. In  
the second cycle, the specific capacity was reduced to 
935 mAh g–1. The 20th, 40th and 80th cycles displayed 
values of 800, 770 and 675 mAh g–1 respectively. Charge 
transfer resistance was reduced in the Fe3O4/graphene/ 
TiO2 composite using Al2O3 coating, which suppressed 
the growth of the solid electrolyte interphase23–25. The first 
set of the voltage plateau (plateau A) was observed at 
1.5 V at initial discharge. The second discharge voltage 
plateau occurred at 1.8 V.  
 There was a slight increase in the voltage plateau for 
the second cycle compared to the first discharge cycle. At 
the 20th cycle, there was a further reduction in the voltage 
plateau at 1.7 V. At the 40th cycle, the voltage plateau oc-
curred at 1.65 V. Finally, in the 80th cycle of discharge, the 
voltage plateau occurred at 1.6 V. The second voltage 
plateau (plateau B) occurred between 0.8 and 1.25 V.  
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Figure 7. a, Performance of the cell at different current densities. b, Rate capability of Al2O3-coated Fe3O4/graphene/TiO2 from 1C to 150C. 
 
 
 The first charging curve showed a specific capacity of 
1000, 950, 875, 750 and 650 mAh g–1, for the 2nd, 20th, 
40th and 80th cycles respectively. The specific capacity of 
the battery decreased from the 1st cycle to the 80th cycle. 
At the 80th cycle, discharge specific capacity was 
675 mAh g–1 and charge capacity was 650 mAh g–1.  
 Figure 7 a shows the performance of the cell at differ-
ent current densities. Initially, the specific capacity of the  
cell was 1100 mAh g–1. When the current density was 
100 mA g–1, the cell exhibited a specific capacity of 
685 mA g–1. The performance test was carried out for 200, 
400, 600, 800 and 1600 mA g–1, and the cell had a specific 
capacity of 650, 625, 575, 525 and 475 mAh g–1 res-
pectively. When returning to the initial current density  
of 100 mA g–1, the cell had a specific capacity of 
675 mAh g–1. At the beginning of the cycle test, at a cur-
rent density of 100 mA g–1, the cell can have a specific 
capacity of 685 mAh g–1. When returning to the 140th cycle 
at various densities, it can have a specific capacity of 
650 mAh g–1.  
 The Al2O3-coated Fe3O4/graphene/TiO2 electrode had a 
reversible specific capacity of 525 mAh g–1 at a nominal 
rate of 800 mA g–1. It had a capacity of 475 mAh g–1 at a 
high rate of 1600 mA g–1. This shows the ability of the 
proposed anode to produce a very high specific capacity 
range at a high current density. When returning to the ini-
tial rate of 100 mA g–1, the Al2O3-coated Fe3O4/graphene/ 
TiO2 electrode reached a reversible specific capacity of 
685 mAh g–1. It can be seen that the Al2O3-coated Fe3O4/ 
graphene/TiO2 electrode produces a competitive rate per-
formance, excellent cycle stability and excellent reversi-
bility.  
 Figure 7 b shows the rate capability, which is a critical 
parameter to determine the efficiency of the electrode. At 
a current rating of 1C, the average discharge capacity was 
680 mAh g–1; at a current rating of 10C, the average dis-
charge capacity was 650 mAh g–1, while at the current rat-

ings of 20C, 50C, 100C and 150C, the average discharge 
capacity was 625, 585, 550 and 475 mAh g–1 respectively. 
Discharge capacity ranged from 685 to 675 mAh g–1 at 
1C, which is a good result compared to previous works 
mentioned in the literature. During the reversibility of cur-
rent to 1C, the discharge capacity recovered to 675 mAh g–1. 
On average, the initial discharge capacity at 1C was 
685 mAh g–1, and it could recover almost 98% during re-
versibility. Compared to previous works, Al2O3-coated 
Fe3O4/graphene/TiO2 electrode exhibits a good reversible 
rate.  
 Figure 8 a shows the cyclic stability of the Al2O3-coated 
Fe3O4/graphene/TiO2 nanoparticles. The graph clearly 
shows that after 110 cycles, the discharge capacity is 
620 mAh g–1, which means the cyclic stability is very high 
compared to previous works. The Al2O3-coated Fe3O4/ 
graphene/TiO2 electrode exhibited a reversible capacity of 
920 mAh g–1 at a current density of 100 mAh g–1 (Figure 
8 b). 
 A performance analysis was carried out to confirm the 
quality of the prepared anode. Reversible capacity and cy-
clic stability of up to 160 cycles were checked. Current 
ratings up to 150°C were tested to estimate the rate capa-
bility of the anode. Cycle time was increased to more than 
1400 to evaluate the stability of the anode for a longer cycle 
time. The prepared anode material gave much better  
results than similar nanoparticle compositions. Most of  
the nanoparticles provide good reversible capacity when a 
cycle is increased. However, they fail to withstand longer 
cycles. 
 To analyse the performance of the nanoparticles for a 
longer run, cyclic tests were carried out and results for re-
versible capacity were obtained. Figure 8 c shows that the 
Al2O3-coated Fe3O4/graphene/TiO2 anode has a reversible 
capacity of 410 mAh g–1 after 1400 cycles, showing excel-
lent reversible ability and cyclic stability for a longer cycle 
rate. 
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Figure 8. a, Cyclic stability of Al2O3-coated Fe3O4/graphene/TiO2 nano-particles. b, Al2O3-coated Fe3O4/graphene/TiO2 electrodes at current density of 
100 mAh g–1. c, Cyclic stability of Al2O3-coated Fe3O4/graphene/TiO2 nano-particles after 1400 cycles. 
 
 

Table 2. Performance comparison between Al2O3-coated Fe3O4/graphene/TiO2 anode (proposed work) and previous Fe3O4-based works 

Anode materials Cycle Specific capacity (mAh g–1) Current capacity (mAh g–1) 
 

Fe3O4/graphene nanoparticles26 65 907 92.6 
Hollow Fe3O4 nanoparticles27 50 610 100 
Carbon-confined Fe3O4 nanoparticles 100 915 100 
 1000 350 1000 
Proposed Al2O3-coated Fe3O4/graphene/TiO2 nanoparticles 160 920 100 
 1400 410 1000 

 
 
 Specific capacity maintenance above 400 mAh g–1 is a 
challenging task achieved in the proposed anode material. 
After 1400 cycles, the prepared anode material could still 
produce 410 mAh g–1, which is a good result compared to 
similar works. To confirm the performance of the prepa-
red anode, the analysis report of the Al2O3-coated Fe3O4/ 
graphene/TiO2 electrode was compared with previous 
studies on Fe3O4 nanoparticle-based anodes (Table 2). It is 
evident from Table 2 that the proposed anode exhibits a 
high performance rate and stability compared to previous 
works. 

Conclusion 

The prepared Al2O3-coated Fe3O4/graphene/TiO2 nano-
composite was successfully tested as a lithium-ion battery 
anode. It showed good cycling stability and reversibility 
and Al2O3 coating, which suppressed the growth of solid 
electrolyte interphase. Al2O3-coated Fe3O4/graphene/TiO2 
had a specific capacity of 920 mAh g–1 after 160 cycles. 
The charging capacity of the cell also increased to 
875 mAh g–1 after 160 cycles. During performance analysis 
of the cell, it exhibited good stability and specific capacity 
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lies between 680 mAh g–1 and 575 mAh g–1 for current den-
sity variations between 100 mA g–1 and 600 mA g–1. Dur-
ing the 140th cycle, the cell could still reverse a value of 
650 mAh g–1 at a current density of 100 mA g–1. Further 
improvement in the ratio of nanomaterials can help im-
prove the performance of the lithium-ion battery anode.  
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