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APPENDIX A

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation

The crystallite size was calculated from the half-height width of the diffraction
peak of XRD pattern using the Debye-Scherrer equation.

From Scherrer equation:

KA

= Al
b fcos & (A1)

where D = Crystallite size, A

Crystallite-shape factor = 0.9

X-ray wavelength, 1.5418 A for CuKa
Observed peak angle, degree

Il

K
A
0
p

X-ray diffraction broadening, radian

The X-ray diffraction broadening (B) is the pure width of a powder diffraction
free of all broadening due to the experimental equipment. Standard a-alumina is used
to observe the instrumental broadening since its crystallite size is larger than 2000 A.

The X-ray diffraction broadening (B) can be obtained by using Warren’s formula.

From Warren’s formula:

B’ = B -B; (A2)
p

Where By = The measured peak width in radians at half peak height.

Bs = The corresponding width of a standard material.
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Example: Calculation of the crystallite size of titania

The half-height width of 101 diffraction peak = 0.93125°

= 0.01625 radian

The corresponding half-height width of peak of c-alumina = 0.004 radian

The pure width = B2 - B!}
= 0.01625% - 0.004
= 0.01577 radian
B = 0.01577 radian
20 = 2556°
6 = 12.78°
A =  1.5418A
The crystallite size = 0.9x1.5418 = 90.15 A

0.01577 cos 12.78

= 9 nm
Anatase titanium (IV) oxide
20 = 2556 A )
8 — 12780 B = 0.93125 -
i = 0.01625 radius

23 23:5 24 245 25 255 26 265 27 27.5 28

Figure A.1 The 101 diffraction peak of titania for calculation of the crystallite size
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Figure A.2 The plot indicating the value of line broadening due to the equipment. The

data were obtained by using o-alumina as standard
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APPENDIX B

CALCULATION FOR CATALYST PREPARATION

Preparation of TiO; support and 5, 10, 15 and 20 wt. % Co/TiO; catalysts by

the incipient wetness impregnation method are shown as follows:
Reagent: - Titania (IV) buoxide (TiO;)
Molecular weight = 131.5

- Cobalt (II) nitrate hexahydrate (Co(NOs), - 6H,0)
Molecular weight = = 290.93

Calculation for the preparation of cobalt loading catalyst (20 wt. % Co/TiO,)

Based on 100 g of catalyst used, the composition of the catalyst will be as follows:

Cobalt = 20g
Titania = 100-20 = 80 ¢g
For 5 g of titania
Cobalt required = 5x(20/80) = 125¢g

Cobalt 1.25 g was prepared from Co(NO;); - 6H,0 and molecular weight of
Co is 58.93

Co(NO3), - 6H,0 required

MW of Co(NO3); - 6H,0 x cobalt required
MW of Co
(290.93/58.93)x1.25 = 6.17 g

Dissolve of Cobalt (II) nitrate hexahydrate and volume of de-ionized water

like preparation of unpromoted catalyst.
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APPENDIX C

THE OPERATING CONDITIONS OF GAS CHROMATOGRAPHY

The composition of hydrocarbons in the product stream was analyzed by a
Shimadzu GC14B gas chromatograph equipped with a flame ionization detector. The

operating conditions for each instrument are shown in the Table C.1.

Table C.1 The operating condition for gas chromatograph.

Gas Chromagraph SHIMADZU GC-14B
Detector FID
Column VZ10
Carrier gas H; (99.999%)
Carrier gas flow (ml/min) 30 c¢/min

Column temperature

- initial (°C) 70

- final (°C) 70

Injector temperature (°C) 100
Detector temperature (°C) 150
Current (mA) -
Analysed gas Hydrocarbon C,-C,

The calibration curves for calculation of composition of reactant in

photocatalytic reaction. The reactant is ethylene.

The VZ10 column are used with a gas chromatography equipped with a flame
ionization detector, Shimadzu modal 14B, to analyze the concentration of products

including of ethylene.
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Mole of reagent in y-axis and area reported by gas chromatography in x-axis
are exhibited in the curves. The calibration curve of ethylene is illustrated in the

following figure.

3.0E-07 - — e

2.5E-07

2.0E-07 -

Mole of Ethylene
o
S
<2

1.0E-07
5.0E-08 y=4E-13x
RY=009564 |
0.0E+00 J—ﬁ e o £ ///AE AN N,
0 100000 200000 300000 400000 500000 600000 700000 800000 900000

Area

Figure C.1 The calibration curve of ethylene.



124

APPENDIX D
CALCULATION FOR REDUCIBILITY

For supported cobalt catalyst, it can be assumed that the major species of

calcined Co catalysts is Co3;04. H, consumption of Co;30y is calculated as follows:

Molecular weight of Co = 58.93
Molecular weight of Co30; = 240.79

Calculation of the calibration of H, consumption using cobalt oxide (Co30,)

Let the weight of Co;04 used = 001g
4.153x107° mole

Il

From equation of Co;04 reduction;

C03 04 + 4H2 7 3Co A 4H20 (D 1)
H2 7 4 C03O4
= 4x4.153x10° = 1.661x10™* mole
Integral area of Co30y after reduction = 396572.5 unit

Thus, the amount of H, that can be consumed at 100 % reducibility is

1.661x10™ mole which related to the integral area of Co;04 after reduction 396572.5

unit.

Calculation of reducibility of supported cobalt catalyst

Integral area of the calcined catalyst = X unit
The amount of H, consumption = [1.661x 104x(X)/396572.5] mole
Let the weight of calcined catalyst used = W g
Concentration of Co = Y % wt
Mole of Co = [(WxY)/58.93] mole
Mole of Co304 = [(WxY)/3x58.93] mole
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Il

Mole of H, can be consumed [(WxY)x4/3x58.93] mole

[1.661x10%(X)/396572.5]x100
[(WxY)x4/3x58.93]

Reducibility (%) of supported Co catalyst
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APPENDIX E

CALCULATION FOR TOTAL H; CHEMISORPTION AND DISPERSION

Calculation of the total H, chemisorptions and metal dispersion of the catalyst, a

stoichiometry of H/Co = 1, measured by H, chemisorptions is as follows:

Let the weight of catalyst used = W g
Integral area of H, peak after adsorption = A unit
Integral area of 45 pl of standard H, peak = B unit
Amounts of H, adsorbed on catalyst = B-A unit
Concentration of Co > C % wt
Volume of H; adsorbed on catalyst = 45x[(B-A)/B] pnl
Volume of 1 mole of H, at 100°C = 28.038 ul

Mole of H; adsorbed on catalyst [(B-A)/B]x[45/28.038] umole

[(B-A)/B]x[45/28.038]x[1/W] umole /g of catalyst

Total hydrogen chemisorptions

= N pumole /g of catalyst
Molecular weight of cobalt = 58.93

Metal dispersion (%) = 2xHj (/g of catalystx 100

No pmole Coy,/g of catalyst
= 2xNx100

No pmole Coyy
= 2xNx58.93x100
Cx10°
= 1.179x N
i
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APPENDIX F
CALIBRATION CURVES

This appendix showed the calibration curves for calculation of composition of
reactant and products in CO hydrogenation reaction. The reactant is CO and the main
product is methane. The other products are linear hydrocarbons of heavier molecular

weight that are C;-C4 such as ethane, ethylene, propane, propylene and butane.

The thermal conductivity detector, gas chromatography Shimadzu model 8A
was used to analyze the concentration of CO by using Molecular sieve 5A column.

The chromatograms of catalyst sample are shown in Figure F.1.

The VZ10 column are used with a gas chromatography equipped with a flame
lonization detector, Shimadzu modal 14B, to analyze the concentration of products
including of methane, ethane, ethylene, propane, propylene and butane. The

chromatograms of catalyst sample are shown in Figure F.2. Conditions uses in both
GC are illustrated in Table F.1.

Mole of reagent in y-axis and area reported by gas chromatography in x-axis
are exhibited in the curves. The calibration curves of CO, methane, ethane, ethylene,

propane, propylene and butane are illustrated in the following figures.
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Figure F.1 The chromatograms of catalyst sample from thermal conductivity
detector, gas chromatography Shimadzu model 8A (Molecular

sieve 5A column).
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Figure F.2 The chromatograms of catalyst sample from flame ionization
detector, gas chromatography Shimadzu modal 14B (VZ10

column).
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Table F.1 Conditions use in Shimadzu modal GC-8A and GC-14B.

Parameters Condition
Shimadzu GC-8A Shimadzu GC-14B
Width 5 5
Slope 50 50
Drift 0 0
Min. area 10 10
T.DBL 0 0
Stop time 50 60
Atten 0 0
Speed 2 2
Method 41 41
Format 1 1
SPL.WT 100 100

ISWT 1 1
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Figure F.3 The calibration curve of CO.
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Figure F.4 The calibration curve of methane.
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Figure F.5 The calibration curve of ethane.
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Figure F.6 The calibration curve of ethylene.
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Figure F.7 The calibration curve of propane.
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APPENDIX G

CALCULATION OF CO CONVERSION, REACTION RATE AND
SELECTIVITY

The catalyst performance for the CO hydrogenation was evaluated in terms of

activity for CO conversion reaction rate and selectivity.

Activity of the catalyst performed in term of carbon monoxide conversion and
reaction rate. Carbon monoxide conversion is defined as moles of CO converted with

respect to CO in feed:

CO conversion (%) = 100 x [mole of CO in feed — mole of CO in product] (i)
mole of CO in feed

where mole of CO can be measured employing the calibration curve of CO in Figure
F.1, Appendix F.i.e.,
mole of CO = (area of CO peak from integrator plot on GC-8A)x3x10™"" (i)

Reaction rate was calculated from CO conversion that is as follows:

Let the weight of catalyst used = W g
Flow rate of CO = 2 cc/min
Reaction time = 60 min
Weight of CH, = 14 g
Volume of 1 mole of gas at 1 atm = 22400 cc

Reaction rate (g CH,/g of catalysth) = [% conversion of CO/100]x60x14x2  (iii)
Wx22400

Selectivity of product is defined as mole of product (B) formed with respect to

mole of CO converted:

Selectivity of B (%) = 100 x [mole of B formed/mole of total products] (iv)
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Where B is product, mole of B can be measured employing the calibration
curve of products such as methane, ethane, ethylene, propane, propylene and butane
in Figure F.4-F.9, Appendix F.i.e.,
mole of CHy = (area of CH, peak from integrator plot on GC-14B)x 6x10™"*  (ii)
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Abstract

Nano-TiO; powders were synthesized by the solvothermal method under various reaction conditions in order to obtain average
crystallite sizes of 9-15nm. The amounts of surface defect of TiO, were measured by means of temperature-programmed desorption of
CO; and electron spin resonance spectroscopy. It was found that the ratios of surface defect/specific surface area increased significantly
with increasing TiO; crystallite size. The TiO, with higher amounts of surface defects exhibited much higher photocatalytic activity for

ethylene decomposition.
(© 2006 Elsevier B.V. All rights reserved.

Keywords: Al. Crystallite size; Al Surface defect; Al. Surface structuce: Bl TiOy; BL T

1. Introduction

Nowadays, titanium (I'V) dioxide or titania (T10;) 15 one
of the most popular and promising catalysts in photo-
catalytic applications for environmental remediation due 10
the strong oxidizing power of its holes, high photostability,
and redox selectivity [1-7]. Titania can be synthesized by
various methods such as solvothermal method [8-11],
precipitation method [12], sol-gel method [13-15], and
thermal decomposition of alkoxide [16]. The properties of
TiO, synthesized by different methods vary in terms of
their crystal structure, chemical composition, surface
morphology, crystal defects, specific surface area, ete,
While the sol-gel method is widely used to prepare nano-
sized TiO,, the precipitated powders obtained are amor-
phous in nature and further heat treatment is required for
crystallization. The solvothermal method is an alternative
route for one-step synthesis of pure anatase nano-sized
TiO,. Particle morphology, crystalline phase, and surface

*Corresponding author. Tel.: +6622186882. fax + 662218 6877
E-mail address: piyasan.p@chula.ac.th (P, Prascrihdam)

0022-0248/3 - see front matter © 2006 Elscvier B.V. All rights rescrved
doi:10.1016/j.jcrysgro.2006.09.018

chemistry of the solvothermal-derived TiO, can be easily
controlled by regulating precursor composition, reaction
temperature, pressure, solvent property, and aging time
17

There always exist structural defects on the surface and
inside titama particles [18]. These structural defects are
related with the-density of photoexcited electrons, Surface
defects are good for high photocatalytic activity because
they can act as active sites for adsorption and dissociation
of molecules on the TiO, surface [19-21]. However, the
bulk defect lowers the photocatalytic activity because they
provide sites for the recombination of the photogenerated
electrons. According to electron spin resonance (ESR)
spectroscopic study, the photoexcited electron trap at
surface Ti** sites or Ti** sites within the bulk and holes
trap at lattice oxygen ions [22-24]. Therefore, the bulk
defect should be reduced to obtain high photocatalytic
activity. The nature of defects on TiO, can be found in a
recent review by Watson et al. [25].

In this study, nano-TiO, powders with average crystallite
sizes in the range of 9-15nm were synthesized by the
solvothermal method. The effect of crystallite size on the
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amount of surface defects on TiO, was investigated by
means of X-ray diffraction (XRD), N; physisorption,
temperature-programmed desorption of CO;, and ESR
spectroscopy. Photocatalytic activities of the TiO; powders
were determined from a gas-phase decomposition of
ethylene under UV irradiation.

2. Experimental Procedure
2.1. Preparation of TiO;

Nanocrystalline TiO; was prepared using the solvother-
mal method according to that of Ref. [26] using titanium
(IV) n-butoxide (TNB) as starting material. In general,
15-25g of TNB was suspended in 100cm® of toluene in a
test tube, which was then placed in a 300cm? autoclave.
The gap between the test tube and the autoclave wall was
filled with 30cm® of the same solvent used in the test tube.
The autoclave was purged completely by nitrogen before
heating up to 573K at a rate of 2.5K/min. Autogeneous
pressure during the reaction gradually incrzased as the
temperature was raised. Once the prescribed temperature
was reached, the temperature was held constant for 0.5-8h.
After the system was cooled down, the resulting powders
were repeatedly washed with methanol and dried in air.
The synthesis product was then calcined in a box furnace
by heating up to the desired temperature, in the range of
563-583K, at a rate of 10K/min and held at that
temperature for 1 h in order to remove any impunty that
might remain on the samples after washing with methanol.

2.2. Characterization

Powder XRD analysis was carried out using a SIE-
MENS D5000 diffractometer with Cu K, radiation. The
crystallite size of the product was determined from
broadening of its main peak (26 = 25°) using the Scherrer
equation. The specific surface area was calculated using
Brunauer-Emmett-Teller (BET) single-point method on the
basis of nitrogen uptake measured at 77K at a relative
pressure of 0.3. Before N, adsorption, each sample was
dried at 403K for 30min in a 30% No—helium flow. The
amount of nitrogen desorbed was measured using a
thermal conductivity detector. Temperature-programmed
desorption using CO, as a probe molecule (CO,-TPD) was
performed to determine the Ti*" site existing on the
surface of a TiO; particle [27). The CO,-TPD was carried
out using homemade equipment composed of a quartz tube
in a temperature-controlled bath connecting to a gas
chromatograph (GOW-MAC) with a thermal conductivity
detector. Approximately 0.05 g of a TiO; sample was dosed
by 1vol% CO; in helium for 1h and then desorbed from
143 to 273K with a rate of 21.5 K/min. ESR speciroscopy
was conducted using a JEOL JESRE2X ESR spectrometer.
The intensity of ESR was calculated using a computer
software program ES-PRIT ESR DATA SYSTEM (ver-
sion 1.6). Transmission electron micrographs of the TiO,

samples were obtained using a JEOL JEM 1220 electron
microscope operated at 80 kVa.

2.3. Evaluation of photocatalytic activity

The decomposition of ethylene via photocatalytic reac-
tion was employed to evaluate photocatalytic activity of
the TiO, products obtained. Approximately 0.4 g of the
synthesized T10, was spread in a horizontal quartz reactor.
The air containing 0.1% ethylene was continuously
supplied at a constant flow rate with a gas hourly space
velocity of 120h~". The reaction temperature was set at
313 K. For each run, an air stream with 0.1% ethylene was
first passed through the reactor without illumination until
reaching gas-solid adsorption equilibrium (typically
120-180 min) as indicated by identical inlet/outlet ethylene
concentration. Then, UV light was illuminated on the
surface of the catalyst by using 500 W mercury lamps. The
outlet gas was sampled and analyzed at regular intervals by
usinga SHIMADZU GC-14B gas chromatograph
equipped with the flame-ionized detector.

3. Results and discussion

In this study, the crystallite size of the solvothermal-
derived Ti0, was varied in the range of 9-15nm by
changing the concentrations of TNB, the reaction tem-
peratures, and the holding times. Increasing reaction
temperature and holding time resulted in an increase in
the average crystallite size of TiO,. The average crystallite
sizes and BET surface areas of the obtained TiQ; from
various synthesis conditions are given in Table 1. The XRD
patterns of all the obtained Ti0; powders are shown in Fig.
1. The characteristic peaks of pure anatase-phase titania
were observed at 25, 38, and 48° 26 [28] without
contamination of other phases such as rutile and brookite.
The average crystallite sizes of TiO, were calculated from
the full-width at half-maximum of the XRD peak at 20 =
25% using the Scherrer equation. As the average TiO,
crystallite size increased from 9 to 15nm, the BET surface
areas decreased monotonically from 126 to 51 m?/g. The
specific surface areas of the TiO, samples were also
calculated based on the correlation between surface area

. and crystallite size as follows:

S2 = 6/dp,

where d 1s the average crystallite size and p is the density of
TiO; (3.84gem’) [29].

It 1s noticed that S, determined from N, physisorption
was smaller than §; calculated based on the crystallite size
for all the TiO; samples. This was probably the result of an
amorphous-like phase contaminated in the TiO, particles
[11]. Transmussion electron microscope (TEM) imaging has
been carried out in order to determine the shape of the
particles and the existence of amorphous phase. A typical
TEM micrograph of the TiQ;-9nm sample is shown in
Fig. 2. The TEM 1mages show that the TiO, products
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Table |

Specific surface areas and average crystallite sizes of the TiO; samples obtained from various synthesis conditions

Sample  Amount of TNB in solvent (g)  Temperaturc (“() Holding time (h)  Crystallitc size (nm)  Specific surface area (m%/g) S51/Sz2
— 5 5° —_
I 15 300 05 90 126.4 170.9 0.74
2 25 300 20 110 923 139.9 0.66
3 25 320 60 12.5 78.2 123.] 0.64
4 25 350 6.0 14.5 53.1 106.1 0.50
5 25 350 8.0 15.0 b g 102.6 0.50

*S) is specific surface area determined from N physisorplion results

"S,is specific surface area calculated based on the sorrclation between surface area and crystallite size of TiO; (S2 = 6/dp [29)).

o < Anatase TiO,

OO(}O

Intensity (a.u.)

(d)

10 20 30 40 50 60 70 80 90
Degrees (28)

Fig. 1. XRD patterns of the TiO, samples with various crystallite sizes (a)
9nm, (b) 11 nm, () 12.5nm, (d) 14.5 nm. and (e) 15Snm

obtained by solvothermal synthesis under the conditions
used consist of spherical particles with parucle sizes
consistent with the calculated results. The TiO, samples
may contain a fraction of amorphous phase since the
preferential orientation of TiO, nanoparticles was not
clearly seen; however, it is probably due to the moderate
magnification used. In order to elucidate the structure of
TiO; nanocrystallites, a high-resolution transmission elec-
tron microscope with selected area electron diffraction
(SAED) may be needed.

Temperature-programmed desorption profiles of CO,
from the titania surface are shown in Fig. 3. The ttania
samples exhibited two desorption peaks at temperatures ca.
I83K and 213K, which were attributed to the two
structures of TiO, [30]. The peak at ca. 183K is attributed
to CO, molecules bounding to regular five-coordinate Ti**
site, which was considered as the perfect titania structure.
The second peak at ca. 213K has been considered as
desorption of CO; molecules bounding to Ti** defect
structure. It is clearly seen from the TPD results that the
areas of the CO, desorption peak at 213K apparently
increased with increasing crystallite size. 1t is indicated that
the larger crystallite size of TiO; obtained from solvother-
mal synthesis possessed a higher amount of T\’ surface

Fig. 2. A typical TEM micrograph of the TiO;-9 nm sample.

defects. The ratios of peak areas of Ti**/Ti** were also

determined by curve fitting and area calculation using a
SYSTAT Peakfit program and the results are given in
Table 2. Tt was found that the Ti’ " density increased with
increasing Ti0; crystallite size from 9 to 14.5nm. The
value of Ti**'Ti** for TiO,-14.5nm and TiO,-15 nm was
not significantly different.

An example of the ESR results of the solvothermal-
derived TiO, powders 1s shown in Fig. 4. All the titania
samples exhibited one major signal at a g value of 1.996,
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Fig. 3. Thermal desorption spectra for CO, adsorbed on the various TiO,
samples.

Table 2
Ratios of peak areas of Ti'*/Ti"* detcrmined from the €O, TPD
experiments

Average crystallite size* (nm) Tit e
9.0 0923
11.0 1.046
12.5 1.299
14.5 1.580
15.0 1.474
“Based on XRD results.
PBased on CO+-TPD results.
] [ 1
J G 19974
]
:
]
|
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320.00 330.00 340.00 350.00 360.00

Fig. 4. ESR spectra for various TiQ» samplcs

which can be assigned to Ti’" at Litania surface [31-33].
According to Nakaoka and Nosaka [24], there were six
ESR signals that occurred on the surface of titania: (i)
Ti**O~Ti** OH", (ii) surface Ti'*, (iii) adsorbed oxygen
(0%), (iv) T*"O Ti**0*", (v) inner Ti**. and (vi)
adsorbed water. Fig. S demonstrates a relationship between
the intensity of ESR spectra per surface area of the TiO,

and the TiO; average crystallite size. It was found that the
amount of surface defect of TiO; increased with increasing
crystallite size.

Photocatalytic decomposition of ethylene was conducted
to assess the photocatalyuc activity of TiO, samples with
various crystallite sizes. The conversion of ethylene as a
function of time-on-stream for all the samples is shown in
Fig. 6. In this study, ‘time-on-stream’ is defined as the time
that surface of the catalyst was illuminated by UV light
using 500 W mercury lamps. Photocatalytic activities of the
various TiO, crystallite sizes are evidently different;
ethylene conversions increased with increasing TiO,
crystallite sizes. It can be correlated to the different
amounts of Ti** defects on TiO, samples, in which the
higher the amount of Ti'" present in TiO,, the higher
photocatalytic activity obtained. In photocatalysis, light
irradiation of TiO, powder with photon energy larger than
the band-gap energy produces electrons (e7) and holes (h ™)
in the conduction band and the valence band, respectively.
These  electrons and holes are thought to have the
respective abilities to reduce and oxidize chemical species
adsorbed on the surface of TiO; particles. For a photo-
catalyst to be most efficient, different interfacial electron
processes involving e~ and h" must compete effectively
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Fig. 5. The intensity of ESR spectra/surface area as a function of TiO,
crystallite size.

50
a5 1
& 40 4
E 30 ~
£ 251 ——9Ynm
g 20 1 —— 1l nm
?: 15 A —4— 125 nm
E 10 1 —=— 145 nm
51 —*— 15nm
(0 T T T T

1} 1 2 3 4 5
Time-on-stream (h)

Fig 6. Photocatalytic activity of the various TiO,.
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with the major deactivation processes 1:.volving e ~h”
recombination. In general, TiO, with higher crystallinity
and higher specific surface area typically shows higher
photocatalytic activity since the defect of crvstal can be the
recombination center of the electron—hole pair: hence the
photocatalytic activity decreases [1,34.35]. However, the
role of Ti** surface defects on photocatalvtic activity of
TiO, is different from that of crystal (bulk) defect. The
Ti** surface defects serve as traps for photogenerated
electrons and consequently prolong lifetime of holes,
resulting in higher photocatalytic acuvity [36 38].

4. Conclusions

This work showed the impact of crystallite size of ThO,
in the range of 9-15nm on the Ti** surface defect present
in TiO, powders. The amounts of Ti'~ defects as
determined by ESR and CO,-TPD were found to increase
with increasing crystallite size of TiO,. The photocatalytic
activity of TiO, also increased in a similar trend due to an
increase in the surface defect/specific surface area of the
TiO; samples.
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Abstract

Nanocrystalline TiO; powders with average crystallite sizes of 9-15 nm were
synthesized by the solvothermal method and employed as supports for Co
catalysts. The value of H, chemisorption/specific surface area of Co/TiO,
increased significantly with increasing TiO; crystullite size. It was suggested that
the higher amount of Ti**surface defects on the larger crvstalline TiO, resulted in
a stronger interaction between Co-and TiO,, hence. higher dispersion of Co was
obtained.

Keywords: TiO,. solvothermal. crystallite size, cobalt catalyst. dispersion

INTRODUCTION

Titanium dioxide (TiO;) is a very useful material and has received great
attention in catalysis research as catalyst, catalyst support, and promoter. It is one of
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the most promising catalysts in photocatalvtic applications [[-3]. In addition, as
a catalyst support particularly in hydrogenation reactions, TiO, manifests a
strong metal-support interaction (SMSI) with group VIII metals resulting in an
improved catalytic performance [4-3]. It has been reported that Co/TiO; shows
high activities in CO hydrogenation and gives a distribution of Fischer-Tropsch
products ranging from C, to C;s- hydrocarbons with high selectivity for C;-C,
[6]-

However, the physical and chemical properties of TiO; can be modified
when they are synthesized in the nanometer range [7]. Nanocrystalline TiO,
with high specific surface area is thus desirable for the preparation of TiO,
supported catalysts with high metal dispersion.

In this study, nanocrystalline TiO, with various crystallite sizes in the range
of 9-15 nm were synthesized by the solvothermal method. This technique
allows a one-step synthesis of pure nano-sized anatase TiO,. The effect of TiO,
crystallite size on the dispersion of cobalt on TiO; was investigated by various
analytical techniques such as X-ray diffraction, electron spin resonance
spectroscopy, N, physisorption, and H; chemisorption.

EXPERIMENTAL
Preparation of TiO; and Co/TiQ; catalysts

Nanocrystalline TiO, was prepared by using the solvothermal method
according to Ref. [8] using titanium(1V) n-butoxide (TNB) as starting material.
In general, an amount of 15-25 g of TNB was susg)ended in 100 cm® of toluene
in a test tube, which was then placed in.a 300 em” autoclave. The gap between
the test tube and the autoclave wall was filled with 30 cm® 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 573-623 K, at a rate of
10 K/min. Once the prescribed temperature was reached. the temperature was
kept constant for 0.5-8 h. After the system was cooled down, the resulting
powders were repeatedly washed with methanol and dried in air. The synthesis
product was then calcined in a box furnace by heating up to the desired
temperature, in the range of 563-583 K, at a rate of 10 K/min and kept at that
temperature for | h. Co/TiO, catalysts with approximately 20 wt.% Co were
prepared by incipient wetness impregnation using Co(NO,)-6H;0 (Aldrich) as
cobalt precursor. The catalysts were dried at 383 K for 12 h and calcined in air
at 723 K for 4 h prior to use,
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Characterization

The specific surface area of the samples was calculated using the Brunauer-
Emmett-Teller (BET) single point method. Approximately 0.3-0.5 g of the
catalyst sample was placed in the sample cell and heated up to 473 K and kept
at that temperature for 10 h under 30% N, in He flow. The catalyst sample was
then cooled down to room temperature and was dipped into liquid nitrogen.
After equilibrium adsorption of nitrogen, the sample cell was dipped into a
water bath at room temperature. The amount of nitrogen desorbed was
measured by a gas chromatograph (GOW-MAC). X-ray diffraction was carried
out by using a SIEMENS D5000 X-ray diffractometer, using Cu K, radiation
with a Ni filter in the 20-80°28 angular regions. Electron spin resonance
spectroscopy (ESR) was conducted using ‘a JEOL JESRE2X electron spin
resonance spectrometer. The intensity of ESR was calculated using a computer
software program ES-PRIT. ESR DATA SYSTEM (version 1.6). H,-
chemisorption was carriec out by using a Micromeritics Pulse Chemisorb 2700
instrument at 373 K on the reduced catalysts. Prior to chemisorption, the
catalysts were reduced at 623 K for 10 h.

RESULTS AND DISCUSSION

The properties of varicus nanocrystalline TiO, prepared via solvothermal
synthesis are shown in Table 1. The average ¢rystallite size of TiO, can be
tailored by changing the concentration of titanium #-butoxide. reaction
temperature, and time.  Typically. increasing the titanium butoxide
concentration, reaction temperature, and/or reaction time resulted in an increase
in the average crystallite size'of TiO,. From the XRD results (Fig. 1), only pure
anatase phase TiO, was observed for all the samples at 26 of 25, 38, and 48° [9].
The average crystallite sizes of TiO; were calculated from the full width at half
maximum of the XRD main peak at 26 = 25° using the Scherrer equation. While
the average TiO; crystallite size increased from 9 10 15 nm, the BET surface
areas decreased monotonically from 126 to S1 m*/g. Electron spin resonance
spectroscopy was conducted in order to monitor the Ti** defects on the TiO,
surface. A typical ESR spectrum of the nanocrystalline TiO, prepared by the
solvothermal method is shown in Fig. 2. All the nanocrystalline TiO, samples
exhxbjted only one main signal at a g value of 1.996 which can be assigned to

" defective sites of TiO; at the surface [10-12]. Nakaoka ef al. [13] has
reportcd six signals in the ESR measurement occurring on the surface of titania:
() Ti*OTi"OH, (11) surface Ti", (iii) adsorbed oxygen (O%), (iv) Ti*'0O*
Ti*"'0%, (v) inner Ti*', and (vi) adsorbed water. The relationship of ESR
intensity/BET surface area of the TiO, as a function of TiO; crystallite size is
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illustrated in Fig. 3. It was found that for a given surface area. the amount of
surface defects on TiO; significantly increased with increasing crystallite size.

Table |

Properties of various nanocrystalline TiQ; samples synthesized by the solvothermal method

Preparation conditions Average Specific surface
crystallite size area
TNB amount Temp. Reaction ime
() (°C) (h) (nm) (m*/g)
1 15 300 0.5 9.0 126
2 25 300 2 11.0 92
3 25 320 6 12,5 78
4 25 350 6 145 53
5 25 150 8 15.0 51
s
&)
.-':' \«—-’—j\_/\ 15 nm
2 &-\AA_,_/\__/\_/\W\ 14 Snm
= -—JM
12.5 nm
oA,
9 nm
10 20 30 40 50 60 70 80 90

Degrees (28)

Fig. 1. XRD patterns of nanocrystalline TiO; synthesized by the solvothermal

method
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Fig. 2. A typical ESR results of the solvothermal-derived TiO,
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It is known that only surface cobalt metal atoms are active for CO
hydrogenation reaction and not its oxide or carbide [14]. The relative amounts
of active cobalt metal atoms on the Co/TiO, catalyst samples were calculated
from H, chemisorption experiments at 100°C according to Bartholomew e al.
[15]. In general, the catalyst with a higher BET surface area exhibits H;
chemisorption and Co dispersion. Thus, in order to separate the effect of BET
surface area on Co dispersion from the effect of TiO, crystallite size, the
amounts of H, chemisorption are reported in terms of micromole H,
chemisorption per unit surface area. Such relationship is shown in Fig. 4. It was
found that for a given surface area. the amount of H, chemisorption on the
Co/TiO, catalysts significantly increased with increasing crystallite size,
especially when the TiO, crystallite sizes were in the range of 14.5-15 nm.
Figure 5 shows the relationship between ESR intensity/BET surface area and H,
chemisorption/BET surface area. A similar trend was observed:; as the ESR
intensity/BET surface area increased, the H, chemisorption/BET surface area
also increased. Such results suggest that increasing the amount of surface Ti'"
defects of TiO, can result in higher ‘amount of active Co dispersed on the
solvothermal-derived nanocrystalline TiQ.

It has been reported that the binding energy for metal and TiO, is larger at
the oxygen defect sites than at the normal sites of the TiO, surface [16].
Therefore, the solvothermal-derived TiO, with larger crystallite sizes (higher
amounts of Ti’" surface defects) can result in stronger interaction of the TiO,
surface and the cobalt precursor, and consequently. higher dispersion of Co on
the TiO, supports. For the synthesis of highly dispersed cobalt catalysts on
alumina, Zhang er ai. [17] suggested that a strong . interaction was required
between the support and cobalt precursor. In & recent study from our group
[18], the TiO, surface when modified by different pre-treatments resulted in
TiO; samples with different amounts of Ti*" defects on the surface. The Co
catalysts supported on the TiO; containing higher amount of Ti’" also exhibited
higher Co dispersion. The results in this study, thus, confirm the effect of Ti*'
defective sites present on the nanocrystalline TiO, surface, which as itself is a
function of the TiO, crystallite size. thus also on the dispersion of active Co
metal on TiO; surfaces.
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