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Nanocrystalline anatase powders synthesised by various chemical processes as super/subcritical
fluid extraction, sol-gel technique and hydrolysis of titanium alkoxides in hydrogen peroxide
were studied by X-ray diffraction (XRD) whole profile modelling method (WPPM) in order to
reveal correlations between structural and micro-structural parameters as well as sample
treatment conditions. Anisotropy of the diffraction line broadening due to truncated bipyramidal
shape of anatase crystals was discussed. The hkl-anisotropy can be very strong but also almost
negligible in dependence on relative ratio of the crystallite dimensions. The latter was the case
for the studied samples. The size of synthesised anatase nanoparticles was within the range 3—
25 nm. The theoretical total surface area of crystallites calculated from XRD was in a good
correlation with the surface area measured by the nitrogen physisorption up to the temperature
400-450 °C, when the particles started to agglomerate. At atomic scale a unit cell volume
contraction with decreasing crystallite size and a significant deficiency in the Ti-site occupancy
was observed. Both effects were attributed to the presence of Ti-vacancies and a linear
coefficient between the relative cell volume contraction and the fraction of Ti-vacancies was
estimated to (-0.017+0.003).
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I. INTRODUCTION
Synthesis of nanocrystalline porous metal oxides (hamely TiO,) has been an important topic of
scientific efforts for many decades. Excellent photochemical activity of titania (Hashimoto et al.,
2005; Fujishima and Zhang, 2006) and other photo-induced phenomena (Sakai et al., 2003; Mills
et al., 2003; Wang et al., 2001) are basis of novel applications of this apparently simple material.
Usually the objective is preparation of crystalline material of high chemical purity, phase
composition, with a given particle size as well as a reasonable size dispersion and particles
morphology. Diffraction methods assist in this aim as analytical tools. In last years, there were
many structural studies revealing interesting phenomena of nanocrystalline TiO,. It is well
known (Hanaor and Sorrell, 2011) that rutile is the stable TiO, phase at the ambient conditions,
whereas bulk anatase and brookite are considered to be metastable. Zhang and Banfield (1998)
found that this is different for nanocrystallites, as anatase and brookite are thermodynamically
more stable than nanocrystalline rutile. Arlt et al. (2000) reported about other TiO, polymorphs.
Zhang et al. (2008) studied also amorphous TiO, and its transformation to nanocrystalline
anatase by using pair-distribution function, Monte Carlo simulations and X-ray absorption
spectroscopy. X-ray diffraction (XRD) analysis of residual stresses in thin TiO, films and elastic
anisotropy of anatase were described in (Borgese et al., 2011; Bontempi et al., 2010; KuZzel et
al., 2010; Matg¢j et al., 2011b). Size dependent elasticity of nanocrystalline titania was studied in
high pressure synchrotron experiment by Chen et al. (2009). Kinetics of crystallisation of anatase
nanoparticles was investigated in (Zhang and Banfield, 2002; Li et al., 2005; Jensen et al., 2010;
Kuzel et al., 2010). Dislocations in nanocrystalline anatase were characterised by the whole
powder pattern modelling method (WPPM) (Scardi and Leoni, 2002) in Spadavecchia et
al. (2010). The Debye function method was used for analysis of size and shape of TiO,
nanocrystals in (Cernuto et al., 2011). Yang et al., (2008) and Li and Liu (2011) observed
anatase particles of a truncated bipyramidal shape and discussed the shape effects on the material
properties. Transmission electron microscopy (TEM), nitrogen adsorption, mercury porosimetry
and XRD analysis using the Williamson-Hall (WH) plot method were applied for particle size
determination by Weibel et al. (2005). Different methods of line profile analysis (LPA) were

compared on a set of sol-gel TiO, powders in a thorough study of Vives and Meunier (2009).
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In recent years the present authors have developed different methods of synthesis of
nanocrystalline anatase mainly for photo-catalytic and photo-electro-chemical-sensing
applications. A facile method of synthesis of nanocrystalline TiO, — (i) Low-temperature
hydrolysis of titanium alkoxide in hydrogen peroxide solution followed by calcination at
temperature 300 °C and higher — was presented in (Matéjova et al., 2012a). Anatase powders
prepared by (ii) calcination of sol-gel titania organogels were used as reference samples for
histogram-like crystallites size distribution (CSD) determination from XRD data in (Mat¢j et al.,
2011a). At last, instead of the calcination at elevated temperatures (iii) subcritical fluid
extractions techniques were utilised to obtain crystalline titania in (Mat¢jova et al., 2010;
Mat¢jova et al., 2012b). The methods differ in various manners. The most pronounced advantage
of the first one is that the organogel preparation is omitted and the synthesis yield is much
higher. Details about syntheses as well as discussions concerning mainly effects of individual
technological steps on material microstructure, porous structure and chemical purity were
reported in the mentioned papers, but detailed information about crystal structure parameters and
a comparative study of these parameters among different series of samples are missing there.
Samples prepared by all these routes were analysed by the WPPM method giving rich
information from the atomic (atom positions) to micrometer scale (e.g. crystallite size). Detailed
results are presented here and compared with the literature in order to reveal correlations within

the micro-structural parameters as well as sample treatment conditions and the material properties.

Il. EXPERIMENTAL
A. Samples preparation
Three series of samples prepared by different chemical routes are studied in this work. Sample
nomenclature is defined and essential technological parameters are listed in Table I. Details of

samples preparation can be found in literature (references, Table I) and are described only briefly here.

1. Samples nBUT(300—450), ISOP400 and 1SOP400/10 were prepared by low-temperature
hydrolysis of titanium (IV) alkoxides in hydrogen peroxide solution followed by
calcination of the amorphous titania peroxo-product at temperature 300 °C and
higher. Samples labelled as nBUT were prepared from n-butoxide, samples named as
ISOP from isopropoxide. All samples were calcined for 4 hours with an exception of
ISOP-400/10, which was calcined for 10 hours. [see (Matéjova et al., 2012a)]
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2. Samples REF-400 and REF-550 were prepared by calcination of rigid titania organogels
synthesised by a sol-gel process. Titanium (I1V) isopropoxide was added drop by drop
into the formed reverse micellar environment of cyclohexane, nonionic surfactant
Triton X-100 and water. After 24 hours ageing on the air the prepared sol converted
into the rigid organogel. Organogel was calcined in a muffle furnace at 400 °C and
550 °C respectively. [see (Mat¢j et al., 2011a)]

3. Sample ISOP-SubWE/PFE was prepared from a surfactant-mediated titania organogel by
a combination of subcritical water extraction and pressurised alcohol extraction. The
rigid organogel was prepared by a similar procedure as in the previous case; with a
difference the Triton X-114 surfactant was used. The gel was than extracted at
temperature 200 °C and pressure 10 MPa by subcritical water (SUbWE) and
pressurised fluid (PFE), using methanol. [see (Matéjova et al., 2010)]

TABLE I. List of studied TiO, nanocrystalline powder samples.

ID alkoxide method Temp./Time ref.
nBUT-300 300 °C/4h
nBUT-330 330 °C/4h
BUT-380 UIO% 380 °Cl4h
n } :
hydr_olygls/ (Mat¢jova et al., 2012a)
nBUT-450 calcination 450 °C/4h
ISOP-400 400 °C/4h
ISOP-400/10 400 °C/10h
REF-400 . 400 °C/4h
ISOPrOPOX.  gel/calcination (Matgj et al., 2011a)
REF-550 550 °C/12h
ISOP- (Mat¢jova et al., 2010;

gel/extraction 200 °C/10 MPa

SubWE/PFE Mat¢jova et al., 2012b)

Finally all the synthesised samples had a form of white powders.

B. XRD measurements
Specimens were measured using a PANalytical MPD X'Pert Pro diffractometer in the Bragg-
Brentano geometry, with Ni-filtered Cu Ka-radiation, variable divergence and anti-scatter slits.

The axial divergence was controlled by 0.04 rad Soller slits. The diffracted intensity was
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recorded by a PIXCel position-sensitive detector. The NIST LaBg standard was measured in the

same experimental arrangement to get corrections on instrumental broadening effects.

111.XRD ANALYSIS

XRD data were analysed using the MSTRUCT software (Mat¢j and Kuzel, 2009; Matgj et al.,
2010) implementing the WPPM method (Scardi and Leoni, 2002). The MSTRUCT is based on a
free crystallographic library ObjCryst/FOX (Favre-Nicolin and Cerny, 2002). The WPPM
method combines the Fourier modelling of diffraction line profiles (Scardi and Leoni, 2001) with

the Rietveld refinement of crystal structure parameters.

A. Crystal structure model
Anatase was major crystalline phase present in the samples. Hence a choice of its structural
model was crucial to achieve a good pattern fit. Crystal structure parameters of sol-gel
synthesised nanocrystalline anatase reported by Djerdj and Tonejc (2006) — ICSD#154603 (FIZ
Karlsruhe, 2012), space group l4;/amd (141) with origin at centre (2/m) — were used as the

starting model.

During typical data fitting procedure the lattice parameters of anatase, z-fractional coordinate of
the oxygen atom at the 8e site, isotropic Debye-Waller (DW) factors Bis, of both scattering atoms
and the occupancy of the titanium 4b site were refined. At the beginning it was supposed the
oxygen site did not need to be fully occupied due to the presence of oxygen vacancies. However,
as the refinement of the oxygen occupancy did not improve the fits and it rather destabilised the

procedure, the oxygen occupancy was fixed to unity.

B. Microstructure models
The aim of this work is a cross-series comparison of the synthesised TiO, samples; hence a basic
simplified microstructural model, which was used for XRD analysis of all the samples in
(Mat¢jova et al., 2012a; Mat¢j et al., 2011a; Mat¢jova et al., 2010), is also applied here. The
crystallites size broadening was described by the model of spherical particles with diameter
distributed according to the log-normal distribution [e.g. (Langford et al., 2000; Scardi and
Leoni, 2001; Scardi and Leoni, 2002)]. The model has two parameters: M is the median and o is
the multiplicative standard deviation (Limpert et al., 2001) of the crystallites size distribution

(CSD). Diffraction line broadening due to lattice microstrains was in most cases here a minor
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and weak effect; hence a simple hkl-isotropic phenomenological model (Mat¢j and KuZzel, 2009;
Mat¢j et al., 2010) was used. The model has two parameters: microstrain e (%), characterising
the defects effect strength, and parameter 7 characterising Gauss-Lorentz character of the

pseudo-Voigt function used for modelling the diffraction profiles from defect induced broadening.

For both broadening effects above more advanced models, which can also describe hkl-
anisotropic  diffraction line broadening, are available in Rietveld software - as
e.g. phenomenological models of Popa (1998) and Stephens (1999). Physically more relevant
models often utilise the Fourier modelling approach. Such model of dislocation induced
broadening in materials with lower than cubic lattice symmetry was introduced by Leoni et
al. (2007). The size-broadening model, published recently (Leonardi et al., 2012), accounts
generally for the anisotropic crystallites shape. Validity of all these models and the WPPM s
limited to particles larger than few nanometres. Contrary the Debye formula method is
computationally demanding for particles of size over few tens of nanometres. Beyerlein et al.
(2011) have shown that by including some corrections the WPPM is sufficiently accurate also for
crystallites as small as 2 nm. Hence finally, it was assumed, that the use of WPPM for the
problem under study here is justified. The appropriateness of the simplified models above for the

studied materials is furthermore demonstrated in the next section.

IV.RESULTS
Refined parameters are listed in Table Il. The samples are sorted according to the anatase
crystallites size. The character as well as the content of minor crystalline phase, if any, are also noted
in the Table I1. It is evident that there is nonnegligible amount of brookite (~ 23 wt.%) in the
ISOP-SubWE/PFE sample with the smallest anatase crystallites size (M ~ 3.5 nm) and a small
amount of rutile (~7 wt.%) in the REF-550 sample with the largest anatase crystallites (M
~ 21 nm), which was treated at the highest annealing temperature (550 °C). This is related to the
thermodynamical stability of different TiO, nanocrystalline phases and it agrees with the theory
of Zhang and Banfield (1998). Following discussion is related solely to the anatase phase, which
is the major crystalline phase in all the samples. Quality of a typical pattern fit is depicted in

Figure 1.
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Figure 1. (Color online) Pattern fit of the nBUT-450 sample. Small ticks at the bottom mark the anatase reflections, whereas the ticks

above indicate reflections of the minor brookite phase.
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TABLE II. Refined structural and microstructural parameters of the studied TiO; nanocrystalline powder samples. Values marked by a star
superscript () were not refined but set to a fixed value.

M ... median of anatase CSD,

o ... multiplicative standard deviation of anatase CSD,

a, ¢ ... anatase lattice parameters,

B(Ti), B(O) ... isotropic Debye-Waller factors of Ti and O,

z(Q) ... fractional z-coordinate of the Ti-atom,

Occ(Ti) ... anatase Ti-occupancy,

e ... microstrain in anatase crystallites,

17 ... shape parameter of the microstrain effect in anatase (0 ... Gaussian, 1 ... Lorentzian),
minor phase ... identified in the pattern (B ... brookite, R ... rutile),

Xanatase -.. Weight fraction of anatase,

M, ... median of minor phase CSD (assumed the log-normal distrib. with o.a_.n_.wm,v.

E3

M o a c B(Ti) B(O) z(0) Occ(Ti) e n minor  Xanatase M,
sample ID  (nm) (A) (A) (A (A (%) phase (wt.%) (nm)
ISOP-SubWE/PFE  3.23) 1.494) 3.789(1) 94654 2.8  9.73) 0.170y  0.722) 0.8(1) 0.0(n B T7 3.7
nBUT-300 4.52) 1.46(1) 3.7881@ 94831y 043 251 0.16513) 0.87(n) 0.202) 0.7(8) B 93.2(4) 5"
REF-400 6.2(1) 1.4736) 3.7868(1) 9.50333) 0.55(1) 1.943) 0.1664¢(1) 0.951)  0.1958)  0.9¢5 R 99583 32
nBUT-330 6.43) 1.452) 3.78723) 9.482(1) 0.333) 2.6() 0.16713) 0.900) 032 1.07) B 93.1(5) 5
nBUT-380 8.6¢2) 1.39) 3.7873(2) 9.493135) 0.012 1.106) 0.16652) 0.9501) 0334 0.9 B 95.4(3) 5
nBUT-450 10.3«) 1.51) 3.7872(1) 9.50603) 0.002) 0.353) 0.16581) 1.00¢H  0.233)  0.7(n B 98.14) 5
ISOP-400/10 131y 1.79¢5) 3.78691(5) 9.5070¢4) 0.141) 0.502) 0.1666(1) 1.00(1 0.3454) 0.59¢2) R 98.7(5) 8
[SOP-400 132y 1.80¢) 3.78647(5) 9.50782) 0.00(1) 0.36(2) 0.1668(1) 1.00¢1) 0.350¢5) 0.542) none -- --
REF-550 20.93) 1.481(7 3.7850(1) 9.5179¢2) 0.02(1)y 0.41@2) 0.1666(1) 1.000) 0.0676) 1.001) R 93.245) 32.3¢5
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A. Appropriateness of the microstructural models
Before accepting final LPA results the appropriateness of the microstructural models used in the
XRD data modelling is discussed here. To illustrate the broadening effects the WH-plots for
three selected samples are depicted in Figures 2(a) and 2(b). There is a huge peak overlap in
most cases and hence the line widths could not be extracted directly. It was done a posteriori,
after the Rietveld refinement — the refined peak parameters were used to simulate the pattern as a
sum of pseudo-Voigt peaks. Widths and shape parameters were refined for each reflection
independently, whereas the other parameters (positions, intensities) were kept fixed. WH-plots of
two samples from the nBUT series are depicted in Figure 2(a). It is evident that the size
broadening effect is dominant and that the crystallites size is growing with increasing annealing
temperature. Contrary the WH-plot of the ISOP-400 sample in Figure 2(b) shows that the defect
induced broadening is nonnegligible and an incautious use of the Scherrer equation (Langford
and Wilson, 1978) would be unjustified. Small dispersion of the points around the linear fit in

Figures 2(a) and 2(b) shows that hkl-anisotropy effects are rather weak.
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Figure 2. WH-plots for the (a) nBUT-300 (circles), nBUT-450 (triangles) samples and for the (b) ISOP-400 sample (squares).
Integral breadths f; are plotted for different reflections with instrumental broadening already deconvoluted. The instrumental
broadening is depicted by a dotted line.
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Figure 3. (Color online) WH-plots simulated for the bipyramidal anatase crystallites with different ratio (r) of the dimension in
the truncating and the basal plane: r = 0 (green circles), r = 0.58 (blue squares) and r = 0.8 (red crosses). Mean value from the
breadths from crystallite with r = 0.58 is depicted by a dashed line.
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Figure 4. Fit of the WH-plot of the nBUT-300 sample with the truncated bipyramidal crystallites model: selected (these with
experimental variations determined) measured (circles) and calculated (crosses) integral breadths.

Figures 3 and 4 should give a more quantitative insight. It is commonly accepted that anatase
crystallites have the shape of bipyramids formed by {101} facets. Barnard and Zapol (2004) and
Barnard and Curtiss (2005) theoretically studied phase stability and morphology of titania nano-
particles and they found that anatase crystallites prefer shape of bypiramids truncated by {001}
facets, which proportions can be influenced by e.g. surface hydrogenation or acidic conditions.
Anatase crystals of the truncated bipyramidal shape were synthesised by Yang et al. (2008). The
crystallites were strongly shortened in the c-direction having large fraction of the {001} facets

but they were about few microns large. In papers of Cernuto et al. (2011), Jensen et al. (2010)
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and Stengl et al. (2011) nanocrystallites were on the contrary elongated along the c-direction. In
order to investigate how such the bipyramidal shape could be exposed in the anisotropy of
diffraction line widths, integral breadths for crystallites of such shape were simulated using the
method proposed by Scardi and Leoni (2001) and recently generalized by Leonardi et al. (2012).
The essential model parameter here was r — a relative ratio of the crystallite dimension in the
truncating and in the basal plane. If r = 0 the crystallite has a shape of the full bipyramid. With
increasing r the height of the truncated bipyramide is smaller. For r = 1 the size of the truncating
{001} facets approaches the size of the pyramid base and the object collapses in two dimensions.
Results for r = 0, 0.58 and 0.8 are depicted in Figure 3. It is visible that completely different
anisotropy is produced if crystallites are only slightly truncated (r ~ 0) and when the fraction of
{001} facets is high (r ~ 0.8). Between this two extremes there is a shape (r ~0.58), which

produces fairly isotropic broadening.

From the integral breadths (fn) of the nBUT-300 sample reliable data — these with experimental
variations determined — were taken and fitted assuming the truncated bipyramidal shape and a

simple microstrain (e) broadening.

inyramide .~ 4€ SIN @
Pra = r?kfya © 4 A’ (1)

The fit is depicted in Figure 4. The refined shape parameter is r = 0.63. The model succeeded
quite well in matching the first five reflections, demonstrating that crystallites are slightly larger
in the a-direction than in the c-direction. However, the model failed for the scattered high angle
reflections. This is not crucial, because the high-angle data originate from strongly overlapped
reflections and can be erroneous. In conclusion, the partial success of the model gives a
motivation to include a model of Leonardi et al. (2012) in the LPA analysis of TiO;
nanocrystallites but it validates as well a primary assumption that broadening is close to be hkl-
isotropic in the case under study and the simplest model of spherical crystallites could be

adopted for the analysis.

The discussion is finally complemented here by Figure 5 showing a field emission scanning

electron microphotograph of the nBUT-450 sample. Particles in Figure 5 are not strictly

S171 Vol. 28, No.S2, September 2013. [IXRD analysis of nanocrystalline anatase powders S171

https://doi.org/10.1017/50885715613001061 Published online by Cambridge University Press


https://doi.org/10.1017/S0885715613001061

spherical but they do not exhibit any substantive shape anisotropy either. The particles are also of

approximately the same size as the values determined from XRD ({D) = 11 nm).

3.0kV 1.7mm x400k SE(U)

Figure 5. FE-SEM image of the nBUT-450 sample (XRD crystallite size (D) = 11 nm).
B. Microstructure of the synthesised anatase nanoparticles

Microstrain (e) is minor effect for XRD line broadening. It takes values of e = 0.2% — 0.35% in
all the samples, except of ISOP-SubWE/PFE and REF-550. The ISOP-SubWE/PFE sample
exhibits the largest microstrain e =~ 0.8%, but in this case the parameter e correlates with
temperature factors (Bis,) and therefore the parameters can not be determined unambiguously.
The lowest microstrain e =~ 0.07% was found in the REF-550 sample, which was calcined at the
highest temperature. This can be explained by a generally accepted presupposition that at higher
temperatures crystal defects can be removed more effectively. Nonzero microstrain and
dislocation densities in anatase nanoparticles were found also by Vives and Meunier (2009),
Weibel et al. (2005) or Spadavecchia et al. (2010). Djerdj and Tonejc (2006) observed
dislocations in anatase directly by TEM.

The first two columns in Table Il show the CSD parameters (M and o*), which are the most
important quantities here from the application point of view. Samples with different crystallites
sizes (3—20 nm) were synthesised. CSDs for all the samples are depicted in Figure 6.
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Figure 6. (Color online) Refined CSDs of anatase crystallites plotted for all the samples.

It can be seen that (i) the ISOP-SubWE/PFE sample with the smallest crystallites has a bell
shaped CSD. (ii) The same is true for all the nBUT samples, which form a nice series of different
crystallite sizes. (iii) Also the ISOP samples REF-400 and REF-550 calcined from the gel at
different temperatures have clearly different sizes. Whereas (iv) CSDs of the ISOP samples
ISOP-400 and 1SOP-400/10 prepared by low-temperature hydrolysis and calcined for different
time are indistinguishable. (v) In addition they exhibit larger relative dispersion of crystallite
sizes. Their multiplicative standard deviation (o), which determines the variance relative to
crystallites size (M), takes the value o ~1.8. For all other samples, it is significantly less,

o ~1.4—15.
C. Comparison with specific surface area measurements

The powder samples were prepared for applications in catalysis and hence their specific surface
area was an important parameter. A quantity Sger [BET — Brunauer, Emmett and Teller
(Brunauer et al., 1938)] was determined for each sample from nitrogen physisorption
experiments [for details see Mat¢jova et al. (2010), Mat¢jova et al. (2012a), Mat¢jova et
al. (2012b) or Mat¢j (2011c)]. From XRD crystallite size a theoretical total surface area of
crystallites per unit mass (Sxrp) can be calculated. It measures crystallites surface from the
“inner” side, whereas Sger Is related to the surface accessible for a gas from the “outer” side of
particles. Despite the fact that these two quantities reflect different features of the material, for

instance XRD do not “see” non-crystalline part of the sample, it is quite common to find in the
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literature their comparison [e.g. in (Audebrand et al., 2000; Weibel et al., 2005)]. Including

contributions from all crystalline phases to Sxrp, it follows
X. K.
Syrp = Y. "7 (). X =1 (2)
EI 'Oi<D>i,A EI |

where x; is the weight fraction of the given phase, p; is its structural density, K; is the crystallite
shape constant (K =6 for sphere) and (D);  is the area weighted crystallite size, which can be

calculated from CSD parameters (M and o%).

The comparison of Sxgrp and Sger values is depicted in Figure 7. They are comparable at least in
the order of magnitude for most of the samples with exceptions of the nBUT-450 and REF-550
samples, which were calcined at the highest temperatures. Their Sger = 10 m?/g is by an order of
size less than Sxrp ~50—100 m?/g. If Sgeris recalculated to sizes it gives Dger > 130 nm,
whereas the XRD sizes are (D)~ 11—23 nm. The XRD sizes clearly better correspond with
dimensions of primary particles in electron microphotographs (see Figure 5 for the nBUT-450
sample). Such a reduced specific surface area is a typical sign of an agglomeration of crystallites
into larger particles (Audebrand et al., 2000). Values for the other samples from the nBUT series
are nicely proportional to 1/(D)a in Figure 7. In addition, the slope of the linear dependence is
very close to the ideal value depicted by a dotted line, which indicates that not much surface is
missing. The ISOP-SubWE/PFE sample with the smallest crystallites shows even better
agreement between XRD and specific surface. This was attributed in Mat¢jova et al. (2012b) to
an advantageous effect of methanol in the PFE process. The methanol removes organic
contaminants that act as binder between agglomerated crystallites. Another phenomenon is
emphasized by a dotted horizontal line in Figure 7. Sget values of samples treated at temperature
400 °C are very similar and are spread in the vicinity of this line. Contrary, the crystallite sizes of
these samples differ significantly. In fact the crystallites of ISOP-400 samples are more than
2 times larger than crystallites of REF-400. As they have almost similar Sger this indicates that
in the REF-400 sample the porous structure is not as ideal as it could be. The overall discussion
here, based on a comparison of data from different series of samples, strengthens conclusions in
Mat¢jova et al. (2012a). Mainly the annealing temperature, not the crystallites size, affects the specific
surface area. These two structural parameters can be correlated at lower annealing temperatures.

At the temperatures above 400 °C crystallites tend to agglomerate (Mat¢jova et al., 2012a).
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Figure 7. Comparison of measured surface area Sget and theoretical surface area Sygp calculated from XRD CSD parameters.
D. Crystal structure of the synthesised anatase nanoparticles

In this section, the results of samples structure analysis at the atomic scale are presented and their

correlation with samples treatment conditions and the microstructural aspects is discussed.

The initial comments concern DW factors, B(Ti), B(O), and the oxygen atom position z(O) in
Table 11. The values of the DW factors are unusually high, especially in the ISOP-SubWE/PFE
sample. As the particular values can be erroneous, e.g. due to parameters correlation during
refinement, it is better to follow only trends. Values of B(O) are decreasing with growing
crystallites dimension for the set of nBUT samples. Djerdj and Tonejc (2006) observed a similar
trend and proposed a plausible explanation. They separated the DW factors into a temperature-
dependent and a static part and argued that mainly the static DW factor part is enhanced in

nanoparticles because of higher disorder (concentration of defects).

The fractional z-coordinate of the oxygen atom takes the value z(O) ~ 0.166 close to values for
nanocrystalline anatase found in (Djerdj and Tonejc, 2006) or reported by Howard et al. (1991)
also for larger particles. The most distinct value, z = 0.170, is associated again with the ISOP-
SubWE/PFE sample. Systematic dependence of the oxygen z-coordinate on crystallites size (but

of opposite character) was observed by Swamy et al. (2006) in sol-gel anatase nanoparticles.

The strongest correlations were found between two parameters — the samples synthesis
temperature and the particles size, and data in three undiscussed columns of Table Il — crystal

lattice parameters (a, ¢) and occupancy of the Ti*" lattice site, Occ(Ti). Figure 8(a) depicts a
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relation between the Ti-occupancy and crystallites mean size (D). The data are well fitted by the
exponential function. It should be noted, that the size dependent Ti-occupancy was observed also
by Bokhimi et al. (1995), Swamy et al. (2006) and Grey and Wilson (2007). They reported the

occupancy of about 80% in anatase particles of size 2—4 nm.
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Figure 8. Correlations between various structural parameters (Ti-occupancy, anatase lattice parameter and volume), crystallites size
and synthesis temperature. ISOP-SubWe/PFE (square), nBUTS (circles), REFs (diamonds), ISOPs-400 (triangles). Literature bulk
data are depicted by shadow dotted lines, fits by dashed lines. Shadow points were omitted from the fitting. An arrow in

subplot (d) shows the cell volume correction calculated from Grey and Wilson (2007).

Temperature dependence of the c-lattice parameter is depicted in Figure 8(b). The c-lattice
parameter is close to the value ¢ = 9.514 A reported by Howard et al. (1991) in samples treated
at the highest temperature and it is strongly contracted at lower synthesis temperatures. The
maximum absolute difference is about Ac=0.05 A in the size range of (D) = 3.5—23 nm. By
contrast, the lattice a-parameter is elongated in the smallest particles and approaches the value
a=3.7845A (Howard et al., 1991) in samples with the largest particles (Table Il). The
maximum difference Aa~0.0025 A is approximately 20 times smaller than Ac, hence anatase
c-parameter and the unit cell volume (V¢) follows similar trends. It was mentioned that the

crystallite size of studied samples is not a unique function of the final treatment temperature,
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hence correlation between the c-lattice parameter and crystallites size is not so good, however
the trend is preserved. A strong contraction of the c-parameter with decreasing crystallites size is
in a good agreement with literature (Bokhimi et al., 1995; Djerdj and Tonejc, 2006; Swamy et
al., 2006; Grey and Wilson, 2007; Ahmad and Bhattacharya, 2009), but the same is not true for
the a-parameter. In all the references, the a-parameter was much more strongly elongated in very
small (D <10 nm) crystallites. The anisotropy of the lattice parameters dependence on particles
size finally resulted in a Ve expansion with decreasing particles size in such small crystallites
and opposite or almost constant behaviour in larger crystallites. This general behaviour was
recognised by Luca (2009), who argued that the cell volume expansion for the smallest particle
sizes is due to a surface stress in nanoparticles. The V¢ dependence on crystallites size of the
studied samples is depicted in Figure 8(c). The effect of lattice cell volume contraction with
decreasing crystallites size is clearly visible. Only a single point (ISOP-SubWE/PFE) could be
considered as a sign of the above effect of Luca (2009). However, monotonic dependence of Ve
on crystallites size was also observed by Li et al. (2005) and Grey and Wilson (2007). Besides
the surface stress effect, there are other theories concerning correlations between the
Ti-occupancy, unit cell volume and particles size. lacomino et al. (2008) discussed the influence
of surface coverage, Djerdj and Tonejc (2006) proposed a correlation between variation of lattice
parameters and dislocation induced lattice strains and Grey and Wilson (2007) studied, by
molecular modelling, the stability of Ti-vacancies in anatase nanocrystals and their effect on the
unit cell parameters. To investigate this relation in the studied samples, V¢ was plotted vs. Ti-
vacancy probability Xti.vacany = 1-Occ(Ti) at Ti-sites in Figure 8(d). The interpolation functions in
Figure 8(a) and 8(c) are very similar and hence it is straightforward to fit data in Figure 8(d) by a

straight line:
AVce% — (0.017 £ 0.003) * Xr; ooy ®3)
cell

The fit is not optimal, the analysis relies on small deviations from the bulk values and the initial
patterns fits (Figure 1) were also not perfect. This could be related to the limits of the Rietveld
and WPPM methods used for the analysis. Appropriates of the Rietveld method for similar cases
has been already discussed by Grey and Wilson (2007). They used the Debye formula method
(Proffen and Neder, 1997) to simulate XRD powder patterns from anatase nanoclusters and

analysed the simulated data by conventional Rietveld software. They found that when Ti-vacancies
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are distributed homogeneously throughout the nanoparticle the Ritveld method correctly
reproduces the vacancies concentration. However, the lattice parameters determined by the
Bragg-diffraction-based Rietveld method are strongly overestimated for anatase crystallite sizes
below 4 nm. Such an effect would result in effective overestimation of the unit cell volume. The
correction was calculated from the data in Grey and Wilson (2007) for the sample with the smallest
crystallites ((D) = 3.5 nm) and it is depicted in Figure 8(d). The problem discussed above and the
surface stress effect of Luca (2009) can influence the cell volume contraction coefficient in

Eqg. (3). Actually, both effects would lead to underestimation of the absolute value of the coefficient.

V. CONCLUSION

Nanocrystalline anatase powders synthesised by various chemical methods were studied by XRD
and the WPPM method in order to reveal cross series correlations within the structural and
micro-structural parameters, sample treatment conditions and the application properties. The
WPPM was complemented by the WH analysis of diffraction profiles widths. Anisotropy of the
diffraction line broadening due to the truncated bipyramidal shape of anatase crystals was
discussed. It was shown that such crystallite shape can induce different types of hkl-anisotropy in
dependence on the relative ratio of the crystallite dimensions. In the extreme cases of the full
bipyramidal shape and the case of strongly shortened crystallites in the c-direction the anisotropy
effects are strong and can be easily detected. Contrary, for a proper ratio of crystallite
dimensions the broadening is almost hkl-isotropic. This was the case for the studied samples. The
size of synthesised anatase nanoparticles varied in the range 3-25 nm in dependence on both, the
sample treatment temperature and the synthesis route. The theoretical total surface area of
crystallites estimated from XRD parameters was in a good correlation with the surface area
measured by the nitrogen physisorption up to the temperature 400-450 °C, when the particles
started to agglomerate. Anatase lattice parameters and Ti-site occupancy varied with the
synthesis temperature and the crystallites size. Significant (10—30%) deficiency in the Ti-
occupancy was detected in small (D <10 nm) nanoparticles. It was strongly correlated with
crystallites size. In addition, a systematic anatase unit cell volume contraction with decreasing
crystallites size was observed and both effects were attributed to the presence of Ti-vacancies.

Linear coefficient between the cell volume contraction and Ti-vacancies concentration was estimated.
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