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Two kinds of dispersed nanoparticle photocatalysts of antimonic acid, HBH&D, namely, Sbl and
Sbll, were prepared separately by the direct reactions of an aque@yssblution with Sb alkoxide
complex, Sb(O-i-GH7); and metallic Sb powder according to a soft chemical solution process. Their
photocatalytic properties were evaluated from methylene blue (M#1:@NsSCl) degradation. Sbl showed
very strong adsorption capability and high photocatalytic activity under UV light irradiation. The average
rates of MB degradation were estimated to be 2.4080~°> m mol h™* for Sbl and 4.01x 1076 m mol
h=* for Sbll. To investigate the reason for their difference in photocatalytic MB degradation, the two
Sh-based photocatalysts were characterized®p Mossbauer spectroscopy in connection with powder
X-ray diffraction and photoabsorption property measurement. The lattice parameters, particle sizes, and
relative surface areas were estimated to be 10.372(3) A, 35 nm, and 283 for Shl and 10.362(4)
A, 70 nm, and 31.4 g for Sbll, respectively. Valuable information was obtained on valence state
and coordination structure of Sb contained in them. These results revealed that Sbl had the advantages
of high dispersion, fine crystallinity, and large relative surface area as well as only containing the
octahedrally coordinated 8bspecies with & electronic configuration, resulting in having the high
photocatalytic activity for MB degradation under UV light irradiation. A small amount &f Species
with d® electronic configuration should be considered to be the main reason the photocatalytic performance
of Sbll for MB degradation was definitely lower than that of Shl.

Introduction and developed into an application in environmental purifi-
cation®~8 We are interested in developing a novel semicon-
ductor oxide photocatalyst with not only strong adsorption
capability but also high photo-oxidation ability to organic
pollutants. In this paper, it is reported that two kinds of well-
ispersed nanoparticle photocatalysts of antimonic acid,
SbQ-nH,0 (hereafter called Sbl and Sbll), prepared by a
soft chemical solution process show strong adsorption capa-

It has been well-known that preventing the recombination
of photoinduced electrons and holes is very important for
improving the photocatalytic activity of a semiconductor
oxide photocatalyst essentially’} Some studies have proved
that the photoinduced electrons and holes can be separate
efficiently when the crystallinity of the semiconductor oxide

photocatalyst is fine enough and the particle size is nanos—bility and high photocatalytic activity for degradation of

cale? In addition, the photocatalytic reaction mechanisms .
proposed up to the present suggest that preliminary adsorp_methylene blue (MB, &H1gNsSCI) dye. To provide a rea-

: . ; sonable explanation for their difference in photocatalytic
tion of the organic pollutants on the catalyst surface is a on i
- . - o performance for MB degradatio#?!Sb Mssbauer spectro-
prerequisite for highly efficient photo-oxidatiérBecause . ) o . o
> . scopy was applied for investigating their coordination struc-

the well-known TiQ photocatalyst has weak adsorption : . X

o . : ture and valence state of Sb in connection with powder X-ray
capability to most organic pollutants in general, the nano- diffraction (XRD) and photoabsorption property measure
composite materials of TiPwith an absorbent, such as P P broperty

: . ) : .~ ment. In conclusion, the high photocatalytic activity of Sbl
apatite and activated carbon, have been investigated Wldely]cor MB degradation should%e F:elated to i)'is high disypersion

fine crystallinity, and large relative surface area as well as
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configuration, existing in Sbl should be considered to be the ' | MB'a eous Soiut,o '
. . .. . —:.only 10n
main reason the photocatalytic activity to MB degradation ot filtiate ofsqb]

- ---: filtrate of SbII

was clearly different between Sbl and Sbll.

Expermental Section

Preparation of Materials. Shl and Sbll were prepared separately
by a conventional soft chemical solution process reported by Ozawa
et al>19 An aqueous hydrogen peroxide B, 35%) solution and
a solution of a small amount of 2-ethoxy-ethanofgDCH,CH,OH,
>99%, Aldrich) and weighted antimony alkoxide complex,
Sh(0-i-GH~7)3 (>99.9%, Kojundo), for Sbl or weighted antimony
metal powder $99.5%, Wako) for Shll were homogeneously 500 600 700 800
mixed. The two mixed solutions were boiled separately for about Wavelength /nm
4 h and then several pieces of platinum foils were added to remove Figure 1. Absorbance variation of MB aqueous solution (2.67.0~° m

. . . mol dn3) around the wavelength of 664 nm before and after the
the excess hydrogen peroxide. Finally, the two aqueous solutions hotocatalytic reactions on the Sbl and Sbll nanoparticles to MB degradation

were evaporated separately and the residue was dried at 393 Kg: 75 cn; photocatalyst: 0.5%, 0.375 g; 27 W black light; Quartz cell).
overnight and then Sbl and Sbll nanoparticle photocatalysts were

obtained.

XRD Structural Determination, Optical Photoabsorption
Spectrum, and Relative Surface AreaThe crystal structures of
Sbl and Sbll were determined by XRD. A conventional Rigaku
MiniFlex diffractometer with Cu K radiation ¢ = 1.54178 A)
was used for the measurement of their XRD patterns at room
temperature. The XRD data were collected with a step scan Adsorption Capability and Photocatalytic Activity to
procedure within 8 = 5-100°. The lattice parameters were MB Degradation. Both Sbl and Sbll clearly showed strong
obtained by full-profile structure refinements of the collected adsorption capability to MB when they were added into MB
powder diffraction data using the Rietveld program RIETAN 97 aqueous solution (2.6% 105 m mol dn3, 75 cnf)

The photoabsorption properties of Sbl and Sbll were evaluated by respectively. The adsorption process seemed’to be Ver); rapid.

measuring their UWvis diffuse reflectance spectra by using an
UV —vis spectrometer (U-3010, Hitachi) with Ba$&s a reference After Sbl and Sbll were suspended separately to MB aqueous

at room temperature. The relative surface areas of Shl and Sb”solutlon. for about 3 min, filtrate of near colorles.s (no MB
were measured by the BET method using a surface area analyzeAPsorption peak could be observed) and blue precipitate could
(Monosorb, Quantachrome) by nitrogen absorption. be obtained by separating centrifugally the Sbl or Sbll

1215h Mussbauer Spectrum and Photocatalytic MB Degrada- ~ suspension. This indicated that all of the MB was adsorbed
tion. 121Sb Mdssbauer spectra of Shl and Sbll were observed by a on the surface of Sbl or Sbll within a very short time in the
Wissel Mssbauer spectrometer system using #€&nG; source present experimental conditions. The reason was Sbl and Sbill
(16 MBq) and a Ge detector; in these experiments both the sourcesyspended in MB aqueous solution were charged negdfively
and the samples containing Sb were kept at 12 K in a cryostat 5ng MB is well-known as a blue cationic thiazine dye.

incorporating a closed-cycle refrigeratéiTheir adsorption capabil- Figure 1 shows the absorbance variation of MB agueous

ity and photocatalytic degradation to MB were evaluated by a .
similar method as reported previoushMB aqueous solution (87 solution around the wavelength of 664 nm before and after

x 1075 mmol dnm3, 75 cnf) was added into a quartz cell. Weighted ~ the adsorption and photocatalytic reactions of Sbl and Sbll
Sbl or Shil nanoparticles was then suspended in the MB aqueous(0.5%, 0.375 g) photocatalysts. It was definite that the
solution by using a magnetic stirrer. The adsorption capability was original absorption peak of MB around the wavelength of
observed by putting the suspension in the dark. After the dark test 664 nm disappeared completely in either case. In connection
was done, the suspension was irradiated by a 27 W black light with observing the discoloration of Shl and Sbll nanoparticles
lamp (Sankyo Denki, FPL27BLB) with a UV light intensity of about  filtered out from their suspensions, the result could be that
13.6 mW cm?2 The adsorption capability and photocatalytic Sbl and Sbll had high photocatalytic activity for MB
performance for MB degradation were judged mainly by the yoqraqation under black light lamp irradiation when 0.5%

: . . . ! . %f Sbl and Sbll were used separately as a photocatalyst. In
of about 664 nm in connection with observing the discoloration of h t - tal diti MB adsorbed th
the MB adsorbed Sbl or Sbll nanoparticles filtered out from the € present experimental conditions, adsorbed on the
suspension. The optical absorption spectrum of the filtrate (about sqrfz_;lce of _Sbl nanOpa_mCIes cou_ld be degraded completely
3 cnP) was measured by a UWis spectrophotometer (U-3010,  Within 5 min and preciptate having almost the same color
Hitachi) after a small amount of pipetted suspension (about® cm as the original Sbl nanoparticles could be obtained if the
was subjected to centrifugation. It is reported that sulfate should suspention was separated centrifugally. However, complete
be produced if MB (GsH1sN3SCl) dye was decomposed com- degradation of MB adsorbed on the surface of Sbll nano-
particles needed about 30 min in the same situation. Thus,

(9) Ozawa, K.; Wang, J.; Ye, J.; Sakka, Y.; Amano, @hem. Mater. photocatalytic activity for MB degradation on 0.5% of Sbill
2003 15, 928, learly lower than that of Sbl though both of th
(10) Ozawa, K.; Sakka, Y.; Amano, M. Sol-Gel Sci. Techna200Q 19, was clearly lower than that of Sbi, even though both of them

595. exhibited strong adsorption capability to MB. The average
(11) Izumi, F. InThe Rieteld Method Young, A., Ed.; Oxford University
Press: Oxford, UK, 1993.
(12) Takeda, MRadioisotoped985 24, 628. (14) Mills, A.; Wang, J.J. Photochem. Photobiol. A: Cherh999 127,
(13) Wang, J.; Nonami, TJ. Mater. Sci.2004 39, 6376. 123.

Absorbtance / arb. unit

pletely!4 The sulfate concentration of the filtrate was analyzed by
an ion chromatograph (Shimadzu) after the photocatalytic reaction
was finished.

Results and Discussion
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rates of MB degradation were estimated to be 2.40B0° T L L
m mol h~* for Sbl and 4.01x 1076 m mol h™* for SbllI.

Moreover, MB adsorbed on the above Sb-based nanopar-
ticles seemed to have a shielding effect to the UV light. An
observation was conducted by changing the amount of Sbl.
When the amount of Sbl suspended in the MB aqueous sl
solution was less than 0.3%, MB could not be degraded
completely, even with more than 30 min using the same light
source. However, the photocatalytic MB degradation reaction JL_J i “ Lo
became fast obviously when the amount of Sbhl suspended
was more than 0.4%. It should be possible that the UV light Sbil
could not reach efficiently the surface of the photocatalyst
due to a scattering effect of the adsorbed MB. Since almost . 1“ | ll 1.1 Lo
the same photocatalytic activity for MB degradation could 10 20 30 40 30 60 70 80 90 100
be obtained when 0.5% and 0.6% of Sbl were used Diffraction angle /°
separately, 0.5% of Sbl was considered to be the optimumgigyre 2. Powder x-ray diffraction pattems of the antimonic acid H$bO
condition in the present experimental conditions. nH,O nanoparticles Shl and Sbll prepared by soft chemical solution process

. . : by using the starti terials of Sh(O-i [ d Sb metal

The above photocatalytic MB degradation reactions on the p%\/\lljds(l-l‘r;?res% Star é?? materials of Sb(O-#€)s complex and Sb meta
two Sb-based nanoparticles were verified further by analyz-

ing the sulfate ion concentration contained in the filtrate since

After test

L lll J.l TTTRN

Relative intensity (arb. unit)

Sbl

the sulfate was known to be one of the main products of MB )

degradatiort*15As a result, detectable sulfate concentration Z

was definitely confirmed to exist in the suspension in either § BN

case. The sulfate concentration was estimated to be>2.06 2 s
105 m mol dn12 for Sbl and 1.74x 105 m mol dn7 for 2| sbu

Sbll. It means that about 77% of MB (2.67 105 m mol £

dm3, 75 cn¥) was decomposed completely into the sulfate K

ions and others on Sbl nanoparticles within 5 min under black . j\ N
light lamp irradiation. About 65% of MB (2.6% 105 m 30 40

LdnT3 75 cn? d d letelv into th | Diffraction angle /°
moranT=, crY) was decomposed completely into the sul- Figure 3. Expanded view of powder X-ray diffraction patterns of Sbl and

fate ions and others on Sbll nanoparticles within 30 min under sy as shown in Figure 2. Diffraction peaks of Sbl are clearly broader
the same light source. The results also indicated that the twothan those of Shll.
Sb-based nanoparticles performed differently in photocata- _
lytic MB degradation under UV light irradiation. About this ~ Sizes were estimated to be 35 nm for Sbl and 70 nm for
point, some reasonable explanations could be obtained fromSbll from the line width of their diffraction peaks. The
the results of?!Sh Mssbauer spectroscopy, XRD structural average sizes were near that of a monodispersed antimonic
analysis, and other measurements described below. acid single crystal (about 50 nm) reported previously by
XRD Structural Analysis and 121Sh Mdssbauer Spec- Ozawa et af. Therefore, Sbl and Sbll prepared in the present
troscopy. Figure 2 shows the XRD patterns of Sbl and Sbll study should alsq be well-dispgrsed, not agglomerated, since
obtained in the present study. The XRD patterns indicated the average par.t|cle slze obtained from XRD patterns was
that Sbl and Sbll had fine crystallinity and were a single the primary particle size. . , .
phase of antimonic acid, HSh@H,O, with a distorted Considering the mechanism of photocatalytic reaction,
pyrochlore-type structur®l® After the adsorption and pho- both the fine crystallinity and the high dispersion of Sbl and
tocatalytic MB degradation reactions were done, their Sbll are very helpful in obtaining the efficient separatlpn of
pyrochlore structures were not changed. It means that theirPhotoinduced electrons and holes and then enhancing the
crystal structures are stable under UV irradiation. However, Photocatalytic activity. Itis also possible that the difference
a small diffraction angle shift of Sbll (about 0)4was in the distortion of the Sboctahedron that exists in their
observed toward the high-angle side relative to that of Sbi, distorted pyrochlore-type structures influences their photo-
and the diffraction peaks of Shl were clearly broader than catalytic performance. In general, distortion of the MO
those of Sbll as shown in Figure 3. This indicated that lattice °Ctahedron is directly related to their various physical and
parameters of Sbl were larger than those of Sbhll and chemlcil_zg)ropertles of pyrochlore-type ,B,0; com-
distortion of the Sb@ octahedron that existed in their POUNds:=Wang et al. recently found that photocatalytic
distorted pyrochlore-type structures was different, but the Performance of a novel series of photocatalystsMBia0;
average particle size of Shl was smaller than that of Sbill. : :
The lattice parameters were determined to be 10.372(3) A(17) Jvang. J.; Nakamura, A.; Takeda, olid State lonic2003 164

for Sbl and 10.362(4) A for Sbll, and the average particle (18) Wang, J.; Otobe, H.; Nakamura, A.; Takeda,MSolid State Chem.
2003 176, 105.
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Sbll

Sbl

Absorbance / arb. unit

Relative intensity (arb. unit)

Sbl
(After test)

L , 200 250 300 350 400 450 500
20 -10 0 10 20 Wavelength / nm

s -1
Velocity / mm s Figure 5. Diffuse reflection spectra of the antimonic acid HSa®,0
Figure 4. 121Sh Massbauer spectra for the antimonic acid H$®,0 nanoparticles Sbl and Sbll.

nanoparticles Sbl and Sbll at 12 K. . . .
part respectively. Inoue et al. also pointed out that the existence

of octahedrally coordinated Sbwith d'° electronic config-
uration in the Ru@loaded antimonate photocatalysts was
very important for inducing high photocatalytic activity. As
described previously, the prepared antimonic acid, HSbO

(M = In, Ga, and Fe), with distorted pyrochlore-type
structure correlated with the distortion of MQM = In, Ga,

Fe, and Ta) octahedron that existed in their structtfréts.
seemed that the photocatalytic activity became higher when :
the distortion of MQ octahedron became larger in the same nH20, ngmely, Sbl and Sbill, were isostructural and had the
distorted pyrochlore-type structure. This was probably Same distorted pyrochlore-type structure. All of the Sb
because the driving force of the photoinduced electrons angcontained in both Sbl and Sbll were coordinated octahedrally

holes became larger when the distortion of the MO by oxide ions. Thus, St with d® electronic configuration

octahedron became larger in the same distorted pyrochlore-£XISting in Sbil should be one of the main reasons the

type structure. This point needs to be investigated further. Photocatalytic activity for MB degradation on Sbil was
In addition, the relative surface areas were determined to €€y lower than that of Sbi under the present experimental

be 43.5 M g~* for Sbl and 31.4 rag~* for Sbll. This also conditions.

indicated thgt the particle sizg of Sbl was smaller. thap that Conclusions

of Sbll; also it was then possible that the active sites in the The two novel kinds of antimonic acid nanoparticle

Sbl surface were greater in number than those of Sbll. This
was also one of the possible reasons the photocatalytic activ_photocatalysts, HSbMH;0, namely, Sbl and Sbil, had

ity for MB degradation on Sbl was higher than that of Sbil. strong adsorption capabilities and high photcatalytic abilities

1215 Mssbauer spectroscopy was also used to investigate?cor MB degradation in aqueous solution under UV light

the structural properties and stability before and after the irradiation. However, the photocatalytic performance of Sbl

photocatalytic reaction. Figure 4 shows tRiSh Missbauer was definitely higher than that of Sbhll, though both of them

spectra of Sbl and Sbll at 12 K. Sbll showed two absorption Eggggijjangedghor:;eg ﬂéﬁﬁhlﬁr&'?gfs%g:;; rf?'ﬂ'?e nrgzﬁllg
peaks which were typical for 8b(right) with d'° electronic Y 9

121 ¢ i
configuration and SB (left) with d® electronic configura- of Sb.Mossbauer spectroscopy, XRD §tructural analys!s,
tion 12 However, Shl only showed one symmetric absorption and optical property measurement. Their strong adsorption

peak which was for the Shspecies. These results indicated capabilities should be due to negative charge in the agueous
that a small amount of Sb specie.s existed in Sbll. even solution. The high dispersion, fine crystallinity, and existence

+ 1 10 i 1 1
though both of them had the same distorted pyrochlore-type of only Sbf. W'th d ellectronl.c conf|gurat|o.n shqqlq be of .
structure. In addition, the Sb species in Sbl was stable great benel_‘ltln enhancmg.thew photocatalytic activities. Their
before and after the photocatalytic reaction as also Showndlfference in photocatalytic performance should be from the

) ! 8 ; : X
in Figure 4. This means that ony the'Sispecies existed gt 20S B BT L . BoeonE B e oton
in Sbl, even after the photocatalytic reaction. P ’

. o )
Figure 5 shows the UV diffuse reflection spectra of Sbl of SbQ; octahedron. The existence of3Shwith d electronic

and Sbil. Shapes of the two spectra were slightly different configuration could be considered to be the main reason the
from eac.h other and the absorption band edge of Sbi (aboutphotocatalytic performance of Sbl was definitely higher than

400 nm) was shorter than that of Sbil (about 450 nm). This that of Sbll. The results obtained in the present study would
was probably that Sb and SB* species coexisted in ébll be helpful in investigating further the photocatalytic macha-
and their particle sizes were different. The band gaps were'SM of semiconductor O.X'de photpcatalys_t and developing
estimated to be 3.10(3) eV for Sbi and 2.76(2) eV for Sbil new photocatalyst materials with highly efficient photocata-

from the onset of the absorption band edge. Considering theIytlc performance.
results of the Ru@loaded antimonate photocatalysts reported
by Inoue’s groug}! the conduction and valence bands of
HSbG;-nH,O should consist of the orbitals Sb 4d and O 2p,
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