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In situ XAFS study at the Zr K-edge for 2. Experimental

SiO,/ZrO, nano-sol
2.1 SiO/Zro, Sol Preparation

Jin-Ho Choy, " Joo-Byoung Yoon and The SiQ sol was prepared by mixing silicon tetraethoxidéy 2
Joo-Hyoung Park HCI, and ethanol with a ratio of 13.6 ml/3.0 mI/3.8 ml and then the
resulting translucent slurry was aged for 1.5 hours at room
National Nanohybrid Materials Laboratory, School of temperature. In order to prepare Zr@ol solution, zirconium
Chemistry and Molecular Engineering, Seoul National oxychloride hydrate, ZrOgIBH,O, was hydrolysed by adding 1 N
University, Seoul 151-747, Korea. HCI and ethanol with a rate of HCI LidsOH / ZrOC}L 8H,0 = 30
Email:jhchoy@plaza.snu.ac.kr ml / 25 ml / 1.97 g, and then the resulting translucent slurry was

aged to a clear sol solution with continuous stirring for 5 hours at
room temperature. Resulting Si®ol and Zr@ one were mixed
with a molar ratio of Si/Zr = 10 and the mixture was stirred for 30
inutes at room temperature. The EXAFS measurements for
i0,/ZrO, sol and ZrQ one were carried out after the gelation
time of 30 min, 3 hours, and 24 hours, respectively. It was
confirmed that the sol-gel transformation was completed after 24
gours. As the reference compounds for XAS, Zr@nd

The structural characterisation of SO, nano-sol particles,
prepared by mixing SiQsol and aqueous solution of ZrQCl
8H,0, has been carried out by in-situ XAS measurement at th
Zr K-edge during condensation reaction. The detailed XANE
features at the Zr K-edge of the mixed sol of SI€D, are
compared with those of other references such as, Z1tQCl|,
8H,0, BazrQ, and ZrSiQ, and it becomes obvious that thé" Zr
ions are stabilised in an octahedral symmetry. The EXAFS resu
also indicates that each Zr atom is coordinated with six oxyge
ones as the first nearest neighbour, where two oxygen atoms drgatment.

from the linkage of (Si-O-Zr) at short distance, and four ones are

from water molecules at long distance. As the condensatioR-2 EXAFS Measurement and Data Analysis

reaction proceeds, it is found that the number of oxygen atoms X-ray absorption measurements were carried out with

due to the formation of (Si-O-Zr) bond at short distance and thg ,chrotron radiation by using the EXAFS facilities installed at

second neighbour of silicon atoms increase simultaneously. Fro ; ; ;
e beam line 10B in Photon Factory, High Energy Accelerator
the above EXAFS and XANES results, the structural andf A 9y

; L esearch Organization (KEK, Tsukuba). The ring was operated at
gelating models could be proposed, which is based on th§.5 GeV with 350~ 400 mA positron current. A Si(311) channel-

g&fchh?géagx thzogirgg?;eﬁfafgt distorted  zirconium SPECIEXut monochrometer was used where the energy resolution is ~2 eV
' at the Zr K-edge (17999 eV) for a beam height of ~1 mMom(ra
& Koyama, 1993)The Zr K-edge absorption data were collected in

Keywords: nano-sol, SiO ,/ZrO,, sol-gel process transmission mode at room temperature using polyethylene
solution-cell with a thickness of 1 cm. Absorbance was measured
using ionisation chamber filled with ,{60%) + Ar(50%) and
Ar(100%) for incident and transmitted beams, respectively. Only
one scan with two second per point (total point = 400) was
Sol-gel process is a low-temperature route widely used to obtaiamployed since the sol-gel reaction proceeds slowly. The energy
multicomponent oxides with a high melting temperature. It alscof each spectrum was calibrated from the energy scale of each
offers unique advantage for the preparation of highly dispersedhetal spectrum.
transparent catalysts, coating materials, and active thin film For the XANES and EXAFS data analyses, the inherent
photocatalystsgrinker & Scherrer,1989) Among various metal background in the data was removed by fitting a polynomial to the
oxides, in particular, Zr/Si binary oxides with strong acidic sitespre-edge region and extrapolating it through the entire spectrum,
have been found to exhibit catalytic activities for from which it was subtracted. The absorbangéE) was
dehydrogenation of cyclohexantdéng et al., 1988) and for normalised to an edge jump of unity for comparing the XANES
isomerisation of 1-butene tois- and trans2-butene at 373 features directly with one another. The normaligés) was then
K(Yamaguchiet al., 1973). Even though the sol-gel route toexpressed ag(E) = {U(E) - Mo(E)} / Ho(E). The resulting EXAFS
silicate glass containing Zgas been successfully masiaifa&  spectra were Fourier-transformed in the range okx& 12.6 A*
Pramanik 1993), it is still unclear what processes take place in thgiin a Hanning window function oflk=0.5&% In order to
sol, especially in a multicomponent system. determine the structural parameters, a non-linear least-squares

In this regard, X-ray absorption spectroscopy (XAS) cyre fitting was performed in the region @R < 3.5 A using the
technique is quite appropriate in investigating the sol-gel \wxAFS?2 code $tem et al, 1995). The backscattering
process, because XAS can be applied to various systems such Qﬁnplitude, HK), the total phase shifig(k), and the photoelectron

fhr)éSthail”me 22%3?&2?22;;5%?51sg?::lh?ont(rjoﬁoll;tclj(i):t.iol\r/llor:\eaok\:airmean free pathA(k), have been theoretically calculated by a
gnly y curved waveb-initio EXAFS code FEFF6.(Rehr et al., 1995)

in-situm remen ibl rin | | transformation. . .
situ measurement possible during sol to gel transformatio In the course of non-linear least-squares curve fitting between

In the present study, the structural evolution upon gel . | d th ical h |
transformation from ZrgSiO, binary oxide sol has been experimental - spectrum an theoretical one, - the structura
parameters such as bond distarRg Debye-Waller factord?),

carefully studied by means of-situ Zr K-edge XAS. The L .
coordination geometry around Zr was probed by XANES (X-ray coordlnat_lo_n numberN) and threshold Energy dlffe_rencAE())
absorption near edge structure) spectroscopy and EXAFQvere optimised as variables. The amplitude reduction factdr (S
(extended X-ray absorption fine structure) curve-fitting. of 0.9 for (Zr-O) bond was obtained from Zrénd was also used

for Zr-Si pair.

rOCl*8H,0 from Aldrich were used without any further

1. Introduction
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3. Result and Discussion

1.1 EXAFS of SiO,/ZrO, sol

The K-weighted EXAFS spectra and their Fourier transforms
(FT) for the SiQ/ZrO, sols are shown in Fig. 1 and 2,
respectively, depending on ageing time. The first and second
peaks within 2.2 A can be assigned to the backscattering due to
the oxygen neighbours, and the third peak around 2.9 A can be
attributed to the Zr-(Si or Zr) neighbour. The distinct change
could be observed in the first (Zr-O) shell where the first peak
increases with respect to the ageing time but the second peak
simultaneously decreases. It should be noted that the two
oxygen shells with different distance exist in the £@0, sol,
which gives rise to a highly diminished amplitude compared to
Zr0, and ZrOCJ8H,0. The curve-fittings for kweighted
EXAFS and FT have been carried out to investigate the
structural parameters, and their results are summarised in Table
1 and 2.

FT Magnitude

FT Magnitude

FT Magnitude

21
Figure 2.
The Fourier transforms (symbol) and fitting results (solid line) for
]\\Am MM (MW SiO,/ZrO; sol depending on ageing time. (a) 30min, (b) 3 hours, and (c) 24
14 W w IMM’ hours.
" ® /\ M’W\A Table 1.
v, J\,\m ) L EXAFS fitting results for Sig@ZrO, sol dependent on the reaction time.
x \j \/‘ Y| \W/ 'w Reaction  Bonding CN RMA) E(eV) o%(x10%A? R factor
Time type
Zr-0;  1.7(4) 1.99(1) 2.9(12) 3.0(10)
(@
o M [\\ /W\M 30 min Zr-Q  4.1(1) 2.22(1) 2.9(12) 9.0(21) 0.016
\/ v \Y \\»/ W Zr-Si 1.9(4) 3.34(2) 6.53) 6.1(22)
Zr-0;  2.2(2) 1.99(0) 2.8(8)  3.1(9)
7 ; ; e ; 3 hour Zr-Q  3.9(1) 222(1) 2.8(8) 8.5(21) 0.012
2 4 6 8 10 12 14 Zr-Si 2.1(4) 3.34(2) 6.9(16) 6.0(15)
k(A*
@ Zr-0;  2.9(6) 1.99(1) 2.1(13) 4.6(11)
) 24 hour Zr-Q  3.6(1) 2.23(1) 2.1(13) 9.1(31) 0.022
Figure 1. ]
k®-weighted EXAFS spectra for SirO, sol depending on ageing Zr-Si - 2.7(4) 3.33(2) 6.3(22) 8.2(25)

time. (a) 30 min, (b) 3 hours, and (c) 24 hours.

According to the EXAFS curve-fitting
SiO,/ZrO, sol,
neighbours was found to be six. And the third peak was fitted byEXAFS fitting results for ZrOG#8H,O solution dependent on the reaction
only Si scatterer of which the coordination number increasedime.

the coordination number

result for the

due to oxygen Tabple 2.

from two to three depending on the ageing time. The curve-Reacton  Bonding CN  R(R)  E(eV) o*x10°A% R factor
fitting using Zr backscatterer was failed to give physically -i2€ type
meaningful parameters. It should be noted that the increase of° ™" 20 784 220(1) 05(8)  10.0() 0062
coordination number from 1.7 to 3.0 due to the first (Zrair ZrZr  2.0(3) 3.70(2) 4.3(20)
is consistent with that of the (Zr-Si) pair. Each bond distance is
2.00 A for Zr-Q and 2.22 A for Zr-Q respectively, and the $ hour Zro 80@) 21 106)  10.10) 0067
average bond distance considering the coordination number is Zrzr 2.0(4) 3.702) 3.3(12)
~2.12A, which is in good agreement with the sum of the ionics ;e =g 82(6) 2.20(1) 07(3)  10.0(a) 0.061
radii of octahedrally coordinated Zr(0.72A) and & (1.40 A),
suggested by Shannon(Shannon, 1976). zrzr. - 20(4) 3.70@2) 2:3(10)

On the other hand, according to the EXAFS of Zre8H,0, ZrOCh=8H, Zr-O 3 2.18(1) 0.1(2) 9.8(6) 0.053
the local environment of Zr in an acidic solution was similar to O srze 2 3.66(2) 2.6(5)
that of solid ZrOC8H,O even though the Zr-Zr distance ' )
becomes slightly longer.[Table 2] Therefore, it is confirmed that
the tetrameric [Z{OH)g.(OH,)16..J ©®* ion remains unchanged
upon ageing in the present Zr@QGblution.
J. Synchrotron Rad. (2001). 8, 782-784 Choy etal. 183
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~10 eV appears as a very weak shoulder as shown in Fig. 3, which
is similar to that of metamict zirconaychunas& Brown, 1990).
Therefore, it is certain that the quadrupole transition due to a slight
distortion in ZrQ octahedron induces such a weak pre-edge peak
like in metamict zircon.

The octahedral environment around Zr could also be confirmed
in the main edge region. It should be noted that the spectrum after
ageing for 24 hours is similar to those of metamict zircon or the
other Zr-compounds coordinated with six oxygen atoms but it is
different from those of Zrg) zircon and ZrOGFH,O having 7-
and 8- coordinated oxygens, respectively, as shown in Fig. 3.
(Farges & Brown, 1994, Nakai et al., 1987). On the other hand,
the spectral shape beyond 40 eV shifted to a high energy side is
consistent with a shortening of average (Zr-O) bond distance as
observed in EXAFS result.

3.3 Discussion

In the present study, the reliable gelation model could be
proposed on the basis of the above EXAFS and XANES results as
follows; As an aqueous solution of ZrQ@H,O was added into
the SiQ nano sol one, the positively charged tetrameric
[Zr 4(OH)g.x(OH,) 16, €* ions are adsorbed on the surface of
negatively charged Sighano sol, in such a way the surface charge
of SiO, nano sol becomes positive. As ageing time increases, the
formation of (Zr-O-Si) linkage becomes significant due to the
condensation between the*Zion on the surface of Sihano-sol
and silanol groups on another $iGne. As a consequence, the
numbers of @ and Si-neighbours around“Zincrease, as shown
in Table 1, indicating that the gelation of $¥XO, sol is
gradually induced, which is in good agreement with previous
small angle X-ray scattering result (Nogami, 1994; Stachs et al.,

1995).
Energy (eV)
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Figure 3.
(a) XANES spectra for Si&ZrO, sol depending on ageing time and (b)
those for reference compounds.
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