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ABSTRACT: Through high-resolution electron microscopy, the
surface structure of barium titanate and strontium titanate nano-
particles are found to be terminated by a TiO, double layer. These
results confirm prior observations of TiO,-rich surface reconstruc- Sr. Ba, Ti Svnthesi

tions on strontium titanate nanoparticles made hydrothermally at r,ba, Tl yntnesis .’8‘2‘8’%’3’.
high pH and single crystals prepared with wet chemical etching. Of all |Precursors P> 0000010000
the reconstructions observed on single crystals for these two 0000000
materials, we report for first time the \/ 13 x \/ 13R33.7° structure

on the {001} facets of hydrothermally prepared barium titanate and strontium titanate nanocrystals. The aqueous environment
common to the two preparation methods preferentially leaves strontium and barium depleted from the A-sites near the surface
and leads to TiO,-terminated surfaces for both materials. Analysis indicates that the observed structures are the thermodynamic
lowest energy structures in aqueous conditions.

Tio,

Hydrothermal Double Layer
‘0 0w « was o°

B INTRODUCTION and STO nanoparticles. We find that the surfactant molecules
influence the nanoparticle faceting but that the aqueous
environment favors TiO,-rich surface chemistry. The {001}
surfaces all have experimental contrast that matches the same
surface reconstruction reported in work on single crystals.

Nanoparticles with well-controlled shapes and sizes are highly
desirable and are often sought as the end goal of nanoparticle
synthesis because regular shape and size can be exploited for
applications. At the nanoscale, materials properties can, and
often do, deviate from those of their bulk counterparts.

Strontium titanate (STO) and barium titanate (BTO) are two B METHODS

materials of importance that have been well-studied at both the The solvothermal synthesis of STO developed by Rabuffetti et al.”'
mesoscale and the nanoscale. The surface of STO has been was modified to study the effects of substitution of different organic
particularly well-studied, with many reports in the literature.'® acids. STO nanocuboids were prepared using caprylic (octanoic) acid

BTO has also been widely studied due to its ferroelectric (STO-CA) as the surfactant. Equivalent molar concentrations of
] U i 9—14 titanium tetrabutoxide (Ti(OBu),) and strontium acetate (Sr(Ac),)
properties and phase transitions at the nanoscale.

A o . ) . were used in place of the reagents in the previously published method,
Developing further applications for such materials will require and the temperature was reduced to 180 °C (see Table 1).

understanding of which properties deviate from the bulk and BTO nanocuboids were prepared by substituting barium hydroxide
under what conditions. octahydrate (Ba(OH),-8H,0) for strontium hydroxide octahydrate

While the overall shape of many oxide nanoparticles as a (Sr(OH),-8H,0) in the method of Rabuffetti et al. while doubling the
function of hydrothermal synthesis conditions is now precursor concentration with equimolar proportions. The reaction
established, the surface structure is known in only a few rare tle)mperature for BTO was also reduced from 240 to 180 °C (see Table

cases. For many applications, the surfaces are more important
than the bulk, for instance when oxide nanoparticles are used as
supports in heterogeneous catalysis. A few examples from

STO dodecahedra were prepared using glycerol (STO-G) as the
surfactant; the details of the preparation appear elsewhere.””** Note
that the surfactants were removed by sonicating and centrifuging the

recent literature show that properties such as conductivity and samples repeatedly in ethanol (STO-G) or deionized water (BTO,
photocatalytic activity are facet-dependent,ls’16 and ferroelectric STO-CA).
properties have the potential to affect catalysis in operando.'” It For transmission electron microscopy (TEM) imaging, the samples
is established that the surface of STO at the macroscale can be were dispersed in ethanol and drop-casted onto lacey carbon TEM
very complex,"*° but whether this carries over to nano-
particles is unknown. Received: October 19, 2017

Here, we report several atomically resolved surfaces observed Revised:  January 18, 2018
using high resolution electron microscopy (HREM) on BTO Published: January 18, 2018
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Table 1. Table for Synthesis Parameters for Solvothermal Synthesis of BTO and STO, as Discussed in This Article”

A site precursor B site precursor T (°C) surfactant
Sr(OH),-8H,0 TiCl, 240 acetic acid
Ba(OH),-8H,0 TiCl, 180 acetic acid
Sr(Ac), Ti(OBu), 180 caprylic acid
Sr(Ac), Ti(OBu), 180 oleic acid
Sr(Ac), Ti(OBu), 240 glycerol

pK,

4.74
474
4.89
9.85

14.1

primary faceting surface chemistry article
{001} TiO, Lin et al*
{001} TiO, this work
{001} TiO, this work
{001} SrO Lin et al*®
Hu et al.”’
{110} and minority {001} TiO, Crosby et al.*?
this work

“Note that only one case (with oleic acid as surfactant) results in A-site-rich surface terminations.

grids. All imaging was performed using the Argonne chromatic
aberration-corrected TEM (ACAT) operating at 200 kV.

To identify the surface structure, several model surface structures
(see Supporting Information) were used to simulate TEM images
using the MacTempas software program. All CIF structures used as
input for simulations have been previously reported,”*** with the
exception of bulk AO and TiO, supercells, which appear in the
Supporting Information. Microscope simulation parameters were
spherical aberration coefficient C, = —0.0050 mm, defocal spread
due to chromatic aberration Af = 30 A, convergence angle a = 0.5
mrad, C = 0, and coma = 0. The thickness was varied to fit the
experimental images, paying attention to geometric constraints
imposed by the shape of the nanoparticles. The defocus was also
varied to obtain a good fit to the bulk so that the agreement with the
surface was an unbiased result.

B RESULTS

The solvothermal syntheses resulted in nanoparticles with a
range of mean particle sizes (distance between parallel facets):
100 nm for BTO (Figure 1a), 140 nm for STO-G (Figure 1b),
and 80 nm for STO-CA (Figure 1c). The particles ranged in
size from 50 to 130 nm for BTO case, 20—200 nm for STO-G,
and 40 nm to 80 nm for STO-CA.

Figure 1. Low resolution TEM images of (a) BTO, (b) STO-G, and
(c) STO-CA.

The particles synthesized using organic acid surfactants
(BTO and STO-CA) resulted in cuboidal shapes which are
predominantly {001} terminated with rounded corners. The
STO-G synthesis resulted in rhombic dodecahedra, which are
predominantly {110} terminated. (We note that there is minor
faceting of {001} present for these particles as well; see Table
1.)

High resolution electron microscopy revealed the surface
morphology of the three different preparations, as described in
the Methods section. All particle surfaces were imaged using
profile view imaging,”**’ which is sensitive to atomic number
for thin samples. For the {001} facets, the best match was
obtained using the \/ 13 X 4/13 R33.7° reconstruction (see
Figure 2) as shown for STO-G (Figure 3), STO-CA (Figure 4),
and BTO samples (Figure S). This structure has a TiO, double-
layer (DL) at the surface and has previously been observed on
STO nanocuboids prepared using acetic acid, as well as single
crystals.”**>** There is also a small region (see Figure 3,
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Region 1) that corresponds to a triple layer structure, which
matches reasonably well to anatase titania [001] for the extra
half unit cell (see Figure 3). This agrees with the observed
epitaxial growth of anatase titania on STO single crystals.’’

Measurements of the d-spacings of the surface and subsurface
layer were 2.1 A for the experimental image as depicted in
Figure Sc and 2.3 A for the simulation shown in Figure Sd. This
is a deviation of approximately 10%, which is comparable with
the difference in the atomic radii between Ba and Sr. Given that
the BTO RT13 simulation supercell was constructed by
adapting the solved STO structure** cells and substituting the
Sr atoms with Ba, this is quite good agreement between the
simulated and experimental contrast.

Simulated HREM for other possible surface structures,
including the 3 X 3 and \/ SX \/ S as reported in previous work
by Kienzle et al.** as well as the c¢(6 X 2) structure reported in
work by Ciston et al,,” appear in the Supporting Information
(see Figures S3—S7). None of the alternatives were an adequate
match to the experimental results. Comparable analysis for the
{110} facets of STO-G can be found in Supporting Information
of previous work.”?

B DISCUSSION

The results for both the {001} and the {110} indicate that
TiO,-rich surfaces are very common and are likely pervasive for
hydrothermal synthesis. There is also literature that reports
stable e?itaxial growth of anatase titania on STO single
crystals.” It is well-known that acid etching preparation of bulk
single crystal STO produces TiO,-rich surfaces.””™*° In fact,
there are several reports of deionized water etching STO to
obtain TiO,-terminated surfaces.”*” In these cases, the pH was
in the acidic range (below 7), which preferentially etches SrO, a
basic oxide.

In our case, the pH of the solution is significantly higher
(~14) during the growth phase of the nanoparticle synthesis.
Alkaline conditions are required to stabilize the formation of
crystalline BTO and STO.”® Comparing the nanoparticle
growth conditions with the etching conditions reported for
single crystal studies, the presence of surfactants is a key
difference between the two. Thus, for our case, the surfactants
will play a key role in determining the final surface chemistry of
the nanoparticles.

It is well-known that surfactant molecules can significantly
change the shape of nanoparticles through preferential
adsorption during the growth process. Several surfactants
were investigated in this study. Acetic acid and caprylic acid are
both carboxylates with the same functional group. Glycerol is a
multidentate polyol with a very different molecular structure.
Large differences in acidity can be seen by the wide range pK,
values in Table 1. Despite these differences, all syntheses
yielded titania-rich surfaces. A discussion of stabilization of
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Figure 2. Polyhedral model of a 2 X 2 supercell of the RT13 reconstruction as reported in ref 24 viewed top-down and side-on. Note that the purple

surface units correspond to TiOj truncated octahedra.

Figure 3. (a) Experimental image of STO-G (001) surface imaged
along the [100] zone axis, with simulated image insets of anatase
titania [001] (region 1) and the RT13 reconstruction (region 2). (b)
Atomic structure of anatase TiO, unit cell along the [001] zone axis.
(c) Second experimental image of STO-G (001) surface along the
[100] zone, with simulation of STO RT13 inset. (d) Atomic structure
of the STO RT13 reconstruction viewed along the [100] zone axis. (e)
Key for colors corresponding to O, Ti, Sr, and Ba used in atomic
models. Note that the simulations correspond to a single bulk unit cell
(orange box) along the projected direction. The conditions for all
simulations were: thickness = 39 A, focus = 40 A, and crystal tilt = 0.

alkali and alkaline earth metal 1ons by various ligands can be
found in work by Daniele et al.*” The instability of such ionic
complexes with alcohol compared with carboxylates can inform
the observation of titania-rich {110} surfaces as reported in
previous work™ and {001} surfaces in this study.

In studies on single crystals, SrO, surfaces are obtained by
annealmg at high temperatures in oxygen-rich environ-
ments.**~* Water is known to react with SrO to form
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Figure 4. (a) Experimental image of STO-CA particle (001) surface
imaged along the [110] zone axis, with simulated image inset of the
STO RT13 reconstruction. (b) Atomic structure of the STO RT13.
Note that the simulation corresponds to a single bulk unit cell (orange
box) along the projected direction. The simulation conditions were:
thickness = 84 A, focus = 40 A, and crystal tilt 7 mrad with an
azimuthal angle of 45°. Note contrast matching a TiO, double layer at
the surface (the surface and subsurface layers are highlighted with
dashed purple rectangles).

Sr(OH),.** The case of BaO is similar;* like SrO,* it will
readily form a hydroxide, which will not revert to the oxide
unless heated in an inert atmosphere to temperatures between
530 and 600 °C. Thus, it is important to prevent A-site
terminated surfaces from being etched by water.

To date, the only nanoparticle syntheses of which the authors
are aware that results in A-site terminated surfaces involve the
use of liquid microemulsions.””*’ For the purposes of this
study, the molecular structure is the important factor to
determine the surface chemistry; see differences in Flgure 6.
With sufficient packing density of the surfactant™ and a
sufficiently long hydrocarbon tail, the surfaces should be
protected from being etched by water in the solution via steric
hindrance. By targeting a water-poor region of the water/oil/
alcohol phase diagram in which lamellar liquid crystals form,
SrO-terminated nanocrystals were obtained using oleic acid.*
We suspect other reports in the literature using similar reaction
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Figure S. (a) Experimental image of BTO particle (001) surface
imaged along the [100] zone axis and with simulated images of the
BTO RT13 reconstruction inset. (b) Atomic structure of BTO RT13
along the [100] zone axis. (c) Experimental image of BTO particle
(001) surface along the [110] zone axis, with simulated image contrast
of the BTO RT13 reconstruction inset. (d) Atomic structure of the
BTO RT13 along the [110] zone axis. The simulations correspond to
a single bulk unit cell (red box) along the projected direction. The
conditions for all simulations were: thickness = 84 A, focus = 50 A, and
crystal tilt 7 mrad with an azimuthal angle of —45°. Note contrast
matching a TiO, double layer at the surface terraces (the surface and
subsurface layers are highlighted with dashed purple rectangles).
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Figure 6. Molecular structure of various surfactants used in
hydrothermal synthesis of titanates. All except oleic acid are used in
this study.

conditions are also A-site terminated, although characterization
to determine this is not reported.””’

Turning now to the specific surface structure, the RT13
surface structure was observed for all materials discussed in this
article, independent of the choice of organic acid or §lycerol,
with the exception of oleic acid (see work by Lin et al.”®). The
RT13 surface reconstruction is one of the low energy
structures, as evidenced by the convex hull construction
shown in Figure 7. It was first produced and solved for flat
surfaces by treating large single crystals using buffered etching
conditions and annealed in oxidizing environments. It has since
been observed for many other cases with the (001) surface of
STO’”** and has been reported in one paper for BTO.”' To
understand more specifically the thermodynamics, we need to
combine the energies as a function of the excess of TiO, from
Figure 7 with the reactions:
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Figure 7. Surface enthalpies versus excess TiO, at the surface,
calculated from DFT known reconstructions on strontium titanate
{001} surfaces. The energies are referenced to bulk STO and anatase
TiO,. Reproduced with permission from ref 25.

SrTiOy(bulk) = SrO(bulk) + TiO,(bulk) (1)

SrO(bulk) + H,0(aq) = Sr(OH),(aq) (2)

Relevant numbers are given in Table 2.

Table 2. Standard Enthalpies of Formation for Species
Involved in STO Surface Chemistry

' AH; K/ AH; (eV/1 x
species mol) 1) ref

SrTiO; (bulk) —1590 —-16.5 Lencka and Riman®”
SrO (bulk) —551 -5.71 Lencka and Riman®”
Sr(OH),(aq) —1010 -10.5 Lencka and Riman®*
TiO, (bulk) —946 -9.84 Lencka and Riman®®
H,0 -286 -2.96 JANAF Tables™
TiO, (surface SL) 1.40 Figure 7

TiO, (surface DL) 1.30 Figure 7

The enthalpy of reaction 1 is 49.3 kJ/mol or 0.51 eV/(1 X 1)
and reaction 2 is —93.7 kJ/mol or —0.97 eV/(1 X 1). Hence,
the reduction in energy per surface excess of TiO, will be given
by approximately 1 eV per unit cell for each additional surface
(1 X 1) with an increase in energy equivalent to the surface
energy values given in Figure 7. The SrO surface termination is
similar in energy to the TiO,-rich structures along the convex
hull, but the hydrolysis favors dissolution of this surface in
solution via reaction 2. From the numbers, further increasing
the coverage of TiO, beyond that of the RT13 will result in an
increase in surface energy that overwhelms the hydrolysis
reaction. The universal observation of titania-rich surfaces, in
particular the occurrence of the RT13, can thus be explained as
the formation of the global thermodynamic lowest energy
surface structure in aqueous conditions.

B CONCLUSIONS

We demonstrated that hydrothermal routes to synthesize
titanate nanomaterials generally result in TiO, terminated
surfaces. These surfaces are stable as 4- and S-coordinated
polyhedra, as confirmed by HREM. While TiOg octahedra are
preferred, truncated octahedral TiOg units®* form the frame-
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work of the RT13 reconstruction observed on STO (001), and
TiO, tetrahedra are the building blocks of the (n X 1)
homologous series of reconstructions™>* observed on the STO
(110) surface. The driving force for the formation of the TiO,-
rich surfaces is thermodynamics in aqueous conditions.
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