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a b s t r a c t

Visible light active polymorphic titania samples were prepared by post-treatment of a water-based
ambient condition sol (WACS) sample using a solvent-based ambient condition sol (SACS) process with
N-methylpyrrolidone (NMP) as the solvent. SACS samples were calcined in either air or nitrogen atmo-
sphere under various conditions. Nitrogen incorporation of SACS titania was investigated by CHN analysis
and X-ray photoelectron spectroscopy (XPS). All samples were also characterized by X-ray diffraction, N2
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physisorption, UV/Vis absorption spectroscopy, and TEM and compared to a commercial titania powder,
Degussa P25. The calcination conditions, especially the temperature and calcination atmosphere, have
an influence on the BET surface area, crystallite size, titania phase content, and photocatalytic activity,
evaluated by the degradation of methyl orange dye under visible light irradiation. SACS calcined in air at
200 ◦C for 2 h showed the best visible light activated photocatalytic performance in this study.
ethyl orange
hotocatalytic activity

. Introduction

It is known that titania is activated by ultraviolet (UV) light for
hotocatalytic reactions. However, visible light (VL), wavelengths
400–700 nm, is the major fraction (about 45%) of solar radia-

ion which has only 5% of UV with the remaining for infrared [1].
he band gap of titania is about 3.2 eV, which can only absorb
avelengths shorter than 388 nm, which is out of the VL region.

or efficient utilization of solar energy by titania photocatalysts,
arrowing its band gap to VL energy range is required. Many
esearchers have studied visible light active (VLA) anatase and
utile titania by doping the titanias with transition metals such as
e3+, Mo5+, Ru3+, Os3+, Re5+, V4+, or Rh3+, or non-metals such as
, C, F, P, or S to narrow their band gap. Asahi et al. [2] claimed

hat anionic doping is superior to metal cation doping since metal
ations often give localized d states deep in the band gap of titania
ut create new recombination centers of e−-h+. They reported that
-doped anatase titania showed higher photodegradation activi-

ies of methylene blue and gaseous acetaldehyde than un-doped

itania under VL (wavelength < 500 nm) [2]. They accounted for
he improvement by N-substitution into oxygen sites of titania.
he substitutional N doping was the most effective among other
on-metals doping since its p states contribute to the band gap nar-

∗ Corresponding author. Tel.: +1 864 6565348; fax: +1 864 656 1453.
E-mail address: burt.lee@ces.clemson.edu (B.I. Lee).
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rowing by mixing with O 2p states. However, only a few papers on
VLA brookite titania were found [3,4]. Recently, many studies have
been reported on preparation of nitrogen doped titania by using
various techniques such as annealing under a gaseous NH3 flow
[5], sputtering TiO2 in N2 gas [2], using an aqueous ammonia solu-
tion [6], urea [7], an amine precursor solution [8], or a solvothermal
treatment in N precursor solvents [3,9,10].

Our previous solvothermal titania study [9] reported that
the solvent-based ambient condition sol (SACS) process, using
N-methylpyrrolidone (NMP) as the solvent, enhanced the photo-
catalytic activities of polymorphic titania under VL irradiation. The
nitrogen atoms contained in NMP, when incorporated with titania,
narrowed the band gap of titania. The preliminary results showed
that the calcination temperatures affected BET surface area, particle
size, titania phase content, and photocatalytic activities. The results
presented below are from further examination of the influence of
calcination conditions, i.e., calcination atmosphere, temperature,
and time. The physical properties with nitrogen incorporation in all
titania samples are reported. The photocatalytic activities under VL
exposure, evaluated by the degradation of methyl orange (MO) dye,
are presented with that of a commercial reference titania, Degussa
P25.
2. Experimental

Polymorphic titania was prepared by the water-based ambient
condition sol (WACS) process, using titanium tetrachloride (TiCl4)

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:burt.lee@ces.clemson.edu
dx.doi.org/10.1016/j.jphotochem.2008.12.003


S. Kaewgun et al. / Journal of Photochemistry and Photobiology A: Chemistry 202 (2009) 154–158 155

Table 1
Experimental conditions used to produce polymorphic titania and % content of titania phase.

Sample ID % Content of TiO2 phase (wt%)a Mode of formation Preparation or post-treated
temperature (◦C)

Preparation or post-treated
time (h)

An Br Ru

WACS 48 50 2 WACS 83 15
WACS-200 45 53 2 Calcination of WACS 200 2
SACS 42 55 3 SACS of WACS 170 4
SACS-200/2/A 44 53 3

Calcination of SACS in
air

200 2
SACS-200/4/A 45 52 3 4
SACS-200/6/A 46 52 2 6
SACS-300/2/A 45 51 4 300 2
SACS-400/2/A 28 65 7 400 2
SACS-200/2/N 45 52 3

Calcination of SACS in
nitrogen

200 2
SACS-200/4/N 47 51 2 4
SACS-200/6/N 42 56 2 6
SACS-300/2/N 41 57 2 300 2
SACS-400/2/N 34 63 3 400 2
P25 79 – 21 High T flame oxidation N/A N/A
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at 400 ◦C either in air or N2 atmospheres. The crystallite size in
Table 2, calculated from the XRD data using the Scherrer equation,
of all prepared titania samples ranged from 5 to 10 nm, which is
approximately 3 times smaller than that of P25. This agrees well
a Obtained from XRD data; An, anatase; Br, brookite; Ru, rutile.

n a 1:2 ratio of water–isopropanol system with 0.3 M hydrochloric
cid under a refluxing condition as described in our previous papers
11–13]. The WACS samples were calcined in air at 200 ◦C for 2 h.

solvothermal post-treatment, or SACS [9,14–16], was applied to
odify the WACS samples. The SACS process was carried out in
-methylpyrrolidone (NMP) at 170 ◦C for 4 h in a sealed Teflon con-

ainer followed by calcination in either air or nitrogen at 200 ◦C for
, 4, or 6 h and also at 300 ◦C and 400 ◦C for 2 h. The nomenclature,
reparation conditions, and percent phase composition of titania
amples are given in Table 1.

Phase composition and crystallite size of all samples were
etermined, as shown in our previous reports [9,14,17], by X-ray
iffractometry (XRD) using XDS 2000, Scintag PAD V utilizing Cu
� radiation at 1.5406 Å, measured with a step size of 0.020◦ over a
ange of 20–35◦, and a 2� angular region. The BET surface area, pore
olume, and average pore diameter of the samples were determined
y N2 physisorption at −196 ◦C using a Micromeritics ASAP 2020
utomated system. The amount of nitrogen in the titania samples
as determined using a CHN analyzer (PerkinElmer 2400 SeriesII).

he chemical states of species in the TiO2 samples were inves-
igated using X-ray photoelectron spectroscopy (XPS), employing
ratos XPS with a monochromatic Al K� X-ray source system. Light
bsorbance of the titania samples were recorded using a UV/Vis
pectrophotometer of GretagMacbeth Color i5 across a UV/Vis range
f 360–750 nm.

The photocatalytic activities of TiO2 samples were evaluated
y observing the photocatalytic degradation of the MO under VL
rradiation with wavelength at 560–612 nm. The MO test exper-
ment followed the procedure found in the literatures [9,13,14].
itania samples of 0.2 g were added to 100 ml of 20 �M MO solution,
nd then stirred for 30 min without VL exposure and continu-
usly stirred throughout the reaction. A sample was taken every
0 min, then the titania particles were separated from the MO
olution by vacuum filtration to prevent scattering. A compact flu-
rescent lamp (Philips energy saver 60 soft white A19, 14 W) was
sed as the VL source. The quantitative spectral results of MO
ere monitored by a UNICAM UV/vis spectrophotometer (Model:
625). The MO degradation percent value, D, was calculated by
q. (1).
= A0 − A

A0
× 100% (1)

here, A0 is the initial 490 nm absorbance peak intensity and A is
he instantaneous 490 nm peak intensity [9,13,14].
3. Results and discussion

XRD patterns of all SACS samples are given in Fig. 1. The calcu-
lated percent of TiO2 phases from XRD data are shown in Table 1.
The phase composition of uncalcined WACS and SACS and calcined
SACS at 200–300 ◦C varied as follows: 50–55% brookite, 40–48%
anatase, and a small amount of rutile (less than 5%). The crystallinity
of the prepared WACS and post-treatment SACS samples was rel-
atively similar, as obtained from the XRD pattern. The proportion
of brookite and rutile in the structure increased for calcined SACS
Fig. 1. The XRD patterns of the prepared titania samples and P25 (A = anatase,
B = brookite, and R = rutile).
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Table 2
The physical properties of as-prepared titania and the reference P25.

Sample ID Crystallite size (nm)a BET surface area (m2/g)b Pore volume (cm3/g)b Pore size average (Å)b Doped N content (wt%)c

Anatase Brookite Rutile

WACS 6 8 19 163 0.1 25 0
WACS-200 6 7 18 157 0.1 27 0
SACS 7 8 12 133 0.1 24 0.09
SACS-200/2/A 6 8 11 138 0.1 25 0.16
SACS-200/4/A 6 9 11 171 0.1 24 N/A
SACS-200/6/A 5 7 19 172 0.1 25 0.12
SACS-300/2/A 6 8 13 143 0.1 29 0
SACS-400/2/A 8 10 20 68 0.1 60 0
SACS-200/2/N 5 8 14 139 0.1 24 0.77
SACS-200/4/N 5 7 14 128 0.1 24 N/A
SACS-200/6/N 5 9 19 118 0.1 24 0.13
SACS-300/2/N 5 9 13 114 0.1 27 0.33
SACS-400/2/N 9 10 21 82 0.1 42 0.01
P25 21 – 40 56 0.2 169 0

± 5%.
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time. The nitrogen, carbon, and hydrogen contents decreased with
increasing the temperature and time of calcination in either air or
nitrogen. Some of N, C, and H have been volatilized, expectedly more
from air calcination. SACS-200/2/N has approximately 5 times more
nitrogen content than SACS-200/2/A, since nitrogen in the SACS
a Calculated from XRD data using the Scherrer equation. Error of measurement =
b Using N2 physisorption at −196 ◦C. Error of measurement = ± 10%.
c Determined by CHN analyzer.

ith the size determined by TEM micrographs which was reported
n our previous work [9]. However, the rutile phase, which is very
mall in proportion within the prepared titania polymorph, shows
he crystallite size ∼10–20 nm.

BET surface areas, pore volume, and average pore diameter of
he titania samples are given in Table 2. The surface area of as-
repared titania samples is approximately 3 times larger than that
f P25 sample. The surface area of SACS, SACS-200/2/A, and SACS-
00/2/N samples were similar, approximately 15–20% less than that
f WACS and WACS-200 samples. It can be explained that calci-
ation at 200 ◦C for 2 h in either air or N2 could not completely
emove residual NMP on the titania surface. In Fig. 2, the surface
rea of calcined SACS samples in N2 atmosphere shows a decreas-
ng trend with increasing calcination temperature and time. This is
ttributable to the sintering of titania nanoparticles and the resid-
al decomposition products of NMP by the heat treatment. On the
ther hand, the surface area of calcined SACS samples in air for 4 and
h increased approximately 24% from those calcined for 2 h. Unlike
he calcination in nitrogen, some of NMP was oxidized and removed
rom the titania surface by the heating in oxidizing atmosphere. At
higher calcination temperature of 400 ◦C in air, the surface area

educed by 50% because of the sintering.

ig. 2. The effect of calcination temperature and time for SACS samples on BET
urface area.
Fig. 3(a) exhibits nitrogen content and Fig. 3(b) presents carbon
and hydrogen contents, obtained from CHN analysis, of calcined
SACS samples as a function of both calcination temperature and
Fig. 3. The effect of calcination temperature for SACS samples on (a) nitrogen con-
tent, and (b) carbon and hydrogen content.
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Fig. 4. UV/Vis spectra of as-prepared SACS samples.

amples was oxidized by O2 gas in air atmosphere. Nitrogen was
ompletely released when calcined at a temperature above 300 ◦C
n air and 400 ◦C in nitrogen.

Fig. 4 shows UV/Vis spectra of titania samples. SACS samples
xhibited shift of the absorption shoulders to the VL region, com-
ared with P25 and WACS-200 in the previous study [9]. The
hifting of absorption shoulders of all SACS samples calcined in
itrogen is greater than the WACS-200 and P25. The SACS sam-
les calcined in air showed less absorption since much of the
oped nitrogen was released by the reoxidation [6]. In the case of
ACS calcined in nitrogen, the greater shifting was observed with
ncreasing calcination time and temperature. On the other hand, the
bsorption shoulders shifting of SACS calcined in air with increas-
ng calcination time was similar, but dramatically decreased with
ncreasing calcination temperature. In the case of calcination in
ir, CHN analysis results in Fig. 3 depict that the more N in the
tructure with decreasing calcination temperature, the greater the
L absorption. The shifting of absorption shoulders to VL region,
r a narrowing of titania band gap, occurs because of N atoms in
he SACS samples [2,5–8,18–23]. The greater contribution, how-
ver, must come from the partially decomposed NMP remaining
s charred organic.

The chemical state of nitrogen in SACS samples calcined in air
nd nitrogen was examined using XPS as shown in Fig. 5(a) and
b). N 1s XPS during the oxidation process of TiN was investigated
y Saha and Tompkins [24] and assigned the peaks as atomic �-N
t 396 eV and molecularly chemisorbed �-N2 at 400 and 402 eV.
owever, the N peak at 396 eV was not always present [25]. The
PS spectrum of SACS-200/2/A in Fig. 5(a) reveals three N 1s peak
t 398.1, 399.5, and 400.7 eV. Fig. 5(b) is the N 1s XPS peak of
ACS-200/2/N revealing two peaks at binding energies of 398.1,
nd 399.9 eV. The main N 1s peak at 398.1 is attributed to C–N
onds, anionic azide (N3

−), or NH3 [26–28]. The peak at ∼400 eV
s for the N atom in the environment of O–Ti–N or the presence of
yponitrite which is responsible for the VLA photocatalysis [25,29].
his N peak at ∼400 eV was also attributed to the doping of the
itrogen into the TiO2 [25,30]. Both SACS samples contained N 1s
eak at 399–401 eV; however, the value of the peak height ratios
f O–Ti–N to C–N of SACS-200/2/A is greater than that of SACS-
00/2/N.

The photocatalytic activities of the as-prepared titania samples

ompared to the reference P25, determined by the MO degra-
ation under VL irradiation, are given in Fig. 6(a) and (b). For
he sake of discussion and comparison of the reaction times
etween samples, 80% of MO degradation is arbitrarily set. The
esults exhibit that SACS samples calcined in air and nitrogen at
Fig. 5. N 1s XPS spectrum of (a) SACS-200/2/A, and (b) SACS-200/2/N.

200 ◦C are all VLA. The MO degradation by SACS samples cal-
cined in both atmospheres at 200 ◦C is 2–3 times faster than
the MO degradation for the samples calcined at 300 ◦C. SACS-
200/2/A exhibits the highest photocatalytic activity among the
other titania samples. SACS-400/2/A, SACS-400/2/N, WACS-200,
and P25, which have no nitrogen, are not VLA as expected. The
photocatalytic results of SACS calcined in air were supported
by UV/Vis spectra and CHN analysis. The more nitrogen present
in SACS calcined in air, the higher the photocatalytic activity.
The photocatalytic activities of SACS samples, calcined in nitro-
gen at various temperatures as shown in Fig. 6(b), increased
in the following order: SACS-200/2/N ∼= SACS-200/4/N ∼= SACS-
200/6/N > SACS > SACS-300/2/N » SACS-400/2/N. The VL activity
trend of SACS calcined in nitrogen was inconsistent with the UV/Vis
absorbance in Fig. 4. For example, according to UV/Vis absorbance,
SACS-400/2/N should be the most VLA sample. These results indi-
cate that VL photocatalytic performance is not directly related to the
VL absorbance [6]. Moreover, the much lower photocatalytic activi-
ties of SACS calcined at temperatures above 200 ◦C can be attributed
to the significantly lower BET surface area. In the case of calcina-
tion at 200 ◦C for 2 h, MO degradation with SACS calcined in air is 2 h
faster than when calcined in nitrogen, even though SACS-200/2/A
contained about 5 times less nitrogen than SACS-200/2/N. This
result has two possible explanations. First, not all states of nitrogen
in titania are VLA. There is more nitrogen in the form of hyponitrite
[25,29], which is required for VL photocatalysis, in SACS-200/2/A
than in SACS-200/2/N. Additionally, it has been suggested that the
partial release of doped nitrogen is necessary for samples to appear

◦
to be VLA [6]. By varying the time for 200 C calcination in both
air and nitrogen atmospheres, results were obtained that showed
calcination time have little influence on photocatalytic activities
in nitrogen atmosphere. Contrarily, when SACS samples were cal-
cined in air for various times, the photocatalytic activity declined
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ig. 6. MO degradation under VL irradiation of (a) SACS samples calcined in air
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ith increasing time after and initial period of 2 h by reducing the
ontent of hyponitrite.

. Conclusions
A post-treatment, called SACS process with NMP solvent, of
s-prepared polymorphic titania, improved the VL photocatalytic
ctivity of the samples. The calcination conditions, i.e., temperature,
ime, and calcination atmosphere (either air or nitrogen) affected
he photocatalytic activities. The photocatalytic activity declined

[
[

[
[
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with increasing calcination temperature and time. However, cal-
cination time did not have a significant effect on VLA properties,
especially in the SACS samples calcined in nitrogen. SACS-200/2/A
showed the best VLA performance, since SACS-200/2/A has greater
amount of VLA nitrogen in the form of hyponitrite than that in
SACS-200/2/N.
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