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Abstract

Apparently C-doped and undoped or pure nanoparticles of anatase were synthesized using a microwave hydrothermal process in the
temperature range of 140-180 °C for 1h from several Ti precursors, such as Ti ethoxide, Ti isopropoxide and Ti oxysulfate.
Nanoparticles of anatase samples were characterized by powder X-ray diffraction, transmission electron microscopy (TEM) and
photocatalytic activity measurements. Results showed that nanoparticles in the size range of 4-17 nm of anatase were obtained in all
cases with surface areas in the range of 151-267 m?/g. The photocatalytic activity of the prepared titanias was measured using methylene
blue (MB) and NO, molecules. Because MB has very strong adsorption on the samples, photocatalytic degradation under either solar
light or black light irradiation was found to be very limited. However, the DeNOy abilities of carbon-doped titanias were higher than
those of Degussa P25 commercial titania sample and undoped or pure titanias especially under irradiation by long wavelength or visible
light (> 500 nm).
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titania or titanium dioxide is a naturally recurring
mineral, and it is well-known that it has three polymorphs,
i.e., anatase, rutile and brookite. The formation of a
particular polymorph depends on starting material, synth-
esis method, calcination temperature, etc. Titania has a lot
of applications, such as pigment, sunscreen, semiconductor
and photocatalyst, because it is cost-effective, non-toxic
and stable. It is widely used as a white pigment because of
its brightness and very high refractive index. In cosmetic
and skin care products, it was used for sunscreen because
of its protection from UV radiation. Since the early 1970s’
titanium dioxide, TiO, has been developed as a semicon-
ductor photocatalyst that can be used for solar energy

*Corresponding author.
E-mail address: komarneni@psu.edu (S. Komarneni).

conversion, water splitting, water and air purification and
self-cleaning application of surfaces [1,2].

Fujishima and Honda [1] found that water can be
decomposed into oxygen and hydrogen on TiO, electrode
by irradiating light of wavelength shorter than 415 nm
irradiation. This work has triggered research on synthesis
of titania by many methods. There are various methods for
synthesis of TiO,, such as sol-gel, solid-state, chemical
vapor deposition, hydrothermal process, etc. The solid-
state synthesis process is the most commonly used techni-
que for ceramic material’s synthesis, while sol-gel has
become popular in the last several decades. The sol-gel
process starts from inorganic metal salts or metal organic
compounds, which will form network structures by care-
fully controlled hydrolysis and polymerization reactions [3-5].
Chemical vapor deposition (CVD) is the process in which a
vapor state of a material is condensed to form a solid-phase
material. This process is often used in the semiconductor
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industry to produce thin films, and therefore, CVD is a good
method for coating TiO, onto many particles, such as silica
gel, fumed silica, ZSM-5, etc. [6-9]. For example, Wu et al.
have developed a method to synthesize carbon-doped TiO,
spheres on Ti substrates and carbon-doped TiO, nanotubes
within nanochannels of alumina template by using CVD
process [10].

Hydrothermal method has recently become one of the
most widely used methods to obtain nanophases of cera-
mics although overall chemical routes performed under
usual pressures are more widely used methods than hydro-
thermal ones. Conventionally, it is conducted in autoclaves
with Teflon vessels under controlled high temperature and
high vapor pressure. It is easy to adjust particle size, shape
and crystallinity of metal oxides by changing reaction
temperature, pH, additives, heating time, etc. Therefore,
the hydrothermal method has become very popular for
synthesis of TiO, [11]. One of the disadvantages of the
conventional hydrothermal process is that it uses long
heating time of several hours. For faster hydrothermal
process, Lazau and coworkers developed a novel fast-
hydrothermal method that reduced the synthesis-cycle time
to 15-30 min (fast-hydrothermal) [12]. Another way to cut
down synthesis-cycle time and energy usage is the use of
microwave hydrothermal method. Microwave radiation
was applied to prepare various metal oxides including
TiO, by Komarneni and coworkers in 1992 and they
coined the term ‘“‘microwave-hydrothermal” process [13].
The microwave hydrothermal process used only 0.5-2 h for
synthesis of rutile titania. On the other hand, conventional
hydrothermal process needed more than 72h for rutile
phase using the same chemicals [13]. In later studies, they
controlled particle size, morphology, and polymorph of
titania under microwave-hydrothermal conditions by
adjusting the various reaction parameters, such as pH,
heating time, pressure, etc. [14]. Very recently, Yin et al.,
synthesized nitrogen-doped titania nanoparticles by the
microwave hydrothermal method in 5-60 min and they
showed excellent photocatalytic ability for the oxidative
destruction of nitrogen monoxide under irradiation of both
visible-light (4 > 510 nm) and UV light [15,16].

During the earlier years of photocatalyst development,
unsubstituted or undoped TiO, was widely used in air or
water purification. Because the band gap of TiO, is 3.2 eV,
it requires the UV light for effective photocatalytic activity,
but this is only 3-5% in solar light. Because visible light is
the main part of solar light, increasing the photocatalytic
degradation property of titanium dioxide in visible light is
of paramount importance. To achieve this, many studies of
doping TiO, with metals, such as Cu, Co, Ni, Cr, Mn, Mo,
V, Fe, Au, Ag, etc. [17-28] or non- metals, such as N, S, C,
B, P, I, F, etc.[11,12,16,22,29-37] were done to lower the
band gap of titania. For metal-doped TiO,, the photo-
catalytic activity in visible light can be explained by the
fact that an electron is promoted to a new conduction
band that has lower energy than with the undoped sample.
On the other hand, for titania doped with nonmetals, there

are three main hypotheses to explain the mechanism of
TiO, for the photocatalytic activity in visible light, i.e.,
band gap narrowing, impurity energy levels, and oxygen
vacancies [38—41]. The main non-metal dopants are carbon
or nitrogen, but carbon-doped TiO, was shown to be more
active for photocatalysis reaction than N-doped TiO, [42].

For the above reason, there are numerous experimental
studies that report on the synthesis of carbon-doped TiO,.
For example, Li et al. successfully prepared carbon-doped
titania by hydrothermal process, and the sample showed
highly efficient photocatalytic activity, i.e., about 11 times
higher than that of Degussa P25 TiO, in degradation of
methyl orange [43]. Another example is by Lee et al. who
synthesized carbon-doped titania with a mesoporous
structure in a simple one-step chemical synthesis. This
carbon-doped titania has high photocatalytic activity
under visible light at a wavelength of less than 550 nm
[44]. The final example is that by Dong et al., who
developed a green synthetic route for visible light photo-
catalytic materials. This method produced pure product
using minimum energy and without harmful reagents or
unstable precursors. Glucose (CsH1,0¢)3¢ Was commonly
used as a green chemical precursor as the carbon dopant
for TiO,. The above carbon-doped TiO, had good photo-
catalytic activity for degradation of toluene in the gas
phase under visible light irradiation compared to commer-
cial grade Degussa P25 [33]. There is still a need to develop
greener, faster and better carbon doped TiO, materials for
photocatalytic activity in visible light.

Therefore, the objective of this study was to develop a
simple one-step microwave-hydrothermal process for
synthesis of carbon-doped TiO, for photocatalytic reac-
tions. Microwave-hydrothermal process is a green process,
which leads to considerable energy savings because of
rapid synthesis [14,15,33,45].

2. Experimental section
2.1. Materials

The following chemicals were used for synthesis of titania
under different conditions: titanium (IV)isopropoxide,
C2H5304Ti (98% Acros Organic), titanium (IV) oxysulfate
sulfuric acid, TiOSO,4-xH,O+H,SO,4 (81.7% Alfa Aesar),
titanium (IV) ethoxide (99% Alfa Aesar), D-(4)-glucose,
CeH1206 (99.5% Sigma Aldrich), D-(4)-sucrose, C;,H»O1;
(99.5% Fluka) and B-cyclodextrin, C4»H79O35 (Alfa Aesar).
All the titania samples were synthesized using the above
chemicals in de-ionized (DI) water.

2.2. Methods

2.2.1. Microwave hydrothermal synthesis

First, 0.0125 mol of titanium precursor were mixed with
a carbon source (glucose, sucrose or cyclodextrin) and
35 ml of DI water by stirring in a Teflon vessel. The molar
ratios of glucose, sucrose, and cyclodextrin to titanium
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precursors are 1:50, 1:100 and 1:350, respectively. Then,
the Teflon vessel was hydrothermally heated at different
temperatures of 140 °C, 160 °C or 180 °C for 1 or 2 h by
the microwaves in a MARS-5 instrument. This M-H
system operates under controlled temperature or pressure
conditions using a 2.45 GHz frequency. The power of this
unit can also be controlled from 0 to 100% with a total
power of 1.2 KW, but all our experiments were conducted
at a power of 300 W. The synthesized titania was separated
by centrifugation and washed with DI water and ethanol
several times to remove soluble species followed by drying
in an oven at 60 °C. Undoped-TiO, samples were labeled
as TI for samples made from titanium isopoproxide, TO
for titanium oxysulfate-sulfuric acid and TE for titanium
ethoxide. For carbon doped samples, they were designated
as G-, S-, and D- for carbon sources of glucose, sucrose
and cyclodextrin, respectively.

2.2.2. Characterization

All dried powder samples were characterized by powder
X-ray diffraction (XRD) with Cu Ka radiation (40 kV,
40 mA) using an X’ Pert MDP, PAN analytical instru-
ment. This scan speed was 0.1358 20 s~ ! to determine the
crystal phases and their crystallite sizes. Morphology and
particle sizes were observed by transmission electron
microscopy (TEM). Titania powders were dispersed in
alcohol, dropped onto copper grids that were coated with
collodian and carbon films and then dried in air. The TEM
images were obtained from JEM-2010 instrument (JEOL,
Tokyo, Japan) at an acceleration voltage of 200 KV. The
Brunauer-Emmett-Teller (BET) specific surface areas
(Sger) of the samples were analyzed by Autosorb-1
instrument made by Quanta Chrome Company. The
BET surface areas were obtained at liquid nitrogen
temperature using several values (Multi-point) of nitrogen
adsorption in the P/P, range of 0.05-0.25. All the samples
were degassed at 150 °C for 3 h prior to surface area
measurements.

2.3. Photocatalytic activities

2.3.1. NO, destruction

The photocatalytic activity for nitrogen monoxide
destruction was determined by measuring the concentra-
tion of NO gas at the outlet of the reactor (373 cm® of
internal volume) during the photo-irradiation of a constant
flow (200 cm® min~") of a mixture containing 1 ppm NO-
50 vol.% air (balance N,). The photocatalyst was placed in
a hollow tube of 20 mm length x 16 mm width x 0.5 mm
depth of a glass holder plate and set in the bottle at the
center of the reactor. The photocatalyst under test was first
equilibrated with the flowing NO gas before turning on the
light. A 450 W high-pressure mercury arc was used as the
light source. The wavelength was controlled by selecting
filters, i.e., Pyrex glass for > 290 nm, Kenko L41 Super
Pro (W) filter for > 400 nm and Fuji triacetyl cellulose
filter for > 510nm. The concentration of NO was

determined using a NO, analyzer (Yanaco, ECL-88A). It
has been reported that during the photocatalytic destruc-
tion, about 20% of NO is directly reduced to N,, and the
other 80% is oxidized to NOj species. For comparison,
the photocatalytic reaction was also carried out using the
standard commercial titania, Degussa P25.

2.3.2. Methylene blue (MB) decomposition

First, adsorption of methylene blue on titania without
irradiation was determined. Photocatalytic degradation of
MB was determined under different irradiation sources after
adsorption-desorption equilibrium. The equilibrium concen-
tration of MB was used as the initial value for the photo-
decomposition processes. MB degradation was conducted
using a solar simulator as a light source (light intensity
70 W/m?) and using an 8 W black light irradiation. MB
decomposition experiments were conducted using 200 mg
catalyst, 50 ml aqueous MB solution (initial concentration:
100 mg/L) under either solar light or black light irradiation.

3. Results and discussion

Table 1 shows the results of one undoped titania using
Ti isopropoxide at 160 °C and several C-doped titania
syntheses using titanium isopropoxide and ethoxide and
various C sources, such as glucose, sucrose and cyclodex-
trin in the temperature range of 140-180 °C for 1 h. These
samples are expected to be doped with carbon as previous
results by Dong et al. [33] clearly showed C-doping of
anatase in hydrothermally prepared titania with glucose at
160 °C. Carbon was proposed to be doped into the TiO,
lattice in the form of substitutional carbon for oxygen sites
as evidenced by XPS data [33]. Although we have not used
XPS in this study to show carbon doping of anatase
synthesized here, we are assuming that our samples
prepared in a similar way are doped with C. Recently
sophisticated analyses by Kremenovic et al., [46] of TiO,
nanoparticles pointed out very complex nanostructure with
amorphous skin that could help to retain the carbon as
second phase. However, we could not detect any carbon
phase although further studies would be needed to rule this
out. All the syntheses yielded the single phase anatase as
revealed by X-ray diffraction. We have verified that all
samples are anatase using XRD data as no peak of
brookite was present at 2.9A, XRD reflection (121) and
no peak of rutile was present at 3.25A, XRD reflection
(110). The XRD results revealed broad (101) reflections
suggesting the formation of nanoparticles of anatase
(Fig. 1). Crystal sizes of all the anatase samples were
calculated based on Scherrer’s formula using (101) reflec-
tion and are listed in Table 1. These results confirmed the
formation of nanoparticles of anatase in the range of
about 5-5.7 nm (Table 1). Transmission electron micro-
scopy of selected samples further confirmed the formation
of nanoparticles of anatase (Table 1 and Fig. 2). Selected
anatase samples also showed very high specific surface
areas, which are reflections of their nano-size (Table 1).
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Characteristics of C-doped titanias synthesized by microwave-hydrothermal reactions using Ti and C sources at different temperatures for 1 h.

Treatment Characterization

Ti source C C:Ti Temperature (°C) Crystallite size (nm) Specific surface area
source —_—

XRD TEM (m?%/g)

Ti ethoxide Glucose 3:25" 140 5.2 - -

Ti ethoxide Glucose 3:25 160 5.5 - -

Ti isopropoxide Glucose 3:25% 140 5.0 - -

Ti isopropoxide Glucose 3:25% 160 5.3 6-8 262

Ti isopropoxide Glucose 3:25% 180 - - -

Ti isopropoxide Glucose 9:25% 140 5.1 - -

Ti isopropoxide Glucose 9:25% 160 5.0 - -

Ti isopropoxide Glucose 9:25% 180 5.2 - -

Ti isopropoxide Sucrose 3:25% 160 5.3 4-8 267

Ti isopropoxide Sucrose 9:25% 160 5.1 - -

Ti isopropoxide Dextrin 3:25% 160 5.7 - 236

Ti isopropoxide None - 160 5.6 5-10 235

*When C in Titanium(IV)ethoxide is included, the C: Ti ratio is 203: 25.

#When C in Titanium(IV)isopropoxide is included, the C: Ti ratio is 303: 25.
¥When C in Titanium(IV)isopropoxide is included, the C: Ti ratio is 309: 25.
*¥When C in Titanium(IV)isopropoxide is included, the C: Ti ratio is 300: 25.

(101)

d=3.52

d=3.52
(b)

Intensity

d=3.52

22 24 26 28 30 32 34
Two-theta (deg)

Fig. 1. XRD patterns of microwave-hydrothermally synthesized anatase
at 160 °C/ 1 h, (a) from Ti oxysulfate, (b) from glucose+Ti oxysulfate,
(c) Ti isopropoxide and (d) glucose+ Ti isopropoxide.

Table 2 shows the results of hydrothermal syntheses of
C-doped and undoped anatase, which were synthesized
using titanium oxysulfate and various C sources at differ-
ent temperatures for 1 h. Based on the XRD analyses, the
crystal sizes of anatase formed from Ti oxysulfate with or
without carbon source are larger than those from the Ti
isopropoxide source (Tables 1 and 2; Fig. 1). The surface
areas of anatase samples from Ti oxysulfate are also much
smaller than those synthesized from Ti isopropoxide
(Tables 1 and 2) again reflecting a larger crystal size with
the former precursor. Transmission electron microscopy

showed somewhat well-defined particles from pure Ti
isopropoxide precursor, while those from pure Ti oxysul-
fate source showed slightly aggregated masses (Fig. 2a and
b). However, the particles from all samples containing Ti
oxysulfate showed larger particles than those samples
containing Ti isopropoxide, confirming the results from
XRD particle size analyses and surface area analyses
(Tables 1 and 2).

Fig. 3 shows the XRD patterns of hydrothermally
treated Ti oxysulfate and Ti isopropoxide with and with-
out glucose as a carbon source at 160 °C for 1 h. All of
them consisted of anatase phase. The carbon doped
anatase samples exhibited almost exactly the same XRD
patterns as those of undoped or pure anatase. Therefore,
carbon doping did not significantly change the crystallinity
or the polymorphic phase. The anatase phase derived from
Ti isopoproxide showed broader (101) reflection than that
from the Ti oxysulfate. The broadening of peaks is an
indication of the smaller crystallite size and hence Ti
isopoproxide yielded smaller crystals with higher surface
area than the Ti oxysulfate precursor (Tables 1, 2 and 3).
In general, the surface areas of carbon-doped TiO, were
found to be slightly larger than those of the undoped-TiO,
(Table 3).

The photocatalytic activity of the prepared titanias was
measured using two model molecules, i.e., MB and NO,.
For an example, the MB adsorption and decomposition
are shown for one anatase sample prepared from Ti
isopropoxide with glucose at 160 °C for 1 h. MB has very
strong adsorption on the anatase sample (Fig. 3a). Thus,
photocatalytic degradation under either black light
(Fig. 3b) or solar light irradiation (Fig. 3c) was limited.
Therefore, we used NOy decomposition to show the
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Fig. 2. TEM images of microwave-hydrothermally synthesized anatase at 160 °C/ 1 h, from (a) Ti isopropoxide, (b) Ti oxysulfate, (c) glucose+ Ti isopropoxide,
(d) glucose+ Ti oxysulfate, (e) sucrose+ Ti isopropoxide and (f) sucrose+ Ti oxysulfate.

Table 2

Characteristics of C-doped titanias synthesized by microwave-hydrother-
mal reactions using titanium oxysulfate and various C sources at different
temperatures for 1 h.

Treatment Characterization
Ti C C:Ti  Temperature Crystallite Specific
source  source °O) size(nm) surface
area
XRD TEM (m%/g)
TO® Glucose  3:25 140 8.3 - -
TO® Glucose 325 160 10.9 10~ 158
17
TO® Glucose 325 180 14.3 - -
TO® Glucose  9:25 140 86  — -
TO® Glucose 925 160 109 - -
TO® Glucose  9:25 180 144 - -
TO® Sucrose  3:25 160 11.7 8-12 169
TO® Sucrose  9:25 160 145 - -
TO® Dextrin ~ 3:25 160 106 - 163
TO® None - 160 11.2 815 151

TO®=Titanium(IV) oxysulfate.

differences in photocatalytic activities between apparently
C-doped and undoped anatase samples.

In terms of the DeNO ability of the synthetic samples, the
results showed that the photocatalytic activity of carbon-

1.0F T y T U 1 i I I I
08| Light on T
06 ]

. s
S (@) —_— Q
g . 1 100

04l Photocatalysis
- a_(b) o8
/ ‘__‘—‘__. -
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406
.\.\_(EL |
0.0 ' ' : : e
0 30 60 90 120 150 180
Time /min

Fig. 3. Methylene blue adsorption and decomposition by C-doped
anatase prepared from Ti isopropoxide+ glucose at 160 °C/1 h synthe-
sized by microwave-hydrothermal reactions. Adsorption of methylene
blue for 90 min without irradiation (a), photocatalytic degradation of
methylene blue after MB adsorption for 90 min followed by irradiation
with a solar simulator light (b) and an 8 W black light (c).

doped titanias, both doped by glucose and sucrose, were
higher than those of Degussa P25 commercial sample and
undoped or pure titanias (Table 3; Fig. 4), especially under
irradiation by long wavelength or visible light (> 500 nm).
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Table 3

Crystallite size, BET specific surface area and DeNOy ability of different samples synthesized by microwave-hydrothermal process.

Sample™ Crystallite size (nm) Sget (m?/g) DeNOy (%)
> 510 nm > 490 nm > 290 nm

P25 20.3™* 517 5.4 29 61.2
TI 5.6 235 8.9 353 59.7
G-TI 5.3 262 38.8 48.9 69.4
S-TI1 5.3 267 41.6 51.2 72.5
D-TI 5.7 236 - - -
TO 11.2 151 6.0 14.7 45.1
G-TO 12.5 158 12.0 19.7 63.4
S-TO 11.7 169 20.1 31.3 69.5
D-TO 10.6 163 - - -

*P25=Standard Degussa titania; TI=Ti isopropoxide; TO=Ti oxysulfate; G =glucose; S=Sucrose; D =Dextrin.

**Dong et al. [33].

80
701
S 607
£ 507 : = P25
g 0 = G-TO
g X1 — G-Ti
E) o h e
10-;: B i
0 : : :

>510 nm >400 nm

Wavelegth (nm)

>290 nm

Fig. 4. Bar chart of photocatalytic activities in decomposing NOy gas at
different wavelengths by commerial titania P25 and the samples synthe-
sized by microwave-hydrothermal process (G-TO=glucose+Ti oxysul-
fate; G-TI=glucose+ Ti isopropoxide; S-TI=sucrose+ Ti isopropoxide)
of this study.

This indicates that the energy band gap is lower in the C-
doped titania because of a new energy level formed. When
titanias doped with different kinds of carbon sources are
compared (Fig. 4), the titania doped by sucrose gave a
slightly higher DeNO, ability than that of glucose because
sucrose-doped titanias had higher specific surface areas
(Table 3). Titanias with larger specific surface areas can offer
more active sites for heterogeneous catalysis and hence the
photocatalytic activity in decomposing NO, was higher with
higher surface areas of titanias. A similar explanation is
applicable to the two different kinds of titanium sources used
in this study. Titanium isopoproxide gave titanias of higher
surface are than titanium oxysulfate, and hence titanias from
Ti isopropoxide were better for DeNO, than those made
from Ti oxysulfate.

4. Conclusion

Nanoparticles of C-doped and pure or undoped anatase
were rapidly synthesized using Ti isopropoxide, Ti eth-
oxide and Ti oxysulfate with several carbon sources, such

as glucose, sucrose or cyclodextrin at 140-180 °C within
1 h. The C-doped anatase materials of very high specific
surface area exhibited very high photocatalytic activity in
the decomposition of NOj.
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