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Facile Synthesis of Visible Light Activated Carbon-incorporated Mn
Doped TiO, Microspheres via Flame Thermal Method
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Abstract: Carbon-incorporated Mn doped TiO, (C/Mn-TiO,) microspheres with different Mn contents were prepared

by a facile and novel flame assisted approach. The influence of the Mn contents on the morphology and performance

was investigated by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), ultravio-

let-visible diffuse reflectance spectroscopy (DRS), X-ray photoelectron spectra (XPS) and Raman spectra, respectively.

SEM and XRD results showed the existence of anatase TiO, microspheres without post-heat treatment. XPS and Ra-

man results confirmed Mn®* substitution of Ti*" in the resulted samples. UV-Vis diffuse reflectance spectra showed that

the incorporation of Mn into TiO, lattice could enhance visible light absorption. Improved photocatalytic activity for

the degradation of methylene blue (MB) under visible light illumination was demonstrated with the introduction of Mn

dopant. The introduction of Mn resulted in the narrowed band gap in C/Mn-TiO,. This study offers not only an envi-

ronmentally friendly product with high photocatalytic activity, but also a rapid and direct strategy without any particu-

lar skill.
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TiO, has been widely exploited for various applications,
such as purification of air, bactericidal action, self-clean-
ing, and degradation of organic pollutant compounds in
wastewater!' ). However, TiO, is known as a wide band
gap semiconductor (3.0 eV for rutile and 3.2 eV for ana-
tase)”’. This means TiO, can only be activated by UV ir-
radiation. Besides, the fast recombination of photoinduced
electrons and holes leads to a lower efficiency of
photoquantum. Therefore, it is of great importance to de-
velop efficient visible light responsive photocatalysts by
modification of Ti02[4].

The doping of transition metals has been widely studied
in order to improve the photocatalytic performance of
TiO,, such as doping with Fel %, Cr7), v Mn*'4 etc.
Deng, et al'” prepared Mn-doped TiO, powders by
Sol-Gel method, and followed by further calcination.
Their results showed that the introduction of Mn dopants
could improve the photocatalytic activity of TiO, and the
optimum amount of Mn dopants was 0.2at%. Liu, et al''"
fabricated Mn-doped TiO, by reactive magnetron sputter-
ing deposition at 550°C. The incorporation of Mn in the
TiO, lattice introduced intermediate band into its narrowed
forbidden gap, leading to remarkable red-shifts in the op-
tical absorption edges. However, their synthesized meth-

ods relied highly on expensive equipment or complicated
experiment process, which may hinder its wide applications.
It is still a great challenge to search for effective and facile
approaches to prepare Mn doped TiO, photocatalysts.

Recently, we have developed an easy and facile method
to synthesize carbon-incorporated titanium dioxide (C/
TiO,)!"*', Ta,04™ and Nb,0s!'® powders with the ad-
vantage of simple processing, short reaction time and only
one step to final product with improved photocatalytic
activities. This new approach provides the feasibility for
the preparation of other modified TiO, materials with
higher photocatalytic performance. We are highly inter-
ested in whether this method is suitable for the fabrication
of Mn-doped TiO, and its photocatalytic activity. Herein,
we synthesized Mn doped C/TiO, materials and demon-
strated their enhanced photocatalytic activity in this work.
Influences of Mn content on the phase composition, mor-
phology, and photocatalytic performance of the samples
were discussed, respectively.

1 Experimental

1.1 Preparation of C/Mn-TiO, photocatalysts
Tetrabutyl orthotitanate (98%, TBOT), absolute ethanol
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(AR) and manganese (II) acetyllacetonate were used as
received to prepare C/Mn-TiO, materials. By controlling
different amounts of manganese (II) acetyllacetonate with
molar ratio of Mn to Ti varying from 0.1mol% to 1mol%,
the ternary mixtures of 35 mL ethanol, 5 mL of TBOT and
the required amount of manganese (II) acetyllacetonate
were homogeneously mixed. Then the mixed stable and
clear solution were ignited by a burning match, respec-
tively. The combustion process was gentle and gray pow-
ders can be obtained finally. The as-prepared samples
were denoted as C/X-Mn-TiO,(X represents the molar
content of Mn). For comparison, C/TiO, was also prepared
by the same method with the absence of manganese (II)
acetyllacetonate.
1.2 Characterizations

The phase composition of the resulted samples were
characterized by XRD on a Bruker D/8 advanced diffrac-
tometer using Cu Ka and laser Raman microspectroscopy
(He-Cd UV laser, excitation source of wavelength 442 nm,
Renishaw in Via). The X-ray photoelectron spectroscopy
(XPS) was measured using a RBD upgrated PHI-5000C
ESCA system (Perkin Elmer) with Mg Ka radiation with
the binding energies calibrated based on the contaminant
(C1s-284.6 eV). The morphologies and microstructures
were characterized using FE-SEM (Philips XL.30). EDAX
Genesis system was applied for the elemental analysis. The
UV-vis diffuse reflectance spectra (DRS) were recorded
using a Cary-500 Scan UV-vis spectrophotometer.
1.3 Photocatalytic experiments

The photocatalytic reactor is made of quartz tube with
inner diameter of 6 mm and length of 304.8 mm. The
cooling jacket around the reactor can effectively preclude
IR part of the spectra from penetrating into the reactor.
This design helps in cooling the lamps along to maintain
constant reactor temperature. A specific amount (25 mg)
of each photocatalyst powder was suspended in 10 mL of
methyl blue (MB, 5 mg/L) aqueous solution and kept in
dark for 2 h to achieve adsorption/desorption equilibrium.
The of the suspension temperature was maintained at 25.0°C
during the photocatalytic reaction and 3 mL of MB solution
was taken out every 20 min to analyze the concentration of
MB with UV-Vis absorption spectroscopy.

2 Results and discussion

Figure 1 shows XRD patterns of C/TiO, and C/Mn-TiO,
with varying dopant levels. As seen in Fig. 1, these peak
positions revealed that all of the samples consisted only
of anatase and secondary phases resulting from the dop-
ing of Mn were not present or below the level of detec-
tion of the instrument. The absence of Mn suggests that

Mn may be incorporated in TiO, lattice or their respective
oxides are present at levels below detection level of XRD,
which agrees with the previous reports''” "1, The (101)
peak gradually shifts with the introduction of Mn as
shown in inset of Fig.1, an enlarged view of the XRD pat-
terns. The shift of the (101) peak can be attributed to the
substitution of large sized Mn*'(0.080 nm) on the
Ti**(0.068 nm) site of anatase TiO,**.

Chemical analysis has been performed with X-ray pho-
toelectron spectroscopy as shown in Fig. 2. Figure 2(a)
shows the finely scanned Ti2p peak of the samples. Two
peaks with binding energies of 458.6 eV and 464.3 eV
were observed, which could be attributed to Ti2p3/2 and
Ti2p1/2 for Ti (IV) of titania, respectively!™>*. Addition-
ally, the position of the Ti2p peaks showed slight shifts
toward higher energies compared to the values of the bare
TiO,, the shift of peaks can support the doping of Mn ions
into the TiO, lattice!”**). Figure 2(b) and Fig. 2(c) showed
the XPS of Cls core level of the samples. Three peaks at
284.6, 285.7 and 288.6 ¢V can be identified, respectively.
The strong peak at 284.6 eV was assigned to elemental
carbon, arising from the incomplete burning of organic
compounds, and the adventitious carbon absorbed on the
surface of the sample. The other two small peaks were
assigned to C-O bonds, which can be attributed to the
insufficient hydrolysis of TBOT.

Figure 2(d) and Fig. 2(e) showed the XPS spectra of
Ols core level of the samples. Only two peaks occured at
531.5 and 530.1 eV for C/TiO, in Fig. 2(d), which could
be attributed to —OH on the surface and Ti—O-Ti. Four
peaks at 532.8, 531.4, 530.8 and 529.9 eV can be identi-
fied for C/0.5%Mn-TiO, as shown in Fig. 2(e), which
were assigned to C—O, —OH on the surface, Ti—-O-Ti and
Ti—O— Mn, respectively!'* 2.
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Fig. 1 XRD patterns of the as-prepared C/TiO, (a) and C/Mn-
TiO, (b-d)

The content of Mn in samples (b-d) is 0.1% (b), 0.5% (c) and 1% (d),
respectively. (A: anatase) and the enlarged view of the (101) peak
position (insert)
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However, the actual valences of Mn could not be de-
termined owing to their low concentrations'” '\, Laser
Raman microspectroscopy is a better choice in the detec-
tion of very low levels of secondary phases considering
the much higher sensitivity. The Raman spectra of C/TiO,
and C/0.5%Mn-TiO, are shown in Fig. 2(f). All of the fab-
ricated samples were composed of anatase (peaks at ~144
and 639 cm™), which agrees well with the XRD results.
While, the shift of Raman peak at ~144 cm™ for
Mn-doped samples was observed compared to the un-
doped sample. Since the laser Raman spectra signal de-
pends on vibrational models, the formation of the solid
solution caused the alteration of the lattice and the associ-
ated peak shift. The lowest-frequency E, mode is closely
related to the grain size of the TiO, nanoparticles. This
mode is sensitive to local oxygen coordination surround-
ing the metal ion'**.

The expanded view of this mode in the inset of Fig. 2(f)
shows that the Raman E, peak. The peak of TiO, becomes
blue shifted as TiO, is incorporated with Mn. The radius
of Mn®" is 0.080 nm, which is higher than that of Ti*"
(0.068 nm)™*"). If doping occurs at a substitutional position
on the Ti*' site, the Ti—-O—Ti bond would partly be re-
moved due to the formation of a Mn—O-Ti bond. The
strength of a bond is determined by its force constant which
is associated with frequency by veck?®!. Therefore, the

decreasing ratio of Ti—O/Mn—O bonds will contract the

lattice, thus shifting the E, position to higher wave num-
ber. Hence the formation of new Ti—-O—Mn bonds and the
removal of the Ti—-O-Ti bond can be explained from the
shifting of Raman peak!'”. This confirms the Mn*" sub-
stitution of Ti*"'%-2!],

Figure 3 shows the SEM images for the morphology of
the resulted samples. As seen in Fig. 3, TiO, spheres are
1-3 pm in diameter. No obvious differences are observed
with Mn dopant concentration below 1%. The EDX is
carried out on the selected area of the sample as shown in
Fig. 4. The EDX spectra of the sample confirmed the
presence of Ti, O, C and Mn.

The absorption spectra show the optical properties of
the synthesized samples (Fig. 5). The band structure of
pristine semiconductor TiO, is made up of Ti3d level
and O2p level which forms conduction band and va-
lence band, respectively, corresponding to the funda-
mental absorption edge at 380 nm'*”!. The introduction
of Mn dopants caused the shifting of the absorption
edge of TiO,.

TiO, exhibits both direct and indirect band gap. How-
ever, a lot of work shows that indirect band gap is more
common in anatase TiO,""). The band gap values of each
samples are shown in Table 1 and Fig. 6, respectively.
The effective optical band gap of TiO; is reduced to 3.19,
3.00, 2.87 and 2.73 eV as incorporation of 0, 0.1%, 0.5%,
1% Mn, respectively.
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Fig. 2 XPS spectra (a-¢) and laser Raman spectra (f) for the samples
XPS for Ti2p core level (a), Cls core level of C/TiO, (b) and C/0.5% Mn-TiO; (c), Ols core level of C/TiO, (d) and C/0.5% Mn-TiO, (e). Laser
Raman spectra (f) of C/TiO; (red), C/0.5% Mn-TiO, (black), respectively, and the enlarged view of the intense E, peak (insert in (f))



% 93 SUN Tong, etal: Facile Synthesis of Visible Light Activated Carbon-incorporated Mn Doped TiO, Microspheres. .. 1005

Fig. 3 SEM images of the as-prepared C/TiO, (a) and C/Mn-
TiO; (b-d)

The content of Mn in samples is 0.1% (b), 0.5 % (c) and 1% (d), re-
spectively
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Fig.4 EDX spectra of C/1% Mn-TiO,
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Fig. 5 UV-Vis diffuse reflectance spectra of as-prepared C/
TiO, and C/Mn-TiO,

This reduction can be attributed to band gap renor-
malization effect. In consistency with this effect, intro-
duction of extra electrons in the form of Mn leads to the
hybridization of the d-states of Mn with the conduction

band edge of the host. This effect leads to an uplift of the
valence band maximum and downward shift of the con-
duction band minimum with an effective reduction in
band gap®®'!. The interaction of the electrons in d-states
of Mn with the host conduction electron is enhanced with
the increase in the concentration of the dopants, resulting
in the lowering of the effective band gap of TiO,*?!. Shao,
et al calculated the band gap of Mn-doped TiO, via DFT
method and explained that the introduction of Mn dopant
could create Mn d-states in the band gap and interaction
of these d-states with the host electrons, thus leading to
narrowed band gap"*?.

The photocatalytic activities of the as-prepared mate-
rials were carried out under visible light irradiation. MB
was used as the model contaminant, a dye widely used as
an indicator to study the photocatalytic activities of dif-
ferent photocatalysts’®) . MB exhibits absorption peaks
in the visible light. Thus, monitoring the absorbance at
664 nm is a good method to analyze the degradation
content via optical absorption spectroscopy. We studied
the photodegradation of MB in C-TiO, and subsequently
in C/Mn-TiO; in different contents by irradiating a mix-
ture of photocatalyst and MB with visible light.

Figure 7 shows the linear relationship between In(C,/C)
and reaction time for different TiO, photocatalysts pre-
pared in this work. All these plots were matched to the
first-order reaction kinetics, and the reaction rate con-
stant (K) can be calculated from the rate equation of
In(Cy/C)=kt (inset in Fig. 7), which can be used as an in-
dication of the photocatalytic activity. All the C/Mn-TiO,
exhibited improvement in photocatalytic activity com-
pared to the bare C/TiO,. It was found that the photocata-
lytic activity increased first and then decreased with in
creasing Mn dopants concentration. Especially,the optimal
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Fig. 6 Band gaps of as-prepared C/TiO, and C/Mn-TiO,
Table 1 Optical indirect band gaps of C/TiO,and C/Mn-TiO,

Mn doping 0 0.1% 0.5% 1.0%
Optical indirect band gap /eV ~ 3.19  3.00 2.87 2.73
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photocatalytic activity was observed for C/0.5%Mn-TiO,
among all the synthesized samples.

These results indicate that Mn-doped C/TiO, can lead
to better photocatalytic activity compared to C/TiO,. Car-
bon incorporated in TiO, microspheres could facilitate the
charge transferring process and work as a kind of photo
sensitizer of TiO,'* >, The introduction of Mn ions will
induce an intermediate band into the forbidden gap of
rutile TiO,, splitting the forbidden gap into pseudo-direct
upper and lower sub-gaps, which could narrow the band
gap of TiO,!"".The narrowed band gap enhanced the ab-
sorption of visible light and more charge carriers are gen-
erated!'"" **. The Mn®" half-filled electronic structure can
also accelerate charge transfer processes as the shallow
trap for the charge carriers, which will enhance the photo-
catalytic activity of TiO,. When Mn*" (d’) traps electron,
electronic configuration changes to d° and if it traps holes
its electronic configuration will be a highly unstable d*

state?”!

. The trapped electrons and holes will be trans-
ferred to generate superoxide radicals and hydroxyl radi-

cals as shown in Eqs. (1) - (4)P*.

Mn**+e” — Mn" (1)
Mn"+054s — Mn®" + O, (2)
Mn*"+h* — Mn*" 3)
Mn**+OH — Mn*'+OH (4)

However, k value decreased when the Mn content in-
creased to 1% in the sample, showing the poor photo-
catalytic performance. This may be attributed to the ac-
celerated recombination process, thus significantly re-
stricting the photocatalytic activity®* .
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Fig. 7 Photocatalytic activity of the samples in degradation of
MB under visible light illumination

C/TiO; (a) and C/Mn-TiO, (b-d). The content of Mn is 0.1% (b), 0.5%
(c) and 1% (d), respectively

3 Conclusions

A facile approach towards the synthesis of carbon-
incorporated Mn doped TiO, photocatalysts was devel-
oped by a one-step flame thermal method. XRD patterns

showed that the crystal structure of all as-prepared sam-
ples was anatase TiO,. The absorption edges of the mate-
rials were estimated from the absorption spectra and
were demonstrated to shift to longer wavelength with the
introduction of Mn dopants. The photocatalytic activity
for degradation of MB was improved by the introduction
of suitable amount of Mn, compared with that of C/TiO,.
The enhanced photocatalytic performance is attributed to
its enhanced visible light absorption and unique half-
filled electronic configuration. Furthermore, other codoped
metal oxides based on their corresponding metal precur-
sors could also be synthesized based on this simple and
facile method.
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