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1. Introduction process of Tig enhanced the photocurrent density due to
the replacement of S by (3].
Titanium dioxide (TiQ, titania) powder is one of the most In this regard, the sulfurization behavior of TiGhould
important particulate materials, such as ceramic materials,be identified, in order to prepare chemically and physically
pigments, cosmetics, medicines and catalys}sin addi- stable TiQ sulfurized partially. However, very few studies

tion, TiO2 nanocrystals are well known as semiconductor have been published about the sulfurization of Ji@®ing
materials for a wide variety of photocatalytic applications, CS and are more associated with the hydrolysis process
being different from its bulk materials in physicochemical [9-11]. In this paper, the sulfurization of Tihanoparti-
properties, such as morphology, surface area, and reactivcles in the presence of G8vas studied by thermogravimet-
ity. On the contrary, titanium sulfides absorbing visible light ric (TG) method using a quartz spring-type thermobalance
exhibits little stability against photodissolution and then be- in comparison with other powders of anatase, rutile and
come the loss of the photocatalytic activity during their use. Ti(OH)4. As a complement to the sulfurization, the decom-
On the other hand, transition metals sulfides exhibit unique position of the partially sulfurized TiQand the Tig were
properties, in comparison with commercial oxide catalysts also studied by the same method.
as can be seen in the results obtained over ruthenium, nio-
bium and titanium after their sulfurizatid2—5]. Some at-
tempts have been carried out for the partial sulfurization of 2. Experimental
TiO», because partially sulfurized TiOs expected to have
higher photocatalytic activity due to efficient absorption of 2.1, Materials
visible light. Namely, the partial sulfurization of TiQvould
enhance their photocatalytic activity, which is in accordance  TiO, nanoparticles (Ishihara Ind., ST01), as shown in
to early studies made by Ziolek et al. on Bi@ranulates Fig. 1(a), were used as-received or dried at 4tdn an
[6]. Furthermore, it was reported that photoelectrochemical oven for 10 days. The anatase-type Tifarticles shown
property was improved by a partial sulfurization of BiO in Fig. 1(b) (Wako Pure Chemicals Co. Ltd.) were used
[7]. In addition to the sulfurization of Tig) the oxidation as-received. The rutile-type TiOparticles (Fig. 1(c))
were prepared by calcining the anatase-type ones in air at
900°C for 1 h. Ti(OH) was prepared by mixing titanium
« Corresponding author. Tel:81-22-217-5164; te'trg—iso—propogide (Wako .Pure Chemicals Cq. 'Ltd.) with
fax: +81-22-217-5164. distilled water in a proportion of 1:512]. The mixing ap-
E-mail address: jcuya@mail.tagen.tohoku.ac.jp (J. Cuya). paratus was kept at ca®°Q to avoid the formation of Ti@
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Fig. 1. TEM micrographs of (a) as-received STO1; (b) anatase and (c) rutile.

via hydrolysis of Ti(OH). Then, as-prepared suspension In addition, TG curves for as-received ST01 and Ti(@H)

was dried under vacuum for 10 h using a rotary evaporator. particles were obtained using TG-DTA equipment (Rigaku
TiS; powder was prepared by heating of i@anoparti- Thermoplus TG 8120) at a heating rate ofGmin~! in

cles (ST01) in a flow of Csand N> gas mixture at 550C argon gas flow and the gases liberated during the heating

and maintained for 20 h. In order to eliminate the free sul- rate were analyzed by gas chromatograph mass spectrometer

fur as an impurity, as-prepared Bi/as purified by wash-  (Shimadzu GC-MS QP5050).

ing with toluene and then dried at 100 under vacuum.

Partially sulfurized STO1 samples were prepared by heating2.3. Characterization

them in a flow of C3 and N> gas mixture at temperatures

of 250 and 500C. The identification of the products was performed by
Analytical grade Cswith a boiling point of 46-47C and X-ray diffraction analysis using a Rigaku Type RAD-IC

maximum water content of 0.02% (Wako Pure Chemicals diffractometer with a Ni filtered Cu Keadiation (40kV and

Co. Ltd.) was used as-received. Nitrogen gas of 99.99% 20 mA) equipped by a curved pyrolitic carbon. The average

purity (Nippon Sanso Co. Ltd.) was used as-received. size of initial materials was estimated using transmission
electron microscopy (TEM) in a JEOL JEM 2000EX Elec-
2.2. Thermogravimetric analysis (TG) tron Microscope operating at 200kV. The specific surface

area (BET) for as-received STO1 sample was performed

The experimental setup was reported elsewliE3¢ TG using Micromeritics ASAP 2010 equipment.
profiles were obtained in a vertical resistance tube furnace
equipped with a quartz spring. A quartz crucible containing
the weighed sample, approximately 100 mg, was suspended3. Results and discussion
from quartz spring at the center of the uniform tempera-
ture zone of the furnace. The sample was heated at constan8.1. Sulfurization of STO1
rate from room temperature to 1000. Before heating, the
reaction tube was evacuated to approximately 100 Pa for TiO» nanoparticles, STO1, were characterized as 7 nm in
30min and then refilled with Nup to ambient pressure. average diameter with a narrow size distribution, 36@m
After that, CS in N2 carrier gas obtained by passing N of specific surface area, and anatase-type Tibulk struc-
gas flow through a bubbler containing liquid £®as in- ture, as their transmission electron micrograph was shown in
troduced. The B gas flow rate was measured using a digi- Fig. 1(a). In contrast, larger particles were observed in com-
tal mass flow meter (Kofloc Model DPM-2A). The change mercial powders, as larger as 400 nm for anatase-type TiO
in length of the quartz spring caused by the weight change (Fig. 1(b)) and Jum for rutile-type TiG powders (Fig. 1(c)),
during heating was measured by a level meter (Mitsutoyo) approximately.
with an accuracy of 0.001 mm. The change in length was Hence, we first focused on the sulfurization behavior of
calibrated by using a standard weight. The sensitivity of the TiO, nanopatrticles in the present study. Thermogravimet-
spring was 6.7 mg mmt. ric analyses for the sulfurization of as-received and dried

The sulfurization experiments were carried out at a heat- STO1 were made at heating rates 6fCImin—1, as shown
ing rate of 1°Cmin~! with a CS/N> gas flow rate of in Fig. 2. The curve of the as-received STO1 (Fig. 2(a))
5/50 mImirr ! and the decomposition of TiSand partially showed a weight decrease of 3.1% at around°Cifol-
sulfurized TiQ samples were also examined at a rate of lowed by a slight weight increase and became flattened up to
5°Cmin~1, in a stream of M gas of 50 mImin?. 420°C. Then, the weight gradually increased and it attained
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Fig. 2. TG curves (a—c) of sulfurization of STO1 samples.

to 23.9% at 640C. Finally, the weight decreased to 10.1% at range (Fig. 4(d)). However, no weight change was recorded
1000°C. in further increase in temperature kig. 2. Products other
Fig. 2(c)represents TG curve of as-received sample in the than water, such as organic compounds, were not detected
absence of CS An initial decrease in the weight of 6.3% in this TG measurement of STO1.
was observed up to 17@ that was assigned to the vaporiza-  XRD patterns for STO1 sulfurized at 250, 500, 700 and
tion of adsorbed water. The second weight decrease of 4.7%,1000°C are shown inFig. 3. Since the 250C-sulfurized
from 170 to 540C, would be due to dehydration of amor- sample (curve (b)) did not give any peaks corresponding
phous Ti(OH) contained in as-received STO1 sample, since to titanium sulfide, sulfur may be adsorbed on the sample.
amorphous Ti(OH) synthesized independently showed the On the contrary, the 50CC-sulfurized sample (curve (d))
similar trend of the weight decrease in the same temperatureshowed a mixture of anatase and Fi%he intensity of TiQ
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Fig. 3. XRD patterns (a—i) of sulfurized STO1 samples.
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Fig. 4. TG curves (a—d) of sulfurization of anatase, rutile and Ti¢gOptwders.
peaks gradually decreased, in favor of J{&aks, with in- 3.2. Effect of initial materials

creasing temperature. Thus, at 7@(curve (f)), only Ti$

peaks were observed. The final products (curve (h)) were In order to compare the sulfurization behavior between

found to be a mixture of TigsS; and TSy, while no peaks initial materials, the TG for the sulfurization of anatase,

corresponding to titanium oxides were observed. rutile, and Ti(OH) was measured, as shownFig. 4. The
From these results, we could discuss the phenomena durflow rate of nitrogen, which passed throughG8lvent, was

ing the sulfurization. It can be summarized as follows. For fixed at 5mlmirm! and the heating rate was’@ min—1.

as-received sample, the weight loss below 200vas as- As mentioned above, the sulfurization started at around
sociated to the removal of absorbed water from the sam-420°C for both samples of the as-received and dried STO1.
ple, while the weight increase starting from 2@was due In contrast, as shown ifig. 4(a), anatase showed a sim-

to adsorption of Cgon TiO, [14], which avoided or de-  ilar TG curve to that of dried STO01, but the sulfurization
layed the condensation of OH groups. %i®ulk started started at around 63@, which is remarkably higher than

to be sulfurized at around 42C up to 640°C, in accor- that for STOL. As the result of rutile is shown ig. 4(b),
dance with theEq. (1). Finally, the decomposition of ob- the rutile seemed to be less reactive than anatase. Namely,
tained Ti$ to lower sulfides compounds occurred above the increase in weight from around 63D is rather grad-

650°C. ual but a clear peak top is not found. On the other hand, in
_ _ the case of Ti(OH) (Fig. 4(c)), the TG curve showed the
Ti02+CS — TiS;+CO, 1) first weight decrease until 17€ and then slight increase,

indicating the sulfurization. The weight increased rapidly

In the case of dried STO1 (Fig. 2(b)), almost no weight yp to 8%, at 410C, with further increase in temperature,
change was observed up to 420 since no absorbed water  followed by the gradual decrease. The first drop may cor-
was present. In this temperature range; @@s adsorbed  respond to the dehydration reaction of Ti(QHEq. (2)),
on TiO; surface and gradually the surface is sulfurized by \yhere the observed weight loss was only 10.4%. However,
direct reaction between G&nd TiQ; [14]. During the sul-  the theoretical value of the weight loss due to the dehydra-
furization of TiG; to TiS,, the weight gradually increased  tjon is calculated to be 31.2%, which is three times higher
and reached 28.9% at around 720 Then, TG curve turned  than the above weight loss. When the TG analysis was car-
to weight decrease to 16.4% at 10@because of decom-  ried out for Ti(OH) independently in the absence of £S
position of TiS to lower sulfides. With respect to the XRD (Fig. 4(d)), the experimental weight loss due to the dehydra-
patterns (Fig. 3(c), (e), (9) and (i), at low temperatures, neg- tion process was 28.2%, which is in good agreement with
ligible difference for as-received STO1 and dried STO1 was the theoretical one. As a result, it is suggested that not only
found. However, at 700C, a complete sulfurization was ob- 3 part of Ti(OH) was dehydrated but also some interaction
served in as-received STO1, while dried STO1 still contained andj/or reaction between Ti(OHand CS occurred.
oxide phase. It seems that the presence of OH groups also
makes the sulfurization easier. Ti(OH), — TiO2+4-2H,0 (2)
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Fig. 5. XRD patterns (a—c) of sulfurized anatase, rutile and Ti¢OpOwders.

The maximum weight change (curve (c)) is around 3.3. Decomposition of TiS; nanoparticles
3.8%. If the theoretical weight loss, 31.2%, by the de-
hydration is considered, the total weight gain could be For identifying the thermal behavior of TiCsulfurized
34.5%, which is comparable with that for the dried STO1 completely or partially, the decomposition of titanium sul-
(Fig. 2(b)). fides was also investigated by TG meth&dy. 6 shows the
XRD patterns for the final products treated in & TG profiles of the decomposition behavior of JiSamples
mentioned above are shown ig. 5. Anatase-type pow- prepared by the complete sulfurization of STO1 nanopar-
ders (curve (a)) were completely sulfurized ta géS; and ticles at 550C and anatase-type powders at 90Q0with
TizSy4, in accordance with the sulfurized product of STO1. CS, named as Tig nanoparticles and TiSparticles, re-
In contrast, the product from rutile sample was found to spectively. The purified samples were obtained by washing
be the mixture of rutile and the above sulfides (curve (b)). the above sulfide particles with toluene for the removal of
Thus, rutile is more difficult to be sulfurized than anatase elemental sulfur from the products. The curve (a) foraTiS
because of the thermal stability of the structure and larger particles shows a weight decrease of 6.1% up to°850

particle size. In the case of Ti(OH)curve (c)), a simi- and then flatness to ca. 700, followed by the rapid de-
lar XRD pattern to the rutile case was observed. Namely, crease till 1000C. The final product was identified as a
the product was a mixture of rutile and sulfides1(J4S; mixture of Ti; 0gSp and TgSy from XRD analysis, as shown

and TgSy). It could be considered that a part of Ti(QH) in Fig. 7 (curve (c)). By washing the sample with toluene to
was converted to sulfide via direct reaction of Ti(QH)nd remove adsorbed sulfur, the curve (c) was obtained, where
CS, in parallel with the dehydration and phase transforma- the amount of the first weight loss was reduced, suggest-
tion into rutile. As-formed rutile remained even after sul- ing that this weight loss was caused by the removal of
furization at 1000C because of its difficulty as mentioned absorbed elemental sulfur from the surfaces. The thermal be-
above. havior of TiS nanoparticles, prepared by sulfurizing STO1
It can be summarized that STO1 nanoparticles were sul-completely, were basically the same as thesTji@rticles,
furized more easily than powders in the same structure, as shown irFig. 6(b). However, the cleaned Ti®anopar-
that rutile was rather stable against the sulfurization, and ticles (curve (d)) shows a very slight weight loss at 360
the starting temperature of the sulfurization of Ti(QH) similar to the curve (c). Namely, the sulfurized STO1 con-
was almost similar to that of STO1. As a result, the unique tains around 20% of the absorbed sulfur which was much
behavior of sulfurization of STO1 can be explained by larger than 6% of Tig particles, since the specific surface
the Ti—-OH structure located in the surface and/or bulk, area was remarkably larger.
which may be highly reactive with GSto give sulfides, The XRD patterns for the decomposed product of2TiS
as well as by the large surface area and unsaturated activananoparticles (Fig. 7(d) and (f)) indicate a mixture of ru-
surface. tile, Ti1 085 and TgSs with a small amount of unidentified
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Fig. 6. TG curves (a—d) of thermal decomposition of JTi8 different sizes.

phase, while those of TiJarticles show TiggS; and TgSy whose XRD patterns were shownhig. 2. The TG curves
with a little rutile. As the initial particles were pure TS  forthe all samples, as shownkhig. 8, indicate a large weight
for both cases (Fig. 7(a) and (b)), water adsorbed on TiS loss until 500C and then constant level over further in-
nanoparticles in atmospheric conditions could be concernedcrease in temperature. Considering the resutigf 6(b), as
with the formation of oxide as an impurity in the resultant mentioned above, in the case of 2&Dsulfurized sample,

sulfide. the weight loss may be ascribed to the removal of absorbed
sulfur mainly. Virtually, there are no peaks corresponding to

3.4. Decomposition of partially sulfurized TiO; sulfides before and after the partial sulfurization treatment

nanoparticles (Fig. 2(b) and (c), anéFig. 9(a) and (b)). The curve of STO1

sulfurized at 500C shows a similar trend to the other sam-
A partially sulfurized TiQ was prepared by the sulfuriza-  ples, but the considerable weight loss over 300 This is
tion of STO1 at 250 and 50@ using a C%/N» mixture gas caused by the decomposition of 3i% lower sulfides as
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Fig. 7. XRD patterns (a—f) of thermally decomposed ;T8 different sizes.
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Fig. 9. XRD patterns (a—d) of decomposition of partially sulfurized STO1 samples.

seen inFig. 9(c). The amount of the adsorbed sulfur in par- larger amounts of sulfur than that of dried STO1. Moreover,
tially sulfurized TiQ was calculated from the first weight the amount of the absorbed sulfur was increased on increas-
loss of TG curves (Fig. 9) and listed in tiiable 1. It seems  ing the temperature of partial sulfurization. Hence, it can be
that the sample prepared from the as-received STO1 containgoncluded that the sulfurization progresses via @&sorp-

tion and its decomposition to form free sulfur on the surface

Table 1
of STO1.
Amount of absorbed sulfur in partially sulfurized TiO

Sample Sulfur content in STO1 samples (%) )
- - 4. Conclusion
Sulfurized at Sulfurized at
250°C 500°C o . .
A — 11 " The sulfurization behavior of ST01 using £®as deter-
s-received STO 16 95 mined by TG method and summarized as follows. At tem-
Dried STO1 6.85 15.66

perature lower than 42 the removal of absorbed water
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