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Variations in the Local Structure of Nano-sized Anatase TiO:

Helen Y. Playford

ISIS Facility, Rutherford Appleton Laboratory, Didcot, UK, OX11 0QX

Abstract

The structures of three polymorphs of TiO; (anatase, rutile & brookite) are examined using neutron diffraction and

total scattering. While the short-range structures of (bulk) rutile and brookite show excellent agreement with their

average crystal structures, the structure of the anatase samples changes with reduction of particle size. Reverse

Monte Carlo (RMC) analysis reveals that a fraction of oxygen atoms in the anatase nanoparticles are displaced away

from their ideal positions. The displacement results in a change to the octahedral geometry which is compared with

a theoretical structural modification that results in a reduced band gap.

Keywords: structure, disorder, titanium dioxide, neutron diffraction, pair distribution function

1.

Introduction

Titanium dioxide, TiO,, is one of the most industrially important simple oxides, and has numerous applications
as a bright white pigment, an absorber of ultraviolet (UV) light and, notably, a UV-active photocatalyst [1].
There are three commonly occurring polymorphs of TiO.: anatase, rutile and brookite (Figure 1). Their
structures, which are tetragonal (anatase and rutile) or orthorhombic (brookite) consist of differently arranged
networks of corner- and/or edge-sharing [TiO¢] octahedra [2]. Of these three polymorphs, rutile is the most
stable in bulk form, however there is reportedly a “crossover” size of between 11 and 30 nm at which surface
energy considerations render anatase more stable than rutile [3—5]. As a result of the ease of its preparation
in nanosized form, anatase is the most commonly employed for photocatalysis [4], although some reports
have found brookite, or a mixture of anatase and brookite, to have a higher intrinsic activity [4,6].

Figure 1: Polyhedral representations of the crystal structures of (a) anatase, (b) rutile and (c) brookite TiO,. Blue spheres/polyhedra
are Ti, red spheres are O and the unit cell edges are shown as dashed black lines.

There are numerous methods for the preparation of nanosized anatase, including hydrothermal synthesis, sol-
gel methods and emulsion techniques [1]. The hydrolysis of titanium alkoxides is a common “soft chemical”



route to nanosized anatase, however the particle size and purity of the product is influenced by many factors
including the choice of alkoxide, amount of water added, pH, aging time and temperature, and annealing
conditions [7].

The existence of nanosized anatase in a bulk sample is usually confirmed using X-ray powder diffraction,
though the extraction of structural information is hindered because of particle-size-broadened Bragg peaks
and the common co-existence of other polymorphs, particularly brookite [8]. Since the atomic structure of the
nanomaterials is of great importance to their properties, numerous studies have used local structural analysis
techniques such as transmission electron microscopy (TEM), X-ray absorption spectroscopy and Raman
spectroscopy.

Raman spectra measured from anatase TiO; nanocrystals are broadly similar to that of the bulk material, but
generally exhibit line broadening and frequency shifts that can be correlated with particle size [9]. Phonon
confinement, non-stoichiometry and pressure effects all contribute to these observations, although the
relative importance of each contribution is likely to depend on the preparation route [10-12].

A pre-edge feature in the XANES spectra of nanosized TiO; is usually attributed to the presence of 5-coordinate
Ti sites, and its intensity has been observed to increase with decreasing particle size in proportion to the
changing surface area to volume ratio [13,14]. Analysis of EXAFS data has shown increased lattice distortion
and shorter Ti-O bonds in smaller particles [15,16] and the short bonds were attributed to Ti-OH correlations
on the surface [16]. More recently, a combination of multiple techniques, including X-ray diffraction, XANES,
Raman spectroscopy and electron microscopy was used by Luca [17] to establish that hydrothermally ripened,
sol-gel derived anatase nanoparticles have a core-shell structure which consists of a bulk-like interior and a
surface layer with a significant amount of disorder and under-coordinated Ti. It was further suggested that the
depth of this layer is sufficient that under ambient conditions, atmospheric water molecules are prevented
from accessing and completing the co-ordination of all of the unsaturated Ti.

Total scattering is a powder-diffraction based technique in which Bragg and diffuse scattering are measured
and analysed together. The measured data are carefully normalised and corrected for the effects of non-
sample scattering to produce the total scattering function, F(Q), which can be Fourier transformed to produce
the pair distribution function (PDF), G(r) [18—20]. The PDF can be thought of as a weighted histogram of the
interatomic distances within a material, and analysing it is a powerful method by which to probe local
structure. The real-space resolution of total scattering data is dependent upon the range of momentum
transfer, Q, over which the reciprocal space data are measured. Since the magnitude of Q is inversely
proportional to wavelength, A, high energy radiation is required to maximise this value. Therefore the best
total scattering data are obtained from high-energy synchrotron X-rays and spallation-source neutrons. The
increased availability of these types of sources in recent years has led to an increase in the number of
applications of total scattering, and the technique, which had its origins in the study of liquids and glasses, has
now been used to provide insight into the local structures of many disordered crystalline materials [21-24].
Typically, modelling total scattering data involves either a “small-box” or a “large-box” approach. Small-box
modelling is a method analogous to Rietveld refinement where the parameters of a crystal structure are
refined against the PDF rather than the Bragg diffraction pattern, whereas large-box modelling involves the
calculation of scattering functions from a large atomic configuration (in the case of a crystalline material,
usually a supercell of the crystal structure) followed by many millions of random atomic moves until an
acceptable fit between simulated and measured scattering data is obtained. Large-box modelling can also be
referred to as a reverse Monte Carlo (RMC) approach. Both techniques have distinct advantages and
disadvantages, and are particularly powerful when used in combination.



Rather few applications of total scattering to TiO, have been reported, which is surprising given the importance
of local atomic structure and structural disorder to understanding its properties. The majority of existing
studies focus on nanosized or amorphous materials. So-called amorphous titania appears to be a material with
considerable structural variety, with one RMC study [25] finding it to resemble a defective form of brookite
and another [26] determining that it consisted of core-shell nanoparticles with recognizable anatase cores and
highly distorted shells. Several studies have considered the evolution of structure in TiO, nanoparticles during
synthesis, for example, in situ X-ray PDFs collected during hydrothermal synthesis [27] revealed a precursor
consisting of clusters of TiOs/TiOg¢ units arranged similarly to the anatase structure. The combination of
XANES/EXAFS with X-ray PDFs used to study the effect of thermal treatment on microemulsion TiO; [28] also
found a precursor structure related to anatase, but containing TiOs units. Differences in the stacking of
TiOs/TiOs units were found responsible for the observed differences in local order between samples. The
morphology of titania nanoparticles has also been correlated to industrially relevant properties such as lithium
diffusion rates and catalytic behaviour, through the use of Debye function analysis [29], differential evolution
refinement [30] and small-box modelling of the PDF [31].

In this work we report the application of neutron total scattering and RMC modelling to crystalline anatase
samples of different particle size, in order to obtain insight into structural variations that are likely to be highly
relevant when determining possible applications of such materials. The use of neutrons for this study is of
particular importance because the scattering lengths of Ti and O (-3.438 and 5.803 fm, respectively) allow
excellent “visibility” of both elements as well as excellent contrast between them.

Experimental

Samples of bulk crystalline and “nanopowder” anatase (<25 nm particle size) TiO, were obtained from Sigma-
Aldrich and used without further purification. Bulk rutile TiO, was obtained by heat treatment of bulk anatase
at 900 °C for 12 hours. Brookite TiO, was synthesised by hydrothermal treatment of 1.0 mL titanium
bis(ammonium lactate)dihydroxide solution (50 wt% in H,O, Sigma-Aldrich) with 8.0 mL of 6 M urea solution
in sealed Teflon-lined vessels at 160 °C for 24 hours [32]. Anatase nanoparticles were synthesised by two
different sol-gel methods. The first sample, referred to herein as “N1”, was prepared by the addition of 10 mL
of titanium isopropoxide (97%, Sigma-Aldrich) to a mixture of 60 mL isopropanol and 3 mL D,0, which resulted
in the production of a thick white suspension. The suspension was stirred for one hour at room temperature
and subsequently the solid product was collected by suction filtration and calcined at 400 °C for 24 hours.
Sample “N2” was produced following the method of Shi et al. [33] wherein a solution of 5 mL titanium n-
butoxide (97%, Sigma-Aldrich) in 45 mL ethanol was added dropwise to a rapidly-stirred mixture of 50 mL D,0
and 50 mL ethanol. The resulting suspension was stirred for 12 hours, the solid product was collected by
suction filtration and then re-suspended in a further 50 mL of ethanol. After filtration the solid product was
dried at 100 °C for 10 hours and then calcined at 400 °C for 2 hours.

The phase purity of all samples was assessed using powder X-ray diffraction on a Rigaku MiniFlex benchtop
diffractometer operating with Cu Ko radiation.

Neutron total scattering data were collected on the Polaris diffractometer at the ISIS neutron and muon
source. Samples were loaded into cylindrical vanadium cans of 6 or 8 mm diameter and placed into the
instrument. Data were collected for a total of 8-10 hours per sample to ensure they were of good statistical
quality, and additional datasets from an empty can and the empty diffractometer were collected for data
reduction purposes. Diffraction patterns suitable for Rietveld refinement were obtained using the program
Mantid [34], and the total scattering data were more rigorously normalised and corrected for non-sample
scattering using the program GudrunN [20]. Pair distribution functions (PDFs) were obtained via Fourier
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transformation of the corrected scattering data using the program StoG, distributed as part of the RMCProfile
package [21]. Rietveld refinements were carried out using the programs GSAS [35] and EXPgui [36], small-box
“real-space Rietveld” modelling of extracted PDFs using PDFgui [37], and reverse Monte Carlo (RMC)
refinements using RMCProfile [21].

Results & Discussion

3.1 Rietveld refinement

A summary of Rietveld refinement results for all 6 samples can be seen in Table 1. For every sample, data
from all 5 of Polaris’ detector banks were used. For each bank a shifted Chebyschev polynomial with 7
parameters was used to fit the background, and GSAS profile function TOF 3 was used to describe the peak
shape. The refined structural parameters were lattice parameters, atomic positions (where the atoms did
not lie on special positions) and anisotropic (where allowed) thermal displacement parameters. In all cases
excellent fits were obtained using single phase models. No evidence of contamination of the brookite
sample with anatase, nor of N1 and N2 with brookite was seen. The reduction in particle size in the three
nano-sized samples is seen clearly in broadened Bragg peaks. An estimation of particle size of the anatase
samples using the Scherrer equation produced values of 280 nm (bulk), 34 nm (commercial nanopowder),
18 nm (N1) and 13 nm (N2) (see supplementary information for more details on this calculation). The
occupancies of the Ti and O sites in the anatase samples were refined, but neither deviated meaningfully
from unity. This is in agreement with the work of Grey & Wilson [38] wherein Ti occupancies close to 1
were found in 9-11 nm crystallites. It is clear, therefore, that non-stoichiometry does not have a large part
to play in the average structure of these samples.

Table 1: Results of Rietveld refinement of neutron diffraction data for six samples of TiO,.

Sample Bulk rutile Brookite Anatase
Bulk Commercial nanopowder  Synthetic N1  Synthetic N2

Space group P4,/mnm  Pbca 14, /amd 14,/amd 14, /amd 14, /amd
WRp (%) 3.04 3.73 2.93 2.27 2.75 3.42
x> 2.564 5.343 4.006 3.782 2.714 2.797
a(h) 4.59093(3) 9.1716(5) 3.78306(3)  3.78356(7) 3.7885(2) 3.7953(3)
b (A) =aq 5.4469(3) =a =aq =a =aq
c(A) 2.95706(2)  5.1355(3) 9.50912(9)  9.4955(2) 9.4808(5) 9.4772(9)
V(A3 62.325(1)  256.55(4) 136.090(3)  135.931(7) 136.08(2) 136.51(4)
T x 0 0.1303(2) 0 0 0 0

y 0 0.1028(3) 0.25 0.25 0.25 0.25

z 0 0.8657(3) 0.375 0.375 0.375 0.375

Occ. 1.0 1.0 1.0 1.0 1.0 1.0

Un 0.00647(9)  0.0028(2) 0.00461(9)  0.0051(1) 0.0034(2) 0.0029(4)

Uxn =Un =Un =Un =Un =Un =Un

Uss 0.0039(1) =Uy 0.00456(13) 0.0054(2) 0.0085(3) 0.0144 (5)

U -0.0001(1) O 0 0 0 0
0 x 0.30487(2)  0.0097(1)* 0.23015(9) O 0 0 0

y =X 0.1493(2)  0.1122(2) 0.25 0.25 0.25 0.25

z 0 0.1814(2) 0.5369(2)  0.16698(2)  0.16676(2) 0.16592(4) 0.16500(6)



Occ. 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Un 0.00501(3) 0.0052(1) 0.0026(1)  0.00300(8)  0.00280(9) 0.0007(2) 0.0071(21)
U =Un =Up =Up 0.0107(1)  0.0116(2) 0.0126(2) 0.0145(3)
Uss 0.00366(5) = U =Up 0.00484(6)  0.00534(6) 0.0068(1) 0.0091(2)
U, -0.00223(6) 0 0 0 0 0 0

Size (nm) - - 280(61) 34(5) 18(5) 13(3)

a As there are two O sites in the brookite structure, this column has been split in two to show two sets of parameters. In all samples
U1z=Ux3=0.

The length of the anatase c-axis decreases, and that of the g-axis increases with decreasing particle size
(Figure 2(a)), which is in agreement with Zhu et al. [39] who observed a similar trend down to particle sizes
of approximately 4 nm, but not with Luca [17] who reported an increase in the c-axis in particles smaller
than 10 nm. As a result of the opposing changes in the two dimensions, the cell volume changes very little
in the samples reported in this work, which is in agreement with a large body of literature (as summarised
by Luca [17]) that sees a volume increase with decreasing particle size only below 10 nm.

There are two distinct Ti-O bond lengths in the anatase crystal structure, and both sets tend to increase in
length as the particle size decreases (Figure 2(b)). The lengthening of the “short” set of bonds is
understandable given that they lie close to parallel to the ab plane, but the concurrent lengthening of the
“long” set is somewhat paradoxical as they lie along the shortening c-axis.
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Figure 2: (a) Variation of anatase TiO; lattice parameters as a function of Scherrer particle size, as determined from Rietveld
refinement. If not visible, error bars are contained within the size of the symbols. (b) Variation in the long and short Ti — O bond
lengths as a function of Scherrer particle size, as determined from Rietveld refinement. If not visible, the error bars are contained
within the symbols. In both cases, the circular markers correspond to the left axis, and the square markers to the right axis.

Examination of the thermal ellipsoids obtained from Rietveld refinement reveals that the Ti ellipsoid
becomes increasingly elongated in the smaller particles, and the O ellipsoids become flatter and more
disc-like (Figure 3). These highly anisotropic thermal ellipsoids may be indicative of significant levels of
static disorder, such as local displacements of Ti atoms or distortions of the octahedral sites.
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Figure 3: Visualisation of thermal ellipsoids obtained from Rietveld refinement of nanosized anatase samples and plotted at 50%
probability for (a) commercial nanopowder, (b) sample N1 and (c) sample N2. The blue ellipsoids represent the Ti atoms, and
the red the O atoms.

3.2 Real-space Rietveld

To determine whether or not the local structure of the TiO, samples agrees with their average structures,
the structures obtained from Rietveld refinement were used as starting models for real-space refinements
using PDFgui. In all refinements the r-range was 0.02 — 40 A, and instrument resolution was accounted for
using dampening and broadening terms that were refined against data from a standard silicon sample and
subsequently fixed. The effect of correlated motion was incorporated by sharpening all PDF peaks below
a certain r-cutoff (in this case, 3.38 A). For further details about these parameters, see the PDFgui
documentation [37]. In general, the lattice parameters obtained from PDFgui fits differed from those from
Rietveld refinement by only a fraction of 1%, and the atomic positional parameters were in similarly good
agreement (see Table S1). There were greater discrepancies in the refined thermal parameters, with the
PDF refinements usually producing larger ellipsoids.! For both the bulk rutile and brookite samples the
final fits were extremely good (Figure S3), and there was no evidence for any discrepancies between
average and local structure. For the anatase samples an additional parameter was added to the
refinement to provide an estimate of particle size by applying a simple spherical shape function to the
calculated PDFs. The fit to the bulk anatase data was excellent (Figure 4), although a clearly erroneous
value of 28 nm was obtained for the particle diameter. This likely arises from the difficulty of separating
the effect of particle size from instrumental dampening, as well as the limited r-range used for the
refinement.

1 The effect of thermal motion on a PDF is to broaden the features, and it is very difficult to separate this broadening from the
instrumental contribution which arises from the use of a finite maximum Q in the Fourier transform. Furthermore, there is likely
to be some additional correlation between this broadening and the dampening of the PDF that is caused by reciprocal space
resolution and, importantly for the nanomaterials, particle size. Therefore it is not possible to interpret these values in great

detail.
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Figure 4: Results of PDFgui “real-space Rietveld” refinement against the neutron pair distribution function from bulk anatase TiO>
with (a) showing the full fitting range and (b) a close-up of the region 1 A <r< 8 A. Red circles are the measured data, the black
line is the calculated PDF and the blue line the difference. For this refinement, Rw = 8.2% which cannot be directly compared to
the residuals from a Rietveld refinement but is nevertheless indicative of an excellent fit.

For the three nanosized anatase samples, the overall quality of the PDF refinements is good (see
Supplementary Information, Figure S4), and the refined particle diameters are 18, 12 and 9 nm,
respectively. These are reasonably consistent with the values from Scherrer analysis of the Bragg peak
width, and are useful as a lower limit on the particle size. It can be seen in Figure 5 that there are some
discrepancies between experimental and calculated PDFs in the low-r region that increase in severity with
decreasing particle size. The discrepancies are most obvious between 2.25 — 3.25 A in the region of the
nearest-neighbour O-O correlations, of which there are several due to the distorted geometry of the [TiOs]
octahedra. Itis interesting to note that if there were simply more dynamic disorder in the smaller particles,
as is implied by the large thermal ellipsoids on the O atoms in Figure 3, then you would expect to see only
a broadening of the features in the PDF. Instead what is seen are a change in relative intensity of these
features, and no obvious change in width, which implies that there may be some distortion in the local
structure of the smaller particles that is not captured by the crystal structure.
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Figure 5: Comparison of the low-r region of the measured and fitted PDFs for (a) bulk anatase, (b) commercial nanopowder, (c)
sample N1 and (d) sample N2. Red circles are the measured data, the black lines the calculated PDFs and the blue lines the
differences. The grey shaded box highlights the region of the O-O nearest neighbour correlations where the discrepancies in peak
intensity are most visible. The Ry values for the refinements in the range 1 — 5 A are 9.4, 10.2, 12.6 and 13.9% for (a) — (d)
respectively.

3.3 Reverse Monte Carlo Refinements

To gain insight into the local disorder evidenced by discrepancies in the PDF fitting and the anisotropic
thermal displacement parameters obtained from Rietveld refinement, RMC refinements were carried out.
Each refinement used the Rietveld-obtained structure as a starting model, scaled up to 18 x 18 x 7
supercells. The refined atomic configurations were obtained through fitting to three datasets: the Bragg
pattern, the PDF and the total scattering function, F(Q). The only additional constraint used was a distance
window to maintain the Ti-O connectivity by requiring all Ti-O pairs to fall within the bounds of the first
PDF peak. The refinements were run for 4000 minutes (~3 days), and each was repeated 100 times to build
up a large ensemble of configurations from which to calculate statistical quantities such as partial pair-
distribution functions. Example PDF and Bragg fits from the bulk anatase and N2 samples are shown in
Figure 6, and the full set of fits can be found in Figures S5 and S6.
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Figure 6: Example RMC fits to the Bragg diffraction pattern and the PDF from (a)-(b) bulk anatase and (c)-(d) sample N2.

Partial pair distribution functions calculated from the RMC refined configurations are shown in Figure 7
and Figure 8. For the Ti-O and Ti-Ti pairs, these functions are largely unchanged by reduction in particle
size, other than a slight broadening in all but the nearest-neighbour Ti-O peak. Interestingly there is no
noticeable shift in the position of the Ti-O nearest-neighbour peak, suggesting that the average bond
length is not affected by the changing particle size, although the distribution of “short” and “long” bonds
may be different. In the O-O functions, as well as a general broadening indicative of increasing disorder,
there is a noticeable shift in the third peak (3.0 A) for samples N1 and N2 and an increase in the intensity
of the second peak (2.6 A). The partial PDFs indicate that the observed disorder in the smaller
nanoparticles is primarily in the oxygen sublattice.
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Figure 8: Partial pair distribution functions for the O-O pairs for the 4 anatase samples, each calculated from an ensemble of 100 RMC
refined configurations.

Calculated O-Ti-O bond angle distributions and representations of the octahedral geometry are shown in
Figure 9. The octahedral environment in anatase is rather distorted with the four “equatorial” oxygen
atoms displaced alternately above and below the plane of the Ti atoms, and this is reflected in the
additional peaks in the bond angle distribution. While it can be seen that, for all samples, the positions of
the features match the averages from Rietveld refinement, the distributions show a broadening and shift
in intensity between 90° and 100° that accompanies the reduction in particle size. Figure S7 shows the
bond angle distributions from bulk anatase and sample N2 compared with those from the rutile and
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brookite polymorphs. The octahedra in rutile are more regular with strong maxima at 90° and 180°, while
in brookite the lower symmetry structure leads to greater overlap between the “peaks” in the distribution.
There is a strong similarity between the distributions from sample N2 and brookite, suggesting that the
smaller nanoparticles have a different octahedral geometry than that in bulk anatase.

——O-Ti-O (bulk anatase) O O
0.06 4 —— O-Ti-O (nanopowder) ) O

—— O-Ti-O (sample N1)
1 ——O-Ti-O (sample N2) o

0.04

B(6)/sin(6)

0.02 +

T T T T 4 T T T T

60 80 100 120 140 160 180
6 (%)

Figure 9: Left: O-Ti-O bond angle distributions for each of the 4 anatase samples, calculated from an ensemble of 100 RMC refined

configurations. Vertical tickmarks represent the average bond angles from the corresponding Rietveld refinements. Right:
representations of the Ti-O octahedron in bulk anatase, with the three smaller O-Ti-O angles labelled.

To provide a visual representation of the relationship between the refined configurations and the crystal
structure, each of the RMC configurations was collapsed down to the original unit cell dimensions. A
comparison of each of the four samples is shown in Figure 10, and further orientations can be seen in

Figures S8-S11.
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Figure 10: Collapsed RMC configurations for (a) bulk anatase, (b) commercial nanopowder, (c) sample N1 and (d) sample N2.Red
spheres are O atoms, blue are Ti atoms.

The titanium atom “clouds” are small, with some elongation along the z-axis in the smaller nanoparticles.
This is entirely in agreement with the anisotropic thermal displacement parameters (Figure 3). Conversely,
the oxygen atom “clouds” for the nano-sized samples are larger and fan-shaped. Comparison with the
largely spherical distributions in the bulk sample it is clear that a proportion of the oxygen atoms have
shifted towards the plane of the titanium atoms.

Since the nano-sized TiO; samples have a larger surface area to volume ratio than the bulk material, it is

IM

possible that the observed structural disorder is related to the surface region. Indeed a “core-shell” model
is often proposed for TiO, nanoparticles in which an ordered core of (usually) “anatase-like” structure is
surrounded by a disordered shell [1,26,40]. Using the relationship defined by Chen et al. [16] the
proportion of surface TiO, is 12.5/d (where d is the diameter of the nanoparticle in Angstroms), the
exposed surface of the commercial nanopowder, samples N1 and N2 is 3.7%, 7.0% and 9.6% respectively.
To link this with the RMC results, the magnitude of each oxygen atom’s displacement from its ideal
location was calculated, and the proportion that are displaced by more than 2.4 A corresponds to 1.41%,
4.96%, 7.6% and 10.9% for each of our four samples. Because RMCProfile uses periodic boundary
conditions, the model itself has no explicit surface regions, however the agreement between these two
sets of numbers is compelling, and it seems likely that the observed disorder can be attributed to
distortions on the surface of the particles.

It is interesting to consider the observed disorder in the context of the work of Coh et al. [41] who used
density functional theory to identify a modification to the anatase structure which reduces the band gap.
This modification can be understood by defining two types of [TiOg] octahedra in the structure, which

III

differ in the arrangement of the “equatorial” oxygen atoms (Figure S12). The pristine anatase structure is
made up of alternating (ABABAB...) layers of these two octahedral geometries. Coh et al. [41] found that
a structure with a repeated layer (i.e. ABAABA) was theoretically stable, and that it alters the valence band

structure so as to reduce the overall band gap (Figure $S12). A part of this structural representation is shown
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in Figure 11, along with the result if one of the oxygen atoms moves towards the Ti plane, as seen in the

IM

RMLC results. Since each “equatorial” Ti-O bond is connected to another octahedron’s “axial” bond, and
the overall Ti-O bond length distribution changes very little, the structural modification can propagate as
shown in Figure 11(b). While Coh et al. [41] discussed this modification in the context of “black” TiO,
which is produced at high temperatures in reducing conditions, the agreement between the theoretical
result and the RMC results presented herein represents the first experimental evidence for this kind of

structural modification in stoichiometric anatase nanoparticles.

(a) (b)

Figure 11: (a) A representation of the anatase structure showing the two types of titanium atoms as blue and red circles,
respectively. Oxygen atoms are shown as small grey circles. The displacement of an oxygen atom in the z-direction is highlighted.
(b) The result of the oxygen atom displacement which disrupts the alternating “red” and “blue” layers.

4. Conclusions

The structures of four samples of anatase TiO, have been characterised using neutron diffraction, pair
distribution function analysis and reverse Monte Carlo refinement. Structural distortion in the smaller
nanoparticles is consistent with the displacement of a fraction of oxygen atoms roughly parallel to the z-axis
and towards the plane formed by the titanium atoms. The number of displaced oxygen atoms increases with
reduction in particle size and is consistent with the increased proportion of “exposed” surface in the smaller
nanoparticles. The nature of the structural distortion results in a structure similar to that suggested by Coh et
al. [41] as a modified form of anatase with a reduced band gap. This observation may prove important when
attempting to understand the increased catalytic activity of smaller nanoparticles, and indeed shows that
neutron total scattering is a tool capable of revealing subtle structural features that may have relevance in
many functional materials.
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