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Abstract. Titanium dioxide is an n-type semiconductor widely used in applications like catalysts, optoelectonic materials,
ceramics, H2 generation, self-cleaning, water purification and solar cells. Sol–gel method has been chosen for nanoparticle
synthesis because of its easy stoichiometry control, cost effectiveness and low temperature synthesis. In this study, titanium
dioxide nanoparticles doped with different amounts of manganese (Mn) and nitrogen (N) were synthesized with sol–gel
method. Crystal structure of undoped, Mn-doped, and Mn–N-codoped nanoparticles were determined with X-ray diffraction
(XRD) analysis. Fourier transform infrared spectroscopy (FTIR) analysis was performed to identify the functional groups
of nanoparticles. Photocatalytic analysis was caaried out by methylene blue degredation under UV light for 1 h. X-ray
photoelectron spectroscopy (XPS) analysis was conducted to identify the chemical state and composition of the nanoparticles.
Compared to the undoped TiO2 , which had 79.37% efficiency, Mn-doped and Mn–N-codoped TiO2 nanoparticles have
shown greater photocatalytic efficiency with 86.25 and 99.11% efficiencies, respectively. The results confirm that doping of
manganese and nitrogen has affirmative effect on phptocatalytic properties of synthesized nanoparticles.
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1. Introduction
Titanium dioxide (TiO2 ) has been extensively used and
attracted attention because of its excellent properties for photocatalyst and a wide variety of optoelectronic, gas sensors
and dye-sensitized photoelectrochemical cells applications
[1,2]. It is non-toxic, stable and it has high oxidative power
owing to its electronic structure. However, exploiting the
oxidative properties of TiO2 has been limited because of its
wide band gap (3.2 eV) that mostly absorbs the UV region.
Thus, it is important to understand the structural, optical and
chemical properties of TiO2 [3–5]. Various methods have been
used to synthesize TiO2 nanoparticles, such as hydrothermal method [6], solvothermal method [7], microemulsion [8],
chemical vapour deposition [9] and sol–gel [10]. Among the
various synthesis methods, sol–gel method has been extensively explored for the synthesis of a wide range of metal oxide
nanostructures and received attention due to the ease of controlling various product properties, such as the crystallinity,
phase structure and average nanocrystallite size, which significantly affect the photocatalytic activity of TiO2 nanoparticles
[11,12]. One of the key methods to improve oxidative properties of TiO2 nanoparticles is to increase the surface area by
reducing the crystal size [13]. Generally, smaller particle size
with higher surface area results in higher photocatalytic activity [14]. Photocatalysis is based on hole generated by excited
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electrons after the irradiation with energy like UV light. The
electron leaves the valance band to migrate to the conduction
band, resulting in a hole generation in valance band, which is
necessary for cleaning unwanted organics via photocatalysis
[15]. One of the problems of TiO2 photocatalysis is the recombination rate of photo-generated electron–hole pairs. Several
strategies have been developed for improving photocatalytic
efficiency of TiO2 . These can be mainly categorized as morphological modifications, such as increasing surface area or
chemical modifications by incorporation of additional components to the TiO2 structure [16]. Therefore, the photocatalytic
activity of TiO2 can be enhanced by doping nonmetals (B, N,
C, S, etc.) and transition metals (V, Cr, Fe, Mn, Co, Ni, etc.)
[17]. Doping TiO2 with various elements can result in reduction of band gap energy, resulting in shifting absorption band
to the visible region. Additionally, doped metals can prevent
electron–hole recombination rate, resulting stability in photocatalytic reactions [18]. The addition of transition metals in
TiO2 crystal structure can result in a new energy level between
valance band and conduction band, resulting in enhancement
in photocatalytic process. However, transition metals can also
act as the recombination sites for charged carriers, negatively affecting the quantum efficiency [19]. On the other
hand, anionic nonmetal doping can introduce new valance
band, therefore resulting in narrowing of the band gap [20].
But, single anionic nonmetal doped TiO2 can create a charge
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imbalance, thus it can still limit the photocatalytic efficiency
of TiO2 . To further improve the photocatalytic efficiency of
TiO2 , simultaneous doping method of two kinds of atoms have
been attracted many researchers. It may also result in further
improvement of other characteristics, compared to the singledoped TiO2 [21]. The most common codoping methods can be
categorized as two different nonmetals [22,23], two transition
metals [24] and metal–nonmetal [25,26] codoping synthesis.
The main principle of codoping method lies within the incorporation of acceptor and donor dopants. A transition metal,
such as manganese, can substitute Ti atoms as n-type dopant,
a nonmetal such as nitrogen can replace O atoms to act as ptype dopant as donor and acceptor, respectively. Substitution
of dopant atoms would form new bonds, therefore resulting in
different orbital energies in the doped TiO2 structure. Hence,
the acceptor–donor ratio becomes an important factor to determine the most effective photocatalytic efficiency [27,28]. A
research conducted by Thota et al [29] using Mn as donor
and P as acceptor dopants for TiO2 reported that 1:4 ratio
had the best photocatalytic efficiency. Another work reported
by Jaiswal et al [16] reported that codoping vanadium and
nitrogen with 1:2 ratio resulted in the best photocatalytic efficiency.
In our study, N has been considered as one of the best
nonmetal dopants because of its comparable atomic size with
oxygen, its stability and small ionization energy [30]. Besides,
our literature research [17,31] has shown that Mn is a promising dopant thanks to its comparable ionic radius size with
titania, so that Mn atoms can easily substitute Ti atoms in
the TiO2 structure. Sol–gel method was used to synthesize
undoped, Mn-doped and Mn–N-codoped TiO2 nanoparticles.
Effect of Mn-doping and Mn–N-codoping process on phase
structure, particle size and photocatalytic activity has been
investigated.

2. Experimental
Titanium (IV) isopropoxide (TTIP) (Aldrich, 97%), manganese (II) chloride tetrahydrate (MnCl2 ·4H2 O) and urea
have been used as titanium, manganese and nitrogen precursors, respectively. Distilled water and citric acid have been
used as solvent and stabilizer for TiO2 solution, respectively.
Undoped, Mn-doped and Mn–N-codoped TiO2 nanoparticles
were synthesized by sol–gel method using different molar
ratios of dopants. Different molar ratios of MnCl2 ·4H2 O
(0.25, 0.75 and 2.25%) were used to synthesize Mn-doped
TiO2 nanoparticles. For Mn-doped TiO2 nanoparticles, different molar ratios of MnCl2 ·4H2 O (0.25, 0.75 and 2.25%)
were dissolved in distilled water. For Mn–N-codoped TiO2
nanoparticles, different molar ratios of MnCl2 ·4H2 O (0.25,
0.75 and 2.25%) and urea (0.25, 0.5 and 1%) were dissolved in
distilled water. Prepared solution has been dried at 100◦ C and
calcined at 550◦ C. Mn–N-codoping effect on TiO2 nanoparticles was investigated by using two diffrent approaches. First
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Table 1. Abbreviations of synthesized undoped, Mn-doped and
Mn–N-codoped TiO2 nanoparticles.
Nanoparticles Manganese content (wt%) Nitrogen content (wt%)
T0
T1
T2
T3
T4
T5
T6
T7
T8

—
0.25
0.75
2.25
0.25
0.75
2.25
0.25
0.25

—
—
—
—
0.5
0.5
0.5
0.25
1

of all, different amounts of Mn content (0.25, 0.75 and 2.25%)
were investigated at constant N content (0.5%), afterwards,
according to obtained results, different amounts of N content
(0.25, 0.5 and 1%) were investigated at constant Mn content
(0.25%). Abbreviations of syntheized undoped, Mn-doped
and Mn–N-codoped TiO2 nanoparticles are given in table 1.
XRD analysis of synthesized nanoparticles was done with
Rigaku D/Max-2200/PC X-ray diffractometer with CuKα
radiation (λ = 0.1542 nm) at 40 kV and 30 mA over 2θ
range of 20–80◦ to determine crystal structure and crystalline size. Particle size of the nanoparticles was measured by
using Malvern Zeta Sizer Nano ZS90 analyzer. XPS analysis
has been done with K-Alpha X-ray photon spectrophotometer (XPS) (Thermo-Scientific) with AlKα micro-focussed
monochromator to determine electronic state and nanoparticle composition. Fourier transform infrared spectroscopy
(FTIR) analysis was conducted with Nicolet iS10 to determine functional groups in nanoparticles and measurements
were conducted with wavenumber range between 4000 and
650 cm−1 . The photocatalytic activity of produced nanoparticles was examined by degradation of methylene blue (MB)
under UV light irradiation. Photocatalytic measurements
were done using Osram, UltraVitalux E27300 W lamp as light
source. Each sample exposed to UV irradiation with 15 min
intervals until 1 h. After each interval, absorption of solution
was measured by UV–Vis spectrophotometer (UV mini-1240,
Shimadzu) at a wavelength of 664 nm.

3. Results and discussion
XRD analysis results of undoped, Mn-doped and Mn–
N-codoped nanoparticles are shown in figure 1a. All the
deposited nanoparticles show only anatase phase of TiO2
(JCPDS card no. 21-1272) diffraction peaks on the XRD
patterns. The XRD pattern is characterized by (101), (103),
(004), (112), (200), (105), (211), (204), (116), (220) and
(215) diffraction peaks of anatase phase at 25.28, 37.03,
37.80, 38.60, 48.08, 53.8, 55.1, 62.74, 68.8, 70.3 and 75.08◦ ,
respectively. It can be seen that after doping process, there
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Figure 1. (a) XRD patterns of undoped, Mn–doped and Mn–N-codoped TiO2 nanoparticles and (b) (101) peak of
undoped, Mn–doped and Mn–N-codoped TiO2 nanoparticles.

has been no notable changes with the main diffraction peak.
However, doping process leads to broadening on main diffraction peak. It can be attributed to crystal growth restriction by
Mn-doping and Mn–N-codoping process. Figure 1b shows
main diffraction peaks of undoped, Mn-doped and Mn–Ncodoped TiO2 nanoparticles.
Average crystalline size of nanoparticles was calculated
with Scherrer equation (equation (1)) with FWHM of (101)
peak.
D = (0.89 × λ)/(β × cos θ ),

(1)

where D is the crystalline size, β the full width at half maximum (FWHM) of 2θ peak, λ the wavelength of radiation
and θ the angle of XRD peak [22]. The calculated crystalline
size values were in the range of 23.50–16.05 nm. Significant
crystalline size reduction can be seen after Mn-doping and
Mn–N-codoping. This can be explained by Mn2+ atoms having slightly less ionic radius (0.70 Å) than Ti4+ (0.74 Å),
meaning Mn atoms can easily substitute Ti [32]. Nitrogen
also has similar atomic radius to oxygen. Therefore, there is
not any significant difference in crystalline size values of Mndoped and Mn–N-codoped TiO2 nanoparticles. Marami et al
[33] found similar results that doping transition metals with
different atomic radii than Ti4+ result in reduction in crystalline size until threshold value. Additionally, doping ions
to TiO2 structure retard to grain growth of TiO2 nanoparticles. Therefore, reduction of crystalline size of the produced
nanoparticles by doping process is consistent with this statement as given in literature [34].
Dynamic light scattering (DLS) is a light scattering technique widely used to characterize nanoparticle systems in
dispersion, given its sensitivity to small and low scattering
cross-section particles, relative ease of use and comparative
low capital outlay. DLS directly characterizes particles in
dispersion, and allows monitoring of dispersion effects [35].

DLS is the most common approach to analyse hydrodynamic
particle size and distribution of the particles over a range of
sizes. It is the measurement of light interference based on the
Brownian motion of nanoparticles in suspension and a correlation of its velocity (diffusion coefficient) with its size using
Stokes–Einstein equation (equation (2)):
D = (2kB T )/3ηd),

(2)

where kB is the Boltzmann constant, T the absolute temperature, η the viscosity of the solvent, D the diffusion coefficient
of the particles in one dimension and d the diameter of the
particles [36,37]. Figure 2a shows average particle size distribution of undoped, Mn-doped and Mn–N-codoped TiO2
nanoparticles. All the synthesized particles were at nanoscale
(<100 nm). Figure 2b corresponds to particle size distribution
histograms of Mn–N-codped TiO2 nanoparticle. Particle size
and crystalline size of synthesized undoped and doped TiO2
nanoparticles are given in table 2.
XPS measurement of synthesized nanoparticles was carried out to demonstrate undoped (T0), Mn-doping (T1) and
Mn–N-codoping (T4) into TiO2 structure depicted in figure 3
a–f. The global spectra of Mn–N codoped nanoparticle (T4)
shows characteristic split signal corresponding to the Ti 2p
states in TiO2 (figure 3a), as well as the Mn 2p, N 1s and O 1s
signals. Since XPS analysis conducted with carbon tape, the
main spectrum shows C 1s peak at 284.6 eV [38]. Figure 3b
depicts characteristic peaks of Ti 2p3/2 and Ti 2p1/2 located
at 459.15 and 464.89 eV, respectively. Mn is in +3 oxidation
state with the binding energies at 641.2 and 654.4 eV corresponds to Mn 2p3/2 and Mn 2p1/2 of Mn3+ state as given
in figure 3c [39,40]. In the literature, the XPS peaks ranging
between 396 and 404 eV are represented as nitrogen-doped
TiO2 structure by several authors. In our results, multiple
peaks were observed after N doping to the TiO2 structure. N
1s binding energies corresponding to the peaks at 397–398 eV
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Figure 2. (a) Particle size distribution of nanoparticles. (b) Average particle size distribution of T8 nanoparticles.
Table 2. Particle size and crystalline size of synthesized undoped
and doped TiO2 nanoparticles.
Nanoparticle
T0
T1
T2
T3
T4
T5
T6
T7
T8

Particle size (nm)

Crystalline size (nm)

68.70
79.27
83.95
96.18
71.16
83.42
82.43
64.63
56.70

23.50
16.68
16.42
16.30
16.52
17.33
16.36
16.05
17.02

are assigned to nitrogen atom substituting oxygen in the TiO2
crystal lattice, could be considered to be the evidence of
the presence of the Ti–N bond. Therefore, contribution at
397.4 eV can be ascribed to substitutional nitrogen, while the
one at 402.5 eV fits very well to NOx contribution or other
forms of chemisorbed nitrogen [5,41–43]. Figure 3e shows
O 1s spectrum of synthesized nanoparticles. These results
are in good agreement with our literature research [44,45].
Figure 3f shows Ti 2p states of undoped, Mn-doped and
Mn–N-codoped nanoparticles. Compared to the undoped
nanoparticles, it can be seen that there is decrease in binding
energy. Since peak positions of Ti4+ and Ti3+ are extremely
close for Ti 2p3/2 , it is difficult to determine the peak positions of Ti, as Ti3+ binding energy is 458.6 eV, and Ti4+
peaks can vary from 458.1 to 459.2 eV. After doping process,
it can be observed that there has been a decrease of binding
energy on Ti 2p3/2 state from 459.2 to 458.6. This change
indicates the presence of the Ti3+ state in the doped and
codoped nanoparticles [46,47]. The shift in binding energy
indicates that substitution of manganese and nitrogen atoms
was successful. Shouxin et al [48] reports that binding energy
difference between doped and undoped happens because of

electronegativity difference between nitrogen and oxygen,
which suggests that nitrogen successfully substituted oxygen
atoms.
FTIR spectra of undoped, Mn-doped, Mn–N-codoped TiO2
nanoparticles with different manganese and nitrogen contents
have been shown in figure 4. The absorption band around
3660 cm−1 is related to the surface OH of TiO2 . The bands
at 1440, 1380, 1080 cm−1 are the bonds resulted from the
presence of Ti–N bonding [43,49].
Although TiO2 has been commonly used for photocatalysis, its wide band gap (3.2 eV) and factors, such as recombination of atoms in photocatalytic process has limited its
application in the industry. To overcome this problem, doping
TiO2 structure with transition metal or nonmetals have been
widely investigated. Transition metal, such as manganese can
act as a hole trap and greatly enhance the photocatalytic
efficiency [50]. As a dopant, Mn2+ ion has a unique stable half-filled electronic configuration (3d5 ), so it can both
trap electrons or hole, changing its configuration to d6 or
d4 , respectively. To restore its stable electronic configuration,
the trapped electron will be transferred to oxygen molecule
and trapped hole to the surface adsorbed water molecules
to generate superoxide (O−
2 ) and hydroxyl (OH*) radicals.
However, at high dopant concentration, the charge carriers
can also be trapped more than once, therefore, hindering their
mobility, resulting in returning to initial state (recombination) before generating radicals which negatively affects the
photocatalytic efficiency [17,51]. On the other hand, doping
nitrogen to the TiO2 structure would result in the narrowing of band gap, with mixing N 2p states and O 2p states,
where N 2p states are above the valance band of TiO2 because
of their difference in electrical configuration, resulting in
enhancement of the photocatalytic efficiency. It is important to determine the right dopant values, as major change
within TiO2 crystal structure and recombination of atoms in
photocatalytic process will greatly reduce the photocatalytic
efficiency [52].
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Figure 3. (a) Global XPS spectra of T4, (b) Ti 2p characteristic peaks of T4, (c) Mn 2p characteristic peaks of T4,
(d) N 1s characteristic peaks of T4, (e) O 1s characteristic peaks of T4 and (f) Ti 2p characteristic peaks of T0, T1 and
T4.

Photocatalytic efficiency values were evaluated by
measuring degradation of MB under UV-light irridation. Each
analysis has been carried out for 60 min with 15 min intervals.
To determine residual MB percentage in the solution, degradation rate was calculated with the equation: ((C0 − C)/C0 ) ×
100, where C0 and C are the initial concentration value of

MB and the concentration value after irradiation, respectively.
Figure 5 shows the absorption values of MB degradation
of undoped, Mn-doped and Mn–N-codoped nanoparticles.
Obtained results show that increment of Mn doping induces
a decrement of photocatalytic efficiency values from 86.25
to 29.24%. Recombination of electrons accounts for this
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Figure 4. FTIR spectra of Mn-doped and Mn–N-codoped TiO2
nanoparticles.

Figure 5. MB degradation of undoped, Mn-doped and Mn–Ncodoped nanoparticles.

decrement. Similar trend in photocatalytic efficeinecy can
be observed for Mn–N-codoped TiO2 nanoparticles with
increasing Mn content (0.25–2.25%) at constant N content
(0.5%). On the other increment of N (0.25, 0.5 and 1%) doping results in higher photocatalytic efficiency from 96.75 to
97.44% at constant Mn content (0.25%). For over a decade,
the chemical modification of TiO2 with doping and codoping
methods has been researched to improve its photocatalytic
efficiency to its maximum capacity. Girginov et al [53] doped
silver (10 nm) to TiO2 nanoparticles to enhance its photocatalytic efficiency ranging from 0.03 to 0.9% Ag content. They
reported that 0.3% Ag-doped TiO2 nanoparticles had best
efficiency under methyl orange degradation, having 87.2%
efficiency, compared to the undoped 57.3% efficiency. More
recently, Aware and Jadhav [54] studied doping of Zn to
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Figure 6. Efficiency of undoped, Mn-doped and Mn–N-codoped
TiO2 nanoparticles as a function of MB degradation.

Figure 7. Absorbance spectrum of Mn–N-codoped TiO2 nanoparticles (T8).

the TiO2 nanoparticles with sol–gel method. They reported
that 5% Zn doping had best efficiency, increasing methyl
red degredation rate value of undoped TiO2 efficiency 86.2%
undoped TiO2 efficiency to 96.99%, under 2 h irradiation.
Hamadanian et al [55] doped a transitian metal and a nonmetal
to TiO2 nanoparticles in order to investigate its degredation
under MB. They reported that using 0.05% Fe and 2% S
codoped TiO2 nanoparticles (8–11 nm) yielded best results,
as they achieved 77.85% degredation in 45 min, compared to
the 63% efficiency of undoped TiO2 . They state that synergistic effects between dopants and obtaining nanoparticles with
less grain size is crucial in obtaining efficient photocatalyst.
Since nonmetal doping reduces the band gap, meaning that it
introduces new valance band, it will make easier for electrons
to reach to conduction band and more holes-electrons are generated for photocatalytic reactions. Photocatalytic efficiency
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results of all nanoparticles are given in figure 6. Figure 7
shows absorbance spectrum of T8 absorbance values with 15
min intervals.

4. Conclusion
In this study, undoped, Mn-doped and Mn–N-codoped TiO2
nanoparticles were synthesized by sol–gel method. All synthesized nanoparticles were in nanoscale (<100 nm). All the
deposited nanoparticles show only anatase phase of TiO2
diffraction peaks on the XRD patterns. Photocatalytic efficiency of nanoparticles evaluated with MB degradation under
UV light. Mn doping to TiO2 nanoparticles induces reduction
in photocatalytic efficiency for all content values of Mn both
doped and codoped proceses. Increasing N content in Mn–
N-codoped TiO2 nanoparticles show an evident improvement
in photocatalytic efficiency under UV irradiation. The best
performance is observed at 1% N–0.25% Mn (T8) codoped
nanoparticles. Further improvement of codoping nanoparticles with sol–gel method and understanding the synergistic
effect of elements could be an important base for nanorods,
nanowire synthesis etc. with desired properties, which can be
crucial nanoscience industry.
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