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A high-resolution CCD X-ray camera based on YAG:Ce
or LuAG:Ce thin scintillators is presented. The high res-
olution in low energy X-ray radiation is proved on sev-
eral objects. The achieved spatial resolution of the
images is better than 1 micron. The objects used for im-
aging are grids and small animals with parts of several
microns in dimension. The high-resolution imaging sys-
tem can be used for different types of ionizing radiation
(X-Ray, electron, UV, and VUV) for non-destructive
micro-radiography and synchrotron beam inspection.

Introduction

The spatial resolution of an X-ray and ionizing radiation
imaging system is one of its most important parameters
in X-ray non-destructive micro-radiography and radia-
tion beam inspection. The imaging systems are mostly
based on two-dimensional position-sensitive detectors
(PSD). There are many different types of PSD detectors
with each having its advantages and disadvantages [1].
X-ray micro-radiography is an X-ray imaging method
well known from a number of medical and biological ap-
plications related to the imaging of very small objects.
The sample is irradiated with X-rays with energies suffi-
cient for penetrating the object and being detected with a
fine resolution X-ray position-sensitive detector. Differ-
ent parts of the sample usually have different integral
(different integral absorption lengths can be caused by
different materials or different thicknesses) attenuation
lengths for X-rays of given energy and therefore the in-
tensity of detected X-rays depends on the properties of
the sample materials.

The presented high resolution imaging system is a
combination of a high sensitive digital CCD camera and
an optical system with a thin scintillator imaging screen.
The screen is the YAG:Ce (Y3Al50,,) or LuAG:Ce
(LuzAls0y,) inorganic scintillator. High quality indus-
trial YAG:Ce and LuAG:Ce single crystals were pre-
pared by the Czochralski method [2] at Crytur. These
materials have the advantages in the mechanical and
chemical stability and the non-hygroscopicity. The im-
aging scintillator screen is optically transparent. The
emission wavelength of YAG:Ce and LuAG:Ce is
550 nm and 535 nm, respectively.
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Figure 1. Experimental setup.

Experiments

The scheme of the experimental setup is shown in Figure 1.
The scintillator was placed in the focused object plane of the
optics. In the experiments, the scintillators have the shape of a
round plate with diameter of 19 mm and thickness of 20 um.
Several objects were placed in proximity to the imaging
screen in order to keep the smearing effect caused by the
X-ray focal spot size as low as possible. To achieve high reso-
lution, a microfocus X-ray tube was used. The temperature of
the camera was stabilized by recirculating water cooling
chiller. The resulting images were processed via dark back-
ground subtraction and flat field correction.

Results and discusion

Figure 2 presents an image of a golden grid made of wires
which have a size of about 10 microns. The image was taken
by using the LuAG:Ce 20 um screen. The effective pixel size
of the CCD camera used was 0.74 pm. The X-ray microfocus
source was operated at 40 kV/2mA. The image acquisition
time was 5 s and the averaging was performed with samples
of 25 images.

It shows that the resolution of the imaging system is in the
order of micrometers. The line profile of one grid wire is
shown in Figure 3. The profile is compared with the geomet-
ric profile of the grid wire, which has trapezoidal shape with a
base of 10.7 pm and top 6.8 um wide (measured in an SEM
image of the grid).

The optical properties of YAG:Ce and LuAG:Ce materi-
als allow to achieve the very high spatial resolution of 1 mi-
crometer, which is about ten times higher than standard X-ray
imaging CCD cameras (standard X-ray imaging CCD cam-
eras have pixel size from 10 to 24 pm, also due to charge ca-
pacity and use mainly non-transparent phosphors). The
spatial resolution of the screen depends on screen thickness,
photon energy and the depth of absorption of the photon. An
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Figure 2. Radiography of a gold-grid taken by using LuAG:Ce
thin screen.
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Figure 3. Line profile of the grid wire.

optical system using a magnifying lens was used to transfer
the scintillator screen image to the CCD image area surface.

Several biological samples were studied in the next ex-
periments. Here only Drosophila is presented. The image is
shown in Figure 4 with the grayscales indicating the trans-
parency of the sample.

The images were taken by the CCD camera in the same
setup as the images of the grid, using a YAG:Ce 20 um
screen and a magnifying lenses. The acquisition time was set
to 20 s.

The zoom image showing selected details of the fly’s leg
in Figure 5 demonstrates that a resolution of about several
pm is achievable by the used imaging system. The effective
pixel size of the system is about 0.65 um.

The intensity of the light generated by LuAG:Ce is about
1,51 times the value of YAG:Ce. The light was detected by
the CCD and averaged in a squared ROI 0f 200 x 200 pixels.
The LuAG:Ce single crystal is more dense compared to
YAG:Ce (density: 6.73 to 4.57 g.cm™) and the X-rays are
absorbed stronger by LuUAG (1.7 times more of X-ray radia-
tion (photons) is absorbed in the range between 1 and
40 keV), as can be seen in Figure 6. Attenuation coefficients
are taken from [3].

Figure 4. Microradiography of the body of Drosophila melano-
gaster.

Figure 5. Microradiography of Drosophila melanogaster —a de-
tail of the leg.
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Figure 6. Absorption of X-ray radiation in 20 microns thick
layer of YAG and LuAG [3].
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Conclusion

In the experimental setup presented, a high resolution im-
aging system based on CCD camera with lenses and pre-
cisely manufactured YAG:Ce and LuAG:Ce single crystal
screens was used for X-ray micro-radiography.

The mean absorption depth of X-ray radiation in the
scintillator depends on photon energy and the material. The
YAG:Ce and LuAG:Ce screens are optically transparent so
the image of interaction points is easily transferred to the
CCD. However, the advantage of the material transparency
decreases with the thickness of the imaging plate. If the
scintillator is thinner, the mean absorption depth is lower
and the created image is sharper due to less blurring of the
image due to less lateral spread of the scintillation photons.
Hence, the thinner the imaging plate is, the better is the res-
olution achieved in the image. On the other hand, the detec-
tion efficiency decreases with scintillator thickness.

The experiments proved that the YAG:Ce and LuAG:
Ce screens are suitable for imaging with high spatial reso-
lution. The submicrometer spatial resolution using syn-
chrotron radiation has been already achieved [4]. The

P2

resolution of the presented imaging system is about one mi-
crometer.

The LuAG:Ce screen has higher conversion efficiency
than the YAG:Ce screen, so that the signal to noise ratio of
the image is better.
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PHOTOIONIZATION FOR BENCHMARK STUDIES IN TRANSITION-METAL
CATALYSIS
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The concepts for employing photoionization studies with
synchrotron radiation for benchmark studies in transi-
tion-metal chemistry are outlined briefly. As an illustra-
tion, the exemplarily case of trimethoxo-vanadium oxide is
presented, where photoionization data essentially helped to
establish the entire thermochemistry of OV(OCHj3;); from
the neutral compound to the quasi-terminal fragments VO™
and VOH" in the gaseous phase.

1. Introduction

Experiments with VUV photons (7-60 eV) stemming from
synchrotron sources are of outmost importance as a linkage
between modern and advanced experimentation in chemis-
try and physics on the one hand and the more and more im-
proving theoretical tools on the basis of quantum
mechanics. Nowadays, one may in fact state that ab initio
theoretical studies of a problem in main-group chemistry
may be more adequate, more accurate, require less personal
and infrastructure and are faster and cheaper than conven-
tional experimentation.

Despite the enormous progress of quantum theory
within the last two decades, these methods need testing and
benchmarking for keeping standards as well as to warrant a
continuous improvement. Moreover, the high standards of
accuracy have meanwhile only been reached for main-
group elements, whereas transition-metal compounds form
a considerably more challenging task.

This is the point of linkage at which experiments with
well-resolved VUV photons from a synchrotron source
provide a junction between experiment and theory by
means of the highly accurate determination of atomic or
molecular quantities (such as ionization energies, vibra-
tional levels, excited states etc.) or - in fortunate cases -
even allow the determination of activation barriers of
chemical reactions. While in main-group chemistry, such
experiments thus present a test for existing theoretical
tools, in transition-metal research the benchmarks derived
from synchrotron experiments essentially stimulate the
progress in the development of new methods.

2. Methods for the delivery of benchmark data

Instead of detailed descriptions of the beamlines or the ex-
perimental end-stations used at the synchrotron facilities,
only the general concepts for the establishment of bench-
mark data will be introduced. With the availability of tune-
able VUV photons from a synchrotron source, various
chemical compounds can be excited and/or ionized. If sam-
ples are used which are sufficiently volatile in ultra-high
vacuum at ambient temperatures (typically up to a few hun-
dreds °C), photoionization by synchrotron radiation can be
combined with mass spectrometric techniques, which en-
sures a highly sensitive detection on a single-event count-
ing basis. As an example, consider a molecular species M
having an ionization energy of 10.0 eV. Below the ioniza-
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Figure 1. Photoionization yields of (a) the molecular ion OV(OCHj3); " and (b) the fragment ion HOV(OCHj3)," as a function of the en-
ergy of the photons used to ionise neutral, gaseous HOV(OCH;)," [5].

tion threshold, the few M" cations being formed can be at-
tributed to impact from cosmic irradiation inside the
apparatus (typical count rate 0.03 - 0.1 ). Slightly below
the ionization threshold, Rydberg states of the neutral mol-
ecule, M*, can be formed which may eventually autoionize
to the molecular ion M", but the cross section of these pro-
cesses is usually very low. If the photon energy reaches the
very ionization threshold, however, the M signal increases
very rapidly to a plateau regime with typically several 10*
counts per second. When the analyzer of the mass spec-
trometer is fixed on the mass-to-charge ratio of the molecu-
lar ion M", the photoionization threshold of M can thus be
determined by monitoring M" as a function of the wave-
length (and the flux) of the ionizing photons. The typical
precision amounts to about £+ 0.005 eV for atomic and +
0.03 eV for molecular species [1]; double photoionization
to dications has less favourable threshold characteristics
and thus at best = 0.1 eV [2,3]. Thresholds for dissociative
ionization are broadened by Franck-Condon effects and
thus also only precise by + 0.1 ¢V at best [1].

3. Case study: Ion thermochemistry of trimetho-
xovanadium oxide OV(OCHj;);

Vanadium-oxide catalysts play a very important role in a
number of large-scale processes such as in the oxidation of
methanol to formaldehyde, the oxidative dehydrogenation
of ethylbenzene, or the industrial production of maleic an-
hydride. A key problem in these processes, both partical
oxidations, is the minimisation of competing combustion
processes eventually leading to CO,. In this respect, the
knowledge of the elementary steps of such oxidation reac-
tions is of prime importance as it can help to increase the
yields of the desired products, thereby reducing the
amounts of byproducts, waste, and heat production.

One way to achieve detailed insight into the elementary
steps of catalytic processes are gas-phase studies of small
model systems, both by experiment and modern quantum
theory. These extensive efforts, on the experimental as well
as the computational sides, need some dedicated
benchmarks for evaluation of the performance of the dif-
ferent methods. In this respect, photoionization experi-
ments with synchrotron radiation can provide essential

information which cannot be achieved by any other means.
As a example, we refer to the trimethoxovanadium oxide,
OV(OCHs;)3, which can be regarded as a model system for
C-H bond activations by high-valent transition-metal ox-
ides [4].

Figure 1 shows the photoion yields of the molecular ion
OV(OCHs);" (Figure la) and the primary fragment
HOV(OCH;3)," (Figure 1b), where the latter is accompa-
nied with the loss of formaldehyde and hence represents an
example of an oxidation reaction. Analysis of the photoion
yields reveals thresholds of (9.56 + 0.04) eV for the
photoionization of the neutral compound to the cation and
(10.1 £ 0.1) eV for dissociative photoionization to
HOV(OCH3),” [5]. Both values provide accurate
benchmarks for the calibration of theoretical methods, in
that the former describes the energy demand for removal of
one electron from the vanadium (V) compound, thus re-
sembling defect formation in the solid state, and the latter
turns out to be not due a thermochemical limit imposed by
the exit channel but rather represents the height of the acti-
vation barrier for C-H bond activation.

The usefulness of the synchrotron data is demonstrated
by the success of subsequent work [6], in which starting
from neutral OV(OCHj;); the combined expertise of experi-
ment and theory could be used to establish the
thermochemistry of trimethoxovanadium oxide from the
bulk, neutral compound to the quasi-terminal fragments
VO' and VOH', respectively (Figure 2).

4. Conclusions

The above example as well as related work [7,8] demon-
strate that photoionization experiments using synchrotron
radiation provide accurate reference data for the reliable
testing and calibration of other experimental methods and
for the critical evaluation of modern theoretical ap-
proaches. In this respect, the exploitation of synchrotron
radiation for essays in transition-metal chemistry is just in
its infancy and thus likely to essentially contribute to the
future success in this field.
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Figure 2. Ion thermochemistry from the molecular ion OV(OCH;);" to the quasi-terminal fragments VO' and VOH".
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Uvod

Vicenasobné nabit¢é molekuly hraji vyznamnou roli
v atmosférické chemii a také astrochemii, kde jsou zkou-
many kvuli jejich roli pfi tvorbé vyssich polycyklickych
uhlovodiku [1]. Pfedchozi studie se zabyvaly uhlovodiky
bez heteroatomt, nase studie se mimo to zaméiuje na uhlo-
vodiky obsahujici dusik a zahrnuje také srovnani s pied-
chozimi daty zméfenymi pro homocyklické uhlovodiky.
Veskera nase méfeni jsou provadéna v plynné fazi, kde se
podminky nejvice blizi podminkam, ve kterych se tyto
vicenasobné nabité Castice mohou v pfirodé vyskytovat.

Teorie

Fotoionizace molekul slouzi k ziskani velmi pfesnych
hodnot ionizacnich energii molekul v plynné fazi.
Vyhodou této metody oproti jinym je znalost presné
energie, ktera je poskytovana molekulam béhem ionizace.
Jako ptiklad jiné metody mtze slouzit ,,charge-stripping™
hmotnostni spektrometrie, kterd k ionizaci pouziva srazky
s neutralnimi molekulami - napt. dusikem a pfi niz se méti
rozdil kinetickych energii monokationtd pied kolizi a
dikationti po kolizi. Rozdil kinetickych energii se
piepoditava na ionizaéni energie pomoci kalibrace. Spatna
kalibrace miize vést k nepiesnym vysledktim a z nasledné
revize kalibrace logicky vyplyva nutnost opravit v§echny
vysledky na ni zalozené [2].

Fotoionizace do prvniho i do druhého stupné je
popsana Wannierovym zakonem [3-6]. V piipadé ionizace
do prvniho stupné zakon predpoklada zavislost relativni
intenzity iontu na energii fotonu ve formé tzv. skokové
funkce. Tento pfedpoklad je dobie splnén v oblasti do dvou
elektronvolt nad ionizaénim prahem. Pro ionizaci do
druhého stupné¢ Wanniertiv zakon predpoklada jiz linearni
zavislost relativni intenzity iontu na ionizacni energii, tez
platnou do 2 eV nad ioniza¢ni prah.

Experiment

Jako zdroj synchrotroniho zatfeni slouzi zatizeni SOLEIL v
Saint-Aubin [7]. Tento synchrotron operuje s energii
elektronového svazku 2.75 GeV a poskytuje zafeni o
vlnové délce v rozsahu od infracervené oblasti do tvrdé
rentgenové oblasti.

K méfeni ioniza¢nich energii je vyuzivana fotonova
linka s nazvem DESIRS. DESIRS je napojena na
undulétor, jenz pracuje v oblasti spektra 30 az 250 nm.
Uvedena oblast odpovida pfiblizné operaéni oblasti
5-40 eV, ktera pokryva piedpokladany rozsah prvnich a
druhych ionizacnich energii organickych molekul.

Synchrotronové zateni je pfivedeno do zdroje hmot-
nostniho spektrometru ve kterém je zkoumany plynny
vzorek pfi tlaku cca 1.10™ Pa. Vlastni hmotnostni spektro-
metr mé konfiguraci QOQ, kde Q znamena kvadrupél a O
octopol. Pokud fotony obsahuji dostatek energie k ionizaci
vzorku na detektoru hmotnostniho spektrometru zazname-
name signal nabitych ¢astic. Pomoci kvadrupolového
hmotnostniho detektoru mizeme podle hmoty sledovat
nami studované ionty a potlacit vliv pozadi. Vysledkem je
pak zavislost intezity pozadované hmoty na energii
privadénych fotont, z které se podle Wannierova zakona
pomoci interpolace ur¢i hodnota ioniza¢ni energie.

Pro interpretaci a srovnavani vysledki z foto-
ionizacniho experimentu lze pouzit kvantové chemické
vypoclty. Studované systémy jsou naro¢né na vypocetni ¢as
pfi pouziti ab initio metod, proto je zvolena metoda
hustotniho funkcionalu B3LYP s bazi 6-311++G(2d,p)
obsahujici polarizacni a difuzni funkce.

Vysledky a diskuze

V prvnim kroku je nutné provést kalibraci energetické
stupnice. Provadime ji s pomoci vzacnych plynt, jejichz
ionizacni energie jsou velmi pfesné znamy.

Jako prvni vzorek byl pouzit 2,4,6-trimethylpyridin
CgH N (Schéma 1), u né&jz bylo provedeno srovnani prvni
ionizacni energie s daty z literatury.

X

N/

Schéma 1. 2,4, 6-trimethylpyridin (CgH;;N).

Obrazek 1 ukazuje zavislost relativni intenzity CgH; N*
na energii fotonll E,,. Zavislost je opravena na intezitu
fotonti a energeticka stupnice je kalibrovana méfenimi
ionizacnich energii vzacnych plynt.

Z analyzy grafické zavislosti vychazi hodnota prvni
ioniza¢ni energic 8.38 = 0.05 eV. Vypoctena hodnota
ionizacni energie je stanovena na 8.43 eV. Ob¢& hodnoty
jsou si blizké, avSak vyrazné se li§i od dfive publikované
hodnoty 8.9 £ 0.1 eV pro 2,4, 6-trimethylpyridin [8].
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Obrazek 1. Zavislost relativni intenzity CgH;;N" na energii fotont Ejoron. Zavislost je o€isténa od vlivu intenzity

fotont a energeticka stupnice je kalibrovana.

Zavér

Prvni vysledky experimentu potvrzuji uspé$nou aplikaci
synchrotroniho zafeni v chemickém vyzkumu, konkrétné
v oblasti studujici ionizacni energie. Vysoky energeticky
potencial a specifické vlastnosti synchrotronového zareni
slibuji do budoucna piesné stanoveni ionizacnich energii
latek, pro které byly ionizacni energie doposud obtizné
dostupné, zvlasté pak u dvojnasobné ionizace. Stejn¢ tak
umoziuje ovéieni predchozich dosazenych vysledkl pro
dilezité slouéeniny, které jsou pouzivany jako standardy.
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Photosynthesis realized by photosystem II (PS II) uses
light energy to couple the formation of molecular oxygen
to the fixation of carbon dioxide. It consists of four mem-
brane-internal subunits (D1, D2, CP43, CP47), several
smaller internal membrane (including PsbE and PsbF, con-
stituting cyt 5-559) and three external subunits (PsbQ,
PsbP, PsbO in green algae and higher plants). PS II is lo-
cated in the thylakoid membrane of higher plants, algae and
cyanobacteria.

Chlorosomes are the main light harvesting complexes
of green photosynthetic bacteria. Typical chlorosome is an
ellipsoidal body (100-200 nm x 20-50 nm) which consists
of bacteriochlorophyll (¢, d or e) molecules, carotenoids
(chlorobactene), very small amount of quinones
(menaquinone-7), lipids (monogalactosyl diglyceride) and
proteins. The main difference from other light harvesting
complexes is that the main pigments aren’t associated with
protein and self-assemble into aggregates.

The aim of our work was based on using advanced
counter-diffusion and standard vapor-diffusion methods,
to observe capability of individual precipitants to influence
the crystals growth.

Using advanced counter-diffusion method and com-
mon vapor diffusion techniques we have tested the influ-
ence of several salt additives from Hampton Research
screening test (Fe, Ca, Ba, Mg, Ca, Mn, Cd, Cu, Co, Cs, Zn,
Y, Ni and Sr), detergents (B-DM, C,,Es), buffers with dif-
ferent pH (MES, HEPES, Tris, KH,PO,, pH 6.0-8.0), and
cryoprotectants (PEG with several molecular mass, glyc-
erol, MPD) to find suitable conditions to produce single
crystals of diffraction quality. Crystals of hexagonal shape
and needles obtained from different conditions were mea-
sured at the synchrotrons DESY, Hamburg (Germany),

Figure 1. Crystals of Higher Plants Photosystem II.

EMBL, Grenoble (France) and diffractometer Granada
(Spain).
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Na difrakcich Calcitu (104), (110), (113), (202) (viz
obr. 3) byly provedeny texturogramy odfiznutych desticek,
na texturnim goniometru Siemens, (anoda Co), jejichz
rozvinuté spiralové zdznamy jsou uvedeny na obr.5.

Pé6

Z uvedenych texturogramil je patrna velmi nizka
prednostni orientace meéfenych vzorkd.

Vyzkum byl podporen grantem MSM 6840770040.

UTILIZATION OF SYNCHROTRON RADIATION FOR IN-SITU DIFFUSION STUDIES

M. Meduna', O. Caha', G. Bauer?, G. Mussler®, D. Griitzmacher®

'Institute of Condensed Matter Physics, Masaryk University Brno, Czech Republic
2Institut fiir Halbleiterphysik, J Kepler Universitét, Linz, Austria
3Institute of Bio- and Nanosystems, Forschungszentrum Jiilich GmbH, Jilich, Germany
mjme@physics.muni.cz

New devices in electronic and optoelectronic applications,
often designed in nanometer scale, are typically subjected to
a large thermal load during its production, processing and op-
eration. On the contrary the thermal properties of the new
materials used are usually not well known and they result in
fast degradation processes at high temperatures. In these
cases the in-situ diffraction techniques are very appropriate
for detection of temporal structural changes inside the inves-
tigated structure.

In our case, we concentrate on studies of interdiffusion in
SiGe electronic devices, which find applications in CMOS
technologies, quantum cascade emitters and quantum dot
structures. Unfortunately, there are only few experimental
data on interdiffusion available in literature. Sufficient set of
parameters describing interdiffusion in Ge rich SiGe alloys is
still completely missing with reliable precision [1].

We have investigated diffusion properties of strain com-
pensated SiGe multiple quantum well (MQW) structures
grown by molecular beam epitaxy. The series of structures
with various average Ge contents were studied in-situ by
means of reciprocal space mapping of X-ray diffraction or re-
flectivity using synchrotron radiation (ESRF). Since the tem-
poral evolution of structural changes is usually very fast
within the large dynamical range of intensities and close to a

P7

detection limit, a high intensity flux was required for
in-situ annealing measurements. The annealing at high
temperatures requires appropriate ambient conditions,
for instance high vacuum, which was realized inside
evacuated Be dome chamber allowing proper scattering
conditions.

In our experiment, we have found that critical tem-
peratures, where the interdiffusion starts to be evident, is
observed in the range from 600 °C to 700 °C for Ge rich
SiGe alloys with xge=70 and 90 % and from 700 °C to
800 °C for Si rich alloys with xg.=25 and 50 % [2]. The
MQW period in different sample series varied in the
range from 5 nm to 30 nm. The layer thicknesses and Ge
contents obtained from simulations of diffraction pat-
terns allowed us to determine the diffusion coefficients
for various temperatures and several average Ge contents
in the MQW.

1. D.B. Aubertine & P. C. McIntyre, J.Appl. Phys., 97,
(2005), 13531.

2. M. Meduna, J. Novak, G. Bauer, C.V. Falub, &
D. Griitzmacher, phys. stat. sol. (a), (2008), in print.

DIFUZNi RTG ROZPTYL NA POLOVODICOVYCH KVANTOVYCH TECKACH
T. Cechal

Ustav fyziky pevnych latek, Masarykova univerzita Brno

Tato prace se zabyva analyzou struktury SiGe kvantovych
teCek pripravenych metodou LPE na Si(001) substratu. V
nedavné dobé byly vyvinuty metody umoziujici zjisténi
chemického slozeni a deforma¢niho pole v téchto kvan-
tovych teckach zalozené na analyze rtg difrakéniho obrazce
potizeného v GID geometrii. Cilem prace je zobecnit tyto
metody na piipad klasické koplanarni geometrie. Jednim z
moznych pfistupti je vytvoreni vhodného zjednoduseného

strukturniho modelu kvantové tecky a nasledné fitovani
naméfeného difrakéniho obrazce. Vhodnost navrzeného
strukturniho modelu je testovana pokusnym fitovanim
difrak¢éniho obrazce ziskaného “brute-force” simulaci a
nasledn¢ je tento strukturni model pouzit k fitovani
skute¢nych experimentalnich dat.
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SYNTHESIS OF TITANATE NANOTUBES: INFLUENCE OF TIO, MODIFICATION ON
CRYSTALLINE STRUCTURE AND MORPHOLOGY

D. Kralova', M. Slouf'?, R. Kuzel®

"Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Heyrovskeho nam. 2,
162 06 Praha 6, Czech Republic
’Member of Consortium for Research of Nanostructured and Crosslinked Polymeric Materials (CRNCPM)
3Department of Electronic Structures, Faculty of Mathematics and Physics, Charles University, 121 16 Praha
2, Ke Karlovu 5, Czech Republic
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This work is focused on preparation of titanate nanotubes
(Ti-NT) from various modifications of TiO,. Different
source micro/nanopowders of TiO, yielded Ti-NT with
similar sizes, shapes and structures. Residual TiO, particles
in final Ti-NT suspensions were eliminated by modifica-
tion of preparation procedure. Morphology and crystalline
structure of both source TiO, and final Ti-NT were investi-
gated by means of electron microscopy, electron diffrac-
tion and X-ray diffraction.

Introduction

Recently discovered titanate nanotubes [1] attracted spe-
cial attention in the nanomaterial research due to their
novel unique crystalline structure and morphology [2-4] as
well as the mechanism of their formation [5-7]. The
nanoparticles are basically rolled sheets of titanate. Their
outer diameter is about 10 nm and their length varies from
100 nm to 1 um. Nanotubes are obtained by simple hydro-
thermal process without using of templates. Due to their
high aspect ratio, titanate nanotubes (Ti-NT) have potential
use as nanofillers in polymer composites, similarly to car-
bon nanotubes. They may not exhibit as unique properties
as carbon nanotubes, but they are highly uniform, their fab-
rication is simple, inexpensive and highly reproducible.

In our previous work we developed an isolation method
yielding non-destructed and non-merged nanotubes from
aqueous solution in gram-scale amounts [8]. Problem of
our isolation method consisted in that we had always ob-
tained a mixture of Ti-NT and anatase or rutile as proved by
powder X-ray diffraction. Main objective of this work was
to refine the synthesis so that we get rid of residual TiO,.
Moreover, we wanted to compare the differences among
syntheses starting from various TiO, crystal sizes and mod-
ifications. The morphology of both source TiO, and final
Ti-NT was investigated by means of scanning and trans-
mission electron microscopy. The crystalline structure was
studied by X-ray and electron diffraction.

Experimental

Synthesis of titanate nanotubes. Starting TiO, modifica-
tions included: technical powder (Riedel-de Haén,
Sigma-Aldrich), anatase TiO, nanopowder (99,8%;
Aldrich), rutile micropowder (99,9%, Aldrich) or rutile
nanopowder (99,9%, Aldrich). In the following text, the
TiO, powders are denoted as follows: technical powder -

microanatase (mA), anataseTiO, nanopowder — nano-
anatase (nA), rutile micropowder — microrutile (mR), rutile
nanopowder — nanorutile (nR). Titanate nanotubes (Ti-NT)
were synthesized by hydrothermal synthesis as reported in
our previous work [8], but several modifications were
made. Firstly, three different concentrations of TiO, tech-
nical powder were used: 6 g, 1 gand 0.1 g TiO, per 100 ml
of reactive mixture. Secondly, reaction time was prolonged
to 48 hours. Thirdly, Ti-NT were synthesized from mA,
nA, mR or nR (where mA, nA, mR and nR are defined
above; initial concentration of TiO, = 0.1 g; reaction time
=48 hours).

Scanning electron microscopy. All Ti-NT (or TiO,) aque-
ous suspensions were sonicated 1 min just before final
preparation for electron microscopy. A drop of Ti-NT/TiO,
suspension was deposited on bulk carbon support and left
to evaporate. After complete evaporation, the carbon sup-
port with investigated particles was transferred into scan-
ning electron microscope (SEM) Quanta 200 FEG (FEI,
Czech Republic). The specimens were observed as they
were in low-vacuum mode using accelerating voltage 30
kV.

Transmission electron microscopy and electron diffrac-
tion. The specimens were sonicated as described in the pre-
vious paragraph. A droplet of the sonicated suspension was
deposited on a thin, transparent carbon film, left to evapo-
rate and then inspected in a transmission electron micro-
scope (TEM; Tecnai G* Spirit 120, FEI, Czech Republic).
The specimens were studied in both bright field (conven-
tional TEM/BF) and selected-area electron diffraction
(TEM/ED) modes at 120 kV.

Powder X-ray diffraction. Powder X-ray diffraction
(PXRD) measurements of whole patterns were performed
mainly on XRD7 (FPM-Seifert) diffractometer with mono-
chromator in the diffracted beam. The PXRD results were
compared with simulated powder diffraction patterns (cal-
culated by program PowderCell, [9]) and experimental ED
diffraction patterns (processed by program Process Dif-
fraction, [10]).

Results and discussion

Hydrothermal synthesis of titanate nanotubes can be sche-
matically described by very simple reaction: TiO, —
Ti-NT, which usually takes place at elevated temperatures
> 100 °C and high concentrations of NaOH. In this study,
the first variable parameter of the syntheses was the initial

© Krystalograficka spole¢nost
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Figure 1. Various TiO, particles for the syntheses: (a)
microparticles of anatase (mA), (b) microparticles of rutile
(mR), (c) nanoparticles of anatase (nA) and (d) nanoparticles of
rutile (nR).

concentration of source TiO, powders. The next two vari-
ables were average particle size and crystalline modifica-
tion of source TiO, powders. The size of TiO, particles was
characterized by SEM as shown in Fig. 1. Size of particles
was very different (mA: 500nm - 100nm; mR: lpm -
300nm; nA: 300nm - 20nm; nR: 90nm - 20nm). Absolute
purity of anatase (Fig. 1a,c) and rutile (Fig. 1b,d) modifica-
tions was proved by both electron and X-ray diffraction.

PXRD patterns in figure 2 illustrate influence of initial
concentration TiO, on purity of synthesized Ti-NT. The re-
action time was prolonged from 20 h (ref. [8]) to 48 h (this
work). If 6 g of mA was used, the reaction mixture was so
dense that after 20 h that stirring was almost impossible,
which probably caused that reaction did not proceed
homogenously in the whole volume. Consequently, PXRD
pattern showed mixture of Ti-NT and anatase. Similar be-
havior was observed also for 1 g of mA. As low concentra-
tion as 0.1 g of mA per 100 ml of reaction mixture was
necessary to obtain suspension, which could be homoge-
neously mixed for whole 48 hours. PXRD patterns in Fig. 2
confirmed gradual decrease of anatase concentration in the
final Ti-NT suspensions from high content of residual ana-
tase (Fig. 2b) to pure Ti-NT (Fig. 2d).

TEM/BF micrographs and TEM/ED patterns in Fig. 3
show influence of TiO, crystallite size and modification on
Ti-NT morphology and crystalline structure. TEM results
proved that all crystal modifications and sizes of source
TiO, (Fig. 1) can be used for synthesis of Ti-NT (Fig. 3, BF
micrographs). Closer inspection of both TEM and SEM
micrographs suggested that the finest and thinnest
nanotubes were synthesized from powder of nanorutile,
nR.

Electron diffraction (Fig. 3 and Fig. 4) re-confirmed
that all single nanotubes of Ti-NT had the same structure,
with three characteristic diffractions (2theta = 24, 28 and
48deg for CuKa), which is in agreement with our previous
work [8]. However, powder X-ray diffraction suggested
that the crystalline structure of Ti-NT prepared from
micropowders (Fig. 4a,b) differed from the structure of
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Figure 2. Ti-NT synthesized from different concentration of
TiO,: (a) 0.1 g of mA per 100 ml (b) 1 g of mA per 100 ml, (c)
6 g of mA per 100 ml; (d) is the calculated PXRD pattern of
anatase. Note successive decrease in intensity of anatase
diffractions with decreasing mA concentration.

Ti-NT prepared from nanopowders (Fig. 4c,d). In case of
nanopowder-based Ti-NT, the ED and PXRD were quite
similar, showing tree characteristic Ti-NT diffractions (at
24, 28 and 48deg). The other intensive peak in PXRD (at
10deg) could not be observed at ED as it was hidden by
beamstopper. In case of micropowder-based Ti-NT, the
ED and PXRD diffraction patterns were very different. Our
tentative explanation is as follows: In case of ED, the dif-
fraction pattern had to be recorded from locations where
the specimens were thin enough to be transparent for elec-
trons. In such places the specimens contained single
nanotubes and, as a result, all ED diffraction patterns are
the same. In case of PXRD, the diffraction patterns were re-

Figure 3. Ti-NT synthesized from: (a) microanatase, (b)
microrutile, (¢) nanoanatase and (d) nanorutile. TEM micrographs
showed different thickness and length of each type of nanotubes,
ED patterns did not show any difference.
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Figure 4. Influence of TiO, modification on Ti-NT crystalline structure. Comparison of calculated and experi-
mental diffraction patterns of Ti-NT prepared from: (a) microanatase, (b) microrutile, (c) nanoanatase and (d)
nanorutile. Single nanotubes always showed the same diffraction patterns (see ED in cases a,b,c,d), but larger ag-

glomerates could be different (cf. PXRD in a,b and c,d).

corded from the whole specimens. Micropowder-based
Ti-NT contained higher amount of nanotube agglomerates
in comparison with nanopowder-based Ti-NT, which
could be observed by SEM. The agglomerates had proba-
bly different crystalline structure (cf. Figs 4a-b and 4c-d).
Moreover, the agglomerates were too big for ED
(non-transparent for electrons) but their diffractions domi-
nated in PXRD (much bigger crystallites). Consequently,
the PXRD and ED patterns of micropowder-based Ti-NT
were different.

Conclusion

Hydrothermal synthesis of Ti-NT, described in our previ-
ous work [8], was further investigated and optimized. Vari-
able parameters during Ti-NT syntheses were: (a) initial
concentrations of TiO,, (b) total reaction times, (c) average
particle size of source TiO, powders and (d) crystalline
modifications of source TiO, powders. Morphology of
Ti-NT was investigated by both microscopic (SEM, TEM)
and diffraction methods (ED, PXRD). The results could be
summarized as follows: (i) Residual TiO, particles in final
Ti-NT suspensions were eliminated by lower concentration
of source TiO, powders (0.1 g per 100 ml of reactive mix-
ture), together with longer reaction time (48 h). (ii) Mor-

phology of Ti-NT was just slighly infuenced by source
Ti0,. Under the modified conditions (0.1g TiO,, 48 h), all
TiO, powders (anatase, rutile, micropowder, nanopowder)
were completely transformed to Ti-NT, which were quite
similar to each other, although the nanopowder of rutile
seemed to yield the thinnest nanotubes. (iii) Crystalline
structure of single Ti-NT nanotubes was essentially the
same, as indicated by electron diffraction, whereas powder
X-ray diffraction of the whole Ti-NT samples indicated
that larger agglomerates of Ti-NT exhibited different crys-
talline structures.
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