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Abstract

In the present work, the effects of Si and Zr addition on the surface defect and photocatalytic activity of the solvothermal-derived TiO2 were

investigated. The metal-doped TiO2 samples were prepared with the molar ratio Si/Ti and Zr/Ti ranging from 0.002 to 0.1 and were subjected to two

different cooling temperatures (room temperature and 77 K) after calcination as a post-synthesis treatment. The presence of a small amount of

metal dopant caused a slight change in the TiO2 crystallite and BET surface area (ranging from 7.8 to 10.6 nm and corresponding surface area 95 to

159 m2/g). The photocatalytic activity of TiO2 did not depend solely on the surface area but rather affected by the concentration of Ti3+ on the

catalyst surface as shown by a linear ascending trend of the ethylene conversion and the amount of Ti3+/surface area of the catalysts. It is noted that

addition of Zr had more positive effect than Si and the effect of post-treatment on the photocatalytic activity of TiO2 catalysts was more pronounced

than the addition of metal dopants.
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1. Introduction

Titanium (IV) dioxide or titania (TiO2) has a wide range of

applications due to its excellent physical and chemical

properties. Titania is commercialized as the most powerful

photocatalyst because it has high photoactivity for most

photocatalytic reactions and is nonexpensive as well as

nontoxic to human life [1,2]. The photocatalytic activity of

TiO2 is greatly influenced by its crystal structure, crystallite

size, crystallinity, surface area, incident light intensity, and

porosity [3]. With the decrease in particle size to nanometer

scale, the catalytic activity of titania is enhanced because the

optical band gap is widened due to an increase in surface area

[4,5], surface defect [6,7], and a shift of the absorption/

luminescence spectra towards shorter wavelengths (so-called

‘‘blue shift’’).
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Surface defects in titania crystal are the results of surface

oxygen vacancies, which leave Ti3+ sites exposed [8,9]. The

surface Ti3+ sites play an essential role in photocatalytic

process over titania photocatalyst [10–12]. Yamazaki et al. [13]

reported that the competitive adsorption of water and ethylene

molecules occurred on the same Ti4+ sites while the oxygen

molecules adsorbed separately on the Ti3+ sites. Thus, an

increase of Ti3+ sites substantially increased oxygen adsorption

and photocatalytic oxidation efficiency. In addition, Park et al.

[14] showed that the photoelectrons were trapped by the

surface defects (Ti3+) leading to the inhibition of the e�–h+

recombination. Relationship between the amount of Ti3+

defects on TiO2 surface and their photocatalytic activities have

been reported by many authors [15–18].

Many methods have been proposed to synthesize nanocrys-

talline TiO2 in anatase phase such as sol–gel [19,20],

solvothermal [21] and hydrothermal methods [22]. Solvother-

mal synthesis, in which chemical reactions occur in aqueous or

organic media under the self-produced pressure at low

temperature (usually lower than 250 8C), is an advantageous
d.
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method because it does not require high temperature treatment

step that usually causes grain growth, reduction in specific

surface area, and phase transformation of the TiO2 particles as

occurred in the sol–gel process [23]. The solvothermal method

has been used to successfully synthesize various types of

nanosized metal oxides with large surface area, high crystal-

linity, and high thermal stability [24,25].

Incorporation of metals into anatase phase TiO2 has been

frequently studied as a way to improve the photocatalytic activity

of TiO2 nanoparticles. Addition of a second metal such as silicon

[26,27], zirconium [28], tungsten [29], cerium [30] and

aluminium [31] has shown to enhance the thermal stability for

phase transformation of titania particles from anatase to rutile

and increase the surface area of titania. For example [32],

anatase-type TiO2 doped with 4.7 and 12.4 mol% ZrO2 that were

directly precipitated as nanometer-sized particles from acidic

precursor solutions of TiOSO4 and Zr(SO4)2 by simultaneous

hydrolysis under hydrothermal conditions at 200 8C, showed

higher photocatalytic activity than pure anatase-type TiO2 for the

decomposition of methylene blue. The thermal stability for phase

transition from anatase to rutile of TiO2 doped with ZrO2 was

greatly improved. Cheng et al. [33] reported that silica-doped

TiO2 showed high photocatalytic activity due to the suppression

of phase transformation of titania from anatase to rutile and

formation of oxygen vacancies.

However, in most of the aforementioned studies, the effect of

second metal addition on the photocatalytic activity of TiO2

was studied at relatively high metal contents (10–50 wt.%).

Thus, it is of interest for this study to investigate the effect of

second metal addition (Si and Zr) at relatively low metal

content (Si/Ti and Zr/Ti molar ratio between 0.002 and 0.1) on

both surface defect and photocatalytic activity of the TiO2-

based catalysts. The properties of TiO2 samples were

characterized using various analytical methods such as X-ray

diffraction (XRD), N2 physisorption, electron spin resonance

spectroscopy (ESR), and X-ray photoelectron spectroscopy

(XPS). Photocatalytic activity of the TiO2 was tested in a gas-

phase decomposition of ethylene under UV irradiation.

2. Experimental

2.1. Preparation of nanocrystalline TiO2

The TiO2 catalyst was prepared with a procedure reported by

Payakgul et al. [34] using titanium (IV) n-butoxide (TNB,

Aldrich) as a titanium source. The Si- and Zr-doped TiO2 were

prepared by adding a small amount of TEOS (tetraethylortho-

silicate, Aldrich) and zirconium (IV) n-butoxide (Aldrich) into

the solution of 25 g TNB (Aldrich) in 100 ml toluene,

respectively. The molar ratios of Si/Ti and Zr/Ti calculated

were in the range 0.002–0.1. Then, set up the test tube in a

300 cm3 autoclave. The gap between the test tube and the

autoclave wall was filled with 30 cm3 of the same solvent used

in the test tube. The autoclave was purged completely by

nitrogen before heating up to the desired temperature, in the

range of 573 K at a rate of 2.5 K/min. Autogenously pressure

during the reaction gradually increased as the temperature was
raised. Once the prescribed temperature was reached, the

temperature was held constant for 2 h. After the system was

cooled down, the resulting powders were repeatedly washed

with methanol and dried in air.

2.2. Quenching treatment

The detailed experiment has already been reported in our

earlier works [35,36]. Prior to quenching, the synthesized

catalysts were calcined in air atmosphere at 573 K with a

heating rate of 10 K/min for 1 h, and then it was taken out and

immediately quenched in air at room temperature and 77 K.

After the samples were quenched, all the catalyst samples were

dried in air at room temperature and stored in a desiccator.

2.3. Sample nomenclature

The base samples were TiO2-RT and TiO2-77 K which

referred to the TiO2 catalysts without a second metal addition

that were cooled down in air at room temperature (RT) and 77 K

after calcination, respectively. The nomenclature used for the

metal-doped TiO2, for example ‘‘0.002-(Si)-TiO2-RT’’ was

referred to the Si-doped TiO2 with Si/Ti molar ratio 0.002 that

was cooled down in air at room temperature.

2.4. Characterization

Phase identification and crystallite size of pure and modified

nanocrystalline titania were investigated by X-ray diffraction

(SIEMENS D5000) using Ni filter Cu Ka radiation from 208 to

808 2u. The crystallite size of TiO2 was determined from half-

height width of the 1 0 1 diffraction peak of anatase using the

Scherrer equation. The BET surface area was obtained from the

N2 adsorption isotherms measured at 77 K in a Micromeritics

ASAP 2000. Electron spin resonance spectroscopy (ESR) was

conducted in vacuum at room temperature and without

illumination using a JEOL, JES-RE2X electron spin resonance

spectrometer. To obtain the ‘‘g’’ value, MnSO4 was used as

reference standard material. The intensity of ESR was calculated

using a computer software program ES-PRIT ESR DATA

SYSTEM (version 1.6). The XPS measurement was carried out

using an AMICUS photoelectron spectrometer equipped with an

Mg Ka X-ray as a primary excitation and KRATOS VISION2

software. XPS elemental spectra were acquired with 0.1 eV

energy step at a pass energy of 75 kV. The background pressure

during the spectra accumulation was typically 10�6 Pa. Detailed

spectral scans were taken over Ti 2p, O 1s, Zr 3d, Si 2p and C 1s

regions. All the binding energies were referenced to the C 1s peak

at 285.0 eV of the surface adventitious carbon.

2.5. Photocatalytic activity measurement

In photocatalytic experiments, the catalysts were packed into

a 60 cm long 9 mm diameter horizontal quartz fixed bed reactor.

The weights of the catalysts were kept constant at 0.40 g, and in

all cases the illuminated length of catalyst was identical. High

purity grade air containing 0.1 vol.% ethylene was continuously



Fig. 1. X-ray diffraction patterns of pure TiO2 and metal-doped TiO2.
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fed at a constant flow rate with a gas hourly space velocity

(GHSV) of 120 h�1. An air stream with 0.1 vol.% ethylene was

first passed through the reactor without irradiation until reaching

gas–solid adsorption equilibrium. Then, UV light (l = 365 nm)

was irradiated on the surface of the catalyst using 125 W mercury

lamp (Philips, HPLN). The distance between the lamp and the

reactor was 20 cm. The light irradiance at surface of the reactor

was 0.65 mW/cm2. The irradiated sample area was approxi-

mately 4 cm2. Analysis of the ethylene feed and other

hydrocarbon products were conducted with an on-line SHI-

MADZU GC-14B gas chromatograph equipped with a flame

ionization detector (FID) and VZ-10 column. The retention time

of ethylene was approximately around 30 s. Other degradation

products such as CO and CO2 were detected using SHIMADZU

GC-8A gas chromatograph equipped with a thermal conductivity

detector (TCD) equipped with Molecular sieve 5A and Poropak-

Q columns, respectively. Steady state was achieved within ca. 3 h

after illumination.

3. Results and discussion

3.1. Textural properties of the TiO2 photocatalysts

X-ray diffraction patterns of the base TiO2 and the metal-

doped TiO2 samples with metal/titanium molar ratio 0.1 are

shown in Fig. 1. All the samples exhibited the XRD patterns of

only pure anatase phase TiO2 without any contamination of

other phases. However, the peak intensities of anatase TiO2

decreased with the insertion of second metal due probably to

the formation of amorphous phases [37]. No diffraction lines of

zirconia or silica were observed due to the very small amount

and/or the small crystallite sizes of the dopant phase lower than

XRD detection limit. Incorporation of Zr and Si into anatase

TiO2 structure has been reported by others [38,39]. The average

crystallite sizes of TiO2 samples were determined from the full
Table 1

Physical properties and activities of Si- and Zr-doped TiO2 samples synthesized b

Sample nomenclature BET surface

areaa (m2/g)

dXRD
b

(nm)

d

(

TiO2-RT 93 10.6 1

TiO2-77 K 97 10.6 1

(Si)-TiO2-RT (0.002) 159 9.0

(Si)-TiO2-77 K (0.002) 156 9.0 1

(Si)-TiO2-RT (0.005) 133 8.9 1

(Si)-TiO2-77 K (0.005) 136 8.6 1

(Si)-TiO2-RT (0.1) 133 9.0 1

(Si)-TiO2-77 K (0.1) 136 8.4 1

(Zr)-TiO2-RT (0.002) 95 9.5 1

(Zr)-TiO2-77 K (0.002) 99 9.7 1

(Zr)-TiO2-RT (0.005) 101 7.7 1

(Zr)-TiO2-77 K (0.005) 106 7.8 1

(Zr)-TiO2-RT (0.1) 104 8.2 1

(Zr)-TiO2-77 K (0.1) 105 8.4 1

a Determined using BET method.
b Determined using Scherrer’s equation.
c Calculated from dBET = 6/(SSA � rp), where rp is the weighted density of TiO
d Photocatalytic reaction was carried out at 313–328 K, 1 bar, and 0.1% ethylen
e Turnover number.
width at half maximum of the XRD peak at 2u = 258 using

Scherrer’s equation. As shown in Table 1, addition of a small

amount of Si or Zr to TiO2 powder, the average crystallite size

of TiO2 decreased slightly from 11.0 to 9.0 nm. It is likely that

second metal doping suppressed crystal growth of TiO2 thus

smaller crystallite sizes were obtained. According to the BET

analysis, it can be observed that the Si- and Zr-doped TiO2

samples have larger BET surface area than pure TiO2. The

effect was more pronounced for the Si-doped than the Zr-doped

ones. The increase in BET surface area can be related with the

lower degree of crystallisation of the mixed oxides with respect

to the pure TiO2. According to Daturi et al. [40], a maximum

increase of BET surface area for Zr-modified TiO2 was

observed at the 0.5:0.5 atomic ratio. Thus, we can probably say

that addition of relatively small amount of dopant (atomic ratio

�0.1) in this study did not have much impact on the BET

surface area of TiO2 powders. The BET equivalent particle

diameters were also calculated and summarized in Table 1. The

BET equivalent particle diameters were found to be larger than
y solvothermal method.

BET
c

nm)

Intensity of

ESR/BET

Ethylene

conversiond (%)

TONe

6.8 47 21.5 3.6

6.1 257 34.6 5.6

9.8 77 23.5 2.3

0.0 199 31.5 3.2

1.7 144 27.9 3.3

1.5 213 32.4 3.7

1.7 56 22.1 2.6

1.5 62 22.5 2.6

6.4 111 25.7 4.2

5.8 225 33.2 5.2

5.5 245 34.5 5.3

4.7 322 39.5 5.8

5.0 57 22.2 3.3

4.9 79 23.5 3.5

2 (3840 kg/m3).

e in air.



Fig. 2. ESR spectra of (a) 0.002 Si-doped TiO2, (b) 0.005 Si-doped TiO2, (c) 0.1 Si-doped TiO2, (d) 0.002 Zr-doped TiO2, (e) 0.005 Zr-doped TiO2, and (f) 0.1 Zr-

doped TiO2.
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the ones calculated from XRD results. This can be explained by

the agglomeration of TiO2 particles, which could inhibit the

adsorption of N2 molecules.

It is believed that the process of annealing or calcination has

shown to result in a variety of surface defects, strains, and

reconstructions of materials [41]. So, the variation of cooling

temperature was applied as a post-synthesis treatment with the

aim to create more defects on the TiO2 surface and as a

consequence, improve their photocatalytic activities. More-

over, the post-synthesis treatment in cooling temperature did

not significantly alter the specific surface area and the average

crystallite size of the TiO2 (see Table 1).

3.2. Electron spin resonance spectroscopy (ESR) study

The number of defective sites of TiO2 or Ti3+ was

determined using electron spin resonance spectroscopy
technique and the results are shown in Fig. 2. Nakamura

et al. [42] and Serwicka [43] reported two signals occurring

on the surface of TiO2 during ESR analysis without

illumination indicating: (i) the surface Ti3+ and (ii) the bulk

defect. Nakaoka and Nosaka [44] reported six signals in ESR

measurement on the surface of titania namely (i) Ti4+OH�,

(ii) surface Ti3+, (iii) adsorbed oxygen (O2�), (iv) Ti4+O2�,

(v) inner Ti3+, and (vi) adsorbed water. In the present study,

all the TiO2 samples exhibited similar ESR spectra, in which

mainly one signal at the g value of 1.996 was observed.

According to Nakaoka et al. [42], this peak was attributed to

the Ti3+ sites on surface TiO2. It is clearly seen that the Zr-

doped TiO2 exhibited higher intensity of the ESR signals

than the Si-doped ones. The intensity of ESR spectra per

surface area of the TiO2 is given in Table 1. The results

indicate that Zr-doped TiO2 possessed higher concentration

of Ti3+ defective sites than Si-doped TiO2.



Table 2

XPS binding energies (eV) and FWHM (eV) values of Si- and Zr-doped TiO2 catalysts.

Sample nomenclature Ti 2p O 1s Zr 3d Si 2p

BE FWHM BE FWHM BE FWHM BE FWHM

TiO2-RT 459.3 1.7 530.8 1.5 – – – –

TiO2-77 K 459.2 1.7 530.6 1.4 – – – –

(Si)-TiO2-RT (0.002) 458.8 1.4 530.1 1.5 – – 102.1 2

(Si)-TiO2-77 K (0.002) 458.9 1.4 530.2 1.5 – – 102 1.9

(Si)-TiO2-RT (0.005) 458.3 1.4 530.1 1.5 – – 102.1 2.1

(Si)-TiO2-77 K (0.005) 458.4 1.4 530.2 1.5 – – 102.1 2.3

(Si)-TiO2-RT (0.1) 458.5 1.5 530.2 1.6 – – 102.3 2.2

(Si)-TiO2-77 K (0.1) 458.6 1.5 530.3 1.6 – – 102.4 2.1

(Zr)-TiO2-RT (0.002) 458.5 1.4 530.2 1.5 182.1 1.8 – –

(Zr)-TiO2-77 K (0.002) 458.3 1.4 530.1 1.6 182 2 – –

(Zr)-TiO2-RT (0.005) 458.3 1.5 530.3 1.4 182.1 1.9 – –

(Zr)-TiO2-77 K (0.005) 458.6 1.4 530.3 1.6 182.4 1.8 – –

(Zr)-TiO2-RT (0.1) 458.2 1.4 530.1 1.5 182.3 2.2 – –

(Zr)-TiO2-77 K (0.1) 458.4 1.4 530.3 1.5 182.1 2.1 – –
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3.3. X-ray photoelectron spectroscopy (XPS) study

It is well known that XPS is a surface probe detecting

electrons that are generated from a depth of a few nanometers

on the surface of the sample. To make the XPS results

comparable to those of ESR measurement, elemental composi-

tion and chemical states on the surface of metal-doped TiO2

samples that were subjected to two different cooling

temperatures were studied. The binding energy values and

the full width at half maximum (FWHM) values of Zr 3d, O 1s,

Si 2p and Ti 2p photoelectron peaks as determined by XPS of

the various TiO2 samples are summarized in Table 2. The

binding energies for Si 2p and Zr 3d levels are in agreement

with those reported for pure SiO2 [45] and ZrO2 [46] at 103.0

and 183.5 eV, respectively. No significant variation has been

observed for these elements over the metal-doped TiO2

samples. However, the binding energy of the Ti 2p band for

the metal-doped samples was found to be lower than that of the

pure TiO2. For better comparison, the XPS bands of Ti 2p for

Si- and Zr-doped TiO2 are shown in Fig. 3. Normally, the Ti 2p

XPS spectra of TiO2 sample show two shoulder peaks at lower

binding energy (Ti 2p3/2) and higher binding energy (Ti 2p1/2),

respectively, in line with the earlier reports by Mukhopadhyay
Fig. 3. Ti 2p XPS spectra of various TiO2 samples: (a) TiO2-RT, (b) 0.1-(Zr)-

TiO2-RT, and (c) 0.1-(Si)-TiO2-RT.
and Garofalini [47]. The presence of defect is visible as a

shoulder in the XPS spectra which was assigned to Ti3+

oxidation state. From Fig. 3, the binding energy of Ti 2p

electrons was found to be lower than the value normally

published for Ti4+ ions in TiO2 (459.2 eV) [48,49]. However,

the Ti 2p spectrum was slightly broadened and a shoulder band

appeared at 1.6 eV lower than the Ti4+ binding energy, this

could be associated with the Ti3+ defect state [50].

3.4. Photocatalytic activity test

The photocatalytic activity of the TiO2 and metal-doped

TiO2 samples was tested for the photocatalytic decomposition

of ethylene in gas-phase under UV illumination. Under these

conditions, the only products detected by gas chromatography

were CO2 and H2O. The mechanism of photocatalytic

decomposition of ethylene has been reported by many

researchers [13,51]. The mechanism is believed to involve

absorption of an UV photo by TiO2 to produce an electron–hole

pair. Both hole and electron play an important role on creating

the reaction intermediate, which react further and form CO2 as

the final product.

Photocatalytic activities of the TiO2 samples with different

proportions of Si/Ti and Zr/Ti were evaluated in the

decomposition of ethylene in gas-phase and the results are

shown in Table 1. In our previous studies [35,36], the effects of

cooling media and temperature on the photocatalytic activities

of solvothermal-derived TiO2 have been reported. It was found

in this study that the photocatalytic activity of the metal-doped

TiO2 cooled down in different cooling temperatures is also

evidently different. The ethylene conversion results show that

the metal-doped TiO2 at lower amounts of metal exhibited

higher photocatalytic activity than the pure titania. Ethylene

conversions at steady state for the metal-doped TiO2 samples

after cooling at room temperature were ranging from ca. 22% to

39% while pure TiO2 sample under similar reaction conditions

gave ca. 21% ethylene conversion. The turnover number (TON)

was calculated from the ratio of the number of photoinduced

transformation for a given period of time and the number of



Fig. 4. Plot between ethylene conversion at steady state (ca. 3 h) and dopant

content.

Fig. 5. Photocatalytic activity at steady state (ca. 3 h) of metal-doped TiO2 for

ethylene decomposition as a function of the intensity of ESR/BET.
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photocatalytic sites (surface area). From Table 1, TONs for all

the catalysts were greater than unity, the (photo) catalytic

character of the reaction or process was confirmed.

The photocatalytic activity of metal-doped TiO2 depended

on the cooling temperature applied after calcination. It was

found that metal-doped TiO2 samples cooled at lower

temperature exhibited higher photocatalytic activity than those

cooled in high temperature ones. For example, the ethylene

conversion of 0.005 Zr-doped TiO2 was 34.5% and 39.5% for

the sample cooled down at room temperature and at 77 K,

respectively. Additionally, the metal content has an obvious

effect on the activity of the metal-modified TiO2 catalysts. The

plots of ethylene conversion versus metal content (Fig. 4) show

that there existed an optimal metal content (atomic ratio) to

achieve the highest photocatalytic activity. If the concentration

of metal is too low, the promotional effect is not significant

while for high metal content, the active sites of TiO2 may be

blocked and lower catalytic activity would be obtained. An

optimum metal content on photocatalytic activity of the Zr- and

Si-doped TiO2 has also been suggested by Fu et al. [28] for

much higher metal loading range. The specific activity of TiO2

synthesized by sol–gel method was enhanced by the addition of

SiO2 (optimum at 16 wt.%) or ZrO2 (optimum at 12 wt.%). The

increase in activity of the modified catalysts was attributed to

both an increase in surface area (ranging between 250 and

400 m2/g) and chemical change on the catalyst surface.

The results in this study show that for a similar metal

content, the Zr-doped TiO2 exhibited higher photocatalytic

activity than the Si-doped ones. However, one may notice that

the Si-doped TiO2 had larger BET surface areas than the Zr-

doped ones and in general, anatase TiO2 nanoparticles with

higher specific surface area typically exhibit higher photo-

catalytic activity. The increase of surface area means the

increase of the number of active sites on which the electron

acceptor and donor are adsorbed and participate in the

photocatalytic reaction. In our present study, the presence of
very small amount of metal dopants caused only a slight change

in the TiO2 crystallite and BET surface area (ranging from 7.8

to 10.6 nm and corresponding surface area 95 to 159 m2/g). The

photocatalytic activity of TiO2 did not depend solely on the

surface area but were found to be correlated well with the

concentration of Ti3+ on the catalyst surface as illustrated by a

linear ascending trend of the ethylene conversion and the

amount of Ti3+/surface area of the catalysts in Fig. 5. It should

also be noted that the effect of post-treatment on enhancing the

concentration of Ti3+ on the TiO2 was more pronounced than

the addition of metal dopants.

4. Conclusions

The Si- and Zr-doped TiO2 with Si/Ti and Zr/Ti molar ratios

ranging from 0.002% to 0.1% were prepared via the

solvothermal method using titanium n-butoxide as the titanium

precursor and toluene as the solvent. It was found that selection

of a suitable second metal doping can enhance photocatalytic

activity of the TiO2. Based on ESR and XPS analyses, the

improved photocatalytic activity of the TiO2 is suggested to be

due to the presence of Ti3+ defect sites on the surface of TiO2.

Moreover, a post-synthesis treatment by cooling in air at 77 K

effectively enhanced the amount of Ti3+ and photocatalytic

activity of the TiO2 and the metal-doped TiO2.
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