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a b s t r a c t

Titanium dioxide (TiO2) nanoparticles, have been routinely used in cosmetic and sunscreen applications,
due to their ability to absorb in the UV spectrum. Nevertheless, one of the main disadvantages has been
the generation of reactive oxygen species (ROS), especially the hydroxyl radical, upon photoexcitation of
titania. In this work, we investigate TiO2 nanoparticles doped with 0.6–0.7% manganese (Mn), based in
the more stable rutile polymorph of titania. In particular, while the anatase crystal form has the ability
to destroy almost any organic matter under UV illumination, rutile is less photoreactive, and with Mn
doping its photoactivity is reduced further. In particular, we study its optical, structural and semicon-
ducting properties via the Seebeck effect and show that the material displays p-type characteristics.
This is very significant because it shifts the energy levels with respect to formation of hydroxyl free rad-
icals. This ensures that for Mn doped p-type titania it is not energetically possible for the hole created in
the valence band by photoexcitation to create an OH. free radical and this may explain its low photore-
activity. It also means that this material can act as a very effective scavenger for hydroxyl free radicals.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

TiO2 is a semiconducting material that has received wide atten-
tion ever since Fujishima and Honda (1972) discovered the photo-
catalytical splitting of water on a TiO2 electrode under ultraviolet
(UV) light. Over the past decades, TiO2 has found applications in
many promising areas ranging from photovoltaics and photocatal-
ysis, to pigments and cosmetic applications (Hashimoto et al.,
2005, Ahmad et al., 2018). In addition, TiO2 is attractive as it can
be mass-produced at a low cost in different sizes, shapes and phase
compositions, each possessing unique physiochemical properties.
These include microspheres, nanorods, nanotubes and nanowires,
for numerous applications (Krishnan et al., 2021).
In the field of personal care products and cosmetics, TiO2 can be
found in a number of preparations. In particular, titania is incorpo-
rated in microcrystalline form in toothpastes, as a whitener and an
abrasive as well as in different soaps, hair colours and skin prod-
ucts as a pearlescent colorant and opacifier (Berardinelli and
Parisi, 2021). Its bright white appearance, originates from its light
scattering properties and large refractive index (Bodurov et al.,
2014). Currently it is approved for use in cosmetic and personal
care products, both by the US Food and Drug Administration
(FDA, 2021), as well by the EU Commission via regulation
1857/2019 (EU, 2019). In the area of sunscreen applications, TiO2

has been used in its nanoform for a number of years, considering
that at sizes below100nm, its whiteness is displaced by trans-
parency, which creates a favourable appearance when applied to
skin (Tanvir et al., 2015). In addition, as a result of particle size
reduction, there is a shift of its absorption spectrum from the
UVA to the UVB, which is mostly responsible for sunburns and skin
cancer. Currently TiO2 is approved in sunscreen formulations, in
concentrations between 2% and 15%, while its loading can reach
up to 25% in preparations (Morsella et al., 2016). Nevertheless,
one of the main disadvantages of TiO2 is the generation of reactive
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oxygen species (ROS) upon photoexcitation, including superoxide
radicals (O2��), hydroxyl radicals (OH�), and singlet oxygen 1O2.
In particular, reactive oxygen species arise from the transfer of
light-initiated carriers to the TiO2 surface and react with oxygen
or water (Fig. 1.1), playing an essential role in the photocatalytic
nature of titania, which can lead to skin damage Dunford et al.
(1997) first identified that it is actually hydroxyl radicals are the
most applicable in the area of titania based sunscreen applications.

Moreover, titania is more photoreactive in its anatase crystal
form compared to rutile, which is also more thermodynamically
stable (Luttrell et al., 2014). In fact, anatase is capable of destroying
virtually any organic matter via the ROS and has therefore been
widely exploited in many processes ranging from water and air
purification, to self-cleaning surfaces and photodynamic treatment
of cancer (Al-Enizi et al., 2020). On the other hand, rutile, is pre-
ferred for applications in cosmetic brands, as it ensures minimum
skin damage.

One of the production routes for TiO2 nanoparticles towards
sunscreen applications is via doping with other elements, in order
to fine-tune the TiO2 properties. Manganese has been successfully
used to reduce the unwanted photoactivity of nano-sized TiO2

(Wakefield et al., 2013, Wakefield and Stott, 2007). In this study,
we investigate the optical, structural and semiconducting nature
of Optisol, a commercial TiO2:Mn nanocrystalline powder used in
cosmetic applications in an aim to understand how it leads to a less
photoactive substance for sunscreen applications (Knowland et al.,
1998).

2. Materials and methods

2.1. Materials

Unless otherwise indicated, reagents were obtained fromMerck
and were used as received. Commercial, TiO2:Mn nanocrystalline
powder Optisol (Oxonica Materials Ltd) was used. A thick TiO2:
Mn based paste was obtained by mixing Optisol with 70% EtOH
before concentrating the mixture in a rotary evaporator. The paste
was then doctor bladed on a microscope slide and sintered in a
SNOL 3/1100 muffle furnace at 500 �C in order to conduct the See-
beck effect measurements Following this, Raman and XRD mea-
surements were conducted on the same samples.

2.2. Characterizations

The TiO2:Mn nanopowder was examined using an FE-SEM JEOL
7000F- scanning electron microscope (SEM), while transmission
electron microscopy (TEM) was performed with an JEM 2100,
200 kV analytical electron microscope. The diffuse reflectance
spectra were collected with a Shimadzu UV/VIS/NIR spectrometer
Fig. 1.1. Reactive oxygen species formation in TiO2 via UV irradiation (Hirakawa,
2015).
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(Tokyo, Japan), model UV-3600. For the Seebeck effect measure-
ments, hot plates and a multimeter were used. Following that,
the Raman spectra of the samples were recorded using 532 nm
excitation from a diode laser using a Jobin Yvon T64000 Raman
Spectrometer in the backscattered mode. Finally, the crystal struc-
ture for the samples was measured by a Siemens D5000 diffrac-
tometer using CuK(alpha) radiation with an operating voltage of
20 V and angle of incidence 3� in all cases.
3. Results and discussions

3.1. Electron microscopy studies and EDS analysis

The TiO2:Mn nanopowder, can be seen under scanning electron
microscopy (Fig. 3.1a) and TEM (Fig. 3.1b), A primary particle size
ranging from approximately 20 nm diameter to approximately
80 nm diameter/length is observed. Additionally, most particles
are roughly isometric in shape. The agglomeration observed is an
artifact of the method of sample preparation brought about by sur-
face tension effects as the droplets dried on the carbon coated elec-
tron microscope grids.

According to Barnard (2010), particle size plays and important
role both in transparency, sun protection factor (SPF) and ROS gen-
eration. In particular, there is an increase in both transparency and
SPF with decreasing size of nanoparticles. Additionally, a peak ROS
production is identified at 33 nm in size for undoped TiO2. In this
regard, the average size of the engineered TiO2:Mn nanoparticles
ensures a balance between good transparency, without enhancing
ROS production.

Below in Fig. 3.2 the energy dispersive x-ray spectrummeasure-
ments (EDS) of the TiO2:Mn based film on microscope glass can
also be seen. The spectrum reveals that the major compositions
of the deposited film are titanium (Ti) and oxygen (O), manganese
(Mn). Traces of Si can be seen due to the substrate material.

3.2. XRD and Raman results

XRD patterns for the films are shown in Fig. 3.3, demonstrating
that the samples are predominantly in the rutile phase (Zheng
et al., 2015). There are no additional diffraction peaks related to
manganese oxides, suggesting Mn exists as a dopant impurity. In
particular, characteristic strong peaks related to the rutile phase
are observed at 27.35�, 36.01�, and 54.24�, while weaker peaks
are seen at the following diffraction angles 39.25�, 41.12�, 44.05�,
54.14�, 56.64�, 62.71�, 64.20� (Thamaphat et al., 2008). A split peak
Fig. 3.1a. SEM for the TiO2:Mn nanopowder based on the rutile crystalline phase.



Fig. 3.1b. TEM analysis of the TiO2:Mn nanopowder sample.
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is noted at 68.93� and 69.97�, related to the K(alpha)1 and K(al-
pha)2 doublet (Joni et al., 2018). It should be noted that the K(al-
pha) line actually consists of the K(alpha)1 (CuK(alpha)1 = 1.
540598 Å) and K(alpha)1 (CuK(alpha)2 = 1.54439 Å) lines that differ
slightly in wavelength, leading to such double peaks in the XRD
spectrum. All the diffraction angles can be indexed to the tetrago-
nal rutile structure of TiO2 with a good agreement to the standard
JCPDS entry code No. 00-001-1292. A weak peak observed at
25.24� can be indexed to the tetragonal anatase structure of TiO2

(JCPDS No. 00-001-0562). Furthermore, we believe that the man-
ganese was uniformly distributed in the rutile, because we did
not see any evidence for phases on manganese oxides in the XRD
or TEM. Furthermore, the ionic radii are close enough to ensure
that uniform distribution of the manganese is likely.

Subsequently Raman spectroscopy was used for further struc-
tural investigations as seen in Fig. 3.4. The Raman spectra of titania
polymorphs are distinctive enough and they are very useful for
identification of various TiO2 phases. According to the literature,
rutile TiO2 has four vibrational modes around 145 cm�1 (B1g),
445 cm�1 (Eg), 610 cm�1 (A1g), and 240 cm �1 for second-order
effects (Mazza et al., 2007). The analysis of the Raman spectra of
theTiO2:Mn sample shows predominantly the presence of the
rutile characteristic stretching peaks at 145 cm�1, 445 cm�1, and
Fig. 3.2. EDS of the deposited TiO2
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611 cm�1 that correspond to the symmetries of B1g, Eg, and A1g,
respectively, while a peak at 241 cm�1 accounts for second order
effects, such as multiple phonon scattering processes. The results
show that there is agreement between the XRD and Raman spectra.

3.3. Seebeck effect results on the semiconducting nature of Optisol

The Seebeck effect is employed in order to determine whether
the nanocrystalline TiO2:Mn paste creates an n- or p-type semicon-
ductor surface. In general, we know that undoped titanium dioxide
is an intrinsic, n-type semiconductor as a result of the oxygen
vacancies in the TiO2 lattice. The oxygen vacancies act as electron
donors, in contrast with p-type semiconductors which contain
electron acceptors and where the charge carriers are holes rather
than electrons. For this purpose, the Seebeck effect was employed
(Jaziri et al., 2020, Hadley, 2020). In general, the Seebeck effect
relates the gradient of the electrochemical potential to the temper-
ature gradient as show below:

r
r!l

� ¼ �eSr
r!T ð3:1Þ

where e is the elementary charge and S is the Seebeck coefficient,
otherwise known as thermopower measured in units of V/K. If
one side of a material is hot and the other is cold, the charge carriers
will diffuse more from hot to cold. If the hot and cold ends are not
connected electrically, a charge and concentration gradient is estab-
lished that opposes the diffusion caused by the temperature differ-
ence. A multimeter can be used to measure a voltage difference as
below:

l
�
cold � l

�
hot

� �
=e ð3:2Þ

In order to perform the measurement a small laboratory scissor
jack stand at room temperature and a heated surface (hot plate)
were used. Two aluminium slabs were placed at each surface
where the sample could be placed. The temperature was also mea-
sured using a thermocouple. Our set up was calibrated using an n
and p doped silicon wafer, establishing that our doped titania
showed p-type characteristics. In particular, with the hot plate at
120 �C a negative potential at approximately �50 mV was
measured.

Titania is often doped with other transition metals, in order to
impart visible light photocatalytic activity to titania by narrowing
its band gap. For this purpose, transition metals are often used with
:Mn film on microscope slide.



Fig. 3.3. The TiO2:Mn XRD spectra.

Fig. 3.4. The Raman Spectrum of the TiO2:Mn film.
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the following redshift effectiveness V > Cr > Mn > Fe > Ni (Moma
and Baloyi, 2019). In our case, as rutile TiO2 is doped, the observa-
tion that a p-doped behaviour is recorded, implies a shift in the
position of the Fermi level towards the valence band. In particular,
the substitution of Ti4+ in the TiO2 lattice by transition metal Mn3+

ions leads to the introduction of acceptor energy levels EA and
shifting of the Fermi level and band gap as in Fig. 3.5 below:

Moreover, this behaviour explains that while upon illumination,
undoped titania leads to the formation of reactive oxygen species
(ROS), for Mn doped p-type titania it is not energetically possible
for the hole created in the valence band to create an OH. free rad-
ical as seen in Fig. 3.6 below:
Fig. 3.5. Shifting of the Fermi level and band gap upon doping.
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3.4. Energy band gap measurements

In general, undoped, TiO2 is in itself an intrinsic semiconductor.
It’s molecular orbit energy-level diagram is shown in Fig. 3.7, not-
ing that the structure of TiO2 is a result of the hybridisation of the
2p orbitals of oxygen and the 3d ones of titanium.

It is in general a wide-band gap semiconductor and as a result it
absorbs only minimally in the visible. It has three polymorphs:
anatase, rutile and brookite (Oi et al., 2016). According to Lance
(2018) there is a lack of consistency in the literature with regarding
to the band gaps of TiO2 polymorphs (Table 3.1) with values corre-
sponding to both a direct and indirect band gap measured for all
rutile, anatase and brookite.

According to Zhang et al (2014), first principle calculations
using Density Functional Theory show rutile to be a direct band
gap material, whereas anatase, is an indirect band gap semicon-
ductor (Fig. 3.8). In particular, if the minimum point of the conduc-
tion band and the maximum point of the valence band appear at
the same value of k, then we have a direct energy band gap semi-
conductor, otherwise the semiconductor is called indirect. In gen-
eral, as can be seen in Fig. 3.8 electron-hole recombination in
indirect semiconductors in low, which in direct semiconductors
is immediate with the release of a photon. In this regard, the indi-
rect nature of the anatase bandgap can account for the larger pho-
toexcited carrier lifetimes, thus justifying the more photocatalytic
nature of anatase compared to rutile.

In order to find the band gap of the material in this work, diffuse
reflectance spectra (DRS) of TiO2:Mn were studied using a Shi-
madzu spectrophotometer UV-3600 In particular, relative reflec-
tance measurements were taken from the TiO2:Mn, Optisol
nanopowder sample relative to the amount of reflected light mea-
sured from a barium sulphate (BaSO4) reference plate. The relative
reflectance is calculated based on assuming the reference plate has
a reflectance of 100 %. Below, in Fig. 3.9 the DRS of the TiO2:Mn
exhibits due to the presence of the dopant visible light absorption
below �700 nm, in comparison with pure rutile (Praveen et al
2019).

Subsequently the energy band gap for TiO2:Mn is estimated. In
particular, Tauc et al (1966) and Davis and Mott (1970) proposed
an energy dependent absorption coefficient for obtaining the band
gap of a material, i.e.:

hmað Þ1=n ¼ A hm� Eg
� � ð3:3Þ

where h is Planck’s constant, m is frequency, a is the absorption
coefficient, Eg is band gap and A is a proportionality constant. The
value of the exponent n represents the nature of the allowed elec-
tron transitions, i.e. n = 2 for indirect and n = 0.5 for direct. The cal-
culations were performed for both the direct and indirect band gap
energy determination and comparisons are made with the recorded
values in Table 3.1. In particular, the collected diffuse reflectance
spectra were converted to the corresponding absorption spectra
using the Kubelka and Munk (1931) function F(R1), defined as:

a ffi FðR1Þ ¼ K
S
¼ 1� R1ð Þ2

2R1
ð3:4Þ

which is considered a pseudo-absorption coefficient. K and S are the
absorption and scattering coefficients and R1 is defined as the
reflectance of an infinitely thick specimen (Makula et al., 2018).
Thus we can write:

hmFðR1Þð Þ1=n ¼ Aðhm� EgÞ ð3:5Þ

Subsequently hmFðR1Þð Þ1=n is plotted against hm and a line tangent to
the linear part of the curve is extrapolated to zero reflectance. The
extrapolated value is taken as the band gap energy of the material.
The calculated direct band gap was estimated to be Eg0 = 3.28 eV as



Fig. 3.6. Energy diagrams showing the process of ROS formation in undoped and p doped titania.

Fig. 3.9. Diffuse UV–Visible Reflectance spectra for the TiO2:Mn sample.

Fig. 3.8. The indirect band gap of anatase and the direct band gap of rutile as
predicted by Zhang et al (2014).

Fig. 3.7. Titania energy levels (Greiner and Lu, 2013).

Table 3.1
Band gaps for the TiO2 polymorphs.

Rutile (eV) Anatase (eV) Brookite (eV) Ref/Year

3.01(I)–3.37(D) 3.20(I)–3.53(D) 3.13(I)–3.56(D) Reyes-Coronado et al
2008

3.45(D) Alotaibi et al., 2018
3.0 (I) 3.2(I) 3.03, 0.05, 3.13

(I)
Lin et al., 2012

3.0 (D) 3.2(D) Kim et al., 2014
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can be seen in Fig. 3.10. In general, we expect upon doping a nar-
rowing of the band gap (Eg0) compared to pure rutile (Eg0), as due
to the predicted p-type nature of TiO2:Mn, the shallow acceptor
impurities would create energy levels DEmn near the valence band
edge, such that E’g = Eg�Dmn.

In particular Mizushima et al. (1979), used photocurrent and
electron spin resonance (ESR) measurements to determine, relative
to the conduction band, the 3dn manifold energies at substitutional
impurities in TiO2:Mn. It was determined that upon doping a band
of surface states E1 centered at 2 eV appears below the conduction
band edge Ec, as well as a band of bulk native-defect cation-
vacancy states extending from near the valence band edge to about
1.9 eV below Ec. In particular, the introduction of manganese into
the TiO2 lattice results in Mn3+ ions sitting on the Ti4+ lattice acting
as Mn3+ p-type dopants at �1.9 eV. The MnO energy level and the
hole associated with it, lie almost exactly in the middle of the band
gap, giving a level for any photogenerated charges to de-excite.
This reduces free radical generation by more than 95%. Moreover,
they showed that an increase of surface electron mobility requires
a net transfer of bulk acceptor electrons to surface states that
increases with temperature. This requires that the ratio of the E2/
E1 electrons photoexcited to the conduction band to be signifi-
cantly greater than unity for hv � 2.5 eV, a character consistent
with the p-type nature of the samples.



Fig. 3.10. The direct band gap for TiO2:Mn.
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4. Conclusions

TiO2:Mn nanoparticles as in Optisol, are based on rutile, the
most stable form of TiO2 that is also less photoactive than the ana-
tase crystal polymorph. In particular, the average size of the engi-
neered TiO2:Mn nanoparticles, which is as an average of over
30 nm, ensures a balance between sufficient transparency, without
enhancing ROS production, a feature essential in cosmetic industry
to minimize skin damage. In particular, rutile being a direct semi-
conductor accounts for shorter photoexcited carrier lifetimes, jus-
tifying this less photocatalytic nature, compared to anatase, which
is an indirect semiconductor. Furthermore, the introduction of
manganese, Mn3+ ions, into the rutile TiO2 lattice results in p-
type dopant energy levels. In addition, the MnO energy level and
the hole associated with it, lie almost exactly in the middle of
the band gap, giving a level for any photogenerated charges to
de-excite. Moreover, it can be argued that for Mn doped p-type
titania it is not energetically possible for the hole created in the
valence band to create an OH. free radical. As a result, above pro-
cesses reduce free radical generation in TiO2:Mn by more than 95%.
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