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A B S T R A C T   

Development of lithium-ion batteries (Li-ion batteries) with high safety and solidity features has become a main 
challenge of researchers when practical implementations for large-scale energy storage systems are prioritized. In 
this work, we introduce a useful and efficient strategy to manufacture a long-standing and high-rate carbon- 
doped TiO2 (C-TiO2) as an anode material. Titanium (TiO2) and C-TiO2 were successfully prepared through 
hydrothermal method in order to improve the electrical performance of Li-battery. The structure and thermal 
properties were investigated by XRD, Raman and TGA; whereas the electrical properties were evaluated by 
Glvanostatic discharge–charge measurements. The density function theory (DFT) results revealed that TiO2 
doped with carbon atoms causes considerable stress inside the crystal lattice of TiO2, and to avoid or minimize 
this stress the lattice of TiO2 underwent relaxation and then optimized. The performance of the prepared elec
trodes in Li-battery was analyzed by 100 cycles at different calcination temperatures of 400 and 450 ◦C. The 
results also showed the charge capacities of 400 and 500 mAhg− 1 at 100 mAg− 1.   

Introduction 

Lack of energy sources at the present time have become one of the 
main concerns of scientists, and because of that, researchers pay 
particular attention to this issue. The developed and under-developing 
countries worldwide are working on protocols to reduce the percent
age of pollution resulting from the use of fossil fuels, as alongside 
emphasizing the emergence of the novel generation of modern energy- 
producing technologies. In recent decades, researchers around the 

world have focused on millions of studies on the use and development of 
modern means of energy production that are environmentally friendly, 
easy to manufacture, and low cost, as well as being highly efficient in a 
short time [1–4]. Among the important energy sources that are expected 
to play a major role in the future are lithium-ion batteries. Lithium-ion 
batteries have achieved great improvement and progress over the past 
years, and it is expected that this progress will continue to improve the 
characteristics of these batteries. Despite these efforts made by re
searchers to develop this distinctive class of batteries, the actual capacity 
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of the cathode materials is still small and needs a lot of work to reach the 
specified goal, so its use in many applications has become limited. For 
this reason, it is necessary to search for important alternatives that 
improve the cathode properties of lithium batteries [4–8]. Metal oxides 
are one of the most important materials that have been widely used in 
the manufacture of electrodes for lithium batteries such as CuO 
[10,11,59–62], NiO [12,63–65], ZnO [13,66–69], TiO2 [14–16,70–73], 
MnO2 [17,74,75], MgO [18,76–79], Fe2O3 [19,80–83], SiO2 [20,84,85] 
and others. Among these oxides, nano titanium oxide was used as a raw 
material for the manufacture of electrodes in lithium-ion batteries 
[21–25]. Nano titanium dioxide is a stable compound that possesses 
unique properties that make it widely used in many applications 
[26–28]. Titanium oxide is found in three phases according to its crys
talline structure: anatase, rutile, and brookite [29,30,86–92]. Among 
these three phases, anatase is distinguished and important in various 
electrical applications because it has semi-conductive properties [31]. 
Likewise, it was used in preparing electrodes for lithium-ion batteries in 
its pure form or combined with some carbon compounds to increase 
efficiency. Titanium dioxide has been widely used in lithium-ion bat
teries as anode electrode and has enhanced the results obtained in a 
distinctive way [21–24]. Xu, Jinwei, et al. [32] prepared titanium oxide 
anatase with nanotube structures by hydrothermal process with di
ameters of 10 nm and lengths of 200–400 nm. Cyclic voltammetry and 
constant current discharge–charge were used to investigate the elec
trochemical properties. The researchers found that the insertion and 
extraction of the Li potential plateau at 1.73 and 1.88 V, respectively, as 
well as the initial Li insertion/extraction capacity found at 290 and 238 
mA g− 1 at 36 mA g− 1, respectively. The Li insertion capacity in the first 
cycle was 150 mAh/g at a potential plateau of 1.73 V.In the 20th cycle, 
the reversible capacity still remains at about 200 mAh/g, and the 
coulombic efficiency is approximately 98 %, exhibiting excellent cycling 
stability [32]. 

Mo, Runwei, et al. [33] have synthesized a new nanocomposite 
consisting of titanium oxide quantum dots (6 ± 2 nm) and graphene 
nanosheet (GNs). This new nanocomposite (TiO2 QDs/GNs) used as 
anode for lithium-ion batteries showed a significant improvement in the 
electrochemical performance of the battery. These good electrochemical 
properties are attributed to the existence of nanoscale graphene sheets 
and quantum dots of TiO2 as well as the synergistic effect between the 
nanostructure and graphene. These nanocomposites (TiO2 QDs/gra
phene Ns) offer high performance as an anode material for lithium-ion 
batteries (LIBs), such as having high coulombic efficiency, excellent 
cycling stability, high-rate capability and high reversible lithium storage 
capacity [33]. Continuing the previous work on the preparation of 
transition metal oxide nanoparticles, in this work, we synthesized C 
doped TiO2 nanoparticles using a simple, rapid, and low-cost method at 
two different temperatures. 

Experimental part 

Synthesis of TiO2 

TiO2 nanoparticles were synthesized by hydrothermal method by 
using commercial TiO2 (Sigma Aldrich) as source materials with average 
100–130 nm. Initially, 1 g of TiO2 and 50 ml (1 M) NaOH aqueous so
lution were mixed and ultrasonic for 1 h. Then, the mixture was trans
ferred to 250 ml Teflon lined autoclave (reactor). After that, the reactor 
was transferred to oven and kept for 24 h under 130 ◦C. Finally, the 
colloidal solution of TiO2 was separated by decantation process, washed 
and dried at 80 ◦C for 4 h. The TiO2 synthesis process was repeated with 
2 M NaOH. 

Electrode fabrication (working electrode) 

The working electrode of Li-battery was designed via coating the 
paste, which prepared by mixing TiO2, carbon black (Merck) and 

polyvinylidene Difluoride (Sigma Aldrich) with mass ratio (80:10:10) 
using N-methyl-2-pyrrolidone (Sigma Aldrich) as a solvent to make 
slurry. The slurry was spread on the Cu foil using doctor blade method. 
Then, the foil was transferred to vacuum oven and dried at 80 ◦C with 
pressure 0.001 torr for removing unwanted materials. For this study, we 
utilized glove box filled by Ar to prevent oxidation of prepared materials 
and CR2025 coin cell type. The synthesized nanoparticles, PVP and Li 
foil were utilized as anode, separator and counter electrode respectively, 
while 1 M of LIPF6 dissolved in mixture of EC and EMC with volume 
ratio (1:1) as an electrolyte solution. Finally, all parts of battery were 
collected and kept 24 h before electrochemical analysis. The synthesis of 
TiO2 nanoparticles and assembled of Li-battery are summarized in 
Fig. 1. 

Computational study 

By using plane wave basis set, Density Function Theory (DFT) was 
utilized to estimate the impact of C atoms on the TiO2 nanoparticles. 
Supercell for TiO2 was got via 2*2*2 replication of assigning unit cells. 
For determining the theoretical band gap of undoped and doped TiO2 by 
C atoms, exchange functional of Perdew-Burke-Ernzerhof with Hubbard 
corrections were used [34]. Firstly, the undoped and doped C-TiO2 
structures was relaxed utilizing code of the variable cell relaxation to 
reduce the residual stress, then pursued via the optimization of geom
etry. Then, the calculations of density of state were performed to esti
mate the energy gap of undoped and doped C-TiO2 structures. 

Results and discussion 

Structure characterization 

The structure characteristic of prepared TiO2-carbon nanocomposite 
were included Raman spectrum, XRD, EDX, XPS and BET. Raman 
spectroscopy has evidenced as an active method which can demonstrate 
elaborated information about chemical structure and phase composition 
of TiO2 and C-doped TiO2 and the results are shown in Fig. 2a–c. The 
results (Fig. 2a) appeared six modes located at 143, 198, 397, 515, 523 
and 640 cm− 1 which corresponding to Eg, B1g and A1g TiO2 anatase 
modes, and two predominate peaks (Fig. 2b) centered at 1345 and 1580 
cm− 1 assign to D and G bands of Carbon atom. on the other hand, the 
results of C incorporated TiO2 appeared a blue shift for all band because 
of the carbon incorporating. For Eg mode that shown at 143, is con
nected with Ti-O frequency phonon band bending vibration. With 
doping TiO2 by C atoms, the intensity of peak was increased and it 
shifted to lower frequency which indicated a decrease in the crystallite 
size [35]. An improvement in Raman peak was too noted at C incorpo
rating which can be because of the boost in the transition of charge 

Fig. 1. Fabrication steps of Li ion battery.  
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transfer and reduce in the recombination of electron-hole pair [36]. In 
addition to the increasing intensity of Raman peak can be back to the 
boost in crystallinity of C1-TiO2 [37]. In sample C2-TiO2 with more C 
incorporating, the direction is reversed and the spectra sympathizes 
more with pure TiO2, which may be back to the larger crystallite size of 
C2-TiO2 that could participate to the red shift and this reason could too 
because of fractional conversion of TiO2 phase assisted via incorporated 
C. The generating oxygen vacancies produce via substitution incorpo
rating C in lattice of TiO2 could lead to destabilization of anatase phase 
and smooth the production of rutile phase of TiO2. In spite of the rutile 
phase relative content isn’t considerable enough to be noted in spectrum 
along with high intensity of anatase phase peaks. 

The EDX spectrum of TiO2-C nanocomposite that prepared from 
hydrothermal method is shown in Fig. 3. The results appeared three 
peaks located at 4.8, 0.8 and 0.5 keV which corresponding to Ti, C and O 
atoms. These results indicated to the free from impurities and the purity 
of prepared nanocomposite. 

The XRD of pure and C incorporated TiO2 are shown in Fig. 4. The 
two prepared samples are indexed to anatase TiO2 phase with high 
purity tetragonal structure. The results appears that the intensity (101) 
diffraction peaks is increased with C incorporating in the matrix of TiO2, 
which indicate the stabilization anatase phase [38]. The crystallite size 
of pure and C-TiO2 are investigated using Scherrer equation [39]. Ac
cording to results, the crystallite size is reduce with C incorporating TiO2 
matrix and this may be assign to segregation of C on the borders of TiO2 
[40]. Furthermore, decreasing in d-spacing occurred with C incorpo
rating which correspond to dopant low radii atoms (C) compare with 
central atom (Ti) and cause to shift the (101) diffraction peak of anatase 
to lower position [41] and the results are summarized in Table 1. In 
addition to, the literature surveys [37] mentions that the C atoms can 
lead to replacement of Ti and O atoms sites causes to dissociation Ti-O 

bonds and produce C-O and Ti-C bonds and the shift in diffraction 
peaks of TiO2 confirms the substitution of C atoms in place of O atom in 
crystal lattice of TiO2. This affirm C incorporating in the prepared 
compounds which is corresponded to the bond length of Ti-C (2.2 Å) as 
compared with Ti-O bond length (2.0 Å) [37]. On the other hand, Fig. 4 
doesn’t exhibits any diffraction peaks assigned to carbon atoms which 
indicate that the C dispersed in TiO2 matrix with low value of dispersion 
capacity and this cause to prevent any separate phase [42]. 

The microstrain in the lattice of TiO2 was investigated utilizing 
Williamson-Hall method by using below Eq. (1) and the results (Fig. 5) 
are summarized in Table 1. According to Eq. (1), the strain in the crystal 
is supposed to be regular or uniform in all directions. Moreover, it deems 
the crystal nature be isotropic [43]. 

βcosθ = Kλ/D+ 4εsinθ (1)  

Fig. 2. Raman spectrum of (A) TiO2, (B) C1-TiO2 and C2-doped TiO2.  

Fig. 3. EDX of C-TiO2.  

Fig. 4. XRD spectrum of pure and C doped TiO2.  

Table 1 
The properties of prepared compounds by XRD.  

Sample Crystallite size 
(nm) 

2θ (101) d-spacing Strain 
ε*10-3 

TiO2 23 25.74  0.344  0.52 
C-TiO2 17 25. 65  0.348  0.69  

Fig. 5. W-H plot of TiO2 and C-TiO2.  
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Where ε represent to induced boarding, β mention to FWHM in radian 
and θ represent to peak center. The strain is represent the slope that was 
estimated by plotting βhkl cosθ against 4sinθ, and the results were found 
to be rely on the dopant atom. Higher d-spacing in the as prepared 
compounds affirmed the strain in the crystal lattice of TiO2 which cor
responding with lower postion peaks demonstrated in the XRD. The 
positive slope mentions to existence to tensile strain in the TiO2 [44]. 

To investigate the chemical composition of C-TiO2, the XPS is 
perfectly sensitive to the properties of composite surface. Fig. 6a, b 
display the C1s and Ti2p XPS spectra. In Fig. 6a, the deconvoluted 
spectrum C1s by Gaussian fitting is shown two binding energy located at 
282 and 284 eV, which assign to C atoms and organic precursor remain 
respectively [45]. The binding energy peak centered at 282 eV is cor
responding to Ti-C bond producing from the replace of C atom instead of 
O atom in crystal structure of TiO2, which confirm incorporating suc
cessfully. The XPS spectrum of Ti 2p is displayed at Fig. 6b. The 
deconvoluted spectrum show six bending energy peaks centered at 
459.1, 464.59, 456.4, 462.2, 455.1 and 461.0 eV attributed to Ti4+ (2p3/ 

2 and 2p1/2), Ti3+ (2p3/2 and 2p1/2) and Ti2+ (2p3/2 and 2p1/2) [46]. The 
XPS results appears that the Ti3+ and Ti2+ is comparatively exist, but 
arent noted in XRD and Raman spectrum, which may be indicate the 
little content in crystal phase. These defect in TiO2 crystal structure play 
considerable role for trapping the electron to inhibit the recombination 
process between electrons and holes [47]. 

BET analysis was carried out to investigate the surface area and 
average pores of pure and C incorporated TiO2 and the results are shown 
in Fig. 7a, b. The results demonstrated that the surface area and average 
pore for pure and C incorporated TiO2 are 76.45 m2/g, 2.77 nm and 
78.06 m2/g and 3.67 nm respectively. In addition to, the pores total pore 
volume with a radius of less than 130 nm at P/Po = 0.97 was 1.067 and 
1.157 cc/g pure and C incorporated TiO2 respectively. Fig. 7 appears the 
isotherm of N2 adsorption–desorption pure and C incorporated TiO2. 
Both results displayed a type IV, which have representative properties of 
mesoporous materials [48]. Moreover, BJH distribution of pore size of 
synthesized compounds appeared a narrow destruction as demonstrated 
in insert figures. The larger specific surface area confirms total perme
ation of the electrolyte ad active materials, hence reducing the path of 
transport to expedite the rapid transfer of Li+/e- [49]. 

Spectral characterization 

UV–Vis spectrum measurements were carried out to investigate the 
impact of C doping on the band gap of TiO2 nanoparticles as 

demonstrated in Fig. 8. The results appeared the variation of energy gap 
with doping C atoms in lattice structure of TiO2. The C-doping TiO2 led 
to red shift in absorbance and reduce band gap of TiO2 nanoparticles. 
The energy gap of pure and C-doped TiO2 were investigated utilizing 
Tauc plot equation [50]: 

(αhv)n
= A(hv − Eg) (2)  

Where a: absorption coefficient, h: Planck constant, v: frequency and Eg 
is the band gap. The r value was appeared 0.5 for indirect allowed 
transition. The slope extrapolation of the Tauc curve and cutting it with 
x-axis conferred the energy gap value. The results appeared that band 
gap of pure and C doping TiO2 for indirect transition are 2.96 and 3.18 
eV respectively. The doping of C atom in the TiO2 lattice is capable to 
replace the O atoms in TiO2 lattice and reduce the band gap by sharing 
its 2p orbital [51]. 

As marked in section 2.3, the calculation of DFT-U was carried out to 
investigate the effect of doping on the band gap of prepared compound. 
As mentioned in section 3.1, the incorporating of carbon atoms in the 
crystal lattice of anatase TiO2 via substituting the O atoms by the C 
atoms, and this causes considerable stress inside crystal lattice of TiO2. 
To avoid or minimum this stress, the lattice of TiO2 was relaxed and then 
optimized. The earlier studies reported that the Ti-C bond was longer 
than Ti-O in undoped anatase at substitution sites, which indicated that 
the considerable interaction finds between C and Ti atoms inside the 
crystal lattice which produce to important energy state mixing of atoms. 
To more estimate, density of state (DOS) measurements were carried out 
on anatase TiO2 nanoparticles under doped and undoped by C atoms and 
the results are demonstrated in Fig. 9a, b. The results appeared that the 
valance band of doped and undoped TiO2 are largely contain from O 
atoms, while the conduction band are majorly contain from Ti orbital. In 
C-TiO2 nanocomposite, a considerable mixing among orbitals of C, O 
and Ti happened which decreased the energy gap to 20 % 
approximately. 

Morphology characterization 

The morphology characterization of C-TiO2 was investigated by TEM 
and selected area electron diffraction and the results are shown in 
Fig. 10a–d. In Fig. 10a, the TEM images shown agglomerated particles 
exposes the randomly packed of particles to product mesoporous 
nanostructure. The selected area electron image of prepared C-TiO2 is 
demonstrated in Fig. 10b. The result appeared the presence of anatase 
and rutile phases of TiO2. In Fig. 10c, the TEM image illustrates the 

Fig. 6. XPS spectrum (A) C1s and (B) Ti 2p.  
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lattice fingers of 0.36 nm, which corresponding to with (101) d-spacing 
plane of anatase. The TEM of pure TiO2 is shown in Fig. 10d, and the 
results was found to slight large than the crystallite size calculated from 
XRD. 

Thermal property 

The thermal properties of C incorporated TiO2 is investigated by 
TGA, and carried out from 0 to 800 ◦C as displayed in Fig. 11. The Y-axis 
represent to weight loss percentage. The results appear three sequential 
steps of weight losses, the first is occurred between 50 and 130 ◦C which 
corresponding removing of water and adsorbed organic compound, 
while the second loss noted at temperature with ranges 220–570 ◦C and 
this assign to oxidation of carbon. At 700 ◦C and above, the third loss 
ascribed to burning of C in prepared sample. On the other hand, the 
decomposition of pure TiO2 is faster than C-TiO2 which indicate the 
good thermal resistance that C added to TiO2 that characteristic to 
interfacial reaction between C and TiO2 nanoparticles, which indicate to 
enhance the thermal stability of incorporating compound [52]. 

Electrochemical analysis 

The electrochemical performance were explored to comprehend the 
C-doping impact on TiO2 via galvanostatic analysis (GSA) utilizing Li/ 

Fig. 7. BET isotherm of (A) TiO2 and (B) C-TiO2.  

Fig. 8. Band gap plot of pure and C doped TiO2.  

Fig. 9. Density of states of (A) pure TiO2 and (B) C doped TiO2.  
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TiO2 half-cell with 0.01–2.5 V voltage window at room temperature. At 
scan rate 0.3 mV/s with potential window 0.01–2.5 V, CV measurements 
of pure and C1, C2 doped TiO2 nanocomposite were carried out to 

investigate the Li intercalation/disarmament demeanor. The first four 
sequential CV plots of pure and C1, C2 doped TiO2 nanocomposite are 
shown in Fig. 12a–c. The results appears the position of the first cathodic 
peaks (1.42 V), which is diverse from the following three cycles. in 
addition to, two extra peaks are noted in the first CV plot in the range of 
(0.5–1.32) V (vs Li/Li + ) and vanish in the next three CV plots, and this 
back to high specific current in the first cycle compared with posterior 
three cyclic, as well as, it assign to production of solid electrolyte 
interface layer (SEI) [53]. Moreover, after the first CV, a pair of anodic 
and cathodic peaks are stay at about (1.42 V) and (1.82) versus Li/Li+, 
which correspond to the Li-ion intercalation into and disarmament from 
interstitial TiO2 octahedral site. Fig. 12d displays the comparative CV 
plots the 2nd cycles of all synthesized anodes. In the case of C-doped 
TiO2 with intensive and sharp redox peaks with two wide and less in
tensity of peaks and too demonstrate in posterior cycles. The results are 
shown anodic peaks centered at 0.61, as well as, cathodic peaks located 
at 2.07 V assign to TiO2-C, back to reduction of TiO2 to Ti in two steps. 
The first is reduction of Ti4+ to Ti3+ and the second to metallic Ti with 
production of lithium oxide and SEI layer [54]. On the other hand, the 
oxidation peak located at 1.76 V which related to oxidation of Ti to TiO2 
decomposition of SEI [55]. The expected electrochemical reaction when 
using the TiO2-C as an electrode for Li-ion battery anode is:  

Cathode:4TiO2+8Li++8e-→4Ti+4Li2O                                              (3)  

Anode:8Li→8Li++8e-                                                                      (4)  

Fig. 10. (a-c) HRTEM of C-TiO2, (d) TEM of TiO2.  

Fig. 11. TGA analysis of pure and C doped TiO2.  

Z.H. Mahmoud et al.                                                                                                                                                                                                                           



Results in Chemistry 7 (2024) 101422

7

Overall reaction:4TiO2+8Li→4Ti+4Li2O                                            (5) 

The discharge curves of TiO2-C (1) and TiO2-C (2) are shown in 
Fig. 13. The results appear small shift corresponding to different 
microstructure of prepared samples, as well as, it appears different state 
of potential states. 

Fig. 14 shows the charge–discharge curves of prepared materials at 

100 mA/g with first capacity of 2011 mAh/g and 1167 mAh/g for TiO2- 
C (1) and TiO2-C (2) with charge capacity equal to 1177 and 1167 mAh/ 
g respectively. The increasing in capacity related to the gel film caused 
by degrading of electrolyte that formed reversibly [56] while, the 
electrolyte decomposition and formation of SEI led to the irreversible 
capacity loss [57]. The coulombic efficiency of TiO2-C (1) and TiO2-C (2) 
are 94 and 91 % and more than 95 % at second and third stage 
respectively. 

The rate performance and cycling of TiO2-C (1) and TiO2-C (2) are 
presented in Fig. 15a, b. the results demonstrate that the specific ca
pacity 1074 and 706 mAh/g for TiO2-C (1) and TiO2-C (2) respectively 
after 50 cycles with coulombic efficiency equal to 80 and 50 % which 
attributed to surface area and crystallite size of prepared electrodes, as 
well as, the temperature of calcination cause to different microstructure 
of TiO2-C [58]. 

Conclusion 

In summary, we have illustrated an easy method for synthesis of pure 
and C doped TiO2 by simple hydrothermal method. XRD and Raman 
analysis were confirmed formation of pure and C doped anatase phase 
nanocomposite with high crystallite. HRTEM disclosed spherical shapes 
with agglomeration state and mean diameter of 25 nm approximately. 
Experienced as anode materials for Li-ions battery, C doped TiO2 
nanocomposite appears better electrochemical performance than pure 
TiO2. 

Fig. 12. CV of the fourth cyclic for (a) pure TiO2, (b) C1-TiO2, (c) C2-TiO2, (d) comparative CV plot of 2nd cyclic for synthesized compounds.  

Fig. 13. Discharge curve of c1 and c2 doped tio2.  
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Fig. 14. (A) Charge curve of C1-TiO2, (B) discharge curve of C1-TiO2, (C) charge curve of C2-TiO2, (D) discharge curve of C1-TiO2.  

Fig. 15. Charge–discharge curves of C1, C2 doped TiO2 at (A) 50 mA/g current density, (B) at different current density.  
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