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We report the hydrothermal growth of pure and doped TiO2 nanoparticles with different concentrations of carbon. The
microstructure of the as-synthesized samples is characterized by x-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM), energy dispersive x-ray spectroscopy (EDX), and Raman spectroscopy to understand the structure
and composition. The XRD patterns confirm the formation of anatase phase of TiO2 with the average crystallite size is cal-
culated to be in the range of 13 nm to 14.7 nm. The functional groups of these nanostructures are characterized by Fourier
transformed infrared (FT-IR) spectroscopy, which further confirms the single anatase phase of the synthesized nanostruc-
tures. UV-visible absorption spectroscopy is used to understand the absorption behavior, which shows modification in the
optical bandgap from 3.13 eV (pure TiO2) to 3.74 eV (1.2 mol% C-doped TiO2). Furthermore, the Ti3+ centers associated
with oxygen vacancies are identified using electron paramagnetic resonance spectroscopy (EPR).
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1. Introduction
Fabrication of nanostructured materials with controlled

size and morphology is of importance to ensure their opti-
mum performance in various device applications such as op-
tics, mechanics, and electronics, because the size and shape of
nanoparticles are key factors, which are under consideration
while tailoring the properties of semiconductor materials.[1,2]

Transition metal oxides (TMOs) have gained remarkable at-
tention and recognition owing to their intriguing optical, elec-
trical, and magnetic properties.[3–8] There has been a surge
of research activity to exploit new functional materials in or-
der to deal with the environmental pollution, global industri-
alization, and energy crisis with the ability to degrade pol-
lutants and produce energy in an environmentally friendly
manner.[9–11] Among these, titanium dioxide (TiO2) is a bi-
nary transition metal oxide and widely studied material that
has sparked the ongoing research due to its outstanding prop-
erties such as high refractive index, chemical stability, low
cost, non-toxicity, resistant to photo-corrosion, and excellent
optical transmittance.[12] TiO2 naturally occurs in three crys-
talline polymorphs: anatase, rutile, and brookite. Both the
anatase and brookite are metastable, whilst rutile is a sta-
ble phase.[13,14] At room temperature rutile has a bandgap of
3.06 eV,[15] 3.3 eV for brookite, and a wide bandgap of about
3.4 eV for anatase phase.[16]

Several attempts have been made to fabricate the doped
TiO2 nanostructures using various synthetic routes and to
study the variation in their physical and chemical proper-
ties because in facilitating advanced technologies, the crit-
ical parameters such as the morphology and phase compo-
sition determine their suitability for multiple applications.[9]

Bernard et al.[17] in their shape-dependent thermodynamic
model reported that both the shape and phase stability of
TiO2 nanoparticles strongly depend on their surface chem-
istry. In particular, doping of TiO2 with transition metals/non-
metals has been widely investigated for a wide range of ap-
plications such as photocatalysis, water splitting, and N2 re-
duction reaction, etc.[18–20] For instance, doping TiO2 with
metals/non-metals such as carbon,[21] nitrogen,[22] sulfur,[23]

vanadium,[15] manganese,[16] iron,[17] nickel,[18] etc. has been
reported to modify the bandgap of TiO2 and extend its ab-
sorption to the visible region for photocatalysis.[24–27] Shao
et al.[28] reported a reduction in the bandgap of rutile TiO2

(3.0 eV to 2.67 eV) upon doping with carbon, which extended
its working spectrum to the visible region. Noorimotlagh et
al.[29] reported that the incorporation of carbon atoms de-
creases the size of TiO2 nanoparticles as compared to pure
samples and the absorption wavelength shifts to a higher wave-
length region (λ > 400 nm). The present study deals with
the synthesis of pure and carbon-doped TiO2 with different
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concentrations using a facile hydrothermal method. The influ-
ences of varying amount of carbon concentration on the struc-
tural, morphological, and optical properties of TiO2 nanostruc-
tures have been studied and discussed in detail.

2. Experimental details
2.1. Materials and methods

All chemicals and solvents are of analytical grade, and
used without any further purification. Titanium (III) chlo-
ride (TiCl3) solvent (ca.15%) and D(+)-glucose monohydrate
(C6H12O6.H2O) are purchased from Honeywell (Burdick and
Jackson). Ammonia (NH3) solution (∼ 35%) and HCl (37%)
are purchased from Sigma Aldrich and Scharlau, respectively.
Deionized water (DI) and ethanol are used during the synthe-
sis.

TiO2 nanoparticles (NPs) are synthesized by adopting the
hydrothermal method. A 10 ml of TiCl3 solution is mixed
with HCl/DI water (3 : 17) solution in a flask. Then the solu-
tion is stirred and a small amount of glucose (0.0, 0.2 mol%,
0.6 mol%, and 1.2 mol%) is added during the stirring. For
complete precipitation of TiO2, ammonia solution (ca.25 ml)
is added dropwise until the solution pH is tuned to 10. The so-
lution is stirred at 60 ◦C for 30 min and then transferred into a
teflon-lined stainless autoclave and heated in an oven at 180 ◦C
for 24 hours. TiO2 NPs are then separated from the solution by
centrifugation and washed several times with absolute ethanol
and DI water. The resultant product is dried in a vacuum oven
at 80 ◦C for 24 hours. The samples obtained are labeled as P,
C-1, C-2, and C-3, respectively.

3. Results and discussion
3.1. Structural analysis

Figure 1 depicts the x-ray diffraction (XRD) patterns of
pure and different concentrations of glucose (0.0, 0.20 mol%,
0.60 mol%, and 1.20 mol%). The synthesized samples exhibit
diffraction peaks at 25.21◦, 37.80◦, 47.94◦, 54.02◦, 54.99◦,
62.70◦, 68.82◦, 69.94◦, and 75.08◦ corresponding to the (101),
(004), (200), (105), (211), (204), (116), (220), and (215) crys-
tallographic planes, respectively. The peak positions are well-
matched with standard anatase TiO2 (JCPDS 00-021-1272)[30]

and no extra carbon peaks were found in the crystal structure
of TiO2. The sharp peaks indicate the high crystallinity of all
samples. No changes are observed in the crystal structure of
the doped samples, which can be ascribed to the small con-
centration of carbon content. All the resulting samples are
identified to have a homogenous anatase phase. The unit cell
parameters for pure and 0.6% C-doped TiO2 are calculated
as a = b = 3.7893 Å, c = 9.4921 Å, and a = b = 3.8224 Å,
c = 9.4946 Å, respectively, All the peaks are well indexed to

the standard diffraction data as listed in JCPDS card No. 00-
021-1272. The average crystallite sizes are calculated using
the well known Scherrer equation. The calculated average
crystallite size for pure and doped samples with varying car-
bon concentration is in the range of 13.3 nm to 14.74 nm.
The elemental composition of the as-prepared pure and doped
nanostructures is confirmed by energy dispersive x-ray (EDX)
analysis as shown in Figs. 2(a) and 2(b). The EDX analy-
sis reveals that carbon was successfully doped into the crystal
structure of anatase TiO2, without affecting the crystalline lat-
tice planes of the TiO2 crystal structure.
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Fig. 1. The XRD patterns of pure and C-doped TiO2 NPs synthesized
by the hydrothermal approach.

(a)

(b)

Fig. 2. The EDX spectrum of (a) pure and (b) 1.2% C-doped TiO2 NPs.
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3.2. Morphology and microstructure studies

SEM images of the pure and C-doped TiO2 NPs were ob-
tained with the help of field emission scanning electron mi-
croscope (Model, TESCAN MAIA3) housed with an Octane
Elite EDAX detector. The measurements were performed at
an accelerating voltage of 20 keV. Figure 3(a) shows the mor-
phology of pure TiO2 NPs. The TiO2 NPs appear spherical
and produce aggregates to form chunks of TiO2. The morphol-
ogy of NPs is observed to change with the inclusion of carbon
up to 1.2 mol% as shown in Fig. 3(b). As is seen, the shape
of NPs changes to elongated particles, indicating that carbon
doping influences the morphology of TiO2 NPs. Furthermore,
it is evident from Fig. 3(b) that the morphology of the C-doped
samples is more homogeneous and uniform as compared to the
pure TiO2 NPs.

(a)

(b)

Fig. 3. The FESEM images showing the morphology of (a) pure TiO2
and (b) 1.2% C-doped TiO2 NPs.

3.3. Vibrational modes studies

Raman spectroscopy is used to investigate the vibra-
tional modes of pure and carbon doped TiO2 NPs. Figure 4
shows the Raman spectra of synthesized samples taken at
room temperature. The instrument is equipped with an ex-
citation source of 514 nm argon ion laser, and for focus-
ing the incident beam, a 100× objective is used. A slight
blueshift is observed due to carbon doping as compared to pure
TiO2. There are six active Raman vibration modes of anatase
TiO2 as Eg (139 cm−1), Eg (196 cm−1), B1g (398 cm−1),

A1g (516 cm−1), B1g (519 cm−1), and Eg (448 cm−1).[31]

It is observed that Eg, B1g, and A1g vibration modes origi-
nated from symmetric stretching, symmetric bending, and an-
tisymmetric bending vibrations of O–Ti–O in TiO2 lattice,
respectively.[32] These characteristic vibrational frequencies
and their relative intensities confirm the anatase TiO2 NPs and
are consistent with the XRD analysis.
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Fig. 4. Raman spectra of pure and C-doped TiO2 NPs.

3.4. Functional group analysis

Fourier-transform infrared spectroscopy (FT-IR) is used
to investigate the influence of carbon doping on the functional
groups of TiO2 NPs. Figure 5 depicts the FT-IR profile of pure
and C-doped TiO2 samples. The broadband which appears in
all samples below 1000 cm−1 in the range 400–800 cm−1 is
due to the stretching vibration of Ti–O–Ti and Ti–O–C func-
tional groups[27,33] in the anatase phase. The spectra for the
C-doped TiO2 NPs shift towards higher wavenumbers as com-
pared to the pure one and this could be ascribed to the carbon
concentration in TiO2 NPs. The band around 1429–1438 cm−1

is due to surface adsorbed CO2. The broad peaks at 1633 cm−1

and 1635 cm−1 are due to the bending vibration of coordi-
nated water.[27] The peaks are very broad at about 3200 cm−1,
implying that all the samples chemisorbed more water during
the synthesis,[34] which shows the presence of hydroxyl group
(OH) in the as-prepared NPs.
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Fig. 5. The FT-IR spectra of pure and C-doped TiO2 NPs.
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3.5. Ultraviolet–visible absorption studies

Figure 6(a) shows the UV–visible absorption spectra of

the pure and C-doped TiO2 NPs. The spectra are recorded

in the wavelength range of 200–800 nm at room temperature.

The C-doped TiO2 NPs show a significant blueshift as com-

pared to pure TiO2. The energy bandgap (Eg) is calculated

using Tauc’s equation[35]

(αhv)2 = A(hν −Eg), (1)

where α is the optical absorption coefficient, h is the Plank’s

constant, ν is the frequency of the photon, A is an energy inde-

pendent constant, and Eg is the optical bandgap energy of the

NPs. The bandgap values of the prepared samples are deter-

mined by plotting (αhν)2 as a function of Eg(hν) to intercept

with the Eg axis as shown in Fig. 6(b). The bandgap values

of the pure and 1.2% C-doped TiO2 NPs are determined to be

3.13 eV and 3.74 eV, respectively. Carbon doping in TiO2 has

been previously reported to induce redshift in the absorption

spectra.[36,37] However, in this work the bandgap values in-

crease with the carbon content and show a blueshift compared

to the pure sample (Table 1). It is known that the bandgap

of oxide semiconductors is a function of particle size.[38] By

reducing the particle size below a certain threshold, the elec-

trons and holes in the nanocrystalline semiconductor are con-

fined leading to quantum confinement effects.[38–40] As a re-

sult, the separation between the filled valence band and the

empty conduction band is increased and a blueshift is observed

in the absorption edge. The observations of blueshift in other

TiO2 systems have revealed that a systematic increase in the

energy bandgap with increasing the doping content is due to

the formation of new energy levels by the interaction of the

dopant atoms with the host lattice.[41] For instance, Bhange et

al.[41] found that a consistent increase in the bandgap of TiO2

NPs with increasing Sn concentration is not due to the quan-

tum size effect but due to the large crystallite size (larger than

10 nm). Linsebigler et al.[42] found that crystallite sizes larger

than the Bohr radius cause the 1/R2 term approaching zero. In

our work, the crystallite sizes are in the range of 13.3 nm to

14.74 nm. Therefore, for crystallite sizes larger than 10 nm

the quantum confinement effect could be ruled out.[43]

Table 1. Bandgap of the undoped and doped TiO2 NPs and their corre-
sponding absorption wavelengths.

Doping concentration Absorption
Bandgap/eV

of glucose/mol% wavelength/nm
0.00 396 3.13
0.20 350 3.54
0.60 339 3.66
1.20 332 3.74
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Fig. 6. (a) UV–vis absorption spectra, (b) Tauc plot of pure and carbon-
doped TiO2 NPs.

3.6. Electron paramagnetic resonance analysis

Electron paramagnetic resonance (EPR) is frequently
considered to be a microwave absorption spectroscopy in
which a microwave frequency radiation is absorbed by
ions, molecules, or atoms having unpaired electrons. The EPR
is the study of the interaction between electronic magnetic mo-
ments and the magnetic field at a fixed frequency. The split-
ting of energy levels into several lines within an atom in the
presence of an external magnetic field is generally referred to
as the Zeeman effect. Therefore, we may say that the EPR
is the study of direct transitions between electronic Zeeman
levels.[44]

The defect centers in pure and C-doped anatase TiO2 NPs
are investigated by using the X-band electron paramagnetic
resonance spectrometer, equipped with a rectangular cavity
TE102 (ADANI SPINSCAN X spectrometer). Figure 7 shows
the EPR spectra of pure and C-doped TiO2 samples taken at
room temperature. The measurements are performed by vary-
ing the magnetic field in a range of 237–417 mT.

The g-factor for P (1.984), C-1 (1.987), C-2 (1.987), and
C-3 (1.989) is calculated using the following equation:[45]

g =
71.4477ν

B
, (2)

where ν is the microwave frequency (in GHz) and B is the
magnetic field (in mT) at the center of the signal. The EPR
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signals with g-factor of 1.92–1.99 for pure and doped TiO2

have been observed and are attributed to surface related Ti3+

centers associated with surface oxygen vacancies.[46] The ef-
fect of C doping in TiO2 is also evident in the EPR spectra as
shown in Fig. 7. It can be seen that the intensity of the reso-
nance line decreases as the concentration of C increases. In C-
doped TiO2, EPR spectra broad signals at g = 1.987 and 1.989
are observed, which is a characteristic of trapped electrons in
localized anatase Ti3+ surface states or Ti3+ associated with
oxygen vacancies.[47]

240 280

B/mT

Ti3+

Ti3+

Ti3+

Ti3+

320 360 400

=1.989g

g

g

g

=1.987

=1.987

=1.984

C-3

C-2

C-1

pure

E
P
R

 i
n
te

n
si

ty
/
a
rb

. 
u
n
it
s

Fig. 7. Room temperature EPR spectra of pure and C-doped TiO2 NPs.

Pure TiO2 in ideal stoichiometry has Ti4+ ions, which
are non-magnetic and ESR silent. However, the paramagnetic
behavior in ESR spectra of the pure and C doped TiO2 NPs
indicates that paramagnetic response is resulted from the in-
corporation of defects, more likely oxygen vacancies, during
the synthesis process. In oxide semiconductors, the origin of
defect centers related to Ti3+ ions associated with oxygen va-
cancies (VO) is still under debate due to its complex nature.[48]

Such a center could be produced by different means, including
reducing the samples in reducing atmospheres, illumination,
and chemical doping, where vacancies are created during the
process. During the illumination process, electrons are pro-
moted to the valence band, thereby leading to Ti3+ ions, which
are paramagnetic in nature. Among the defects generated by
illumination, merely Ti interstitials and VO can give excess
electrons. Therefore, the observed resonance peaks are due
to the formation of Ti3+-VO defect complexes.[48–50] Zhou et
al. reported that the number of O vacancies is 1.5 times larger
than that of Ti interstitials, and the formation of O vacancies is
favored over the formation of Ti interstitials. Therefore, they
concluded that each of the illuminations induces O vacancies,
which leaves two electrons and changes the nearest Ti4+ ions
to Ti3+ ions, resulting in Ti3+-VO defect complexes.[46] It is
well known that O vacancies create charge imbalance and to
compensate this induced charge around the defect, there is a
chance to produce Ti2+ and/or Ti3+ ions of unpaired elec-
trons (3d), which exhibits paramagnetic behavior or leads to
the magnetic moment.[51,52]

4. Conclusion
In this work, a facile hydrothermal method has been

employed to synthesize anatase TiO2 spherical nanoparticles
which evolve to elongated-shaped nanoparticles with the ad-
dition of carbon up to 1.2 mol% using glucose monohydrate
(C6H12O6·H2O). Via the XRD patterns, no structural changes
were observed in nanostructured TiO2 after doping with differ-
ent concentrations of carbon, which confirms the formation of
pure anatase phase of TiO2 NPs. The crystallite sizes of pure
and doped TiO2NPs are calculated to be in the range of 13.3–
14.7 nm. The UV–visible absorption spectra of the synthe-
sized samples observed in the range of 200-800 nm illustrate
a blueshift with increase in doping concentration. This clearly
indicates the shift in bandgap towards higher values where the
bandgap increases from 3.13 eV for pure TiO2 to 3.74 eV
with the increase in carbon concentration. The vibrational fea-
tures and existence of fundamental functional groups in the
as-prepared TiO2 nanoparticles have been revealed by Raman
spectroscopy and Fourier transform infrared spectroscopy, re-
spectively. Furthermore, the X-band EPR spectra of pure and
C-doped TiO2 NPs indicate Ti3+ defect centers associated
with oxygen vacancies (VO).
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