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A B S T R A C T   

The effects of crystal orientation and ferroelectric domain structure on the photochemical reactivity of La2Ti2O7 
have been measured. Electron backscattered diffraction was used to determine the orientations of the surfaces of 
crystals in a ceramic specimen, piezo-force microscopy was used to determine the domain structure, and the 
photocathodic reduction of silver from an aqueous silver nitrate solution was used to evaluate the photochemical 
reactivity. The reactivity is greatest on (001) surfaces (this is the orientation of the layers in this (110)p layered 
perovskite structure) while surfaces perpendicular to this orientation have the least reactivity. Complex domain 
structures were observed within the grains, but they appeared to have no effect on the photocathodic reduction 
of silver, in contrast to previous observations on other ferroelectrics. La2Ti2O7 is an example of a ferroelectric 
oxide in which the crystal orientation has a greater influence on the photochemical reactivity than polarization 
from the internal domain structure.   

1. Introduction 

Metal oxide semiconductors can be used to split water [1,2] and 
degrade organic pollutants [3,4]. Hydrogen derived from water splitting 
could be used as a fuel that would not increase the concentration of 
atmospheric CO2. Since the discovery that water could be split using a 
TiO2 photoanode and a Pt cathode [5], many other metal oxides have 
been shown to be able to split water [6,7]. However, none of the ma-
terials studied so far are able to produce hydrogen at rates that make it 
economically competitive with producing hydrogen by the conventional 
steam reforming of methane [8]. This has motivated studies of reaction 
mechanisms and sources of efficiency losses with the hope that 
improved catalysts can be developed [9]. 

One line of inquiry has been directed at determining the orientation 
dependence of the photochemical reactivity with the goal of designing 
ideal particle shapes that maximize reactivity. For example, the orien-
tation dependence of the reactivity has been determined for rutile [10] 
and anatase [11] TiO2, BiVO4 [12,13], Fe2O3 [14], CaTiO3 [15], and 
SrTiO3 [16–18]. There are two main findings from these studies. The 
first is that surfaces with different crystallographic orientations can have 
very different reactivities. The second is that some orientations are 
(relatively) more photocathodic and others are more photoanodic. This 
provides a mechanism for charge carrier separation, making it possible 

to localize the reduction reaction on one surface and the oxidation re-
action on another. This is thought to reduce recombination and lead to 
improved efficiency [19]. 

A second line of inquiry has been to use the positively and negatively 
charged domains of ferroelectrics to spatially separate the oxidation and 
reduction reactions and therefore improve efficiency [20]. For example, 
domain selective oxidation and reduction reactions have been reported 
on Pb(Zr,Ti)O3 [21–23], BaTiO3 [24], and BiFeO3 [25] surfaces. 
Considering these two lines of inquiry, the question arises: how do the 
influence of crystal orientation and the presence of ferroelectric domains 
interact to influence reactivity? Previously, we have examined the 
combined influence of orientation and charged ferroelastic (rather than 
ferroelectric) domains, and found that orientation was the more 
important parameter [13,15]. We have also examined the combined 
influence of orientation and charged surface terminations and also 
found that orientation was the more important parameter [18]. How-
ever, the combined effects of ferroelectric polarization and orientation 
have not been explored in detail. Studies of BaTiO3 [26] and BiFeO3 [25] 
suggested that orientation is less important than the domain structure, 
but these studies were based on a relatively small number of 
observations. 

Here we study the combined influence of ferroelectric domains and 
crystal orientation in La2Ti2O7, a ferroelectric with the (110)p layered 
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perovskite structure [27,28]. Throughout this paper, directions in the 
perovskite structure will be denoted with a subscript "p". The crystal 
structure, illustrated in Fig. 1, has layers along [001] within which TiO6 
octahedra share corners along [100] and [012], as in the perovskite 
structure. Materials with this structure have the distinction of having 
very high Curie temperatures (TC), which make them candidate mate-
rials for applications as high temperature piezoelectrics. Examples 
include, La2Ti2O7 (TC ~ 1500 ◦C) [29], Sr2Nb2O7 (TC ~ 1330 ◦C) [30], 
and Pr2Ti2O7 (TC ~ 1750 ◦C) [31]. Sr2Nb2O7 and La2Ti2O7 have been 
reported to split water under ultraviolet (UV) illumination [32]. 
Consistent with this observation, La2Ti2O7 has a band gap of 3.2–3.8 eV 
[32–35] and band edge positions suitable to for the photocathodic 
reduction and photoanodic oxidation of H2O. La2Ti2O7 has a monoclinic 
structure with space group P21 (a =7.811 Å, b =5.547 Å, c =13.019 Å, β 
= 98.28◦) and its ferroelectric polarization is along the [010] axis [31, 
36]. 

Following the observation that La2Ti2O7 could split water, efforts 
have been made to modify its photochemical properties through doping 
and the formation of heterostructures. For example, Nashim et al. [37] 
have fabricated a n-La2Ti2O7/p-LaCrO3 heterostructure with an 
enhanced photoactivity. La2Ti2O7/In2O3 heterojunction nano-
composites synthesized by Hu et al. [38] had an improved rate of 
hydrogen generation compared to the individual materials. Meng et al. 
[39] doped La2Ti2O7 nanosheets with nitrogen and narrowed the band 
gap, extending the light absorption into visible light (~495 nm). Hwang 
et al. [33] investigated the effect of Cr and Fe doping and produced 
hydrogen in the presence of methanol using visible light irradiation 
(~420 nm). 

The purpose of this paper is to describe the relative importance of 
crystal orientation and ferroelectric domain orientation on the photo-
chemical properties of La2Ti2O7. The polarization of the ferroelectric 
domains in La2Ti2O7 (5 μC/cm2) [36,40] is similar to that of BiFeO3 (6 
μC/cm2), so one might assume that they would behave similarly. On the 
other hand, the (110)p layered perovskite structure of La2Ti2O7 is much 
more anisotropic than BiFeO3, so the orientation is also likely to influ-
ence reactivity. To quantify these effects, we have produced dense 
polycrystalline La2Ti2O7 ceramics and measured grain orientations by 
electron backscatter diffraction (EBSD). The domain structure in the 
grains was also measured by piezo-force microscopy (PFM). After 

performing a photochemical marker reaction that leaves insoluble silver 
at the reaction site [10,41], it is possible to compare the patterns of 
reaction products to the grain orientation and domain structure. It has 
been found that the patterns of photochemically reduced silver are not 
correlated to the domain structure, but are correlated to the crystal 
orientation. 

2. Materials and methods 

2.1. Sample preparation 

La2Ti2O7 powder was synthesized using a molten salt method [42]. 
Reagent-grade La2O3 (99.99 %, Alfa Aesar) and TiO2 (99.9 %, CERAC) 
were mixed with a 1:2 ratio in deionized water. A salt with 50 mol % 
NaCl (Fisher) and 50 mol % KCl (Alfa Aesar) was then added to the 
mixture, constituting 50 wt % of the total reaction mixture. Then the 
mixture was ball-milled overnight in a plastic bottle with yttria stabi-
lized zirconia as the grinding media. After ball milling, the mixture was 
dried in air at 80 ◦C and then heated to 1150 ◦C for 6 h in air in an 
alumina crucible. The cooled mass was washed with deionized water 
until the Powder X-ray diffraction (XRD) pattern showed that it was 
single phase La2Ti2O7 (see Fig. S1). 

Polycrystalline ceramics were prepared from the La2Ti2O7 powder. 
Disk-shaped samples were formed by pressing the powders in a die, with 
a few drops of PVA as binder, using 130 MPa of pressure from a hy-
draulic press. The resulting disks had a diameter of 1 cm and a thickness 
of 3 mm. The samples were then put in an alumina crucible with some 
excess powder to insure that the pellet did not contact the crucible. The 
samples were calcined at 900 ◦C for 8 h, sintered at 1350 ◦C for 10 h, and 
coarsened at 1550 ◦C for 3 h. A flat surface was achieved by grinding 
with 600, 800, and 1200 grit silicon carbide abrasive papers (Buehler), 
and polishing with a series of diamond suspensions (Buehler) with a 
final suspension of 0.05 μm. The polished samples were then annealed at 
1300 ◦C for 6 h to repair polishing damage and thermally etch the grain 
boundaries. After annealing, the microstructure consisted of randomly 
oriented plate-shaped grains with apparent grain diameters in the two- 
dimensional section plane ranging from 2 to 50 μm. The large range of 
apparent grain sizes arises from differently oriented sections through the 
anisotropically shaped grains. Finally, XRD was used to verify that the 
sample remained single phase La2Ti2O7. 

2.2. Characterization 

EBSD was used to measure the orientations of the crystals at the 
surface of the La2Ti2O7 ceramic with a FEI Quanta 200 scanning electron 
microscope (SEM) operated in low vacuum mode. EBSD patterns were 
recorded with a step size of ~ 0.5 μm and indexed by the TSL orientation 
imaging microscopy (OIM) software using the P21 monoclinic Pr2Ti2O7 
structure as a reference [35], but with the lattice parameter adjusted to 
La2Ti2O7 (a =7.8114 Å, b =5.5474 Å, c =13.0185 Å, β = 98.719◦). The 
data was then processed in OIM Analysis Software. A grain dilation 
clean-up was applied using a 5◦ tolerance angle, a 10-pixel minimum 
grain size and a multiple row requirement. All of the orientations 
segmented to be part of a single grain were then used to determine a 
single average orientation for each grain. 

A NT-MDT Solver NEXT atomic force microscope (AFM) was used to 
record topographic and PFM images. Images were formed using 
conductive probes with a Pt/Ir coating from Nanoworld (ARROW-EFM). 
An AC bias of 4 V with a frequency of approximately 350 kHz was used 
where the first contact resonance was observed. Because of the sample’s 
low electronic conductivity, it had to be thinned to less than 1.5 mm in 
thickness and copper contacts had to be applied to the top and bottom of 
the sample. The sample was cleaned with acetone before and after the 
PFM measurements. The samples were then used to reduce Ag+ with 
photochemical marker reactions. An O-ring was placed on the top of the 
sample, and a few drops of 0.115 M AgNO3 (Acros) aqueous solution 

Fig. 1. Crystal structure of La2Ti2O7 with TiO6 octahedra shown. The polari-
zation direction is along [010] axis. 
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were added to fill the O-ring, and a quartz slip was placed on the top to 
seal the liquid. The sample was then illuminated by a mercury lamp 
(Newport) operated at 150 W for 20 min. After illumination, the sample 
was rinsed in DI water and dried with a stream from an aero duster 
(Miller-Stephenson). The locations of silver deposits were determined 
using an FEI Quanta 200 SEM with a 20 kV beam with a spot size of 4. 
Before any subsequent reaction, the sample was wiped with cotton 
swabs and ultrasonically cleaned in methanol and acetone. SEM was 
used to make sure the silver deposits on the surfaces had been removed. 
It was not always possible to remove all of the silver that accumulated at 
the bottoms of pores or grain boundary grooves; data from these regions 
were not interpreted and did not influence the results. 

3. Results 

Fig. 2(a) shows a SEM image of the surface after the photodeposition 
of silver. For comparison, an EBSD orientation map of the same region is 
shown in Fig. 2(b). To make it easier to find the same grains in the two 
images, six grains are surrounded by thick white lines. Note that in this 
two-dimensional section, some grains are elongated while others are 
more equiaxed. This results from the fact that the grains are relatively 
plate-shaped, with large (001) faces; sections parallel to (001) appear 
more equiaxed (red colored grains in Fig. 2(b)) and perpendicular sec-
tions appear elongated. Also, within some grains, two distinct colors 
appear that correspond to two different orientations. Because the local 
structure within the a-b planes is similar to perovskite, the [100] and 
[010] directions are sometimes incorrectly assigned by the indexing 
software. In these cases, we assumed the majority assignment was cor-
rect. The OIM Analysis Software assigns a ’confidence index’ (CI) to each 
grain orientation and it was assumed that the orientations of grains with 
a CI ≥ 0.1 are correct. A map showing the CI of each grain is illustrated 
in Fig. S2. 

The SEM image in Fig. 2(a) does not have sufficient resolution to 
determine the amount of reduced silver. To illustrate this, the image in 
Fig. S3 shows a higher resolution image of the region around the large 
[001] oriented (red) grain in the upper left-hand quadrant of Fig. 1 (this 
grain is labeled with an asterisk). High densities of small particles of 
reduced silver, especially at steps, that are invisible in Fig. 2(a), are 
clearly imaged in Fig. S3. To quantitatively determine the amount of 
silver on each grain, the number of silver deposits was counted on high 
resolution images (see Fig. 3) using the linear intercept method; several 
test lines are plotted on each grain and we count the number of deposits 
intercepted by each line. The average number of intercepts from all lines 
on a single grain is taken as the number of deposits on each grain. The 

data was then discretized into two categories: low reactivity (average 
deposits <5) or high reactivity (average deposits >5). Grains with high 
reactivity usually have a relatively dense uniform coverage of silver 
deposits. Grains with low reactivity usually have an inhomogeneous 
silver coverage with a few large deposits on part of the surface. While the 
reason for this difference is not known, one might speculate that the 
many particles on the high reactivity grains have limited growth because 
they compete for silver cations in the vicinity. Examples of high and low 
reactivity grains are shown in Fig. 3. Note that the orientation deter-
mined by EBSD is the average grain orientation with respect to the 
macroscopic surface orientation. The surfaces of the grains are actually 
curved, so the local orientation is not always the same as the macro-
scopic grain orientation and this accounts for the local variations in the 
amount of silver. The rationale for discretizing the results into only two 
categories is to avoid some of the uncertainties associated with orien-
tation measurement and local surface curvature. 

To determine the orientation dependence of silver reduction, the 
numbers of silver deposits were measured on about 90 grains. Fig. 4 
summarize the results, where the orientations of the high and low 
reactivity grains are plotted in Fig. 4(a) and 4(b), respectively. High- 
reactivity grains appear to be clustered near (001), and the number of 
these grains decreases with inclination from (001). The low reactivity 
grains have an approximately opposite distribution. There are no low 
reactivity grains within 30◦ of (001), and an increasing number of them 
are found further from the (001) orientation. Note that [010] is the polar 
axis and there is no evidence that this is a high-reactivity orientation. 

The distributions of high and low reactivity orientations in Fig. 4 
suggest that the results can be discriminated by a single variable, the 
inclination from the (001) orientation. This is similar to the method used 
by Munprom et al. [13] to understand the results from monoclinic 
BiVO4. Here, the angles of inclination of the grains from (001) are 
classified in bins that are 10◦ wide. By analyzing a large number of 
randomly generated orientations, we can determine the fraction of ob-
servations that should be found in each bin, if the grains were randomly 
oriented. The fraction of the observations found in each bin, divided by 
the fraction expected in a random distribution, quantifies the population 
in units of multiples of a random distribution (MRD), as illustrated in 
Fig. 5. The data for this calculation are shown in Table S1. These results 
clearly show low reactivity orientations occur at a frequency greater 
than random for grains inclined by more than 60◦ from (001). Similarly, 
high reactivity orientations occur with a greater than random frequency 
within 30◦ of (001) and no low reactivity grains are found in this 
orientation domain. Note that correlating the relative reactivity to a 
single orientation parameter (the inclination from (001)) ameliorates 

Fig. 2. (a) SE image after silver reduction. (b) Orientation map of the same area with a color key at bottom left. The field of view is about 50 μm × 60 μm. Six grains 
have been outlined to illustrate the correspondence between the two images. 
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problems stemming from the difficulty of distinguishing the [100] and 
[010] axes from the EBSD patterns. 

To investigate whether ferroelectric domains influenced local reac-
tivity, PFM was used to image grains whose orientation and relative 
reactivity were already measured. Out-of-plane PFM amplitude and 
phase images from the same grain are shown in Fig. 6(a) and (b), 
respectively. The amplitude image in Fig. 6(a) shows clear bright/dark 
contrast, indicative of domains with complex shapes. The PFM phase 
image in Fig. 6(b) shows strong white/black contrast on the two sides of 
the boundary, indicating that this is a 180◦ domain boundary, consistent 

with our expectation for La2Ti2O7 that domains that have polarization 
vectors of identical strength and opposite directions along [0 ± 10] [30, 
36]. This particular grain was oriented 30.1◦ from the polar [010] axis. 
While this is not very close to the polar axis, our previous work indicates 
that there should still be a measurable polarization (though lower than 
along the polar axis) normal to the surface, consistent with the PFM 
observations [43]. The meandering structure of the domain wall is 
similar to that observed in single crystals, even though the feature size is 
smaller in the grains of the polycrystal [36]. The domains observed in 
La2Ti2O7 thin films are usually smaller than 1 μm and do not have the 
same meandering structure [44,45]. 

SEM images of the same grain shown in the PFM images are shown in 
Fig. 6(c) and (d), before and after photochemical silver reduction, 
respectively. The brightest contrast in Fig. 6(d) corresponds to silver 
deposits. The silver deposition is non-uniform; in this case it 

Fig. 3. SEM images of La2Ti2O7 surfaces after the photochemical reduction of silver. High-reactivity grains are labeled with "H" while low-reactivity grains are 
labeled with "L". 

Fig. 4. Orientations of La2Ti2O7 grains with high reactivity and low reactivity 
are labeled in (a) and (b), respectively. Each point corresponds to a grain and 
the points are plotted in the standard stereographic projection for mono-
clinic crystals. 

Fig. 5. The orientation distribution of grains with high reactivity (red circles) 
and low reactivity (blue squares) for the photochemical reduction of silver. The 
units are multiples of a random distribution (MRD). 

Fig. 6. A La2Ti2O7 grain imaged with different modalities. (a) a PFM out-of- 
plane amplitude image. (b) a PFM out-of-plane phase image. A meandering 
black line in (a), marked by the arrow, corresponds to a change from light to 
dark contrast in the phase image. The dark (light) contrast corresponds to re-
gions with -180◦ (0◦) phase shift. (c & d) SEM images of the grain before (c) and 
after (d) photochemical silver reduction. 
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accumulates mainly on the central part of the grain and in the grain 
boundary grooves (silver in the grooved regions is not counted). Note 
that the grain surface is curved because of the grain boundary grooves. 
The central part is flat and has the macroscopic orientation measured by 
EBSD, while the periphery slopes downward at an angle of approxi-
mately 10◦ (See AFM data in Fig. S4). In other words, the periphery of 
the grain has a different surface orientation and, therefore, a different 
reactivity. More importantly, the patterns of deposited Ag in Fig. 6(d) do 
not correlate with the patterns of PFM contrast. An example of another 
grain exhibiting a similar irregular domain shape is illustrated in Fig. S5. 
Ferroelectric domains in this ceramic sample have sizes as large as 
several micrometers. The absence of a correlation between the deposited 
silver and PFM contrast contradicts prior studies of ferroelectrics 
including BaTiO3 [26], Pb(Zr,Ti)O3 [23], and BiFeO3 [25], in which 
domain selective reactivity was routinely observed. 

Fig. 7(a) and (b) show an example of the reactivity and domain 
structure of a grain that is closer to the (010) orientation. In this case, the 
grain normal is inclined by 17.6◦ from the polar axis. Positive domains, 
which have bright contrast, are marked with a "+" and negative do-
mains, which have dark contrast, are marked with a "-". In contrast with 
the surrounding grains, the grain near (010) reduces a very small 
amount of silver (see Fig. 7(a)), regardless of which domain is consid-
ered. Therefore, the domain structure has no observable influence on the 
reduction of silver (or absence thereof). 

4. Discussion 

The La2Ti2O7 structure is anisotropic, being made up of two- 
dimensional slabs of the perovskite structure (with four LaTiO3 perov-
skite layers) truncated along the [110] cubic perovskite direction 
(referred to as [110]p). These slabs are layered parallel to the La2Ti2O7 
(001) planes, with excess oxygen (O2) in the interlayer space between 
the slabs (and a concomitant relaxation of La into the region between the 
slabs). Hwang et al. [46] and Bruyer et al. [47] have calculated the 
electronic structure of La2Ti2O7 and found that it has a direct band gap. 
Because materials that have direct band gaps absorb light efficiently, 
they suggested that this is one of the reasons it is a good water splitting 
catalyst. Hwang et al. [46] also suggested that the photocatalytic 
properties benefitted from the energetic separation of the empty Ti 3d 
levels, near the conduction band edge, from the empty La 4f levels, 
which might act as trap states. 

Takata et al. [48] suggested that it was the layer structure that was 
responsible for the remarkable photocatalytic properties of La2Ti2O7. 
Specifically, they suggested that the layers between the [110]p oriented 
slabs provided additional active sites for the oxidation of water. If this 
were so, one would expect the orientations perpendicular to the [001] 
direction to appear active for oxidation. While we did not study the 
oxidation half of the reaction, we do know that these orientations are not 
active for reduction. When we compare the current results to the 

orientation dependent reactivity of other titanates with the perovskite 
and perovskite-related structures, there is little similarity, suggesting 
that the anisotropic layered structure influences the properties more 
than the local structural similarities with the perovskite structure. For 
example, to a first approximation, the (001) surface is structurally 
comparable to the (110)p surface (the similarity depends specifically on 
which chemical plane is chosen). The results here show that for 
La2Ti2O7, the photocathodic reaction occurs preferentially on the (001) 
surface, but in the perovskites BaTiO3 [24], SrTiO3 [18], and CaTiO3 
[15], the comparable (110)p orientation has the lowest photocathodic 
reactivity. 

The atomic structure of La2Ti2O7 surfaces has not, to our knowledge, 
been studied. The present study found that the surfaces are not faceted. 
However, for surfaces orientated near (001), a terrace and step structure 
was observed and this is consistent with previous studies [49,50]. 

Calculations of the band structure reported by Bruyer et al. [47] 
indicate that the layered structure leads to significant differences in the 
band edge positions perpendicular and parallel to the layers. Specif-
ically, they show that the conduction band edge in the [001] direction is 
about 0.3 eV lower in energy than the conduction band energy in the 
[010] direction (and the band gap differs by a similar amount). A 
schematic energy level diagram, illustrating the relative energies of the 
band edges perpendicular to the (001) and (010) planes, in the flat band 
condition, is illustrated in Fig. 8. Based on this energy difference, there is 
a thermodynamic driving force for electrons, which promote the pho-
tocathodic reaction, to migrate toward the (001) surface; this is 
consistent with the observation that the (001) surface has the maximum 
photocathodic reactivity. 

One aspect of the findings that is surprising is that the reactivity 
appears to be unaffected by the presence of ferroelectric domains, unlike 
nearly all of the previous ferroelectric compounds studied. One excep-
tion is that a previous study of Sr2Nb2O7 (which is isostructural with 
La2Ti2O7) also showed no clear evidence for spatially selective reactivity 
arising from ferroelectric domains [24]. However, that study was not 
conclusive because it was not possible to image domains to verify their 
existence and shape. Here, we can visualize the structure of the domains 
and see that silver is not deposited in patterns related to the domain 
structure. The most likely reason for this is that the surface band bending 
originating from the surface charge of the ferroelectric domains is not 
large enough to overcome the intrinsic difference in the band edge po-
sitions at different surfaces. Based on the 0.3 eV difference in the band 
edge positions calculated by Bruyer et al. [47], the ferroelectric domains 
on the (010) surface would have to bend the conduction band downward 
from its flat band position by at least this amount before the (010) 
surface could compete with the (001) surface for electrons. In compar-
ison, the energy of the conduction band in the rhombohedral phase of 
BiFeO3, which does show domain specific reactivity and has a similar 
ferroelectric polarization to La2Ti2O7, does not depend as strongly on 

Fig. 7. (a) SE image of a surface after photochemical silver reduction. The 
surface orientation of the grain in the middle is 17.6◦ from (010). (b) PFM out- 
of-plane image of the same area on sample. Positive domains are labeled with 
"+" while negative domains are labeled with "-". 

Fig. 8. Schematic energy level diagram at the La2Ti2O7/solution interface for a 
(001) oriented grain (a) and a (010) oriented grain (b), assuming the flat band 
condition. The energy scale is in Volts. EV, EF, and EC are the valence band edge, 
the Fermi level, and the conduction band edge, respectively. 
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orientation [51–53]. In other words, it is plausible that the more 
isotropic electronic structure of BiFeO3 makes it possible to observe 
domain selective reduction of Ag while the anisotropic electronic 
structure of La2Ti2O7 overwhelms the effects of the domains. 

On the other hand, it is also plausible that a difference in the band 
edge positions of 0.3 eV could be overcome by band bending arising 
from the domain polarization. Apostol et al. [54] used XPS to determine 
a binding energy shift of about 1 eV between the positive and negative 
domains on Pb(Zr,Ti)O3 surfaces and Höfer et al. [55] used photo-
emission electron microscopy to determine an energy difference of 1.3 V 
between the positive and negative domains on BaTiO3 surfaces. How-
ever, these measurements were in vacuum and screening in an aqueous 
solution by the chemisorption of water (the conditions of our experi-
ments) is expected to significantly reduce these values. For example, in 
the ambient atmosphere, Morris et al. [56] measured the band bending 
in BaTiO3 to be in the range of 0.3–0.5 eV during illumination. 
Furthermore, some amount of this band bending would occur on the 
neutral surface and the fraction that stems from the ferroelectric po-
larization is not known. The exact amount of band bending on La2Ti2O7 
will depend on the orientation, the surface composition, and the reac-
tion environment. Although accurate information about the band edge 
positions is currently unavailable, the observations are consistent with 
the idea that the anisotropy of the electronic structure is more influential 
than the charge associated with the ferroelectric domains. 

5. Conclusion 

Measurements of the orientation dependence of the reactivity of 
La2Ti2O7 show that the photocathodic reduction of silver is favored on 
the (001) surface while perpendicular surfaces reduce much less silver. 
This result is consistent with what is known about the anisotropy of the 
electronic structure, which favors the transport of electrons to the (001) 
surface. Ferroelectric domains on the surface were also characterized by 
PFM. The domains were found to have irregular shapes and there was no 
correlation between the pattern of silver reduction and the domain 
shape. The results indicated that the ferroelectric polarization of 
La2Ti2O7 does not alter the reactivity enough to overcome the influence 
of the anisotropic crystal structure. 
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Figure S1: Black line corresponds to the XRD pattern of the La2Ti2O7 powder synthesized with 
molten salt method in this work. Red line corresponds to a calculated pattern of the La2Ti2O7. 
(ICSD IDs: 5416 1950) 
 
 



 
Figure S2: An orientation map for the same location shown in Figure 1(b), with the confidence 
index (CI) assigned by the OIM Analysis Software labelled on most grains. 
 
  



 
Figure S3: A higher resolution SEM image after reaction for the large grain labeled “H” at left 
top of Figure 1(a), which is “near red” (near (001)) in Figure 1(b).  



 

 
 

Figure S4.  (a) Topographic AFM image recorded in contact mode, showing the same field of 
view as the images in Figure 6(c) and (d). The dark-to-white contrast shown is 500 nm. (b) 
Height profile extracted from the line dawn in (a).  
 

  



 

Figure S5 shows images of a grain (running from top left to bottom right through the center 

of all images) whose orientation is inclined by about 48° from the polar [010] axis. Figures S5(a) 

and S5(b) are SE images showing the surface before and after the photochemical reduction of 

silver, respectively. Figures S5(c) and S5(d) are PFM out-of-plane images, respectively of the 

amplitude and phase, of the same grain. Similar to the results shown in Figure 6, silver did not 

deposit uniformly and there is no correlation between silver pattern and PFM pattern. Note that 

there is an artifact in the PFM image where the complex shape of the domain is repeated; this 

results from the sloped surface, which sometimes causes the image to be formed from different 

areas of the tip. 

 

Figure S5: (a) an SEM image before reaction. (b) an SEM image of the same grain after silver 
reduction. (c) a PFM out-of-plane amplitude image of the same grain. (d) a PFM out-of-plane 
phase image of the same grain. Darker regions correspond to domains with positive polarizations, 
and brighter regions correspond to domains with negative polarizations. Arrows in (c) and (d) 
mark artifacts caused by a tip issue (see text).  



In this work, in order to illustrate the distribution of the two types of reactivity more directly, the 

angle of inclination of the grains from [001] was classified in bins 10° wide and the fraction of 

grains in each bin was assigned a population in units of multiples of a random distribution 

(MRD). MRD quantifies the ratio of the number of grains in a given bin to the number that 

would be if there is a random distribution. 

 
Table S1: Details of population analysis in Fig. 5. 
 
 Total Grains 

(#) 
Random 

Population 
High 

Reactivity 
(#) 

High 
Reactivity 

(MRD) 

Low 
Reactivity 

(#) 

Low 
Reactivity 

(MRD) 
0°~10° 2 0.015298 2 2.66808 0 0 
10°~20° 5 0.044812 5 2.27707 0 0 
20°~30° 6 0.073812 6 1.65893 0 0 
30°~40° 8 0.10015 7 1.42643 1 0.23221 
40°~50° 13 0.12384 8 1.31835 5 0.93895 
50°~60° 10 0.14309 7 0.99837 3 0.48758 
60°~70° 21 0.15710 10 1.29906 11 1.62835 
70°~80° 10 0.16841 0 0 10 1.3809 
80°~90+° 17 0.17349 4 0.47053 13 1.74261 
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