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1 |  INTRODUCTION

In an attempt to develop environmentally friendly fuel alter-
natives, interest has increased in the potential application of 
photocatalytic materials that use solar energy to split water 
and produce hydrogen.1,2 However, because known photocat-
alysts are too inefficient to produce hydrogen at competitive 
prices,3,4 it is important to understand how they can be im-
proved.5 Morrison detailed the most important characteristics 
a photocatalyst must exhibit to efficiently split water using 
sunlight.6 One important characteristic is the ability to spa-
tially separate the reduction and oxidation reaction sites on 
the catalyst surface, which decreases the recombination of 
photogenerated charge carriers and reaction products.6

Oxidation and reduction sites can be separated if differ-
ent areas of the catalyst surface have different surface po-
tentials, which results in relatively more photocathodic and 

photoanodic regions.6 Regions of different surface potential 
might arise from differences in orientation,7,8 chemical termi-
nation,9-11 or internal polarizations resulting from ferroelec-
tric12-14 or ferroelastic domains.15,16 Most of the prior work 
focused on how a single source of varying surface potential 
affected reactivity. Pisat et al17 recently showed that when the 
influence of both different surface orientations and different 
chemical terminations on the surfaces of SrTiO3 grains were 
considered together, surface orientation played the dominant 
role in determining the reactivity and the chemical termina-
tion affected reactivity in a secondary way.

The goal of this study was to determine the relative in-
fluence of surface orientation and the ferroelastic domain 
structure on the photocathodic reactivity of CaTiO3. The 
surfaces of ferroelastic materials have been shown to have 
relatively photocathodic and photoanodic sites associated 
with alternating ferroelastic domains that spatially separate 
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The orientations and surface structures of ferroelastic CaTiO3 crystals within a poly-
crystalline ceramic were measured by electron backscatter diffraction and atomic 
force microscopy (AFM) respectively. Surfaces annealed at 1250°C in air are made 
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{110} orientation had the least photocathodic reactivity, and surfaces with the {100} 
orientation had intermediate reactivity. While the {110} surfaces were essentially 
inert for photocathodic reduction, they were active for the photoanodic oxidation of 
Mn2+. Ferroelastic domains were observed to enhance and retard the photochemical 
reduction of silver on spatially alternating domains on 20% of the grains. However, 
domains had no influence on the reactivity of the other 80% and are therefore second-
ary to the surface orientation in determining the reactivity.
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photogenerated charge carriers.15,16 Munprom et al8,15,18 
found that on the surface of ferroelastic BiVO4, some ferro-
elastic domains were found to be reactive for reduction, and 
the others were active for oxidation. Pisat et al16 studied the 
photochemical reactivity of ferroelastic WO3, which has a 
more complex domain structure, but also showed spatially 
selective reactivity. The mechanism that creates spatially 
selective reactivity on ferroelastic domains is not yet clear, 
although the flexoelectric effect15,19 and point defect redistri-
bution have been proposed as possible mechanisms.20,21

CaTiO3 was selected for this study because it is fer-
roelastic22 and, having a perovskite related structure, is 
expected to exhibit orientation dependent reactivity simi-
lar to what has been documented for SrTiO3.7,17,23 Above 
1250°C, CaTiO3 has the ideal perovskite structure (Pm3m), 
in the range of 1250°C to 1000°C it distorts to a tetragonal 
symmetry (I4/mcm), and between 1000°C and room tem-
perature, it adopts an orthorhombic symmetry (Pcmn).24 
The lower symmetry structures result from octahedral tilt-
ing that alters the cation-anion bond distances, but not the 
coordination numbers of the ions. The reduction in sym-
metry that occurs during cooling produces a ferroelastic 
domain structure that locally reduces the strain associated 
with the phase transformations.25 CaTiO3 has a band gap 
of 3.5 eV, and although this is too wide to absorb visible 
light, it is suitable for use as a photocatalyst in ultra-violet 
(UV) light.26 The band edge positions are also appropriate 
for the reduction and oxidation of water, and particulate 
CaTiO3 has shown high photocatalytic activity for the pro-
duction of H2.26,27 More recently, H2 production from a hi-
erarchically structured CaTiO3 illuminated by visible light 
has been reported.28

2 |  METHODS

Polycrystalline CaTiO3 ceramics were created from CaTiO3 
powders (99.9%, Alfa Aesar) using conventional processing 
techniques detailed in the supplemental information. When 
the polished sample is annealed at 1250°C, it has the cubic 
structure and noticeable facets are formed on the surface. As 
it cools to room temperature, the material transforms first to 
the tetragonal phase, and then to the orthorhombic phase, cre-
ating ferroelastic domains.

Following annealing, the surface topography was imaged 
by atomic force microscopy (AFM), with a Solver-NEXT 
or an NTEGRA AFM (NT-MDT). The ferroelastic domain 
structure was imaged in backscattered electron (BSE) con-
trast using a Quanta 600 (FEI) scanning electron microscope 
(SEM). The orientations of the grains were determined using 
electron backscatter diffraction (EBSD), also using a Quanta 
600 (FEI) SEM. For both SEM imaging techniques, the acqui-
sition parameters included an accelerating voltage of 20 kV, a 

spot size of 5 nm, and a 10 mm working distance. For EBSD, 
the sample was mounted so that the surface was at a 70° angle 
to the electron beam. EBSD patterns were obtained for each 
grain and orientations were assigned assuming the cubic 
CaTiO3 structure. As mentioned earlier, the orthorhombic 
calcium titanate structure is a slight distortion of the cubic 
perovskite structure. The pseudo cubic lattice parameters of 
the orthorhombic calcium titanate structure (3.795, 3.822, 
and 3.849 Å) differ from the cubic structure by ≤ 1.4%. In 
practice, this makes it a challenge to differentiate the (100), 
(010), and (001) planes in EBSD patterns. Because of this 
challenge, and the expected physical similarity of these three 
planes, we simplified the problem by indexing the orienta-
tions in the cubic system. Note that when the facet structure 
forms at high temperature, the structure is cubic.

The orientations of facets on the surfaces of the grains 
were determined using the topographic AFM images and the 
measured grain orientations. A MATLab code17 was used to 
extract the geometry from the AFM images and to compute 
the surface normal in the sample reference frame. The Euler 
angles specifying the grain's orientation were then used to 
rotate the surface normal into the crystal frame, specifying 
the orientation of the facet. Some uncertainty arises in this 
process because of the finite size of the AFM probe; this un-
certainty is greatest for the smallest facets.

Marker reactions were used to identify the locations of 
photoanodic and photocathodic reactions on the surface.29,30 
When a photocatalytic sample is immersed in a solution bear-
ing appropriate metal cations and illuminated, insoluble re-
duction or oxidation products will be left at the site of the 
reaction.31 To identify reduction sites, CaTiO3 was immersed 
in a solution of 0.075  mol/L AgNO3 and illuminated with 
UV light of 150 W for 7 seconds to reduce silver. To identify 
oxidation sites, the samples were immersed in a solution of 
0.030 mol/L Mn(NO3)2·4H2O and illuminated with UV light 
of 210 W for 90 seconds, which produced manganese oxide 
particles. The reduction and oxidation reactions can be ex-
pressed in the following way30:

Following these marker reactions, AFM imaging was 
used to determine the location of the reaction products. Note 
that no sacrificial reagents were used in these experiments. 
Because of this choice, the rates of the reduction and oxi-
dation reactions written above were likely affected by rates 
of the complementary reactions, which are the oxidation and 
reduction of water respectively. The rates at which water is 
oxidized and reduced are of principal interest for the per-
formance of water splitting catalysts. The addition of easily 
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oxidized or reduced species might have led to different re-
sults, more characteristic of the marker reactions.

To quantify the spatial selectivity of the reactivity, the vol-
ume of the reaction product was measured by analyzing the 
topographic AFM images. For this measurement, the image 
of the surface before the reaction was subtracted from the 
image of the same area after reaction and the integral height 
difference provided a measure of the excess volume per sur-
face area that could be compared for different orientations 
or areas of the surface. In cases where some portion of the 
bare surface still remains visible after the reaction, two-di-
mensional height profiles also provide a quantitative assess-
ment of the amount of reaction product on different areas in 
an image.

3 |  RESULTS

Figure 1 compares SEM and AFM images of the same area 
of the CaTiO3 surface after polishing and annealing. The 
backscattered electron (BSE) image in Figure 1A shows al-
ternating stripes of light and dark contrast within the grains, 
created by the different orientations of the ferroelastic do-
mains. Examples of these domains are indicated by the 
white arrows in the image. Three types of ferroelastic do-
main boundaries have been identified in CaTiO3. Using the 
pseudo cubic perovskite indexing, there are 180° boundaries 
separated by (100) planes, 90° boundaries separated by (100) 
planes, and 180° boundaries separated by (110) planes.22,32 
It has been reported that the 180° boundaries separated by 
(100) planes are the most common and that (110) boundaries 
are not found in artificial crystals.22,25,32-35 If this is true, the 
parallel domain walls evident in Figure 3A are most likely 
(100) domain walls (or (101) in the orthorhombic system). If 
so, the two darkest V-shaped domains are likely to have been 
created by other (100) variants.

Figure 1B shows a topographic AFM image of the same 
area of the surface. Feint striped contrast within the grains 
represent areas of the surface that are slightly higher and 
lower and has the same direction and location of the domains 
seen in Figure 1A. The same domains are labeled with white 
arrows in both images, where the ferroelastic domains that 

appear as lighter gray in the BSE image are slightly raised in 
the AFM image. In Figure 1, there is also evidence of facet-
ing. Higher resolution AFM images show that some surfaces 
are flat as in Figure S1A (defined as having no steps higher 
than 3 nm), others have two facets as in Figure S1B, and the 
remainder have three facets as in Figure S1C.

The observation of faceted surfaces indicates that there 
are missing orientations in the equilibrium crystal shape.36 
In this case, the equilibrium shape might be made up of a 
small number of low energy facets. This idea can be tested by 
indexing the orientation of many of the observed faces and 
plotting them on a stereogram.37 This analysis, the details of 
which have been published previously,17 is described in more 
detail in the supplemental information section (see Figures 
S2 and S3). To determine the facet orientations on CaTiO3, 
50 points were accumulated from each of 40 different sets of 
parallel facets on grains with 30 different orientations. The 
results are plotted together on the stereogram in Figure 2A 
and show that the observations are consistent with the model 
that all surface orientations are replaced by combinations of 
{001}, {011}, and {111} orientations (pseudo cubic), or ori-
entations close to them. Note that some geometries require 
two nonparallel {011} type facets, so the stereogram is ex-
tended to include a second {011} surface, the (101) plane.

Based on these experimental observations, we constructed 
a model for the surface, illustrated in Figure 2B, using the 
conventions established by Cahn and Handwerker.37 The 
shaded region around {100} indicates that the {100} orien-
tation and orientations vicinal to {100} are all part of the 
equilibrium crystal shape. In this part of orientation space, 
the surfaces are flat. The tie lines indicate orientations that 
can be constructed from two distinct facets (those at the ends 
of the tie line). The unshaded areas indicate parts of orien-
tation space that must be constructed of three facets (those 
at the vertices of the triangular regions). In Figure 2C, the 
observed surface orientations are colored by the number of 
facets observed on the surface (the observations are now 
folded into the standard stereographic triangle for cubic ma-
terials because the grain orientations of (011) and (101) are 
indistinguishable). The criterion for a flat surface was that no 
steps larger than 3 nm were observed. The observations are 
consistent with the model, within the expected uncertainty of 

F I G U R E  1  Example of the 
microstructure in the CaTiO3 sample. A, 
BSE image of several grains following 
anneal. B, Topographic AFM image of the 
same area shown in (A). The vertical scale 
of the topographic image (from dark-to-
light) in (B) is 159 nm [Color figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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the orientation measurements. The model makes it possible 
to identify the facets expected on an arbitrarily oriented sur-
face, and the relative areas of those facets. As a final note, it 
should be mentioned that it is possible that there is a small 
range of vicinal surfaces around {111} and {110} (smaller 
than around {100}), but there was not enough data to confirm 
or refute that possibility.

AFM imaging, before and after the photocathodic reduc-
tion of Ag+, was used to determine the location of reaction 
products on the surface. With ceramics samples, there may 
be some concern that the grain boundaries or thermoelastic 
strains influence the reactivity. The grain boundaries were not 
observed to influence the reactivity (see Figure S4). While the 
thermoelastic strains in the microstructure might influence 
the domain structure, it does not suppress it, as illustrated in 
Figure 1 and Figure S4. Topographic AFM images of grains 
with single facet orientations near {001}, {011}, and {111}, 
respectively, are shown in Figures S5A-C before reaction, and 
in Figure 3A-C after the photochemical reduction of silver. 

The features that appear on the surface after the reaction are 
reduced silver and by comparing the topographic data in the 
same area before and after the reaction, it is possible to esti-
mate the amount of silver deposited. In this case, the amounts 
of silver on the {011}, {001}, and {111} surfaces were 1.05, 
2.42, and 6.19  nm3/nm2 respectively. Based on these mea-
surements, the {111} orientation is the most reactive and the 
{011} orientation is the least reactive. For the case of {011}, 
this is almost certainly an overestimate; note that the reduced 
silver is found almost exclusively at step edges which locally 
have a different crystallographic orientation. The amount of 
silver reduced on a perfectly flat surface would almost cer-
tainly be much smaller. These steps form to compensate for 
local deviations in the orientation from the ideal {011} ori-
entation. The steps most likely have orientations that are near 
other parts of the equilibrium crystal shape, such as {100} 
and {111}. Because these other orientations promote the 
photocathodic reaction, Ag+ is reduced selectively at these 
locations.

F I G U R E  2  A, Orientations of 50 points from 40 sets of facets on the surface of 30 different grains in the CaTiO3 sample. B, Surface model 
of the CaTiO3 sample. (C) Orientations of 29 grains plotted over the surface model shown in (B), folded into the standard cubic projection [Color 
figure can be viewed at wileyonlinelibrary.com]

F I G U R E  3  Topographic AFM images of an (A) (001) oriented grain, (B) (011) oriented grain, and (C) (111) oriented grain after the silver 
reduction reaction. AFM images of the same areas, before the reaction, are shown in Figure S5. The vertical scales of the topographic images (from 
dark-to-light) are: (A) 40.8 nm, (B) 22.6 nm, and (C) 36.2 nm [Color figure can be viewed at wileyonlinelibrary.com]

(A) (B) (C)

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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The topographic variations characteristic of the ferro-
elastic domain structure are visible in the images shown in 
Figures S5B,C; in the corresponding images after reduction, 
it is clear that silver reduced on all domains. In Figure 3C, 
one set of domains seems to have reduced less silver than the 
other, but this does not seem to be the case in Figure 3B. To 
quantify this visual assessment, we can measure the heights 
of the deposits and the excess volume on the different do-
mains and compare them.

In Figure S5B the ferroelastic domains are clearly visible 
at the surface of this {011} oriented grain, extending verti-
cally from the top to bottom of the image. Figure S6 shows 
the same area of this grain, following the silver reduction re-
action. As noted above, the amount of silver does not appear 
to vary with the domains. The square outlined by the green 
dashed line in Figure S6A shows the area used to calculate the 
volume of silver on the lower domain and the square outlined 
by the blue solid line shows the area used to calculate the 
volume of silver on the higher domain. The volumes of silver 
on the lower and higher domains were 1.29 and 1.37 nm3/
nm2 respectively. This 5% difference is not believed to ex-
ceed the uncertainty of the measurement. This result is fur-
ther supported by height profiles taken from the AFM image 
of the reacted surface. The locations of the heights profiles in 
Figure S6B are shown in Figure S6A by the dashed green and 
solid blue lines. While one domain is physically higher than 
the other, the differences in height between the silver and the 
surface are about the same for each, indicating that both do-
mains have about the same reactivity.

Figure  S7 shows a different area of the {111} oriented 
grain shown in Figure 3C. Figure S7A is an AFM image of 
the surface of the grain before the reaction, and Figure S7B 
shows the same area of the surface after the photocathodic 
reduction of Ag+. The ferroelastic domains in this grain can 
be seen in Figure S7A as stripes extending diagonally across 
the image. Visually, it is clear that the amount of silver depos-
ited on each domain is not uniform. The volume of silver on 
the topographically lower (higher) set of domains in the area 
marked by the box with the green dashed (blue solid) line in 

Figure S7B is 3.37 nm3/nm2 (7.81 nm3/nm2). Therefore, one 
set of domains has more than twice the amount of silver as 
the other. The height profiles plotted in Figure S7C, along 
the lines marked in Figure S7B, are consistent with the vol-
ume measurement because the heights of the silver deposits 
on the topographically higher domain (marked by the solid 
blue line) are larger than on the other domain (marked by the 
green dashed line). When we compare this to the findings for 
the {011} orientated grain discussed above, it is clear that, 
while grains with some orientations show spatially selec-
tive reactivity that correlates with the domain structure, not 
all orientations show the same phenomenon. For the grains 
without spatially selective reactivity, it is possible that the 
domains do not create sufficient polarization perpendicular 
to those surface orientations.38

For arbitrarily oriented grains whose surfaces are made up 
of two or three facets, the reactivity is nonuniform, with some 
of the facets being more reactive than others. Examples illus-
trating this phenomenon are shown in Figure 4 and Figure S8. 
The orientations of the reactive and unreactive facets were 
determined for each of these grains, and are indicated in the 
images. In every case, the facets reactive for reduction have 
either the {001} or {111} orientation, and the unreactive fac-
ets are {011} surfaces. Among the arbitrarily oriented grains 
studied, there are examples where spatial selectivity is cor-
related with the domain structure on some grains, but other 
cases where the reactivity is uniform and independent of the 
domain structure.

Recall that for an arbitrarily oriented surface, the geom-
etry and relative areas of the surface facets can be predicted 
based on the surface model illustrated in Figure 2B. Using 
this model, one can hypothesize that if we assign a magnitude 
of reactivity to each facet orientation, then the reactivity of 
an arbitrarily oriented surface is equal to the linear combi-
nation of those reactivities weighted by the relative areas of 
the facets. For the relative reactivities of the three facet ori-
entations, we will use the measurements for the three grains 
with near {001}, {011}, and {111} orientations, illustrated in 
Figure 3. Recognizing the uncertainty in the measurements 

F I G U R E  4  Topographic AFM images 
of grains with (A) one (001) and one (011) 
set of facets, (B) one set of (111) and one 
set of (011) facets. The vertical scales of the 
topographic images (from dark-to-light) are: 
(A) 90 nm, (B) 56 nm [Color figure can be 
viewed at wileyonlinelibrary.com]

(A) (B)

www.wileyonlinelibrary.com
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of the excess volume of silver, we approximated the ob-
served values of 1.05, 2.42, and 6.19 nm3/nm2 as 1, 2.5, and 
6 nm3/nm2 for the {011}, {100}, and {111} oriented surfaces 
respectively.

The orientation and reactivity were measured for 29 
grains and these results are summarized in Figure S9. The 
color of each point in the plot corresponds to the reactivity of 
the grain, measured in nm3 of silver per nm2 area of surface, 
the value of which is indicated by the color bar in the figure. 
When the reactivity is predicted based on the area-weighted 
reactivities of the flat facets, the results in Figure  S9B are 
obtained. The graph in Figure 5 compares the observed and 
predicted reactivities for each grain. The solid black line 
marks the points at which the observed value is equal to the 
predicted value, so points above the line represent grains with 
reactivities that are observed to be higher than predicted, and 
those below the line have reactivities lower than the predicted 
value. Grains represented by a green diamond had reactiv-
ity that was spatially selective and correlated with either the 
facet orientation or ferroelastic domain structure, and grains 
represented by blue squares had spatially uniform reactivity.

To locate the oxidation sites on the surface, a marker re-
action that oxidizes Mn2+ in solution to solid MnOx on the 
surface was used. Figure  6A shows the surface of a grain 
with {001} and {011} facets, prior to any reaction, Figure 6B 
shows the same area after silver reduction, and Figure  6C 
shows the same surface following the Mn oxidation reaction. 
It can be seen in these images that the {011} facets, which 
are not reactive for reduction, have MnOx particles on their 
surface, and are therefore active for oxidation. However, the 
two reactions are not completely complementary. The {001} 
orientation and the junctions between the two facets, which 
are active for reduction, also appear to have some activity for 
oxidation.

4 |  DISCUSSION

The results presented here show that the photocathodic reac-
tivity of CaTiO3 surfaces varies strongly with the surface ori-
entation. An earlier study that photo deposited Ag on CaTiO3 
particles noted that Ag+ was selectively reduced on certain 
facets, but did not determine the orientations.39 The current 
work finds that grains of {111} orientation are the most re-
active for reduction, and those with orientations near {001} 
were also reactive for reduction. However, surfaces close to 
the {011} orientations were almost inert for reduction. For 
arbitrarily oriented surfaces that are made up of facets, {001} 
or {111} facets were reactive for reduction, and {011} fac-
ets were unreactive for reduction but active for oxidation. 
This implies a greater surface potential and a greater amount 
of upward band bending for the {011} surface. The greater 
upward band bending draws holes to the surface to promote 
oxidation while slowing the transport of electrons to the sur-
face, which inhibits the reduction reaction.38 These results 
show some similarity to results from SrTiO3, which has the 
ideal perovskite structure and has been studied in greater de-
tail.9-11,17,23,40 For SrTiO3, all of the past studies agree that 
{001} is the most reactive for reduction and that {011} is the 
most reactive for oxidation. Most studies of the reactivity of 
{111} surfaces have been on single crystals, and this surface 
has proven to be capable of oxidizing or reducing, depending 
on its preparation.9-11 It is interesting to note that the model 
for the surface structure of CaTiO3 is similar to that deter-
mined for SrTiO3 annealed at 1200°C.7 Furthermore, we ob-
served no evidence that CaTiO3 surfaces that are distinct in 
the orthorhombic system, but equivalent in the cubic system, 
had different reactivities.

A comparison of observed reactivities and those predicted 
by considering the reactivities of the component facets was 
presented in Figure 5. For the points falling along the black 
line, or within the uncertainty limits marked by the dashed 
lines, there is not a significant difference between the observed 
and predicted reactivity of the grain. Most of the points which 
lie outside of this region fall above the line, demonstrating 
that the observed reactivity of the grain is higher than the 
value predicted through a linear combination of the reactiv-
ity of the component facets. It is noteworthy that all of these 
points are on grains where there is some spatial separation 
of the reaction sites. This suggests that the spatial separation 
of photocathodic and photoanodic sites increases the reactiv-
ity beyond that expected from the component facets alone. 
In cases where there are step edges, there might also be an 
enhanced contribution from those steps. However, the differ-
ence between the observed and predicted reactivity for these 
grains decreases as the predicted reactivity increases and is 
never more than double the predicted reactivity. Therefore, if 
the spatial separation of photocathodic and photoanodic sites 
on the faceted surfaces increases the reactivity of the grains, 

F I G U R E  5  Graph of the experimentally observed amount of 
reduced Ag compared to that predicted based on the reactivity of the 
low index faces and their relative areas [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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it is not by a factor of more than two. Finally, it should be 
noted that even on the surfaces designated as 'flat', spatial se-
lectivity is not completely eliminated. For example, the step 
edges on the {011} surface (See Figure  3B) provide some 
separation of charge, even though this was classified as a sur-
face without facets and spatial selectivity.

Figure 6 shows that the {011} surface is completely un-
reactive for reduction but active for oxidation, and the {001} 
surface is bifunctional; it can reduce silver and oxidize man-
ganese. This might explain why the impact of having com-
plementary photocathodic and photoanodic domains does not 
increase the reactivity more significantly. The bifunctional-
ity of the {001} surface means that charge carrier separation 
is not a requirement for the complete reaction to proceed. 
Therefore, adding {011} facets with more photoanodic sites 
may not have as significant an influence on the overall reac-
tion rate as expected.

The influence of the ferroelastic domain structure on 
the reactivity was obvious only on selected grains and, even 
when it was obvious, was less influential than the surface ori-
entation. CaTiO3 has also been reported to be ferroelectric 
when subjected to sufficient strain,41,42 but this level of strain 
(1.5%) is not expected in a polycrystal, so it is unlikely that 
a ferroelectric phase in some of the grains could account for 
observations. It should also be noted that the existence of this 
ferroelectric phase remains the subject of debate.43 While 
the ferroelastic domain boundaries themselves have been re-
ported to be polar,44-46 in no circumstances were the boundar-
ies alone observed to be more or less reactive than the nearby 
surfaces. In fact, the influence of the ferroelastic domains in 
CaTiO3 on the photochemical reactivity appears to be much 
smaller than for WO3 and BiVO4.

15-16,18 One possibility is 
that the differences in the surface potentials between the fac-
ets of different orientation are greater in CaTiO3 than for the 
previously studied cases, and this overwhelms the influence 
of the domains. It is also possible that the domains in CaTiO3 

do not separate charge as well as WO3 and BiVO4. One sig-
nificant difference between the domains in these materials 
is their typical sizes. Both WO3 and BiVO4 had domains a 
few hundred nanometers in width,15,16 while those in CaTiO3 
are typically several times larger. It is possible that the larger 
domain size makes it more difficult to separate carriers be-
cause they have to be transported over greater distances. 
Calculations for BaTiO3 have shown that photochemical re-
activity is optimized at a domain size of about 200 nm, and 
reactivity then decreases for larger domains.47

Another way that CaTiO3 differs from BiVO4 and WO3 that 
might contribute the reduced influence of the domain struc-
ture on the reactivity is the absence of the anti-ferroelectric 
state found in the latter two compounds.15-16,18 Both BiVO4 
and WO3 are anti-ferroelectric and both have a ferroelectric 
phase below room temperature; neither statement is true for 
CaTiO3.

19 Anti-ferroelectric materials generally exhibit a large 
coupling constant between the polarization and magnitude of 
the strain gradient in the material, and these types of materials 
often have a higher potential to form polar units.19 Therefore, 
it is possible that this allows the surfaces of these materials to 
form a strong polar state corresponding to the ferroelastic do-
main structure, contributing to the spatial separation of photo-
anodic and photocathodic reaction sites. Finally, if the polarity 
of the ferroelastic domains has its origin in the partitioning 
of charged point defects,20 and CaTiO3 is closer to an ideal 
stoichiometry than BiVO4 and WO3, then this would lead to 
smaller polar charges which would be consistent with the re-
duced spatial selectivity of the reduction reaction.

5 |  CONCLUSIONS

Arbitrarily oriented CaTiO3 surfaces, when annealed in air at 
1250°C, are made up of combinations of flat facets with ori-
entations near {001}, {011}, and {111} (using pseudo cubic 

F I G U R E  6  Topographic AFM images of the same surface (A) before marker reactions, (B) following the silver reduction reaction, and 
(C) after the manganese oxidation reaction. The vertical scales of the topographic images (from dark-to-light) are: (A) 32.0 nm, (B) 35.8 nm, (C) 
31.0 nm [Color figure can be viewed at wileyonlinelibrary.com]
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symmetry). The photochemical reactivity of CaTiO3 shows 
a significant dependence on the surface orientation. Surfaces 
with the {111} orientation are the most active for reduction, 
followed by those with orientations near {001}, and grains 
with {011} orientations are the least reactive. The {011} 
orientations are active for oxidation. When {011} facets are 
present on the same surface with {111} or {001} facets, the 
photocathodic reduction reaction happens exclusively on the 
{111} or {001} facets. In some cases, the spatial selectiv-
ity of the reaction corresponds to the pattern of ferroelastic 
domains. However, this was not true in all cases where do-
mains were observed. Overall, the photochemical reactivity 
of CaTiO3 is mostly determined by the surface orientation 
and the ferroelastic domain structure has a smaller influence.
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