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Local structure of NiTi nanocrystals
studied by EXAFS and XRD

Xin JU, Yixi SU

Institute of High Energy Physics, Chinese Academy of
Sciences, Bejing 100039, P. R. China, Email:
Jjux@alpha2.ihep.ac.cn

A scries of NiTi nanocrystals with different annealing tempera-
tures, prepared by sputtering method, were investigated by ex-
tended x-ray absorption fine structure (EXAFS) and x-ray dif-
fraction. It was found that the structure of nano-phase powder is
different from bulk NiTi alloy with bee structure as target materi-
als. When increasing the annealing temperature, a small fraction
of the (Mi,Ti) type nanocrystal with the hexagonal structure was
presented excepl larget materials and Mi, and it is atomic occupa-
tion in random. Finally there were four Ti and two Ni atoms
around central Ni atoras, and the bond length of Ni-Ti and Ni-Ni
were .2462nm and 0.2585nm at 800°C annealed.

Keywords: NiTi nanocrystals, Phase transition

1. Intraduction
The WiTi shape memory alloy (SMA) with an approximately
equal alomic ratio is a kind of novel functional materials which
has the ability to return to a previously defined shape and size
when subjected to the appropriate thermal procedure. These ma-
terials can be plastically deformed at a relatively low temperature
. and will return to their shapes prior to the deformation during
exposure to a higher temperature. Actually the NiTi SMA is
unique nemory alloy materials with extensive applications
(Hwang, C.M., et al,, 1983; Ling, H.C. et al., 1980, 1981; Ni-
shida, M., et al., 1986; Miyazaki, S., et al., 1988).

Until now, people have not known what the behavior of
NiTi alloy will be when decreasing the grain size to nanometer.
No rcports have been published on the local structure of
nonoscale NiTi alloy. On the other hand, determination of the
atomic structure of nanoscale solids is very important for under-
standing the properties of nano-materials. In the past decades, a
huge number of investigations on the characteristic and the mi-
crostructure of na terials have been p d using various
methods of structural analysis. Among them, extended x-ray ab-
sorption fine structure (EXAFS) is a powerful tool for identifying
the local structure around the absorbing atoms. In this paper, the
NiTi SMA was chosen as a target materia) to prepare the NiTi
nanacrystal, then the local structure around Ni atoms was studied
using the combination of EXAFS and XRD.

2. Experimants

The raw nano-NiTi powder, with a particle size of 7 nm, was
syithesized using DC sputtering on a dedicated apparatus, which
was named as “glow discharge-condensation-in situ pressure™,
and set up by Institute of Solid State Physics, Chinese Academy
of Sciences (Zhu, Y., 1994), then condensed, and finally shaped
wilh a pressure of 1.5 GPa. The tarpet materials is a bulk WiTi
SMA with bee structure. A series of samples with different parti-
cle size were prepared by annealing the raw powder in vacuum at

400, 600 and 800°C respectively. EXAFS measurements at ihe I
K-cdge were performed in the transmission mode atl the EXAFS
stalion on beamline 4WI1B of the Beijing Synchrotron Radiation.
Facility (BSRF). The storage ring operated at 2.2 GeV and H05(
mA. Data analysis was performed using the EXCURVO2X pio
gram. X-ray diffraction measurements were performed s bean-
line 4B9A of BSRE. A x-ray diffractomator with the precision o
(.001 deyrec is the main cquipment. The incident beam intensan:
was monitored with an ion chamber and the diffracted inten:at
was detected by Nal(Tl) scinnillation detector. There were 1w
slits of 0.5 mm on the light path, one was st al the eutrance «
the beam and the other was at the tront of the detector. The wwr-
dent focused and monochromatic x-ray beam was calibratad b
the Cu K-edge (1,54 A), The energy resolution AE E was 4=10 !

3 Results and discussion

3.7 XAD

From transmission electron niicroscopy (TEM) experiments. i
was found that the NiTi grains grow in size when the annealin
temperature increases, and finally their particle size increascs s
about 20 nm by raising the temperature 1w S00°C (N, Ju ¢1 i
1993),
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Commerciai polyethylene-terephthalate (PET) film from Japan with a thickness of 16pm was irradiated at the tandem
gocelerator of China Institute of Atomic Energy, Beijing, with sulfur ions (4.1MeV/amu) with a Muence of 3x10* ions

cm”. The ion irradiated PET film was UV irradiated for track sensitization. The film was then sensitized with am-
monia Water moreover. Eiching was performed with a 0.5N NaOH aqueous solution at 73°C to produce membranes
wilh a pore diameter of 0.2um. A 20nm gold layer was sputtered onto one side of the membrane serving as the working
glectrode. A 3pm nickel film was then electroptated on the gold surface of the membrane so that the electrode com-
jetely covered and sealed the pores of the membrane. Deposition of CdS$ into the pores of the membrane was carricd
out galvanostatically (current density = 2.0 m:Vem’, time = 40 min) in a solution that contained 0.055M CdCl, and
0.19M elemental sulfur dissolved in DMSO ut 110°C. The solution was stirred with a magnetic stirrer during deposi-
jon. A film of CdS was also deposited on Al subsirate under the same condition in order to produce the sample 1 for
comparison. On the other hand, the samples 2, 3 were prepared a1 125°C under different the current density, 3.0mA/cm’
and 5.0mAJem’, respectively.

The scanning electron microscope (SEM) experiments for both nanowire array and films were carried out on Hitachi S-
450 insrument operaled at 20 kV and cquipped with energy dispersive X-ray (EDX) fluorescence microanalysis in or-
der to obtain morphological information and the atomic composition of the semiconductor samples. The sample of CdS
panowire array for the SEM was prepared by dissolving the membrane in a solution composed of KOH. water and eth a-
nol at room lemperature for a long time. The crystal structure of the samples was analyzed by a D/max-RB diffractome-
(e with Cu K, radiation.

The sample of CdS nanowire array for optical experiments was prepared by removing the metal layer from the mem-
brane by polishing. The samples of CdS films as contrast were removed from the Al substrate by attaching the exposed
face of the CdS films to a ransparent adhesive tape and then dissolving the Al substrate in a NaOH aqueous solution
(6.8N). Absorption spectra were taken using a Beckman BU-600 spectrophotometer at room temperature. Photolumino-
scence spectra were measured with a PERKIN ELMER LS50B juminescence spectromeler.

3. RESULTS AND DISCUSSION
31.SEM and XRD '

The images of CdS nanowire array and films are shown in Fig.1. For the samples of CdS nanowire array, it is apparent
that the deposited semiconductor fills the pores uniformly and continuously. which means the semiconductor faithfully
reproduce the shape of the pores. It is also revealed that the nuclear rack niembrane suppresses the morphology with
significant cracking. typical of efectrodeposited CdS in DMSO®. Thus template restriction of the growth dimensions can
improve the overall morphology of electrodzposited semiconductor materials. In addition..the sample 1 consists of
granular structure with crackles; the samples 2 and 3 are close to the crystallites with holes. These indicate that the sum-
Ples crystatiize well ar higher temperature. The semiquaniitative analysis of CdS nanowire array by EDX 2ives a com-
position of S0.0 at % Cd, 45.7 't S and 4.2 at%7 CL. For a compurison, ths atomic composiiion of the films is similar to
that of the nunowire arree. Bot the Cd coment of the sample 3 is steichiomelric excess, about 2%. meanwhile, there is a
trace of clamental CI. <49 '

(a) 1] (c) (d)

Fig 1. The SEM images of CdS nanowire array and films. (a) the nanowire aray sample, 110°C, 2.0mA; (b) the film sample 1,
10°C, 2.0ma; (¢} the film sample 2, 125°C, 3 0ma: (d) the film sample 3, 125°C, 5.0mA
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Preparation and photoluminescence of nanowire array and films of cad-
mium sulfide by electrodepositing in organic solvent

X. Ju', L. Q. Peng

BSRF, Institute of High Energy Physics, CAS. Beijing 100039, P. R. China

ABSTRACT

Nanowire array and film of cadimium sulfide were prepared by electroplanng inorganic solvent dimethyl sulfoxide with
CdCl, and element sulfur under different temperature and current density. The UV-V1S absorption specira show thag
increasing the electroplating temperature is benefit 1o forming perfect crystallites and the absorption peak under high
electroplating temperature is ascribed to the excitonic ransition. The formula of energy shift for the lowest several exci-
tons is given and compared with the experiment. The photoluminescence spectrum consists of two parts: the first is pro-
duced by recombination of the defects and the second by recombination of excitons.

Keywords: CdS. nanowire éirray, electroplating
1. INTRODUCTION

The nature of semiconductor nanomaterials is situmed between that of the corresponding molecules and bulks. The
change of their physical and chemical properties is noticeable 10 follow their dimension'. Semiconductor cadmium sul-
fide (CdS) is of the remarkable effect of quantum size. There are lots of expeniments o investigate the relationship be-
tween the optical absorption. photoluminescence and the micro-crystallies size. [tindicates that the features of the pho-
toluminescence spectroscopy for CdS nano-crystatlite. which grows in zeohite. polymer and zlass. depends on the
preparation of Sampiesl and reflects the information on the impurity, defect and surface state”. Since A, S. Baranski etc.
obtained the H-VI group semiconductor in organic solvents with the electrodepositing method®, a series of investiga-
tions on their preparation. behavior and applications such as solar cell have been carried vut*. Generally, the CdS nano-
crystalline preparing in chemical reaction al room [emperature. sometimes with the annealing, 1s embraced by inert
surface or embedded in the isolated materials. But it is difterent that the CdS mano-crystalline is electroplated in
organic solvent at higher temperature, which is of the metal-like muiu-crystallite sicucture without the impurities.

On the other hand. template synthesis is an elegant chemical approach for the tabrication of nanowires and has attracted
more and more attention. Arravs of metal®®, senuconductor®, conducting polymer” nanowires and carbon nanotubes
are obtained by electrodepositing or other methods in porous templates such as anodic aluminum oxide Hims and nu-
clear track membranes Apphcations of these materials include arravs of electron field emiters''. nanoelectrodes for
cleclral)fhcmical experiments'”. maunenc sensors hased in the giant magneno-resistance ettect'” and amsotropic optical
filters™.

Although CdS nanowire arrasvs wath dismeter as smalt as 9n have been eated woanodic aluminum oxide films
with the oxide barrier layer scparating the Al substrate and the porous atumimum oxide”. there 15 a main constraint in the
experiments such as absorption spectra in order o separate CdS nanowire arravs from the Al substrate. However. the
characterization of CdS nanuwire arrays can be studied thoroughiv i they are fabrcated in nucher track membranes. In
this paper. we report the fabricaton and optical characterization of Cds mnowires wih o diameter of 2000m in nuclear

track membranes and the corresponding films under the same or different conditions by electroplating in organic sol-
vent dimethylsulfoxide (DMSO).

2. EXPERIMEMTAL

'Comespondence: jus@ihen ac en, Telephone 86-10-68233998: Fax: §6-10-68156220

Micromachining and Microfabrication Process Technology and Devices, Norman C Tien, Qing-An Huz}ﬂgd
260 Editors, Proceedings of SPIE Vol 4801 {2001) ©@ 2001 SPIE  0277-786X/01/S12



Cf}mm&rcial polyethylene-terephthalate (PET) film frem Japan with a thickness of 16um was irradiated at the tandem
ccelerator of China Institute of Atomic Energy, Beijing, with sulfur jons (4.1MeV/amu) with a fluence of 3x10® ions
: ¢m”. The ion iradiated PET film was UV imadiated for track sensitization. The film was then sensitized with am-
pmonia WaleT moreover. Erching was performed with a 0.5N NaOH aqueous solution at 73°C 1o produce membranes
with a pore diameter of 0.2um. A 20nm gold layer was sputtered onto one side of the membrane serving as the working
dectrode. A 3pm nickel film was then electroplated on the gold surface of the membrane so that the electrode com-
pletely covered and sealed the pores of the membrane. Deposition of CdS into the pores of the membrane was carried
out galvanostatically (current density = 2.0 mA/cm’, time = 40 min) in a solution that contained 0.055M CdCl; and
p.19M elemental sulfur dissolved in DMSO at 110°C. The solution was stirred with a magneuc stirrer during deposi-
gon. A film of CdS was also deposited on Al subsirate under the same condition in order to produce the sample | fu[
comparison. On the other hand, the samples 2, 3 were prepared at 125°C under different the current density, 3.0mA/cm”
and 5.0mAJem”. respectively.

The scanning electron microscope (SEM} experiments for both ninowire array and films were carried out on Hitachi S-
450 instrument operated at 20 kV and equipped with energy dispersive X-ray (EDX) fluorescence microanalysis in or-
der to obtain morphological information and the atomic composition of the semiconductor samples. The sample of CdS
panowire artay for the SEM was prepared by dissolving the membrane in a solution composed of KOH. water and eth a-
nol at room temperature for a long time. The crystal structure of the samples was analyzed by a D/max-RB diffractome-
wer with Cu K, radiation.

The sample of CdS nanowire array for optical experiments was prepared by removing the metal layer from the mem-
brane by polishing. The samples of CdS films as contrast were removed from the Al substrate by attaching the exposed
face of the CdS films 1o a transparent adhesive tape and then dissolving the Al substrate in a NaOH aqueous solution
{6.8N). Absorption spectra were taken using a Beckman BU-600 spectrophotometer at room temperature. Photoluming-
scence specira were measured with a PERKIN ELMER LS50B iuminescence spectrometer.

3. RESULTS AND DISCUSSION
31. SEM and XRD

The images of CdS nanowire array and films are shown in Fig.1. For the samples of CdS nanowire arTay., it is apparent
that the deposited semiconductor fills the pores uniformly and continuously. which means the semiconductor faithfully
reproduce the shape of the pores. 1t is also revealed that the nucleur track miembrane suppresses the morphology with
significant cracking, typical of elecirodeposited CdS in DMSO™. Thus template restriction of the growth dimensions can
improve the overall morphology of electrodzposited semiconductor materials. In addition,. the sample 1 consists of
granular structure with crackles; the sumples 2 and 3 are close w the crystallies with holes. These indicate that the sarm-
ples crystatiize well at hegher temperature. The semiquantitative analvsis of CdS nanowire artay by EDX gives a com-
position of 3.4 at % Cd, 437 at% Sand 3.2 @ Cl. For a compirison, the atomic composiiion of the films is similar to
that of the nunowire arriv. But. the Cd conemt of the sample 3 s steichinmetric excess, about 2%. meanw hile, there is a
trace of elomental CI, <4, '

(a) 1] (c) {dy

Fig 1. The SEM images of CdS nanowire array and films. (a) the nanowire array sample, 110°C, 2.0mA; (b} the film sample 1,
oo, 2.0mA; (c) the filn sample 2, 125°C, 3 OmA. (d} the film sample 3, 125°C, 5.0mA
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The x-ray diffructon peaks of the sumple of CdS nanowire array and films could be assigned to the hexg
greenodkite phase CdS, Ni, Au and nuclear rack membrane, without any trace of elemental Cd or S. Addinona}]y i
the calvulation of the erystallite size, the effect of the non-uniform stress in CdS should be removed'™. Analysis Of'lhe
width of the peaks using the Debye-Scherrer formula indicates that the crystallite size of CdS in the nanowire amy
sample is on the order of 10-20nm when neglecting the stress effect, similar to those in CdS films'®, Here, as refer,
the average crystallite size of the sample | was estimated to be about 20 nm. Similarly, that of both the sample 2 and 3
15 about L0nm.

320 UV-VIS spectra

The absurpion spectrum of CdS naonowire array and films are shown in Fig.2. The optical band gap of all samples jg
515 5nm 12 40eV). and corresponds well to that of CdS. All of this 1ogether with the available data on the electrodepos.
iting of CdS from DMSO* "' makes us confident that the deposited material in nuclear track membrane is -Cd§
doped with Cd and C1. For CdS nanowire array, the most siriking feature is that there is a well-developed maximum g
the wavelength of 690 nm, located in lower energy side of the onset of absorption. The onset of absorption shows o
shift 10 that of the CdS films'®. On the other hand, the samples 2 and 3 are of disunguishing peak of exciton at higher
sade of the onset of absorption’. The positions of the absorption of both samples are at 485.5nm with a FWHM of
0.35¢V and 489 7nm wj[h1a FWHM of 0.2eV, resepctovely. Moreover, there is a shoulder at 459nm for the sample 3,
Compared to colloid CdS°, the crystallite size of the samples 2 and 3 is about 10nm, and that of the sample 1 is litde
bigger and close to the estimated value by XRD.

—.
— / ~,
. Y \
~ s
e \

Waveleagth {nm Rod.0 T Y rrr——
(a) (b)
o LT T - P
(c) (d)

Fig.2. The absorpuon spectra of sample of CdS nanowire array and films. () the nanowire array sample; (b) the film sample 1 (©
the film sample 2. {d) the film sample 3

3.3. Photoluminescence spectra

The photoluminescence spectra of the CdS nanowire array and the film are shown in Fig.3, accompanying with the ex
ciung spectrum. of the sample | since that of all samples is almost identical. The spectrum of the CdS sample 1 shows
three broad emission bands that have three major peaks at 330, 390 and 660nm, respectively. For the band at 530nm: !
15 0.6eV below the onset of absorption and not occurred in CdS nano-crystallite prepared in chemical reaction. Consi™
ering the existeace of Cl ion in the electirodeposited CdS films, which acts as a shallow donor and contributes 1© the
very high electron {lensity“. 1t 15 ascribed to originate from the recombination of the cnergy level of the donor. The

Proc. SPIE Vol. 4601



trum of the CdS nanowire array shows similar structure except for indistinct peaks at 530mn and 590nm due to low

jgnal 1o noise ratio. Both the 590 and 660nm broad bands can be observed in photoluminescence spectra of CdS clus-

s and attributed to Cd atoms and sulfur vacancy, respectivel "', From the analysis of atomic composition, Cd atoms

d sulfur vacancy should also exist in the samples of CdS nanowire array and films. Thus we assign the 590mn and

o m bands to Cd atoms and sulfur vacancy respectively. For sample 2 and 3, there are two narow bands at 486 and

460nm with a FWHM of 0.04eV, which corresponds to that of the absorption spectra and is from the recombination of
{he bound-exciton.
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Fig.3. The photoluminescence spectra of the samples of CdS nanowire array and films. (a) the exciting spectrum of film sample 1; (b)
the nanowire aray sample and the film sample 1; (c) the film sample 1-3

Because of the size effect in nanocrystalline, the exciton is bound with higher energy and intensity. so the absorption of
exciton can be presented at room temperature. Under the approximation of effective mass, the telationship between en-
ergy shift of the lowest energy exciton, AE. and radius, R. is as follows:

Wt L1 1.786¢*
2R m, m, &R

~0.248 g5, ,

in which the first term is the kinetic energy of the minimum quantization in rectan gular potential well: m, and m, is the
mass of electron and hole, respectively. The second term is the Coulomb notential between ¢lectron and hole, € is di-
electric constant, The third term is the correlation energy, and very small in common. Generally. there is a bi g differ-
ence between the formula and experiments when R is small, but the calculation is consistent with experiments in the
region of 3-4nm™"°. Supposed that m.=0.165m and my=0.98m (m: the mass of electron) and £=5.5°, the calculated ra-
dius with this formula is 4nm at the lowest exciton energy, 498nm, and very close to resuits from XRD experiments.

Regarding the common expression of the quantization energy of particle in rectangular potential well®™, AE can be
shown:

il 786¢?
pE ="K L 1) 1786

2R "m, m, &R

~0.248 g, ,

in which the Kim is quantum number, as known, ki0=3.14, k; ,=4.49, k,,=5.76. The calculated second lowest energy of
exciton is 457nm with a radius of 4nm, and in accordance with our experimental value, 460nm.

There is no absorption of exciton for the sample 1. This is because its size is bigger and the intensity is weaker™®'. On
the other hand, it may concern the imperfect growth of crystallites at lower temperature in electrodepositing process. In
our experiment, the onsel of absorption of the CdS films, prepared the materials at 100°C under different current den-
Sity. shifts blue 2.60eV without absorption of exciton, which indicates the electrodepositing temperature is of a great
'mpact on the optical properties of CdS nanomaterials, Additionally, when the amorphous Cds, electradepositing at
oom temperature, is annealed at 600°C, the crystallization is stil] worse than that at 100°C, which means that the elec-
rodepositing temperature is more important than the annealing one. Compared 1o results of reference 4, the photolumi-
fiescence of the samples 2 and 3 are stronger with the same crystallite size. It may attribute that different electrodeposit-
Mg temperature results in different depree of crystallization. The photoluminescence of sample 2 is stronger than that of
Sample 3, which shows that the crystallization of semiconductor is better when electrodepositing with a weaker current
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density at the same temperature”™. Consequently. the change of photoluminescence is also related to the perfection of
crystallite.

As described above, there are same native defects and impurity defects in the sample of CdS nanowire array and Cds
film sample, which eliminates the possibility that the absorption peak in Fig.2 15 ascribed 1o the defects. Additionally,
there is no sharp emission band with peak at 690nm in the phowluminescence spectrum of the sample of CdS nanowire
array, which eliminates the bound-exciton as the possible mechamsm for the absorption peak. Considering that there are
a number of interface states between the CdS nanowire array and the membrane pores, we therefore assign it 1o the ip.
terface states transition, This is also supported by the following facts: the typical value of seimiconducior surface poten.
tial 0.5V is near the 0.6eV difference value between the abserption peak and the onset of absorpion: the recombing.
tion by surface states is a radiationless relaxation process.

4. CONCLUSION

It can be concluded that (1) CdS nanowire array with a diameter of 200nm have been fabricated by electrochemical
deposition in nuclear track membrane. An intense absorption peak of the CdS nanowire array was observed and it could
be assigned to transition of the interface states; (2) increasing the electrodepositing temperature is favor to prow
nanocrystallites with perfect structure, and results in the absorption of exciton; (3) the formula for the secondary lowest
energy shift is given, and consistent with our experiments; (4) the spectra of photoluminescence is composed of bands
from the recombination of impurity, defect etc., in which the bands from the stronger recombination of exciton corre-
sponds to that of the bound-exciton. Finally, their intensity is related to the perfection of crystallite.
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Evidence for change of the interfacially local structure
of titanium oxide/bis[(4,4’-carboxy-2,2’-bipyridine)
(thiocyanato)] ruthenium nanocomposite*
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Titanium oxide/bis[(4,4'-carboxy-2,2"-bipyridine){thiocyanato)ruthenium {cis-(NCShRul;) nanocompos-
ites were prepared by the self- bly method. In this system, their interfacially local structures were
probed by x-ray absorption spectroscopy (XAS) and the Ti-O interatomic distance and the dination
number of the O atoms around the Ti central atoms were extracted. Compared with TiO; nanoparticles,
the Ti local structure in the nanocomposite was changed, which is responsible for binding cis-(NC5);Rul,

to the surface of TiO; nanoparticles. Copyright © 2001 John Wiley & Sons, Ltd.

KEYWORDS: XAS; TiO;/cis-(NCS);RuL; nanocomposite

INTRODUCTION

A new type of photovoltaic cell was reported recently
based on spectral sensitization of thin nanocrystalline
Ti0; (anatase)} films by ruthenium polypyridine complex
chromophores.! Generally, interfacial electron transfer from
photoexcited states of the chromophore into the conduction
bands of the semiconductor depends on a number of factors.
The structural and electronic properties of the interface
are very importan but they are not completely clear.
The techniques of x-ray absorption near-edge structure
(XANES) and extended x-ray absorption fine structvre
(EXAFS)-—together called x-ray absorption spectroscopy
(XASP—are atom specific and capable of probing the
short-to-medium range structure around an imbedded or
absorbing atom,* which can provide the structural origin of
the unique photoelectrenic property of the nanocomposite.
In this work, we prepare a Til, /bis[(4,4'carboxy-2,2"-
bipyridine){thiocyanato)Jruthenium (cis-{NCShRuL;) nano-
composite by the self-assembled method, and present our
recent XAS study on the Ti K-edge on TiQ; nanoparticles of
10-20 nm without and with an assembly of cis-(NCS);Rul.,.
Surface distortion of the Ti in the TiO; nanoparticles and the
interfacial interaction between TiQ; and cis-(NCS)Rul.; are
discussed.

EXPERIMENTAL

The Ti(); film was prepared by casting 11% TiC; nanoparti-
cles of size 10-20 nm on the glass substrate and heat treating

*C pondence to: X. Ju, I of High Energy Physics,
Chinese Academy of Sciences, Beijing 100039, P.R. China.

E-mail: jux@alpha02 ihep_ac.cn

"Paper presented at APSLAC 2000: Asia - Pacific Surface and
Interface Analysis Conference, 23-26 October 20X, Beijing, China.
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at 450°C for 30 min. The TiQy/cis-(NCShRul; nanocom-
posite was obtained by dipping the TiO; film into the
cis-{NCS);RulL; ethanol solution for 24 h° and then drying
for 2 days. The XAS spectra at the Ti K-edge were measured
in transmission mode by using synchrotron radiation with
a 5i(111) double-crystal monnchromator on the EXAFS sta-
tion at the 4WIH beamnline of Beijing Synchrotron Radiation
Facility (BSRF). The storage ring was operated at 2.2 GeV
with a beam current of ~80 mA. The energy resolution
was 1.5 eV for the near-edge structure and ~3.0 eV for the
EXAFS. Data analysis were performed in the EXCURVES

program.

RESULTS

X-ray absorption near-edge structure

The XAMNES spectra at the Ti K-edge of bulk TiO,, TiO,
nanoparticles and TiO; /eis-(NCS)k Rul; nanocomposites are
shown in Fig, 1. As is known, the XANES spectrum contains
several well-defined pre-edge peaks that are related to the
local structure surrounding Ti atoms. For bulk TiQ; (anatase),
it exhibits three small pre-edge peaks (A;, Az, Aj) that
are assigned respectively to transitions from the 1s core
level of Ti to 1y, 2ty and 3e, molecular orbitals! On
the other hand, the intensities of these pre-edge features
are a strong function of the distortion of the oxygen
octahedron around the central absorbing Ti atom. For TiC,
nanoparticles, an increase in the intensity of the A; peak
is observed, indicating an increasing distortion from the
oxygen octahedron that may result from the surface effect of
TiO; nanoparticles.* However, there is very little effect of the
cis-(NCS)Rul; assembly on the XANES spectrum for TiO,
nanoparticles.

Copyright © 2001 John Wiley & Sons, Lid.
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Figure 1. The XAMES spactra at the TiK edge of bulk TiQy, TIO; nanoparticles and TiOz/cis-(NCS)zRulz nanocomposites.

Extended x-ray absorption fine structure
The radial distribution functions (RDF) of TiO; nanoparticles
and the TiQy /cis-{NCS)Rul; nanocomposite are shown in
Fig. 2. The fitting results are listed in Table 1, along with the
standard crystalline TiO; in anatase phase.

For all samples, the first-shell Ti~O peak in the Fourier
transform EXAFS spectra was fitted on a two-subshell model.

The bond lengths ry and r; of two Ti-O subshells of TiO;
nanoparticles and TiO, /cis{NCS);Rul; nanocomposite are
different from that of the reference standard. Itis well known
that the structure of nanomaterials is relaxed from the perfect
crystal structure to the local structure with amorphous
features. For most nanomaterials, the interatomic distance
become sharter as the particle size decreases, but the bond

Intensity (a.u.)

RA{A)
Figure 2. The EXAFS spectra of butk TiOz, TiO; nanoparticles and TiQz/cis-(NCS)Rul; nanocomposites.

Table 1. Fitting of the EXAFS parameters with EXCURVSS

Sample Ep ri(nm) ra{rum} ™ "z ay az
TiO; (anatase)* 8.479 1.906 1.936 4.0 20 — —
TiC; nanoparticles 1287 1.880 1.909 4.0 1.6 002026 001189
TiOy / cis-(NCS); Rul; 11.94 1.857 1901 . 27 22 0.01097 0.00972

* The structural data were extracted from the PDF cards

Capyright £ 2001 John Wiley & Sons, Ltd.
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length of the first subshell of the TiO;/cis-(NCS)pRul,
nanocomposite has an observable change compared with
that of TiO; nanoparticles.

From the point of view of atomic coordination, the
coordination numbers my and n; of the O atoms around
the Ti central atoms in the TiO; nanoparticles are 4.0
and 1.6, which is a little less than those of the reference
standard (m = 4.0, mp = 2.0). Actually, this is consistent
with the properties of the local structure of nanomaterials,
because the particle size of nanoparticles is small and
results in an incomplete atomic coordination of the surface
atoms.* For the TiO,/cis-{NCS);RuL; nanocomposite, the
corresponding coordination numbers are 2.7 and 2.2, This
reveals that the Ti local structure is reconstructed when
cis-{NCS)Rul; is organized on the surface of the TiQy
. nanoparticles,

DISCUSSION

It should be PO‘II’Il’Ed out that the above phenomena result
from the assembly cis-{NCS);Rul; on the surface of the
Tiy nanoparticles, which can be attributed to the COOH
groups in dye molecules coardinating to the Ti atoms of TiO,
nanoparticles. In general, it is easier to form a complex
of Ti and COOH on a surface® which would result in
reconstruction of the Ti local structure. Therefore, compared
with TiQ; nanoparticles, the coordination number of the
first subshelt decreases and the bond length reduces’ in
the nanocomposite. Finally, the Debye—Waller factors a,
and a; in Table 1 can describe the degree of disorder of
the materials. It is found that the TiOy/cis-(NCS)hRul;

Copyright @ 2001 John Wiley & Sons, Ltd.
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nanocomposite tends to have smaller values of such factors.
As mentioned above, the COOH groups in the dye molecules
are coordinated with the Ti atoms of the TiQ; nanoparticles,
and the complex relationship made the second subshell of the
Ti-0O full, which results in a modification and a smoothing
of the surface of the Ti(); nanoparticles.

CONCLUSION

In the composites studied here, cis-(NCS);Rul,; is assembled
onto TiOy nanoparticles. The COOH groups in dye molecules
can be coordinated with the Ti atoms on the surface of TiO;
nanoparticles, which is expected to modify significantly
the local structure of the TiO; nanoparticles. This study
provides structural evidence for the interfacial property of
the nanocomposites and acts as a guide for the rational
design of electronic—optical materials.
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