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Abstract

The sulfurization behavior of SrTinanoparticles was studied by using a quartz spring-type thermobalance/M,@8nosphere. The
thermogravimetric curves showed the sulfurization of Sg@noparticles occurred at a temperature range from 150 to&7&0companied
with the maximum weight increase of 20.7%. A mixed sulfide agg3iS; was formed during the sulfurization process, and it showed sulfur
loss at higher temperatures forming &TiS;_, as a final product at 100C. In contrast, SrTi@powders with larger particles size showed
sulfurization at temperatures ranging from 550 to 96Forming Sk ogTiSz, and no sulfur loss was observed at higher temperatures. The
difference found in the sulfurization behavior was assigned to not only the particle size but also the presence of OH groups insthe SrTiO
nanoparticles. During the sulfurization of calcined Sry@anoparticles, the removal of OH groups of Srfias found to produce an
increment of the starting temperature of sulfurization.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cal, photoelectrochemical and photocatalytic activities than
the non-sulfurized oneg&-10]. The partial sulfurization of
Strontium titanate (SrTig) is well known as a functional ~ SrTiOz powders is strongly expected as the same effect on
material of excellent piezoelectric, ferroelectric, and dielec- the enhancement of their activities.
tric properties and widely used for the production of gas  On the other hand, the particle size of oxides strongly af-
sensors, transducers, non-volatile memories, capacitors, mifects their sulfurization behavior such as starting tempera-
crowave devices, and insulating films. Furthermore, SgTiO ture of sulfurizatio{11,12], and only a partial replacement
is a good catalyst for the GOreforming or partial oxida- of oxygen in the structure by sulfur is necessary to produce
tion of methane owing to its stability at higher temperatures noticeable changes in the oxide properfsl0]. To obtain
[1,2]. It is also appropriate for the photodecomposition of partially sulfurized SrTi@ powders with better photoactiv-
water[3,4]. ity under visible light, the sulfurization behavior of SrgO
On the other hand, metal sulfides have many interest- nanoparticles is necessary to select an adequate temperature
ing features such as electric and magnetic properties asof partial sulfurization. In this regard, the thermogravimet-
well as high photoactivity under visible light, and in some ric study of SrTiQ nanoparticles was carried out by using
cases they represent better performance than oxides. Howa quartz spring-type thermobalance inG&mosphere, and
ever, several metal sulfides are very sensitive to the ox-the results were compared with the sulfurization behavior of
idation in air or photodissolution in aqueous solution. In  commercial SrTiQ powders with larger particle sizes.
spite of this disadvantage, recently the sulfurization of ox-
ides has received considerable attention because the sulfu- )
rized metal oxides have also shown higher optical, electri- 2 Experimental

2.1. Materials
* Corresponding author. Tel81-22-217-5104; . . .
fax: +81-22-217-5104. The SrTiQy nanoparticles were prepared according to
E-mail address: dragon@tagen.tohoku.ac.jp (N. Sato). the following procedurd13]. An amount of 0.05mol of

0040-6031/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2004.01.033



216 J. Cuya et al./ Thermochimica Acta 419 (2004) 215-221

tetraisopropyl orthotitanate (Tokyo Kasei Kogyo Co. Ltd.) Before the measurement, the reaction tube was evacuated
was mixed with 0.1 mol of triethanolamine (Tokyo Kasei to ca. 100 Pa by a rotary pump for 30 min and then refilled
Kogyo Co. Ltd.) and this mixture was kept at room tempera- with N2 up to an ambient pressure. Then, 0% N> carrier
ture in argon atmosphere overnight to form a stable Ti com- gas obtained by passingNjas through a bubbler contain-
plex and to avoid uncontrollable hydrolysis. A stock solution ing liquid CS was introduced. The Ngas flow rate was
was obtained by adding de-carbonated water to this mix- measured using a digital mass flow meter (Kofloc Model
ture to make a total volume 100 ml. An amount of 0.2 mol DPM-2A). The sulfurization experiments were carried out
of Sr(OH)-8H,0 (Wako Pure Chemical Ind. Ltd.) was dis- at a heating rate of ICmin~! from room temperature
solved in 10 ml of de-carbonated water. Then, 10 ml of the to 1000°C with CS/N> flow rate of 5/50 mlminl. The
stock solution was added to this solution and stirred for 1 h. change of the quartz spring length caused by the weight
The resulting gel was heated in an autoclave at°Z5€or change was recorded by a levelmeter (Mitsutoyo) with an
3 h. Resultant solid was collected by centrifugal separation accuracy of 0.001 mm.
and washed with water under ultrasonication for three times.
Finally, the nanoparticles were dried at room temperature for 2.3. Characterization
24 h in air. For comparison, two commercial SrgiPow-
ders with larger sizes were also used as received; they were X-ray diffraction patterns for the starting materials and
named STO-250 (99% purity, High Purity Chemicals Lab- their sulfurized products were obtained by using a Rigaku
oratory) and STO-450 (99.9% purity, Wako Pure Chemical type RAD-IC diffractometer with a Ni filtered Cu Kdr-
Ind. Ltd.). radiation (40kV and 20mA) equipped with a curved py-
Analytical grade of Cgwith a maximum water content of  rolitic carbon. The lattice parameters were calculated by us-
0.02% (Wako Pure Chemical Ind. Ltd.) was used as received.ing LCR2 program with silicon as a comparative standard
Argon and nitrogen gases of 99.99% purity (Nippon Sanso [14]. Transmission electron microscope (TEM) images of
Co. Ltd.) were used as received. the initial materials were taken using a JEOL JEM 2000EX
electron microscope with an operating voltage of 200 kV.
2.2. Thermogravimetric analysis

Thermogravimetric (TG) analyses of Srg@amples in 3. Results and discussion
Ar gas atmosphere were performed from room tempera-
ture to 1000C with a heating rate of 5C min~! by using 3.1. Characterization of initial materials
a Rigaku Thermoplus TG8120 analyzer. The gases liber-
ated during the heating were analyzed by Shimadzu GC-MS  Fig. 1 shows the TEM micrographs of the starting mate-
QP5050 mass spectrometer. rials. As show inFig. 1(a), SrTiQ nanoparticles (STO-35)

In order to examine the sulfurization behavior, TG were found to be a well-crystallized cube of an average
curves in C9 atmosphere were obtained by using a quartz size of ca. 35 nm with a narrow size distribution. In con-
spring-type thermobalancfl1,12], which consists of a trast, commercial SrTi@powders shown ifrig. 1(b) and (c)
vertical resistance tube furnace and a quartz spring with ahave average sizes of ca. 250 nm for STO-250 and 450 nm
sensitivity of 6.70mgmm?. A quartz crucible containing  for STO-450. The morphology of these commercial SETiO
300 mg of the sample was suspended from quartz spring atpowders was also cubic but agglomeration of the particles
the center of the uniform temperature zone of the furnace. by sintering seemed to occur.

Fig. 1. Transmission electron micrographs of the SgTgamples as starting materials: (a) STO-35; (b) STO-250; (c) STO-450.
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Fig. 2. XRD patterns of SrTi@samples as starting materials.

The XRD patterns for these SrTi(powders (Fig. 2) re-  (Fig. 3(a)) gave two steps. The first step is for the removal of
veal that the three powders have mainly a cubic phase SrTiO adsorbed water occurred at temperatures below C68ith
(JCPDS No 35-734), while SrCGand TiQ, (rutile) phases  a weight loss of 4.0%, and the second one for dehydration
were found in STO-250 sample as impurities. The peaks occurred between 160 and 53D. Considering the weight
of STO-35 broader than those of other two powders indi- losses by these two steps, the total amount of water content
cate the smaller size of STO-35 sample. An average size ofin the sample was estimated to be 6.7%. When the liberated
26 nm was calculated by the use of Scherrer’s equation forgases during the heating were analyzed by GC-MS, only
the broad (1 1 0) peak of STO-35, which was slightly smaller water was found but carbonate or organic compounds were
than the results of TEM observation. This little difference not detected.
between XRD and TEM in crystalline size means the mix-  In the case of STO-250 (Fig. 3(b)), at temperatures lower
ture of single crystal with a little of polycrystals. In addition, than 500°C, the sample did not show any weight change,
by using step-scan XRD, the lattice parameter of STO-35 but over 500C it revealed a weight loss of 0.9%, possibly
was calculated to be 8915+0.0008 nm, slightly largerthan ~ because of the decomposition of carbonate such as $rCO
the reported value (JCPDS No. 35-734), 0.3905nm. This presented as an impurity. On the other hand, the TG curve
difference was attributed to the presence of OH groups in of STO-450 sample (Fig. 3(c)) did not give considerable
the structure of the oxidfgL5]. change in weight. As a result, water and/or hydroxide species

TG curves in argon atmosphere (Fig. 3) showed signifi- were negligible for commercial SrTgsamples, in contrast
cant differences among these powders. TG curve of STO-35to SrTiO; nanoparticles (STO-35).
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Fig. 3. Thermogravimetric curves of SrTiGamples at a heating rate of&min~! in Ar atmosphere.
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Fig. 4. Thermogravimetric curves of SrTi@amples at a heating rate of @ min—1 in CS,/N, (5/50) atmosphere: (a) STO-35; (b) STO-250; (c) STO-450.

3.2. Sulfurization behavior of STiO3 powders

TG curves for the reaction of the three SrEi®amples
with CS, are shown inFig. 4. The theoretical weight in-
creases for Sri5TiS3 [16] and SrTig [19] are also given for

by the sulfurization was 20.7% (18H-6.7), which was con-
sistent with the values 19.8 and 20.1% for STO-250 and
STO-450, respectively.

Fig. 5shows the XRD patterns of the STO-35 samples ob-
tained in temperature-programmed reaction withh @8m

comparison. Apparently, the curve (a) for STO-35 sample is room temperature to 500, 550, 650, 750 and 1G@DOAI-

different from curves (b) and (c) for STO-250 and STO-450,
respectively. For the latter, the TG curves (Fig. 4(b)

though the weight increase was found in the temperature
range from 320 to 500C for the TG curve of STO-35 in

and (c)) did not show any weight change at temperaturesFig. 4(a), peaks corresponding to sulfides were not identified

below 550°C. Weight increase started at ca. 58) and
then two-step increase was found until 10@0 The first
step from 550 to 750C may be caused by the partial
replacement of oxygen by sulfur to form an intermediate
phase like SrTiQS;_,. The rapid increase in the second
step indicated the complete sulfurization process of S§TiO
The sulfurization progressed until around 980D accom-
panied by a maximum weight gain of 19.8% for STO-250
and 20.1% for STO-450. Judging from pure SrJir
STO-450 (Fig. 3(c)), these findings suggest thatogFiSs

is obtained as a final product in both cases.

for the XRD pattern of 500C sample. Sulfide corresponding
to S 15TiS3 peaks appeared above 5%Dand the intensity
of these peaks increased with increasing the temperature. In
contrast to this, the peak height for Srgi@ecreased with
increasing temperature and finally disappeared atZ50
Since Sy 15TiSz is a refined form of SiTiSz by using
powder XRD data anglis ranged from 1.05 to 1.226], the
obtained St ogTiS3 for TG (Fig. 4) is the same as Si5TiS3
in XRD patterns (Fig. 5).
Figs. 6 and &how the XRD patterns of samples obtained
by TG measurements of STO-250 and STO-450 with differ-

On the other hand, in the curve (a), initial decrease may be ent final temperature at 500, 650, 750 and 1300Although
due to the removal of adsorbed water at temperatures belowthe presence of impurity carbonate and titania was observed

140°C with a weight loss of 2.5%. It seemed constant from
140 to 320°C, clearly different fromFig. 3(a). Comparing
the weight decrease &fig. 3(a)and that ofFig. 4(a)at ca.
200°C, the slight difference means the start of sulfuriza-
tion of SrTiO; nanoparticles. With increase in temperature
from 200°C, the weight change was practically constant, in
spite of the decrease ifg. 3(a). The weight turned to in-
crease after ca. 30C with increasing temperature and then
reached to the maximum of 14.0% at ca. 760 Judging

in STO-250, there were no significant differences among
these XRD patterns for sulfurized Sri@owders. XRD
peaks of Sr15TiS3 appeared at temperature above 650

In order to confirm the presence of intermediate phase the
XRD pattern was taken for 650 and 780 samples. As is
different from the XRD pattern of STO-35 (Fig. 5), SrHO
phase still remained even at 730 for Figs. 6 and 7. The
oxide peak shift to lower angles may be caused by the sul-
fur in the structure of oxide as well as the formation of an

from these facts, the starting temperature of the sulfurization intermediate phase such as S(TiS,. From TG curve, the

must be ca. 150C. As mentioned irSection 3.1, the max-
imum weight decrease of SrTiOnanoparticles (STO-35)

was 6.7% in the heat treatment in Ar, i.e. in the absence of

CS. Taking it into consideration, the maximum difference

probable amount of sulfur in the oxide varied approximately
between 3.6 and 5.5%.

As shown inFig. 4(a), the TG curve showed a consider-
able weight loss of 0.8% from 14.0 to 13.2% till 10TD.

between decrease due to the removal of water and increas@ his was ascribed to the loss of sulfur from,BiS3 (y =
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Fig. 5. XRD patterns of STO-35 obtained after the sulfurization at different temperatures.
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Fig. 6. XRD patterns of STO-250 obtained after the sulfurization at different temperatures.
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Fig. 8. XRD patterns of STO-35 samples calcined in air at different temperatures before sulfurization ((a) as-prepared¢Qbjcl2Z50°C, and (d)
500°C), and after sulfurization ((e) as-prepared, (f) 220 (g) 250°C, and (h) 500C).

1.08 in this case) to the final product,3iSz_, according
to the results obtained by Saeki and co-workidi§-18].
However, the stoichiometric sulfide, SrgiSdescribed by
Hahn and Mutschkgl9] was not confirmed in our TG ex-

periments.

3.3. Effect of calcination temperature

Since water or hydroxide group in SrTianoparticles

showed a better crystallinity than the starting material. By
using the Scherrer’s equation, the average particle size did
not show any change for 120 and 25D calcined samples.
However, an average particle size of 30 nm was found for
500°C calcined one. On the other hand, the OH groups con-
tained in the sample were difficult to be removed during the
heating. A remaining amount of ca. 1.2% was found even at
calcination temperature of 50C, calculated from weight
decrease in heating it in Ar atmosphere from room temper-

(STO-35) can play a decisive role on the reduction in sulfu- ature to 1000C.

rization temperature, the amount of OH groups was tried to

Fig. 9 showed the sulfurization behavior of calcined

decrease by the calcination. STO-35 sample was calcined inSrTiOz samples. The TG curve for 12C calcined STO-35

air at temperatures of 120, 250 and 5@0for 5 h before the
sulfurization. XRD patterns for those samplegy. 8(b)—(d),

(Fig. 9(b)) shows a starting temperature of sulfurization
of 260°C. The elimination of OH groups from its surface
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Fig. 9. Thermogravimetric curves of sulfurization of STO-35 samples calcined at different temperatures: (a) as-preparetC(l§x)1260°C; (d) 500°C.
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caused negative effects on starting temperature of sulfuriza-of OH groups; (3) formation of intermediate phase; (4) for-

tion. Namely, it was increased to 340 for 28D-calcined
STO-35 and 400 for 500C-calcined as seen iRig. 9(c)
and (d), respectively. It could be explained by the analogy

mation of sulfide.
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