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Abstract Solvent-based ambient condition sol (SACS)

process with N-methylpyrrolidone (NMP) as the solvent, is

a post-treatment technique utilized to modify polymorphic

titania nanoparticles prepared by a water-based ambient

condition sol process. All samples were characterized by

X-ray diffraction, N2 physisorption, CHNS analysis, UV–

vis absorption spectrophotometry, FT-IR, and TEM and

compared to a commercial reference titania product, De-

gussa P25. Photocatalytic activity, evaluated by the

degradation of methyl orange under ultraviolet (UV) and

visible light (VL), showed that SACS, with NMP as the

solvent, is a powerful treatment to enhance TiO2 photo-

catalytic activity by minimizing lattice hydroxyls and

doping titania samples with nitrogen.

Keywords Polymorphic titania � Solvothermal �
Photocatalytic activity

1 Introduction

One of the most well-known photocatalysts is titanium

dioxide or titania (TiO2), and it is commonly used for

industrial applications such as an antibacterial agent, water/

air purifier, deodorizer, pigment, semiconductor and, in

general, decomposition of organic compounds under UV

light irradiation [1–6]. There are three TiO2 polymorphs:

anatase, rutile, and brookite, which have similar chemical

properties and band gap energies (*3.1 ± 0.1 eV), but

different crystalline structures. Anatase and rutile are

tetragonal [3], however brookite is orthorhombic [7].

Anatase TiO2 has been reported to be more photocatalyti-

cally active under UV exposure than rutile [2, 3, 6], but

rutile TiO2 is the most thermodynamically stable phase.

Not many studies exist on brookite TiO2 due to the difficult

preparation of single phase brookite TiO2. A few publica-

tions from this group [7–9] reported a water-based ambient

condition sol (WACS) for producing predominantly

brookite titania. Degussa Aeroxide TiO2 P25 (P25) [10],

consisting of 79% anatase 21% rutile, is an excellent

photocatalyst under UV light.

Solvothermal synthesis was reported by Sato et al. [11]

to be an excellent technique to synthesize highly crystalline

fine particles. Yin et al. [12–14] explained that solvother-

mal titania samples prepared with ethanol or methanol

showed a higher photocatalytic activity than titania sam-

ples prepared by hydrothermal reactions. The authors

explained this by a higher degree of crystallinity in the

solvothermal samples which meant fewer defects and thus

a lower recombination rate of electrons and holes. Another

study showed that nitrogen-doped titania samples prepared

by a homogenous precipitation-solvothermal process in

methanol or ethanol solutions possessed superior photo-

catalytic activity for nitrogen monoxide destruction than

those prepared in a completely aqueous solution. Again,

the solvothermal technique produced a greater degree of

crystallinity in the structure, and yielded a higher specific

surface area [15].

Our previous solvothermal titania study [16] utilized

a technique developed from barium titanate treatment

[17, 18]. The solvothermal post-treatment with sec-butanol

as the solvent produced a lower lattice hydroxyl content in

polymorphic titania nanoparticles thus enhancing the pho-

tocatalytic activity. In this paper, photocatalytic activity of
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titania that was prepared by solvent-based ambient condi-

tion sol (SACS) process using N-methylpyrrolidone

(NMP) is reported. NMP is a nitrogen containing high

boiling point (*202 �C) organic solvent. Because of its

high boiling point, we will be able to apply high tem-

perature (170 �C) during the solvothermal treatment.

Doping titania, especially anatase titania, with nitrogen

has been widely reported to improve the photocatalytic

activity under visible light irradiation by narrowing the

band gap of titania [19, 20]. However, few visible light

active polymorphic titania studies using a solvothermal

treatment have been done. WACS and SACS with NMP

solvent polymorphic titania were investigated by various

physical characterization techniques and photocatalytic

activities under both ultraviolet (UV) and visible light

(VL) irradiation, evaluated by the degradation of methyl

orange. They were also compared to a commercial ref-

erence, Degussa P25.

2 Experimental

The WACS process, titanium tetrachloride (TiCl4—

Reagent grade obtained from Aldrich Chemical) in a 1:2

ratio of water–isopropanol solution with 0.3 M hydro-

chloric acid under refluxing conditions at 83 �C for 15 h

[7–9], was used to prepare polymorphic TiO2. A post-

treatment to the WACS process, called SACS [16–18], was

carried out in N-methylpyrrolidone (NMP) at 170 �C for

4 h in a sealed Teflon container. WACS samples were

calcined in air at 200 �C for 2 h, and the SACS samples

were calcined at various temperatures in air for 2 h. The

nomenclature to be used throughout this paper, preparation

conditions, and % phase composition of titania samples are

shown in Table 1.

An X-ray diffractometer was used to determine phase

composition and crystallite size of the TiO2 samples using

an XDS 2000, Scintag PAD V with CuKa radiation at

1.5406 Å, measured with a step size of 0.020� over a range

of 20–35� (2h). The phase composition of titania was

calculated from the following equations used by Zhang and

Banfield [21]:

WA ¼
kAAA

kAAA þ AR þ kBAB

; ð1Þ

WB ¼
kBAB

kAAA þ AR þ kBAB

; ð2Þ

WR ¼
AR

kAAA þ AR þ kBAB

; ð3Þ

where WA, WB, and WR represent the weight fractions of

the anatase, brookite, and rutile phases, respectively; kA is

0.886 and kB is 2.721 [21]; AA, AB, and AR are the

integrated intensities of the anatase (101), brookite (121),

and rutile (110) peaks, respectively. For pure brookite,

I(121)
brookite/Ibrookite

(120) intensity ratio is approximately 0.9

[22, 23]. Therefore, we de-convoluted anatase (101) and

brookite (120) overlap peaks by using 0.9 factor. The

Scherrer equation (Eq. 4) was applied to calculate titania

crystallite size from the full-width half-height of the

diffraction peak from the XRD patterns.

t ¼ 0:9 � k
b � cosðhÞ ð4Þ

where, k is X-ray wavelength, 1.5418 Å for CuKa, and b is

the full-width half-height of the peak of interest: (121) for

brookite, (110) for anatase and (101) for rutile [24].

The BET surface area, pore volume, and average pore

diameter of the samples were determined by N2 physi-

sorption at -196 �C using a Micromeritics ASAP 2020

Table 1 Experimental conditions utilized to produce polymorphic titania and % titania phase content

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 44 53 3 Calcination of SACS 200 2

SACS-250 38 60 2 250 2

SACS-300 45 51 4 300 2

SACS-350 34 62 4 350 2

SACS-400 28 65 7 400 2

SACS-500 19 58 23 500 2

P25 79 – 21 Obtained from Degussa N/A N/A

An, anatase; Br, brookite; Ru, rutile
a Obtained from XRD data by calculating from Eqs. 1 to 3

174 S. Kaewgun et al.

123



automated system. A sample amount of 0.3–0.5 g was

degassed at 200 �C for 3 h prior to N2 physisorption. The

particle size and morphology of titania samples were

investigated by transmission electron microscopy (TEM),

obtained from a Hitachi TEM H7600 with an accelerating

voltage of 120.0 kV. TEM samples were prepared by dis-

persing titania powder, 0.01 g, in isopropanol via

ultrasonication, transferring the suspension drop-wise to

copper TEM sample grids, and allowing isopropanol to

evaporate.

The amount of nitrogen was determined using a CHNS

analyzer (Perkin–Elmer 2400 series II). Absorbance spec-

tra of titania samples were recorded by UV/Vis

spectrophotometer using a GretagMacbeth Color i5 spec-

trometer across a UV/Vis range of 360–750 nm.

The relative concentrations of lattice hydroxyls and

surface hydroxyls to a titania reference peak were calcu-

lated from FT-IR spectra based on our previous work

[16, 18, 25–27]. The vibrational bands for total water and
-OH groups were observed by FT-IR, using Thermo-

Nicolet Magna model 550 FT-IR spectrometer equipped

with a Thermo-Spectra Tech foundation series diamond

attenuated total reflection (ATR) accessory. Absorption

bands were observed from 4,000 to 525 cm-1 with 32

sample scans. FT-IR spectra deconvolution was applied

by using ‘‘fityk 0.7.4’’ curve fitting program (the GNU

General Public License, version 2, as published by the Free

Software Foundation) as shown in Fig. 5b. Previous

research on titania in this group [16] has confirmed that the

ATR is a valid technique for the semiquantitative analysis

of hydroxyls since the results obtained from diffuse

reflectance infrared Fourier transform (DRIFT) and ATR

techniques were essentially the same. The peak ratios of

the absorption bands for hydroxyls to that of titania, fol-

lowing the previous work for barium titanate [25–27] and

titania [16], were calculated for a semiquantitative analysis

of the hydroxyl content.

The photocatalytic degradation of the methyl orange

(MO) by UV and VL irradiation was used to evaluate the

photocatalytic activities. The minimal amount of titania to

obtain a discernable difference between samples, 0.1 g for

UV measurements and 0.2 g for VL irradiation, was added

to 100 mL of 20 lM MO solution, and then stirred for

30 min without UV or VL exposure and continuously

stirred throughout the reaction procedure. A Spectroline

black light lamp (Model BIB-150B operating at 365 nm

and 182 W) was used as the UV light source, which was

positioned 36 cm above the MO solution. The VL source

was a compact fluorescent lamp (Philips energy saver 60

soft white A19, 14 W) with wavelength of 560–612 nm. A

portion of the suspension was taken at constant time

increments, and titania powders were separated from the

solution by vacuum filtration. The quantitative spectral

results were monitored by a UNICAM UV/Vis spectrom-

eter (Model: 5625). The methyl orange degradation percent

value (D) was calculated by Eq. 5.

D ¼ C0 � C

C0

� 100% ¼ A0 � A

A0

� 100% ð5Þ

where, C0 is the initial MO concentration, C is the

instantaneous MO concentration, A0 is the initial 490 nm

absorbance peak intensity, and A is the instantaneous

490 nm peak intensity.

3 Results and Discussion

Identification of titania phases, confirmed by comparison to

accepted standard peaks from JCPDS [22, 28, 29], were

obtained from X-ray diffraction (XRD). XRD patterns of

the TiO2 samples are shown in Fig. 1. The percent of TiO2

phases contained within each sample, calculated from XRD

data, are shown in Table 1. The phase composition of

uncalcined (WACS and SACS) and calcined titania sam-

ples at 200–350 �C for 2 h (WACS-200, SACS-200,

SACS-250, SACS-300, and SACS-350) varied as follows:

50–62% brookite, 34–48% anatase, and less than 5% rutile.

Increasing the calcination temperature above 350 �C, a

greater portion of rutile was introduced to the structure.

Table 2 summarizes the crystallite sizes calculated from

the XRD data using the Scherrer equation. The crystallite

sizes of brookite and anatase phases for WACS, WACS-

200, SACS, and SACS samples calcined at 200–300 �C for

Fig. 1 The XRD pattern of the prepared titania samples and P25. A,

anatase; B, brookite; R, rutile
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2 h ranged from 5 to 8 nm which is approximately three

times smaller than anatase phase crystallite size of P25.

Above 300 �C, the increasing calcination temperature

increased the crystallite size of SACS samples.

Table 2 shows the results of BET surface area analysis,

pore volume, and average pore diameter of titania samples.

The BET surface area of prepared titania samples were

three times larger than that of P25 samples. The effect of

the calcination temperature of SACS samples on the BET

surface area and the nitrogen content in the samples are

given in Fig. 2. The BET surface area of uncalcined titania

(WACS and SACS) is equivalent to calcined samples at

200 �C for 2 h in air (WACS-200 and SACS-200),

respectively, since all samples were pre-treated at 200 �C

for 3 h in N2. SACS and SACS-200 samples have

approximately 15–20% smaller surface area than WACS

and WACS-200 samples. This is most likely because NMP

resided on the titania surface and could not be completely

removed during the calcination at temperature below

200 �C for 2 h. The surface area of SACS shows an

increasing trend up to 250–300 �C calcination tempera-

tures. Above 300 �C, the surface area decreased with

increasing the temperature. The surface area of SACS-250

and SACS-300 are similar to that of WACS samples. All

NMP and nitrogen in SACS samples were likely released

by calcination at the temperatures above 250 �C. This

assessment is supported by CHNS analysis, which shows

no nitrogen in SACS-300 and SACS-400. Visible obser-

vation of the color of SACS, SACS-200, and SACS-250 is

brown, which indicates nitrogen formed or NMP remaining

on the surface and in the structure, on the other hand

SACS-300, SACS-350, SACS-400, and SACS-500 pow-

ders are white. The surface area of SACS samples, calcined

at temperatures above 350 �C, rapidly decreased since the

titania nanoparticles were sintered during the heat treat-

ment. TEM micrographs are shown in Fig. 3 and Table 2

shows the average particle size of TiO2 as determined from

TEM micrographs. The average particle size of as-prepared

titania samples are much smaller than P25. As the calci-

nation temperature is increased, the average particle size of

the polymorphic titania slightly increased at temperatures

below 300 �C. Above 300 �C, the average particle size

increased linearly with increasing temperature by the sin-

tering of nanoparticles during the heat treatment.

UV/Vis spectra of titania samples are shown in Fig. 4.

SACS samples exhibited visible light active potential by

shifts of the absorption shoulders to the visible light region,

compared with P25 and WACS-200 in the inset of Fig. 4.

The increase in absorbance at wavelengths greater than

550 nm, in increasing order is SACS % SACS-200

% SACS-250 [ SACS-300 [[ SACS-350 [ SACS-400

% WACS-200 [ SACS-500 % P25. The more nitrogen

Table 2 The physical properties of prepared titania and the reference P25

Sample ID Crystallite size (nm)a Average particle

size (nm)b
BET surface

area (m2/g)c
Pore volume

(cm3/g)c
Pore size

average (Å)c

Anatase Brookite Rutile

WACS 6 8 19 6 163 0.1 25

WACS-200 6 7 18 7 157 0.1 27

SACS 7 8 12 6 133 0.1 24

SACS-200 6 8 11 7 138 0.1 25

SACS-250 5 8 13 N/A 157 0.1 26

SACS-300 6 8 13 9 143 0.1 29

SACS-350 7 10 17 N/A 88 0.1 48

SACS-400 8 10 20 14 68 0.1 60

SACS-500 7 20 71 18 34 0.1 108

P25 21 – 40 40 56 0.2 169

a Calculated from XRD data using the Scherrer equation (Eq. 4). Error of measurement = ±5%
b Determined by using TEM micrograph
c Using N2 physisorption at 77 K. Error of measurement = ±10%

Fig. 2 The effect of calcination temperature for SACS samples on

BET surface area and nitrogen content

176 S. Kaewgun et al.

123



found in the samples, given by CHNS analysis, the greater

visible light absorption. Because of N atoms in SACS-NMP

samples, a narrowing of titania band gap occurs [19, 20,

30–38]. The mechanism that N-doped TiO2 responds to

visible light arises from the formation of a N-induced mid-

gap level slightly above the (O-2p) valence band edge was

determined by Nakamura et al. [35]. The authors concluded

that N ions were substituted at oxygen sites in TiO2 to

achieve a narrower titania band gap. In support of the

evaluation for nitrogen present in SACS-NMP samples,

XPS spectra of SACS-200 revealed a main N 1s peak at

398.3 eV, which indicates the anionic N- in O–Ti–N link-

ages [36], and some small peaks from 395.5 to 398 eV

which are anionic nitride (N3-) in TiN [39–41].

The obtained FT-IR spectra for SACS and WACS titania

samples are given in Fig. 5a. Deconvolution of the spectra,

illustrated in Fig. 5b, gave rise to four peaks at 1,625, 2,730,

3,130, and 3,400 cm-1. The -OH stretching vibrations of

hydrogen-bonded -OH groups (lattice hydroxyls), and

adsorbed molecular water absorption bands (surface

hydroxyls) can be found at wavenumbers around 3,400–

3,500, and 1,625 cm-1, respectively [16, 42–44]. Analysis

of the FT-IR spectra is given in Fig. 5c, containing the

calculated relative band intensities for surface and lattice

hydroxyls. The peaks fitting result of WACS-200 by fityk

0.7.4 program is shown in the inset of Fig. 5c. In order to

compare the amount of hydroxyls given by FT-IR spectra,

the band intensities of hydroxyls were normalized with the

band intensity of the Ti–O stretching band. The baseline

method, as reported in the literature [16, 18, 25–27], was

applied to calculate band intensity ratios (AS/AT and AL/AT)

of the absorbance peaks of surface hydroxyls (AS) at

wavenumber 1,625 cm-1 and a broad band centered at

approximately 3,400 cm-1, the lattice hydroxyls peak (AL),

to the reference peak for titania (AT), the same wavenumber

for all samples at 900 cm-1. The semiquantitative com-

parison of band intensities indicates that WACS-200,

Fig. 3 SEM micrographs of (a) WACS-200, (b) SACS, (c) SACS-200, (d) SACS-300, (e) SACS-400, and (f) SACS-500

Fig. 4 UV/Vis spectra of as-prepared SACS samples; Inset shows

UV/Vis spectra of WACS-200 and P25
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relatively, has significantly larger lattice hydroxyls peaks

than SACS, SACS-200, and SACS-400, since the solvo-

thermal treatment extracted the lattice hydroxyls from the

titania particles. The surface hydroxyls of SACS and SACS-

200 are similar to WACS-200. However, SACS-400 shows

significantly fewer surface hydroxyls than samples calcined

at lower temperatures. The surface hydroxyl can be removed

by heat treatment at temperatures above 200 �C.

Figure 6a, b depict the photocatalytic activities of poly-

morphic titania samples compared to P25 samples,

determined by the methyl orange degradation under UV

exposure. As a time comparison to degrade methyl orange,

80% of total methyl orange degraded is arbitrarily chosen.

As shown in Fig. 6a, the degradation by SACS and SACS-

200 samples is approximately 60% faster than WACS and

WACS-200 even though SACS samples have a lower sur-

face area than WACS. Compared to the previous research

[16] on SACS samples prepared in sec-butanol, the degra-

dation by SACS prepared in NMP solvent samples is two

times faster than in sec-butanol. The research on SACS in

sec-butanol found that with greater lattice hydroxyl content

in polymorphic titania, the lower the photocatalytic activity.

Therefore, the superior photocatalytic activity of SACS

samples is due to not only fewer lattice hydroxyls but also

nitrogen present in SACS samples. FT-IR data supported

that fewer lattice hydroxyl are found in SACS samples than

in WACS samples. The lattice hydroxyl may produce

Ti–OH bonds as defects in the titania lattice structures [45].

It has been reported in the literature [46–50] that bulk

defects decrease the photocatalytic activity since these

defects produce sites for the recombination of electrons and

holes. In order to increase the photocatalytic activity of

TiO2, reducing OH defects by extracting -OH from the

lattice is necessary. Polymorphic TiO2 (SACS, SACS-200,

WACS, and WACS-200), with three times larger surface

area than P25, yielded a higher photocatalytic activity than

P25, as expected. The effect of calcination temperature of

SACS samples on MO degradation activity is shown in

Fig. 6b. The photocatalytic activity, under UV exposure, of

SACS samples, calcined at various temperatures, increased

in the following order: SACS % SACS-200 % SACS-250

[ SACS-300 [[ SACS-350 [ SACS-400 % SACS-500.

The orange color of MO did not completely degrade within

120 min by UV irradiating SACS-400 and SACS-500. The

increase of treatment temperature up to 400 and 500 �C not

only reduces the surface area, but also changes the phase

Fig. 5 (a) FT-IR spectra using ATR of the prepared titania samples;

(b) deconvolution of the FT-IR spectra; (c) ratio (AS/AT) of

absorbance by FI-IR spectra of surface hydroxyls (AS) or lattice

hydroxyls (AL) to the reference peak (AT) at wavenumber 900 cm-1;

and inset of (c) shows FT-IR spectra using ATR of the prepared

titania samples
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composition, increasing rutile while sacrificing brookite and

anatase. The lower surface area, elimination of nitrogen, and

higher rutile content [9, 23] caused a reduction of photo-

catalytic activities. According to our CHNS analysis results,

the more nitrogen presents in TiO2, the higher the photo-

catalytic activity under both UV and VL exposure. This is

consistent with the results of Aita et al. and Irie et al. [19,

20]. Nitrogen doped titania in SACS and SACS-200 showed

a significant band gap narrowing, as found from UV/Vis

spectra, which resulted in an increase in VL photocatalytic

activity. The results may well agree with the observation

made by Li et al. for their anatase titania with MO decol-

orization [51]. Preliminary results of MO degradation under

VL irradiation in Fig. 7 confirmed that SACS-200 has a

much higher VL photocatalytic activity than WACS-200

and Degussa P25. VL activated SACS-200 completely

degraded MO after 1 h. WACS-200 and P25 did not show

the MO degradation after VL irradiation for 16 h. The time

to decolorize MO is relative since the visible light source is a

low intensity custom-designed lamp.

4 Conclusions

Solvothermal post-treatment technique, using NMP as the

solvent, is a useful method to extract lattice hydroxyls and

to decorate nitrogen on the titania surface or in the structure

as shown in the comparison between WACS and SACS.

The greater the number of lattice hydroxyls in polymorphic

titania, the lower the photocatalytic activity. The more

nitrogen presents in SACS samples, the higher the photo-

catalytic activity. SACS-200 showed the best photocatalytic

activity under both UV and VL irradiation among prepared

titania samples and P25. Therefore, in this study, the opti-

mum calcination temperature for SACS samples is 200 �C

for 2 h. Moreover, other calcination variables such as time

and calcination atmosphere, which can potentially influence

the phase composition and structure and thus the photo-

catalytic activity, are being investigated.
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