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surface, interface and nano-structures

Local structure of NiTi nanocrystals
studied by EXAFS and XRD

Xin JU, Yixi SU

Institute of High Energy Fhysics, Chinese Academy of
Sciences, Bejing 100039, P. R China, Email:
Jjux@alpha02.ihep.ac.cn

A series of NiTi nanocrystals with different annealing termpera-
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 ailoy \mh bee structure as target materi-
als. When inc ing the temp , a small fraction
of the (Ni,Ti) type nanocrystal wnlh the hexagona] structure was
presented except target materials and Ni, and it is atomic occupa-
tion in random. Finally there were four Ti and two Ni atoms
around central Ni atoms, and the bond length of Ni-Ti and Ni-Ni
were 0.2462nm and 0.2585nm at 800°C annealed.

Keywords: NiTi nanocrystais, Phass transition

1.  intreduction
The NiTi shape memory alloy (SMA) with an approximately
equal atomic 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 memory alloy materials with extensive applications
{Hwang, C.M., et al,, 1983; Ling, HC. 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 reports 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 nano-materials have been presented using various
methods of structural analysis. Among them, extended x-ray ab-
sorption fine structure (EXAFS) is a powerful 1ol for identifying
the local structure around the absorbing atoms. In this paper, the
NiTi SMA was chosen as a target material to prepare the NiTi
nanocrystal, then the local structure around Ni atoms was studied
using the combination of EXAFS and XRD.

2. Expariments

The raw nano-NiTi powder, with 2 particle size of 7 mm, was
synthesized using DC sputtering on a dedicated apparaius, 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 fmally shaped
with a pressure of 1.5 GPa, The target materials is a bulk NiTi
SMA with bee structure. A series of samples with diffecent parti-
cle size were prepared by annealing the raw powder in vacuum at

400, 600 and 800°C ively. EXAFS Is at the N:
K-edpe were performed in the transmission mode at the EXAFS
station on beamline 4W1B of the Beijing Synchrotron Radiation
Facility (BSRF). The storage ring operated at 2.2 GeV and 40-3(:
mA. Data analysis was performed usimg the EXCURVI2 pro-
gram. X-ray diffraction measurements were performed at beam:

line 4B9A of BSRF. A x-ray diffractomator with the precision o
0.001 degree is the main equipment. The incident beam intensit
was monitored with an ion chamber and the diffiacted intensin
was detected by Nal(Th) scintillation detector. There were 1wi-
slits of 0.5 mm on the light path, one was set al the entrance o
the beam and the other was at the front of the detector. The inwi-
dent focused and monochromatic x-ray beam was calibrated b
the Cu K-edge (1.54 A). The energy resolution AE: E was 4x10.

3 Results and discussion

3.1 XRD

From transmission electron microscopy (TEM) experiments. 1
was found that the NiTi grains grow in size when the annealing
temperature increases, and finally their particle size increases 1
about 20 nm by raising the temperature to 300°C (X. Ju et f
1595).

LTH117;

(TN ;T (N Ti)
(2100.1211).{300) [0C4) {310).4213)

N - Nirwatn) Niz200

NITY200,

Fig. | X-ray diffraction pattemns of nano-NiTi samples. (a) NiTi alloy; 113}
as-grown NiTi powder; (¢) annealing at 400°C. {d) mnealing at 600°C

The as-grown NiTi powder was prepared by the DC sput-
tering method using NiTi SMA target with the bee structure. Fig
ure | shows the XRD pattern of the targel material. Three strr i
peaks are attributed to (110), (200) and (211} as indicated in [ e

-_I (2). Fig. 1{b) shows the diffraction patiem of the as-gronm MiT

powder. There is a broad peak corresponding to nem-crysialt '
materials. Figures 1(c) and (d} comrespond o he samples
tained by annealing at 400 an 600°C respectivels. The structun, .
these samples identificd from the diffracuon patierns is nor |
same as the bee structure of the tavget materiad, A1 first, it cun 1.
exhibited a group of strong diffraction peaks of Nr with a cul
structure, As indicated in Fig. Hc) and (¢), the strongest peak. |
at 8=22.2 for {111), the peaks at =235 6, 35,0 and 16,3

are identified as the (200), (2207 and (311} of M1 erastalline wat)
4 cubic structure. Meanwhile, it should he pointed out thal 1w
groups of weak peaks exist and are corresponding w0 target nuily
rial and the (Ni,Ti) type alloy with lexagonal structure, which
atomtic orcupation in random. As indicaled, the ek at B30
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surface, interface and nano-structurz:

for {206 of NiTi alloy with a bee structure can be obscrved, but
the peaks at B=21.1 for (110) and 386 for (211} emerge with
those of Ni crystalline with a cubic structure For the (Ni,Ti) type
alloy with hexagonal structure, there is a similar behavior that the
strongest peaks at 8=22.0 for (111) is overlapped with the (111}
of Ni crystalline. Three weak peaks at 9=41.5, 44.6 and 45.7 can
be assigned to (004), (310) and (213) of this alloy. Moreover.
there are three small peaks at 8=31.1, 32.9 and 35.8, and can be
identified to (210), (211) and (300} of the hexagonal structure of
{Ni,Tiy alloy. On the other hand, the diffraction intensity of the
bee phase is much weaker than the one of the crystalline as indi-
cated,

Finally the above phenomena mean that a large fraction of
Ni atoms were separated out in the sputtering process. On the
other hand, the diffraction intensities of the bee- and hexagonal
phase of MiTi alloy were much weaker than that of the Ni crys-
talline as shown in Fig, 1.

3.2 EXAFS

The Fourier Transforms of the EXAFS spectra, and the structural
parameters determined by fitting with EXCURVES for various
NiTi nanocrystalline samples are shown in Fig. 2 and Table 1. It
was found that there are four Ti atoms and twe Ni atoms around
central Ni atoms, and the bond length of Ni-Ti and Ni-Ni were
0.2462 nm and 0.2585 nm after annealing at 800°C It is consis-
tent with the conclusion attracted from the XRD experiments, in
which a large fraction of Ni crystalline was separated out after the
sputtering process. Meanwhile the structure was relaxed because
the atomic occupation is random in the (Ni,Ti) alloy with a bee-
and hexagonal structure,. The experimental values of Ni-Ti and
Ni-Ni interatomic distances were deviated from those of Ni-Ti
alloy and the Ni crystalline presented in the PDF cards. From the
amplitude of the overlapping Ni-Ni and Ni-Ti peak, it is found
that the coordination number {CN)} increases with rising the an-
nealing temperature and the Ni-Ti and Ni-Ni distances come to
keep stable. On the other hand, the higher shell peaks disappear
rapidly and the degree of disorder increases with decreasing the
annealing temperature, which can be interpreted that the long
range order in the structure has been destroyed with the decreas-
ing of the particle size.

Table 1 The structural parameters ﬁtligg with EXCURVEE Program

fore the bec- and hexagonal phase are observed in the noe
{N1,Ti} alloy when annealing at different temperaiures. Moo

it is known that eight Ti atoms are around cach Nioaton 1
NiTi SMA with bee structure. According to he results o BN L
and XRD experimenis, the phase transition occurs fioam bey
hexagonal-structure in the synthesis process of the as-grow 1 2
powder, and the structural relaxation alse does, So their strect «
paramelers should be changed. To sum up. the Noand Tratei -
a little ultrafine alloy particles produced by sputtering a1 e
ginning are cooled and deposited in disorder on the suba.
Among them, ultrafine alloy particles are ol the mitia® 1.
structure, Following, with the increase of annealing lomperan
the (Ni,Ti) type alloy with the atomic occupation in rm e
produced with the hexagonal structure except the formutm o
crystalline. :

Fig. 2 RDF of Ni-K-edge

It is reported that the NiyTi phase with nano-dimension
result in the serious decay of SMA performance and I«
fracture of the SMA material (Wen, S.1.. et al.. 1999) in onr =
periment, no Ni;Ti phase was observed.

4. Conclusion

The structures of NiTi nanocrystals with different am
ing temperatures, prepared by sputtering method,. were differ »
from bulk NiTs alloy with bee structure as target materials. Al )
ing the ling temperature, a small fraction of &
(Ni,Ti) type nanocrystal with the hexagonal structure was pr
sented excepl target materials and Ni erystallime, and it is sstorai
occupation in random.
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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
BSREF, Institute of High Energy Physics, CAS. Beijing 100039, P. R. China

ABSTRACT

Nanowire array and film of cadmium sulfide were prepared by electroplaung in organic solvent dimethy! sulfoxide with
CdCl; and element sulfur under different temperature and current density. The UV-VIS absorption spectra show that
increasing the electroplating temperature is benefit to tormin g perfect crystallites and the absorption peak under high
electroplating temperature is ascribed to the excitonic transition. The formula of energy shifi for the lowest several exc-
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 array, electroplating

1. INTRODUCTION

The nature of semiconductor nanomaterials is situated between that of the corresponding molecules and bulks. The
change of their physical and chemical properties is noticeable 1o follow their dimension'. Semiconductor cadmium sul-
fide (CdS) is of the remarkable effect of quantum size. There are lots of experiments 1o investigate the relationship be-
tween the optical absorption. photoluminescence and the micro-crystallites size. It indicates that the features of the pho-
toluminescence spectroscopy for CdS nano-crystailite. which grows in zeolite. polymer and 2lass. depends on the
preparation of samples® and reflects the information on the impurity, defect and surface state®. Since A. S. Baranski etc.
obtained the 1[-VI group semiconductor in organic solvents with the electrodepusiting method®. a series of investiga-
Lions on their preparation. behavior and applications such as solar cell have been carried out *. Generally, the CdS nano-
crystalline preparing in chemical reaction al room temperature. somehmes with the annealing, i1s embraced by inert
surface or embedded in the isolated materials. But. it is ditferent that the Cd$ nano-crysialline is electroplated in
organic solvent at higher temperature, which is of the metal-like muiti-crystailiie structere without the impurities.

On the other hand. template synthesis is an elegant chemical approach for the fabrication of nanowires and has attracted
more and more attention. Arrays of metal®?, semiconductor”. conducting polymer” nanowires and carbon nanotubes
are obtained by electrodepositing or other methods in porous templates such as znodic aluminum oxide films and nu-
clear track membranes. Applicauons of these materials include arrays of electron field emiters'’, nanoelectrodes for
electr?:‘hemicai e\perimcms':, magnetic sensors based in the giant magnetio-resistance etfect’” and anisotropic opticai
filters™”,

Alhough CdS nanowire wrayvs with diameter as small as 9nm have been fubncated i anodic aluminum oxide films
with the oxide barrier layer separating the Al substrate and the porous aluminum oxide ", there 15 a main constraint in the
experiments such as absorption spectra in order 1o separte CdS nanowire amavs from the Al substrate. However, the
characterization of CdS nanuwire arrays can be studied thoroughly if they are fabricated in nuclear rack membranes. In
this paper. we report the labrication and optical characterization of CdS nanowires with a diameter of 200nm in nuclear
track membranes and the corresponding films under the sume or different conditions by electroplating in organic sol-
vent dimethylsulfoxide (DMSO).

2. EXPERIMEDMITAL

' Correspondence: Jux@ihen ac en. Telephone: $6-10-68235998; Fux: 86- 10-68186229

Micromachining and Microlabrication Process Techrology and Devices, Norman C. Tien, Qing-An Huang:
Editors, Proceedings of SPIE Vol 4601 {2001) © 2001 SPIE 0277.786X/01/515.00




Cg[nlnﬂﬂ']:ﬂ polyethylene-terephthalate (PET) filin fram Japan with a thickness of 16pum was irradiated at the tandem

elerator of China Institute of Atomic Energy, Beijing, with sulfur ions (4.1MeV/amu) with a fluence of 3x10% jons
scfr em’. The ion irradiated PET film was UV irradiated for track sensitization. The film was then sensitized with am-
mnﬂiﬂ water moreover. Etching was performed with a 0.5N NaOH aqueous solution at 73°C to produce membranes
with a pore diameter of 0.2um. A 20nm gold laver was sputtered onto one side of the membrane serving as the working
glectrode. A 3um nickel film was then electroplated on the g.(}.]c' surface n.f the mcmbranc. so that the electrode com-
pletely covered and sealed the pores of the membr ane. Deposition of CdS into l}.](‘. pores of the membrane was carried
out calvanostatically (current density = 2.0 mA/cm’, time = 40 mun) in a solution that contained 0.055M CdCly and
0.19M elemental sulfur dissolved in DMSO at 110°C. The solution was stirred with a magnetic stirrer during deposi-
gon. A film of CdS was also deposiied on Al substrate under the same condition in order 1o produce the sample 1 for

comparison. On the other hand, the samples 2, 3 were prepared at 125°C under different the current density, 3.0mA/cm’
and 5.0mAfem”, respectively

The scanning electron microscope (SEM) expeniments for buth nunowire 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 1o 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 temperature for a long time. The crystal structure of the samples was analyzed by a D/max-RB diffractome-
ter with Cu K, radiation.

The sample of CdS nanowire array for optical experiments was prepared by removing the melal 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 sclution
(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 luminescence spectrometer.

3. RESULTS AND DISCUSSION
3.1.SEM and XRD

The images of CdS nanowire array and films are shown in Fig. 1. For the samples of CdS nanowire aray, 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 aso revealed that the nuclear track membrane suppresses the morphology with
significant cracking, typical of eiectrodeposited CdS in DMSO®*. Thus template restriction of the growth dimensions can
improve the overall morphology of electrodeposited semiconductor materials. In addition.. the sample | consists of
granular structure with crackles, the samples 2 and 3 are close 1o the crystallites with holes. These indicate that the sam-
ples crystaliize well at hivher temperature. The sermquantitative analysis of CdS nanowire array by EDX gives a com-
position of 301 ar % Cd, 437 at% S and 4 2 et C1. For a comparison. the atomic composition of the films is similar 1o
that of the nunowire arry. But, the Cd certent of the sample 3 is stoichiomelnic excess. about 2%, meanw hile, there is a
trace of elemental T <4F '

L s RS

Fig | The SEM images of CdS nanowire arrav and films. (a) the nanowire array 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

Proc. SPIE Vol. 4601 261
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The x-ray d@ifftacnon peaks of the sample of CdS nanowire armay and films could be assigned to the hexa
greenockile phase CdS, Ni. Au and nuclear track membrane, without any trace of elemental Cd or S. Additionalyy, in
the calculation of the crystallite size, the effect of the non-uniform stress in CdS should be removed's, Analysis of
width of the peaks using the Debye-Scherrer formula indicates that the crystallite size of CdS in the nanowire
sample 18 on the order of 10-20nm when neglecting the stress effect, similar to those in CdS films'®. Here, as refer
the average crysiallite size of the sample 1 was estimated to be about 20 nm. Similarly, that of both the sample 2 ang 3
is about 10nin.

3.2, UV-VIS specira

The absorpuon spectrum of CdS nacnowire array and films are shown in Fig.2. The optical band gap of all samples j
315.50m (2.40e V). and corresponds well to that of CdS. All of this together with the available data on the eIechodgpo,_
itng of CdS from DMSO" "™ makes us confident that the deposited material in nuclear track membrane js n-Cds
doped with Cd and C1. For CdS nanowire array, the most striking feature is that there is a well-developed maximum y
the wavelength of 690 nm, located in lower energy side of the onset of absorption. The onset of absorption shows pg
shift to that of the CdS films'®. On the other hand, the samples 2 and 3 are of distinguishing peak of exciton at highe
side of the onset of absorption®. The positions of the absorption of both samples are at 485.5nm with a FWHM of
0.35eV and 489 .7nm with a FWHM of 0.2eV, resepctovely. Moreover, there is a shoulder at 459nm for the sample 3,
Compared 10 colloid CdS?, the crystallite size of the samples 2 and 3 js about 10nm, and that of the sample 1 is litgle
bigger and close 10 the estimated value by XRD,

1

i

i
ffr
L U —

~
3800 Wavelenpth fom) o0 L Pirer e
(@ (b
s = =
(c) (d)

Fig.2. The absorption spectra of sample of CdS nanowire amray and films. (a) 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 &5
citing spectrum. of the sample | since that of all samples is almost identical. The spectrum of the CdS sample | sho¥¥
three broad emission bands that have three major peaks at 530, 590 and 660nm, respectively. For the band at 530nm. !
is 0.6eV below Lhe onset of absorption and not occurred in CdS nano-crystallite prepared in chemical reaction. Consi

ering the exisience of Cl ion in the electrodeposited CdS films, which acts as a shallow donor and contributes to #¢

very high electron density'*, it is ascribed to originate from the recombination of the energy level of the donor-
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trum of the CdS nanowire array shows similar structure except for indistinct peaks at 530mn and 590nm due to low
gnal to noise ratio. Both the 590 and 660nm broad bands can be observed in photoluminescence spectra of CdS clus-
sagﬂand auributed to Cd atoms and sulfur vacancy, respectively” . From the analysis of atomic composition, Cd atoms
m; sulfur vacancy should also exist in the samples of CdS nanowire array and films. Thus we assign the 590mn and
460nm bands to Cd atoms and sulfur vacancy respectively. For sample 2 and 3, there are two narrow bands at 436 and
460nm with a FWHM of 0.04eV, which corresponds 1o that of the absorption spectra and is from the recombination of
the bound-exciton.

n \\J’/\ - .,,.,\““

— — v e

ree e ow L «00 ™ 0 % B9 Mo W0 100 To soa  m
Wavelength irmy Wavelength {nm) Wavelength (nm}
{a} (b) ©

Fig.3. The photoluminescence specira of the samples of CdS nanowire array and films. (a) the exciting spectrumof film sample | ; (b)
the nanowire array sample and the film sample 1; () the film sample 1 -3

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

in which the first term is the kinetic energy of the minimum quantization in rectangular potential well; m, and m, is the
mass of electron and hole. respectively. The second term is the Coulomb potential between electron and hole. € is di-
electric constant. The third term is the correlation energy, and very small in common. Generally, there is a big differ-
ence between the formula and experiments when R is small, but the calculation is consistent with expériments 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-
divs with this formuls is 4nm at the lowest exciton energy, 498nm, and very close to results from XRD experiments.

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

Rkl 1 1. 178662
AE= 2RLI e
€ h

~0.248F%, .

in which the k, ,, is Quantum number, as known, k, ¢=3.14, k; ,=4.49, ki2=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 ma ¥y concern the imperfect growth of crystallites at lower temperature in electrodepositing pro cess. In
our experiment, the onset 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
Impact on the optical properties of CdS nanomaterials. Additionally, when the amorphous Cds, electrodepositing at
Toom temperature, is annealed at 600°C, the crystallization is still worse than that a1 100°C, which means that the elec-
Todepositing temperature is more important than the annealing one. Compared to results of reference 4, the photolumi-
Nescence of the samples 2 and 3 are stronger with the same crystallite size. It may attribute that different electrodeposit-
Ing temperature results in different degree of crystallization. The photoluminescence of sample 2 s stronger than that of
$ample 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 1s also related to the perfection of
crystallite.

As described above, there are same native defects and impunty defects in the sample of CdS nanowire array and Cgg
film sample, which eliminates the possibility that the absorption peak in Fig.2 1s ascribed to the defects. Addiiiona]ly.
there is no sharp emission band with peak at 690nm in the photoluminescence spectrum of the sample of CdS nanowire
array, which eliminates the bound-exciton as the possible mechanism 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 to the ip-
terface states transition. This is also supporied by the following facts: the typical value of semiconductor surface poten.
tial 0.5V is near the 0.6eV difference value between the absorption peak and the onset of absorption: the recombina.
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 gZrow
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 10 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) Iruthenjum (cis-(NCS);RuL;) 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 coordination
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; TiOy /cis-(NCS);RuL; nanocemposite

INTRODUCTION

A new type of photovoltaic cell was reported recently
based on spectral sensitization of thin nanocrystalline
TiO; (anatase) films by ruthenium polypyridine complex
chromophores.! Generally, interfacial electron transfer from
photoexciled states of the chromophore into the conduction
bands of the semiconductor depends cn a number of factors.
The structural and electronic properties of the interface
are very important® but they are not completely clear.
The techniques of x-ray absorption near-edge structure
(XANES) and extended x-ray absorption fine structure
(EXAFS)—together called x-ray absorption spectroscopy
(XAS)'—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 photoelectronic property of the nanocomposite.
In this work, we prepare a TiO, /bis[(4,4'-carboxy-2,2"-
bipyridine){thiocyanato)jruthenium (cis-{NC5);Rul;) nano-
composite by the self-assembled method, and present our
recent XAS study on the Ti K-edge on TiO; nanoparticles of
10-20 non without and with an assembly of cis-(NCS);RuL,.
Surface distortion of the Ti in the TiOy nanoparticles and the
interfacial interaction between TiO, and cis-(NCS);Rul,; are
discussed.

EXPERIMENTAL

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

*Correspondence to: X. Ju, Institute of High Energy Physics,
Chinese Academy of Sciences, Beijing 1(!)%‘29. PR an)::cs
'Paper presented at APSIAC 2000: Asia—Pacific Surface and
Interface Analysis Conference, 23-26 October 2000, Bejjing, China.

DOL: 10.1002/3ia.1014

at 450°C for 30 min. The TiOy/cis-(NCS)RuL; nanocom-
posite was obtained by dipping the TiO: film into the
¢is{NCShRul,; 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 monochromator on the EXAFS sta-
tion at the 4WIB beamline 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 EXCURVSS

program.

RESULTS

X-ray absorption near-edge structure

The XANES spectra at the Ti K-edge of bulk TiQ,, Ti0,
nanoparticles and TiOy /cis-{NCSkRul, 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 Tiatoms. For bulk TiC, (anatase),
it exhibits three small pre-edge peaks (A, Az, A;) that
are assigned respectively to transitions from the 1s core
level of Ti to 1t 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 TiO,
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, nanoparticies.* However, there is very little effect of the
€is{NCSpRuL; assembly on the XANES spectrum for TiO;
nanoparticles.

Copyright © 2001 John Wiley & Sons, Lid.
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Extended x-ray absorption fine structure
The radial distribution functions (RDF) of TiCy nanoparticles nanoparticles and TiQ, / ¢is-(NCS);Ru!
and the TiOs /cis-(NCS)RuL, nanocomposite are shown in different from that of the reference s
Fig. 2. The fitting results are listed in Table 1, along with the that the structure of nanomaterials
standard crystalline TiO; in anatase phase.

For all samples, the first-shell Ti-O peak in the Fourier
transform EXAFS spectra was fitted on 1 two-subshell model.
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Figure 2. The EXAFS Spectra of bulk TiQ,, TiOz nanoparticles and TPszCJ’S-(NCS}zF{ULQ nanocompasites.

Table 1. Fitting of the EXAFS parameters with EXCURVSS

10

Sample E r1(nm) ra(nm)
TiO; (anatase) 8479 1.906 1.936
TiO; nanoparticles 12.87 1.880 1909
Tio, fcl’S—(NCS};RuL; 11.94 1.857 1.901 .

m

4.0
40
27

n;

20
16
22

* The structural data were extracted from the PDF cards.
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0.02026 0.01189
0.01097 0.00972
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length of the first subshell of the TiO,/cis-{NCS)hRul,
nanocomposite has an observable change compared with
that of TiO; nanoparticles.

From the point of view of atomic coordination, the
coordination numbers n; 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 {(n; = 4.0, n; = 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 TiOy/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-(NC5);Rul; is organized on the surface of the TiOy
. nanoparticles.

DISCUSSION

It should be pointed out that the above phenomena result
from the assembly cis-(NCShRuL; on the surface of the
TiO; nanoparticles, which can be attributed to the COOH
groups in dye molecules coordinating to the Ti atoms of TiG,
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 TiO; nanoparticles, the coordination number of the
first subshell 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 TiC%/cis-(NCS),Rul,

Copyright © 2001 John Wiley & Sons, Lid.
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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 TiO: nanoparticles,
and the complex relationship made the second subshell of the
Ti-O full, which results in a modification and a smoothing
of the surface of the TiO; nanoparticles.

CONCLUSION

In the composites studied here, cis-(NCS);Rul,; is assembled
onto TiO; 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.

REFERENCES

1. Braginsky L, Shklover V). Solid. State Commun. 1998; 105: 701.
. Shklover V, Owchinnil YE, Braginsky LS, Zal ddin SM,

Gratzel M. Chem. Mater. 1998; 10 2533,

Iwasawa Y. X-my Absorption Fine Structure for Catalysts and

Surfaces. World Scientific: New Jersey, 1996

4. Luca V, Djajanti 5, Howe RF. J. Phys. Chem. B 1998; 102: 10650,

3. Nazeeruddin MK, Kay A, Rodicio |, Humphrey-Baker E,
Muller E, Liska P, Vlachopoulos N, Gratzel M. |. Am. Chem. Soc.
1993; 11: 6382. .

- Zhang |, Ju X, Wang B], Li Q5, Hu TD, Liu T. Synth. Met. 2001;
118: 181.

7. ChenLX, RajhT], Jager W, Nedelijkovic}, Thumauer MC. J.

Synchr. Radiat. 1999; 6: 445,

=

W

o

Surf. interface Anal. 2001; 32: 95-97



