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ABSTRACT

Polycrystalline hematite, SrTiOs (111), and SrTiOs (110) single crystal surfaces
exhibit spatial variations in the electric potential due to surface chemisorption,
reconstruction, orientation, and bulk polar termination. Such potential variation can bias
the motion of photogenerated carriers, and can therefore impact photochemical surface
reactions. In this document, it is first demonstrated that surface potential variations on a
single surface can be measured by Kelvin Probe Microscopy (KPM). Moreover, the KPM
contrast is correlated with the photocathodic and photoanodic reactivity of a terrace or
surface orientation. Second, to investigate if charge at a buried interface could control the
reactivity of supported films, thin (001) oriented anatase TiO. films (< 16 nm) were
deposited on SrTiO3z (111). The films exhibit the same photochemical reactivity as the
substrate. This observation suggests that electrons photogenerated in the substrate migrate,
under the influence of the buried surface charge induced electric field, to the film surface,
where they participate in the photo-reduction reaction.

To optimize the overall photochemical reaction efficiency, one needs to balance the
surface area ratio of photocathodic and photoanodic surfaces so that the consumption rate
of electrons and holes during the reaction can be equalized. As a strong correlation between
surface potential and photo-reactivity exist, one can achieve this goal by controlling the
potential variation of photocatalyst’s surface. Here, it is demonstrated for both SrTiOs
(111) and (110) single crystals, that it is possible to tune the surface continuously from

being terminated by predominantly high surface potential terraces to predominantly low



surface potential terraces, simply by varying the annealing conditions. As for hematite, it
is demonstrated the surface potential is orientation dependent. Therefore, hematite particles
with larger surface areas of high surface potential facets should be more efficient for the

photo-reduction reaction.
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Chapter 1 Introduction

1.1 Motivation

Photocatalysis is a promising method to produce hydrogen, a high energy density
clean energy source, on large scale by directly splitting water using solar energy.* During
the reaction, electrons and holes photogenerated in the volume of a photocatalyst migrate
to the catalyst surface where they can respectively reduce and oxidize water and produce
hydrogen and oxygen gases. However, photocatalysis is not yet a commercial technology
because of its low efficiency under visible light irradiation. Currently, research has focused
on two routes for splitting water. The first route uses photoelectrochemical cells (PECs)
with separated reaction locations and the second uses powdered catalysts distributed
throughout water.

For PEC systems, photogenerated carriers are separated on the macroscale to
different electrodes; hydrogen evolves at the cathode and oxygen evolves at the physically
separated anode. The configuration of PECs make naturally separates eletron-hole pairs
and, therefore, decreases recombination of photogenerated carriers and back reactions of
chemical intermediates.? 3 Unfortunately, the cost of constructing long lived and efficient
PECs hinders its commercial application. Also, the overall efficiency is limited by the rate
of charge carrier or ion transfer between the reactive electrodes. 2

Powder photocatalysts have the potential to be fabricated at much lower costs than
PECs, but their efficiencies are much lower. Their low efficiency is frequently attributed

to two primary causes: photogenerated carrier recombination and chemical intermediate /



product back reactions.* ® Powder photocatalysts can be considered as a short-circuited
version of a PEC, where different regions of the powder surface perform the photocathodic
and photoanodic functions. Because a uniform photocatalyst contains no effective charge
separation mechanism, carriers remain in close proximity, as do the cathodic and anodic
surface sites. The traditional approach to addressing this has been to decorate the surface
with a co-catalyst, leading to reaction separation and some driving force for charge
separation. This has not, unfortunately, lead to the creation of useful photocatalysts.

More recent work has focused on natural inhomogeneities in some photocatalysts
to separate the carriers and reaction sites. For example, some photocatalysts have natural
internal electric fields, such as ferroelectrics® 7, which drive photogenerated carriers to
different surface regions, resulting in the reduction and oxidation products being spatially
separated.® Some photocatalysts have naturally occurring anisotropic photocatalytic
surface reactivity, such as TiO2,° BiVOa,'° SrTiOs!! and Fe,O3'2. For these materials, some
orientations are significantly more reactive in the photocatalytic reduction or oxidation
process than other orientations, while some orientations are inert for photochemical
reactions. Therefore, a catalyst should be mainly constructed by those photochemically
reactive facets to increase the efficient surface area for the reaction.® As the overall
reaction rate is determined by the slowest step, to split water, one needs to balance the
surface area ratio of photoreduction and photooxidation facets, so that the consumption
rate of electrons and holes during reaction can be equalized, and the overall efficiency can

be maximized. However, more work is needed to realize precisely how to achieve this.



1.2 Objectives

The research described in this document has two goals. The first goal is to
investigate how photochemical reactions are related to surface potential. Building off of
this, the second goal is to develop an ability to tune the overall photochemical activity of a
catalyst by controlling relative surface coverage of photoreduction (photocathodic) and
photooxidation (photoanodic) reactive areas.

The local surface potential of an oxide surface is determined by the work function
and local surface charges (and charge distribution in the near surface region of the catalyst).
Surface charge can originate from natural polar terminations, from bound charge associated
with internal polarizations (in ferroelectrics, piezoelectrics, or flexoelectrics), and from
adsorbed surface species. Differences in local surface potential can induce electric fields
within the photocatalyst. If the potential gradient is sufficiently large (and the electrical
conductivity is sufficiently low), the motion of charge carriers will be affected. Generally
speaking, electrons will be directed to the high surface potential regions, as bands are bent
more downward at surface; while holes will be directed to the low surface potential regions,
as there is more upward band bending. The projects described here are motivated by the
idea that a facet or atomically flat terrace with more positive or less positive surface
potential will promote either reduction or oxidation processes, respectively, and that this
will lead to a spatial separation of Hz and Oz generation sites. In this work, I am interested
in how local surface charge affects orientation-dependent reactivity in polycrystalline
Fe2O3 and terrace reactivity in single crystalline SrTiOs.

Potential differences and internal fields also exist at buried interfaces in

heterostructured photocatalysts, and these can play a role on the photochemical activity of

3



heterostructures. Previous observations on TiO-/ferroelectric heterostructures'* ** showed
that the internal field originating from the spontaneous polarization in the buried
ferroelectric influenced the photochemical activity of the TiO2 overlayer. Motivated by
this, I am interested in whether buried surface charge on non-ferroelectric SrTiOs single
crystals can be captured and if it influences the reactivity of TiO> overlayers. | will
investigate the hypothesis that internal fields at the buried substrate surface control the
reactivity of its overlayers (films).

My investigations of tuning the photochemical activity through controlling surface
area ratio of high or low surface potential terraces are motivated by the concept that a
catalyst surface that attracts photogenerated electrons or holes will exhibit higher
efficiencies in photoreduction or photooxidation reactions, respectively. It is hypothesized
that a semiconductor surface that is mainly constructed by relatively high or low potential
terraces will participate preferentially in redox reactions. To test the feasibility of these
ideas, experiments were performed to answer the following questions:

1. Do measured surface potential correlate with the spatial location of
photochemical half reactions on the surfaces of Fe;O3; and SrTiOs3 catalysts?

2. Can the SrTiOs; catalyst's overall photochemical reactivity be tuned by
modifications of the area percentage of high or low potential surfaces
(terminations)?

3. Do potential differences at buried interfaces in TiO2/SrTiO3 heterostructures

affect the photochemical activity of the film surface?



1.3 Approach

The approach taken in this research relies on two main experimental methods:
photochemical marker reaction to investigate the spatial variation in reactivity and Kelvin
Force Microscopy (KFM) to measure the spatial variation in surface potentials. Marker
reactions leave insoluble reaction products on the photocatalyst surface, thus marking the
reduction or oxidation sites. The products can be located on the surface using atomic force
microscopy (or other microscopy methods). Subsequently, the location of specific reaction
sites, and their relative reactivity, can be correlated with the local surface potential
measured at the reaction sites.

To address the first question posed above, | studied the correlation between the
reactivity and surface potential of all orientations of polycrystalline hematite Fe>Os, and
(111) and (110) surfaces of single crystal perovskite SrTiOz. Hematite was chosen because
it is reported to exhibit various surface reconstructions**® and to accommodate differently
charged adsorbates,”1° both of which are orientation dependent. As such, we expect the
local surface potential also to depend strongly on orientation, as should (therefore)
reactivity. Randomly oriented polycrystalline hematite ceramics were used to observe the
spatial dependence of reactivity and surface potential over the range of all possible
crystallographic orientations. For SrTiOg, the ideal bulk terminations of (111) and (110)
surfaces are polar. These ideal surfaces can either be terminated by positively charged or a
negatively charged layers. In reality, the surface rearranges in some fashion, which is likely
termination dependent, and may yet yield two distinct surfaces with different potentials

(this will be demonstrated). Given two oppositely charged surfaces on a single crystal, one



can investigate the correlation between local surface potential and reactivity in a uniform
bulk.

To address the second question, the relative areas of the two different chemical
termination on either SrTiOs (111) and (110) single crystal surfaces was controlled using
thermal anneals in different atmospheres. Appropriate anneals were developed by
measuring (with KFM) the area percentage of high and low potential surfaces. The
photochemical activities were then observed using marker reactions on predominantly high
or low potential surfaces. The overall photochemical activity is quantified as the relative
amount of products after reaction, using the area percentage of surfaces that covered with
products to represent the photochemical activity.

To address the last question, TiO2/SrTiOs (111) heterostructures were fabricated.
The potential distribution and spatial reactivity of the SrTiOs (111) substrate were
addressed above, and the spatial reactivity at the TiO> film surface can be correlated and
compare to that. Because the impact of the buried layer is expected to diminish with
increasing TiO2 thickness, investigations are carried out at different thicknesses. The
hypothesis is that the spatial reactivity of thin TiO> layers will be correlated with that of

the underlying SrTiOs substrate surfaces.

1.4 Organization

This document contains eight chapters. It starts with this introductory chapter, and
the remaining chapters are:

® Chapter 2 contains background information on photocatalytic water splitting,



internal electric fields in photocatalysts, KFM measured surface potentials, and
relevant properties of Fe;Os, SrTiOsz and TiO2/SrTiO3 heterostructure, such as
structure, possible reconstructions, adsorption species and energy band
diagrams.

Chapter 3 introduces the details of the experimental techniques used for
fabricating, characterizing, and testing the photocatalysts.

Chapter 4 focuses on the orientation dependence of the visible-light
photochemical reactivity on polycrystalline Fe2O3 (hematite) and its correlation
with the orientation dependent surface potential (addressing question 1).
Chapter 5 focuses on making the same correlation between surface potential and
photochemical reactivity on annealed single crystal SrTiOs (111) surfaces.
Through thermal annealing methods described therein, the fractional surface
coverage of high or low surface potential terraces are tuned, and the
photochemical reactivity changes are modified accordingly (addressing
questions 1 & 2).

Chapter 6 focuses on making nearly identical correlations to those in Chapter 5,
except for using annealed single crystal SrTiOz (110) surfaces. Moroever, a more
extensive demonstration of surface control through annealing is demonstrated
(addressing questions 1 & 2).

Chapter 7 addresses the effects potential differences at the buried interface have
on the photochemical reactivity of overlayers in TiOz/SrTiOs (111)
heterostructures (addressing question 3).

Chapter 8 summarizes the results and findings of this thesis.
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Chapter 2 Background

This chapter will introduce the relevant background for the research projects
introduced in Chapter 1 and described in detail later in this document. The chapter is
broken down into subsections devoted to: photochemistry at semiconductor surfaces,
internal electric fields in photocatalysts, charged surfaces, surface potentials, the structure

and anisotropy of Fe2Os and SrTiOsz, and heterostructured TiO2/SrTiOz photocatalysts .

2.1 Photochemistry on Semiconductor surfaces

In a typical particulate semiconductor photocatalyst, an electron in the valence band
is excited to the conduction band when a photon with an energy greater than the band gap
(hv > Ey) is absorbed, leaving a hole in the valence band. This process is indicated in Fig.
2.1 by the orange arrow, on the left hand side. After such a photoexcitation, some of the
electrons and holes migrate to the surface of the photocatalyst prior to recombination (if
they are not at the band edge, they can also move in energy space towards the band edges).
If these electrons/holes have an appropriate energy relative to specific ions in solution, they
can reduce/oxidize these ions. Several relevant redox levels (water reduction, or the

hydrogen level, water oxidation, or the oxygen level, Ag* reduction, and Pb?* oxidation)
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are given in Fig. 2.1 as horizontal lines, their position being relative to the normal hydrogen
electrode (NHE) scale (shown on each side of the figure). For example, in a photocatalytic
water splitting process, the photocatalyst’s conduction band edge needs to lie above the
hydrogen level (0 V/NHE) and valence band edge needs to lie below the oxygen level (1.23
VINHE).! If so, electrons in the conduction band and holes in the valence band can act as
reducing and oxidizing agents, respectively, to produce Hz and Ox.

In this project, I aim to study the correlation between surface potential and
reactivity. One needs to, therefore, spatially determine preferred reaction sites. In the water
photolysis process, the evolution of gaseous hydrogen and oxygen cannot be easily tracked:;
therefore it is impossible to locate the reaction site and compare the relative spatial
reactivity. However, using the marker reactions, surface locations covered with more
products are considered to be more reactive than other locations.? %4> As such, silver and
lead marker reactions were used as indicators of reduction and oxidation reactions,
respectively. Electrons in the conduction band need to be above the Ag™ reduction level of
0.8 V/NHE,? 3 and holes in the valence band need to be below the Pb?* oxidation level of
1.69 V/NHE.* ® The insoluble Ag® or PbO; solids can be detected by optical microscopy

or AFM. The relative position of the redox levels for Ag* and Pb?* are shown in Fig. 2.1.
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Figure 2.1. Schematic of illustration the basic theory of photolysis and the band position
of materials relevant to the following research, including Fe2O3, SrTiOz and TiO-

The (flat) band positions of all materials studied in this document— Fe>Og, SrTiOs,
and TiO>—are shown on the right hand side of Fig. 2.1, indicating they should all be active
for the marker reactions chosen. Hematite has a narrow band gap of 1.9 eV~2.3 eV, which
renders it a good absorber of visible light. Because its conduction band lies 0.21 eV’ below
the hydrogen scale, it cannot be used to produce hydrogen. However, we can still study its
reactivity for reduction using a marker reaction, and correlate it to the surface potential,
because the Ag*/Ag® redox level is still well below its conduction band level. SrTiOs and
TiO, are wide band gap materials. SrTiO3 has a band gap of 3.2 ~ 3.4 eV’ and TiO; has a
band gap of 3.0 eV for rutile phase® and 3.2 eV for anatase phase.® ° Due to their
relatively large band gaps, both phases only absorb UV light to generate electrons and
holes. For both materials, the conduction bands lies slightly above the redox level of H*/H?

and their valence bands lies well below the redox level of Pb2*/Pb*" (as does that of
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hematite). Therefore, all materials are capable of photochemically catalyzing the relevant

reactions.

2.2 Internal Fields in Photocatalyst

The efficiency of powdered photocatalysts is inhibited by carrier recombination and
product back reactions.! Recombination means photoelectrons and holes recombine before
participating in surface reactions. When the evolution sites of hydrogen and oxygen are
nearby one another, back reactions can occur between reactive intermediate species or
products. Internal electric fields drive electrons and holes in different directions, reducing
recombination and, if surfaces have spatially varying internal fields driving reactants to
different surface locations, the photoreduction and oxidation processes occur at different
sites, reducing back reactions.!! By this means the overall photocatalytic efficiency can be
increased.

Four possible sources of electric fields within photocatalyst are shown in Fig. 2.2.
In the cases of ferroelectric materials (Fig. 2.2(a)) and polar interfaces (Fig. 2.2(b)), the
internal fields are generated from physical charges associated with the photocatalyst's
crystal structure. A ferroelectric material has a spontaneous polarization? > 4 which
means it exhibits a non-zero electric polarization in the absence of external fields.
Ferroelectrics are non-centrosymmetric and the internal polarization occurs because the
positive and negative charges have different centers in the unit cell.?® Classic examples of
ferroelectric materials are BaTiOs and Pb(Zr«Ti1x)O3 (PZT), which have distorted

perovskite structures (SrTiOz adopts the undistorted parent perovskite structure, described
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later). The internal dipolar field within a ferroelectric causes photogenerated carriers to
move in opposite directions, which separates electrons and holes and cause oxidation and
reduction products to be generated at different locations. Inoue et al.!® demonstrated that a
positively poled ferroelectric PZT produced 10-40 times more hydrogen during photolysis
than negatively poled PZT. Most ferroelectrics, however, are not uniformly poled: they
contain domains in which the polarization varies, which lowers the overall electrostatic
energy. As such, the surfaces of ferroelectrics are expected to (and do) exhibit spatially
non-uniform reactivity associated with the domain orientations.

Polar surface terminations can be created when an ionic crystal is cleaved along a
direction parallel to the normal of internal planes that have non-zero formal charges (see
Fig. 2.2(c)); the two new surfaces are thus oppositely charged.!” Examples abound in ionic
crystals, and two of interest here are the (111) and (110) surfaces of SrTiOsz and the (0001)
and (1210) surfaces of hematite.'® ¥ These surfaces are all constructed from planes that
alternate between positive and negative charges in the bulk structure. A variety of
mechanisms can act to minimize or offset the charge imbalance at a polar surface!’ (as is
the case for ferroelectric surfaces), one of which is the creation of an internal field to screen
the surface charge. This internal field can then act to separate carriers and spatial
reactions.'? Because charged surfaces are the focus of this work, the effect of charged
surfaces on photochemistry are described in the next section (82.3). Most surfaces contain
a mix of these polar surface terminations (i.e., are not singly terminated by one type of
charged plane), and may exhibit spatial selectivity to reactivity that follows termination

type similar to domain specific reactivity on ferroelectrics: this is a focus of my work.
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The mechanisms of charge separation in p-n junctions (Fig. 2.2(b)) and polymorph
junctions (Fig. 2.2(d)) are similar. When two phases are joined, including different
composite materials or materials with different doping levels, the electrons come into
equilibrium (by transferring between phases) and the Fermi levels align. An internal field
associated with the transferred charges (Fermi level shifts to equilibrate) develops and acts
to separate photogenerated charge carriers. Electrons are driven “downhill” to lower energy
states and holes are driven “uphill” to higher electron energy states. Descriptions of
photocatalysts that take advantage of the internal fields in p-n or polymorph junctions are

described elsewhere.2% 2

n-type PC p-type PC

(b)

(d ) Phase A PhaseB

polarinterfaces polymorph junctions

Figure 2.2. The internal field enhanced photogenerated charge carrier separation: (a)
ferroelectric polarization; (b) p-n junctions; (c) polar interfaces; and (d) polymorph
junctions. (PC: photo catalytic active materials; SC: semiconductor). (This figure is
reproduced from Li et al.’s publication®?)
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Though this research is mainly focused on the internal field induced by polar
surfaces (case (c) in Fig. 2.2), I also include research on junctions that have surface charges
at the interphase junctions (interfaces), such as heterostructured coated photocatalysts,
which combines the effects of polar surfaces and junctions. When necessary, we will

discuss the combination of such effects later in the document.

2.3 Charged Surfaces

As discussed above, surface charges cause band bending, which can separate
electron-hole pairs near the surface.?? As shown in Fig 2.3(c), if the surface is positively
charged, the bands bend downward, because the electron feels an attractive force toward
the surface (and its energy is lowered at surface). Similarly, when the surface is negatively
charged, the bands bend upwards, because the electron feels a repulsive force and its energy
increases at surface.?® Therefore, downward band bending will benefit the reduction half
reactions because its electric field drives electrons to the surface. Upward band bending
will benefit oxidation half reactions, because holes are driven to the surface.

Direct evidence that positively charged surfaces promote reduction reactions and
negatively charged surfaces promote oxidation reactions have been shown on PZT and
BaTiOs ferroelectric surfaces.?* 2° For these ferroelectric surfaces, a positive (negative)
domain refers to a uniform region where positive (negative) charges terminate the surface,
as shown in the right (left) side of Fig. 2.2(a). Using a PZT thin film, surface charges
(domains) were "written™ using a conductive AFM probe; application of a negative

(positive) 10 V was used to write positive (negative) domains.?* For the BaTiOz sample,
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positive and negative domains were written directly using electron beams.? Photocatalysis
experiments carried out on these samples found that Ag* was only photoreduced on the
positive domains and Pb?" was only photooxidized on the negative domains.?® These
observations agree with the expected band bending from the screening the ferroelectric
surface charges.

A semiconductor surface can be charged from the polar bulk surface termination
(described above) or from the chemisorbed species on the surface. A classic example of a
polar surface terminated material is zinc oxide (ZnO). ZnO has a hexagonal wurzite
structure, which is polar along the c-axis. The (0001) plane of ZnO can be terminated by a
positively charged Zn?* layer or negatively charged O? layer. Therefore, a perfectly flat
bulk-truncated ZnO (0001) surface would either be positively or negatively charged,
depending on which of these two layers terminate the surface. As for the chemisorption
induced charging layer, the most common chemisorption would be oxygen and hydroxyls
as the samples used in this document are exposed to air and solutions. The chemisorption
can introduce charges to the original surface and thus affect the surface’s charge state. For
example, oxygen chemisorption on ZnO surface will change the charges of Zn?* ion by the
following reaction?’:

Zn*s+ 05> Zn*0s > Zn*'Os + &

H20 will also be chemisorbed on the just mentioned ZnO (0001) polar surface
through Zn-O-H bonding.? The interaction between -OH and Zn site is much stronger than
the O site, thus the Zn terminated (0001) has higher density of chemisorption than O
terminated (0001) surface. Overall, most surfaces studied in reaction conditions are very

different from the ideal surfaces or those found in vacuum. Even for surfaces of exactly the
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same orientation, charges associated with chemisorption differ according to the local
surface structure and bonding. To provide a better understanding of the anisotropic surface
state of materials studied in this document, their structure and surface adsorption species

will be elaborated in 82.5.

2.4 Surface Potential on Oxide

Photochemical reaction sites are thought to be correlated directly to the local
surface potential of a photocatalyst surface, as described above. One method to investigate
surface potential is using Kelvin probe force microscopy (KFM). The potential measured
using KFM is actually the contact potential difference (Ecpp) between the photocatalyst
surface and the conductive KFM probe. Fig. 2.3 shows a schematic of the relevant energy
diagram between tip and sample. For illustration, the local work function at the sample
surface (ps) is assumed to be less than the work function of the tip (oT) (both are defined
as positive definite numbers). The schematics are drawn with the Fermi levels aligned
(sample surface and tip in equilibrium) and the contact potential difference (Ecep)

represented by the discontinuity in the vacuum level (Vvac).
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Figure 2.3. Schematic electronic energy level diagrams of a sample (left side) and a
conductive AFM tip (right side). In (a) and (b), the sample surface is charge neutral and
Ecrp = s - @1. The sample surface work function in (b) is larger than (a). In (c) and (d) the
sample surfaces are charged negatively and positively, respectively. The band bending
before charging is drawn in dashed line. Compared to that, the surface charges modified
Ecep. In (c) the magnitude of Ecpp is decreased, while in (d) it is increased.

Fig. 2.3 (a) and (b) depict the case for two facets of the same piece of oxide,
assuming both do not have bound surface charges. As many oxides are n-type material due
to oxygen vacancies, bands are slightly bent upward. However, facets can have different
work functions, as work function differs for each orientation and is also sensitive to
preparation parameters. The surface termination itself can be electronically different, and

may have surface states that attract more or less electrons (these states are not depicted in
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the figure). The Figure supposes the facet in (b) has a larger work function than (a), which
means the surface in (b) has more electrons than that in (a). Because the bulk below each
surface is identical, the Fermi levels are aligned within the material in equilibrium; thus
the surface in (b) has more upward band bending than in (a). The contact potential
difference is usually defined as : Ecro = ¢s — 1. The KFM measured surface potential is
opposite in sign, but proportional to the magnitude of Ecpp,?® which can be expressed as:
¢rrm = -a (Ecrp) = a (@7 - ¢s) (Eg. 2.1),

where a is a constant (0O<a<1) that relates to the machine settings. Thus, as the work
function of a surface is increased, the Ecpp should become less negative (more positive)
and the measured surface potential is less positive (more negative). As depicted in Fig. 2.3,
the facet shown in (b) would have a lower KFM surface potential than (a).

Fig. 2.3(c) (Fig. 2.3(d)) depicts the changes in Fig. 2.3(a) if that surface was charged
negatively (positively) with bound surface charges. A space charge develops in the
semiconductor and the bands bend more upward (downward) at the surface. As the
magnitude of band bending changed, the contact potential difference changed accordingly.
Therefore, negative surface charges decreased the magnitude of Ecpp, resulting in a lower
surface potential (Fig. 2.3 (c)), while the positive surface charges give a higher surface
potential value (Fig. 2.3 (d)). The differences between Fig. 2.3(a) and Figs. 2.3(b) / (c) are
similar because both arise from a negative charge density at the surface, an electronic one
in (b) and a chemisorption one in (c).

In general, for surface potentials measured on the same piece of oxide, a higher
potential value corresponds to more downward (less upward) band bending at surface,

while a lower potential value corresponds to more upward (less downward) band bending.
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This near surface band bending will also modify the field experienced by photogenerated
carriers, and therefore we hypothesized the photochemical reactivity should correlate with
the surface potential. As downward (upward) band bending will attract more electrons
(holes) to the surface, the high (low) surface potential facets or terraces are expected to be

more reactive in photoreduction (oxidation).

2.5 Material’s Structure and Anisotropy

251 HEMATITE

Hematite adopts the corundum structure, as shown in Fig. 2.4(a); the unit cell is
hexagonal with a=0.5034 nm and ¢=1.374 nm.* In this structure, close packed planes of
O? are stacked along the [0001] direction in hexagonal®! close packing (hcp) and Fe®* fills
two thirds of the octahedral sites in planes parallel to (0001). The FeOe octahedra have a
slight trigonal distortion resulting from edge sharing between three neighboring octahedra
in the (0001) plane and face sharing with one octahedron in the [0001] direction (two face
sharing octahedral are highlighted in Fig. 2.4(a)).®? Because the corundum structure has
low symmetry, orientations have low multiplicities. Several factors that will influence the

surface charges of different orientation are discussed here.
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(b)

Figure 2.4. (a) Corundum structure of hematite and the trigonal distortion in two face
sharing octahedral. (b) H>O chemisorption species on hematite surfaces. Singly
coordinated, doubly coordinated, triply coordinated hydroxyl groups will introduce
different amount of charges.

Surface termination: The prismatic (0110) and (1100) planes are non-polar, while the
prismatic (1210) and the basal (0001) surfaces are both polar. The bulk-truncated (0001)
is shown (viewed from the side) in Fig. 2.5(a), with a negatively charged oxygen (positively
charged iron) plane shown as the upper (lower) surface. The bulk-truncated rhombohedral
(1102) plane can also be either Fe or O terminated (see Fig. 2.5(b)), which indicates it
could be polar. However, the iron layers are almost on the same plane as one of the adjacent

oxygen layers (0.35 A difference), which renders this plane essentially non-polar. In Fig.

2.5(b), the same (1102) oxygen plane is shown with the upper (lower) surface representing
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the polar (nearly non-polar) version. As described in the main chapter of hematite project
(81), the real surfaces of hematite differ considerably from these ideal versions, but their
terminations still vary with orientation and they can be charged. Note that all of the above
facets are stable, on the Wulff shape of hematite. Among them the (1102) plane has the

lowest surface energy.

Figure 2.5. Schematics of hematite viewed along (a) [2110] and (b) [1101]. The dashed
black lines indicate (a) (0001) and (b) (1102) surfaces. Oxygen terminated planes are
depicted on the upper surfaces. The lower surfaces have (a) pure iron termination and (b)
mixed termination. The larger red (smaller brown) spheres represent oxygen (iron) and
grey lines represent bonds between them.

Surface chemisorption: Hematite exposed to air exhibits chemisorption of O, and H-O.
Chemisorption of Oz occurs in one second when the pressure is higher than 102 Torr.%*
The chemisorption of O2 will not only introduce charges to the original surface, but also
affect the electronic structure. For example, the work function of the (0001) surface with
O chemisorption is 0.8 eV larger than others without chemisorption (measured by UPS
spectrum), ** and the value of measured surface potential by Kelvin force microscopy
(KFM) is expected to change accordingly. The anisotropic chemisorption of H.O on

hematite was studied by various groups. The pressure threshold for H>O chemisorption is

10* Torr® and the partial pressure of H,O in air varies from 10-33 Torr. Researchers
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found that the anisotropic chemisorption of H>O can greatly affect the charge density of

each orientation. Generally, there are three types of adsorbed hydroxyls: single-, double-
and triple-coordinated hydroxyls, with —%, 0, +§, charge states respectively, as shown in

Fig. 2.4(b). The (0001) surface is terminated predominantly by double-coordinated
hydroxyls. Other orientations that bear different amounts of single- and triple-coordinated
hydroxyls are more reactive in protonation or de-protonation reactions that affect charge
accumulation.® Because chemisorption depends on orientation, and also induces different
charge accumulations, the surface potential differs for each orientation.
Surface reconstructions: For hematite, different preparation processes will result in
different types of surface reconstructions for each orientation. For example, reports show
that the (0001) face of hematite has several types of reconstructions as a function of
annealing temperature (from 800<C to 1000<C) and oxygen partial pressure during the
anneal. At lower temperatures, an FesOs (111)-type layer appears on the surface; and at
higher temperatures, an Fe1xO(111)/a-Fe203(0001) interface occurs for high vacuum
annealing.®” Similarly, for hematite (1102), the surface could be (with respect to the bulk
termination) deficient of iron, stoichiometric, or stoichiometric and hydroxylated,
depending on how the surface was polished and annealed.®® 3 Of course different
reconstructions result in different surface charge densities and different work functions.
Currently there are limited numbers of non-UHV studies correlating specific
surface terminations and surface charge densities with surface preparation methods.
Moreover, nearly all prior work has focused on specific low-index planes, such as (0001),
(1102), (1100). A comprehensive surface structure study of all possible orientations of

hematite is very challenging as so many factors influence the outcomes. In this study, | am
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interested in how the surface potential influences local reactivity, and the surface potential
is also a function of these many factors. Herein, | measure the surface potential by KFM
and aim to determine whether a general relation between the surface potential and
orientation of Fe,O3 exists, whether it is stable in reaction conditions, and whether it

influences local reactivity.

2.5.2 STRONTIUM TITANATE

SrTiO; crystallizes in the ABOs cubic perovskite structure (space group Pm3m)
with a lattice parameter of a = 0.3905 nm and a density of p = 5.12 g/cm33! The Ti*" ions
are octahedrally (sixfold) coordinated by O? ions, where each of the Sr? ions is surrounded
by eight TiOs octahedra. SrTiOs has mixed ionic-covalent bonding properties. Within the
TiOg octahedra, hybridization of the O-2p states with the Ti-3d states leads to a pronounced
covalent bonding, while the interaction between Sr?* and O% ions exhibit ionic bonding
character. The following paragraphs are focused on the two low-index polar planes of
SrTiOs: (111) and (110) (the (100) is non-polar). Experiments carried out using single
crystal SrTiOs (111) and (110) surfaces are described in Chapters 5, 6, and 7 of this

document.
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Figure 2.6. Schematic of SrTiO3 viewed along [001] direction. The (110) planes is
highlighted by the transparent gray planes. In the picture, along the [110] direction the step
height between SrTiO*" and O,* atomic layers are 3N(110) (N(110) = 0.138 nm). The (111)
plane is shown in the right. The Ti atoms highlighted by yellow outlines are one atomic
layer above the SrOs* layer, the spacing between these two layers are N1y = 0.112 nm.

Surface terminations: The polar terminations of (111) and (110) SrTiOz surfaces are
depicted in Fig. 2.6. The (111) surface is terminated by either a Ti** layer or a SrOz* layer.
The spacing between different layers is 21 i1 = \é—ga = 0.112 nm. The (110) group of

surfaces can have either a SrTiO*" termination or an O2* termination. Spacing between

these two layers is 21 di0= \1—7 a=0.138 nm.

Surface chemisorption: Ferrer et al. studied the chemisorption of Hz, H.O and O2 on
SrTiOs (111) surface. They found that Hz, H-O and O, chemisorbs on a reduced SrTiOs3
(111) plane that has Ti®" species stacking over one monolayer at the surface. When the

sample was irradiated with band gap light, the oxygen was photodesorbed from the surface.
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However, UPS data showed that the hydroxyl concentration increased when the surface
was irradiated. On a stoichiometric SrTiOs (111) crystal that had no Ti** present, the
surfaces were chemically inert. This result is closely related to our experiments as, when
we do marker reactions, the SrTiOz (111) surface is immersed in an aqueous solution and
exposed to UV irradiation (photons exceeding the band gap energy). Therefore, the
theoretically Ti*" terminated SrTiOs (111) surfaces are very likely to bear hydroxyls during
photochemical reactions. Considering this, the actual surface charges that influence the
band bending during the reaction could be very different from the bulk terminations.
There are two studies focused on water adsorption on (1 x n) reconstructed SrTiOs
(110) surfaces.*> %2 Generally, for a surface with highly oxidized Ti sites, most commonly
TiO4 units, the surface was relatively stable and the adsorption of water molecules was
weak. However, when there were Ti®" sites at the surface, such as for sputtered (1 x 10)
surfaces, water was first dissociated at oxygen vacancies, and then water molecules
or OH groups were strongly absorbed to the surface.
Surface reconstructions: For SrTiOs (111) surfaces, a series of (n > n) reconstructions
occur after thermal annealing. Experiments found that annealing in atmospheric air
produced a highly oxygen enriched (9/5 x 9/5) reconstruction, and annealing in high
temperature vacuum environment formed a very reduced TiO (111)-(2 <2) nanophase on
the surface. Annealing in lower O pressures and higher temperatures all contributed to
greater oxygen depletion of the (111) surface; the more oxygen depleted the surface was,
the higher the concentration of Ti that was found at the surface.*® There is also a conflicting
observation that annealing in oxygen gas produced a trenched and Ti rich surface, while

annealing in argon gas produced a Sr rich surface. Compositions were determined by
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coaxial impact collision ion scattering spectroscopy (CAICISS).3¢ 4 This is not surprising
because the topography images of SrTiOz (111) samples from these two works look quite
different, although both samples were annealed in oxygen atmosphere. Differences in
experimental details, e.g. sampled cleaned by Ar" bombardment or ultrasonic cleaning,
could determine the final surface structure. Overall, (111) surfaces form a large variety of
different stable terminations. Less work has been carried out on the SrTiO3z (110) surface,
but similar observations have been made. When annealed in a UHV environment, the
surface adopted (1 >n) and (n x<1) reconstructions. When the (110) surface was annealed
in air or oxygen atmospheres between 900 and 1100<C, (1 x2), (2 x5), (3 x4), and (4 %

4) reconstructions were observed, depending on specifics of the process.*> 46 47

2.6 Photocatalysis with TiO2/SrTiOs heterostructure

In Chapter 5 and 6, | will show that the surface potential and reactivity of SrTiO3
(111) and (110) crystals can be controlled through thermal anneals. In Chapter 7, |
investigate whether the reactivity of such a SrTiOsz (111) surface influences the reactivitity
of a thin TiO, overlayer, similar to that reported previously for coated ferroelectrics®.
Therefore, a detailed description of the energy level diagrams for such a heterostructure is

described in this section.
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2.6.1 ENERGY LEVEL DIAGRAMS OF T102 AND SRTIOs

SrTiOz is reported to be a n-type semiconductor, likely owing to the oxygen
vacancies.*® Data for its energy levels are taken from Robertson et al.’s reports. %%, Its
electron affinity, or the distance from the vacuum level Eyac to the conduction band edge
Ec, is estimated to be 3.9 eV. The band gap is = 3.3 eV, which is an average from all of the
reported values. Its Fermi level (called the charge neutral level in some reports) is estimated
to be ~2.6 eV above the top of its valence band Ey (or 0.7 eV below the bottom of the
conduction band).

TiOz is typically an n-type semiconductor, again with oxygen vacancies as the
major defect type. %0 For rutile, the band gap is 3.0 eV and its Fermi lelvel is located
around 0.2 eV below the bottom of its conduction band Ec8. The rutile’s reported work
function, or the distance from the vacuum level Evsc to the Fermi level Eg, is 4.2 eV.>! For
the anatase phase, the band gap is 3.2 eV ® 52 and the Fermi level is only 4.2 %102 eV
below the conduction band>®. The reported electron affinity is ~ 4.4 eV.%® In the
experiments described in Chapter 7, heterostructures of (mostly anatase) TiO2 /SrTiO3
were fabricated and characterized, and schematics of their respective energy level

diagrams, before they are in contact, are depicted in Fig. 2.7
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Figure 2.7. The energy level diagram of SrTiOz on the left and the band structure of anatase
TiO2 on the right. From top down, Evac is the vacuum level; E. is the conduction band; Er
is the Fermi level; Ey is the valence band, for both semiconductors.

2.6.2 ENERGY DIAGRAMS OF THIN FILM TIO2/SRTIO3

When the TiO2 and SrTiOs come into contact, a transfer of charge carriers across
the interface takes place until the Fermi levels are aligned. Because the work function of
SrTiOs (work function ¢=4.6 eV) is slightly larger than anatase (¢ =4.4 eV), electrons flow
from TiO to SrTiO3 to establish equilibrium. This results in SrTiOs having downward
band bending at the interface and TiO having upward band bending. In the experiment,
since the TiO film is in contact with a AgNO3 solution during the photochemical marker
reaction process, the surface condition of the TiO> has to be considered. Generally, TiO-
has upward band bending at surface,?! creating an energy barrier for electrons getting to
the TiOz/water interface. The complete energy diagram including TiO2/SrTiOs; and
TiO2/solution interfaces is drawn in Fig. 2.8, for relatively thick TiO2 (meaning the two

interfaces relax fully into the bulk TiO2). The redox level of Ag*/Ag is also depicted in the
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diagram; it lies within the band gap of TiO.. Therefore, the TiO. is capable for

photoreducing Ag* from solution.
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Figure 2.8. The energy level diagram of TiO2/SrTiOs in contact with solution. At the
surface of TiO- film, the band bend upward. The redox level of Ag*/Ag 0.9 eV below
conduction band of TiO2 (0.8 eV/NHE).

Note that, in general, the thickness of the depletion layers are on the order of
100 nm?* ®* and the dimension of TiO2 drawn in Fig. 2.8 is large enough to accomodate
full relaxation of the band bending. However, the heterostructures used in my experiments
have only a very thin TiO> film (between 1 and 16nm thick), thinner than the space charge
region of TiO». Because the TiO- film are deposited on SrTiOs substrate, which is supposed
to have polar terminations, surface charges at TiO2/SrTiOs interfaces should also be
considered in depicting the band diagram. Fig. 2.9 shows potential energy level diagrams
for TiO2/SrTiO3 heterostructures, with ultra thin TiO2 on two different SrTiOz (111) polar

terminations.
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Figure 2.9. The energy level diagrams of a SrTiO3 (111) substrate and a anatase TiO> film
in contact with solution in the case of (a) negatively charged and (b) positively charged
termination. The bands at the TiO2/SrTiOs interface bend upward in (a) and downward in
(b) corresponding to the sign of surface charges. Band bending cause electrons in case (a)
is repelled from the interface and electrons in case (b) is driven to the interface then diffuse
to the TiOz/solution interface where photochemical reactions happened.

As noted before, the ideal unreconstructed SrTiO3 (111) surfaces are terminated by
either Ti*" layer or SrOs* layer. At the surfaces of negatively charged terminations as
shown in Fig. 2.9(a), SrTiO3’s electron energy levels will bend upward at TiO2/SrTiO3
interface, creating a potential barrier to prevent electrons in the conduction band from
migrating to the TiO. film. Therefore, when the sample was illuminated by band gap
irradiation, photoelectrons created in the SrTiOz are repelled from the interface into the
interior of the SrTiOs and probably recombine with a hole. The opposite occurs at the
positively charged interface (Fig. 2.9(b)). In this situation, the conduction band edge bends
downward, facilitating the migration of electrons to the TiO> film. The excited electrons

are driven to the TiO> film by the potential gradient at TiO2/SrTiOs interface, then through

the TiO- film to reach the surface where they can participate in photochemical reactions. |
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will test whether photochemical reactions support the existence of such band bending in

Chapter 7.
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Chapter 3 Experimental

The purpose of this chapter is to describe the general sample preparation method
and characterization techniques used in this research, while specifics are also given in the
following results chapters. The main methods for sample preparation covered in this
chapter are solid-state reaction of ceramics and pulsed laser deposition of thin films. The
characterization techniques addressed include photochemical activity determination,
optical microscopy, scanning probe microscopy, orientation determination, and the thin

film phase and thickness characterization.

3.1 Sample Preparation
3.1.1 SOLID-STATE REACTION & SAMPLE ANNEALING

To study how the photochemical activity and surface potential of hematite depend
on substrate orientation, ceramic polycrystalline pellets were fabricated via a solid state
routel. First, Fe,O3 powder (Alfa Aesar 99.945 %) and 1.5 wt% polyethylene glycol binder
(PEG, MW8000) were ball milled overnight in ethanol using yttria-stabilized zirconia

grinding media. The slurry was then put in a drying oven at 85 <C to evaporate the ethanol.
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The dried powders were put in a stainless steel die and compressed into pellets under a load
of 5000 pounds/cm?. The pellets were ~ 1 cm in diameter and 2-3 mm in thickness. Then,
the pellets were placed into an alumina crucible (99.6%) and covered with excess of
hematite powder. The pellets were annealed at 600 <C for 12 hours to burn off the binder
and then sintered at 1250 <C for 48 hours. The heating and cooling rates were 10<C/min.
The random texture of the as synthesized Fe,O3 polycrystalline pellets allows the properties
to be measured across the entire range of possible orientations.

After synthesis, the Fe.O3 pellets were polished using a Logitech auto-polisher
(Logitech PM5, Glasgow, Scotland). First, the pellets were lapped flat with an aqueous
Al>03 suspension (grain size = 3 um). Because Fe203 is a hard material, a typical time for
lapping flat is around 1 hour. After lapping flat, the pellets were polished with a 0.02 um
colloidal SiO2 (Buehler) or 0.05 um Al2O3 (Allied) and a polyurethane polishing pad for 4-
5 hours, to result in surfaces with roughnesses < 10 nm. The polished pellets were carefully
washed by DI water. Note that, if the sample was polished using SiO> suspension, it was
first immersed in a 10 % NaOH solution and ultrasonically cleaned for 1 hour to dissolve
SiO2 residue on the surface before DI water washing. To repair damage from polishing and
improve surface crystallinity, the polished and cleaned Fe>Os pellets were heated at 10
<T/min to 1100 <C, annealed for 6 hours, and cooled to room temperature at ~10 <T/min.

For the experiments involving SrTiOz, we used commercially available single side
polished SrTiOz (111) and (110) single crystals (MTI company, +/- 0.5 roughness <
15 A). The sample was sonicated for 10 min, first in an acetone and then a methanol bath.
The sample was annealed above 1000 <C in a covered alumina crucible. The SrTiOsz (111)

and (110) surface developed a step and terrace structure after annealing, leaving the
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terraces atomically flat. To prevent possible contamination from the muffle furnace,
samples were contained in covered high-purity alumina combustion boats while annealing.

No other precipitate or contamination phases were found based on XRD and XPS results.

3.1.2 PULSED LASER DEPOSITION (PLD)

Atomically flat TiO2 thin films from 1 to 16 nm thick were grown using pulsed
laser deposition (PLD). Deposition parameters are adopted, with minor adjustments, from
previous work in which TiO2 films were grown on BiFeOs and BaTiO3 substrates.? >4 A
schematic illustration of a PLD set up is depicted in Fig. 3.1. The KrF laser (248 nm
wavelength) is first focused though lenses before entering the chamber. The focused laser
enters the vacuum chamber through the quartz optical window and hits the rotating target
surface. A plume of the target material is ablated in a direction normal to the target surface.
The size and shape of the plume in the vacuum chamber is determined by the energy density
of the incident laser and the vacuum pressure. The plume’s shape and size directly
determines the amount of target material arriving at the substrate surface for film growth.
Therefore, it directly affects the growth rate and roughness of the film surface. The
substrate is glued to the substrate holder by silver paste. During the deposition process, the
substrate holder heats the substrate to a designated temperature. As the plume reaches the
substrate, the target material diffuses on the surface and crystallizes to form a film.

A deposition chamber from Neocera (Beltsville, MD) was used for all film growth
described in this dissertation. A KrF excimer laser (Coherent, Santa Clare, CA, wavelength
= 248 nm) was used for ablation. Before depositions, the substrate was sonicated for 10
minutes each in an acetone and methanol bath. The cleaned substrate was affixed to the
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substrate holder using silver paste cured at 120 <C. The target was mounted and the target
to substrate distance was fixed at 6 cm in the deposition chamber. The chamber was then
evacuated to a pressure of ~ 10° Torr and the substrate heated to the designated temperature
with 15 <C/min heating rate. Once the temperature was reached, a flow of oxygen was
introduced to the chamber to maintain the desired pressure of deposition. For all deposition
process, the output laser energy density was set to 2 J/cm?. Before actual deposition, the
target was cleaned and conditioned for 15 minutes by pulsing the laser at 3 Hz. A shield
was put between the target and substrate to block the plume from reaching the surface.
After conditioning, the shield was removed, and the target was hit with a predetermined
number of laser pulses at specified rates to deposit the films. Immediately after deposition
was completed, the chamber was sealed, and oxygen gas was vented into the chamber to
minimize the number of oxygen vacancies. Then the chamber was cooled to room
temperature using a 25 <C/min cooling rate.

The substrate temperature and the pressure of oxygen during deposition are two
key parameters that control the phase of film, while the laser energy density, number, and
rate of laser pulses control the film thickness and roughness. The exact deposition
conditions for TiO; films were adopted from previous studies,? > # with minor adjustments.
In general, TiO> films were deposited at 700 <C, in 30 ~ 40 mTorr Oz, with the laser pulsed
at 3 Hz. Although the output laser density was set to 160 mJ/pulse (= 2 Jicm?), it was
decreased to less than half of the original energy because residue on the quartz window
absorbed some of the energy. However, the deposition rate using the dirty quartz window
produced a very low reproducible growth rate resulting in atomically flat films, so we did

not modify the procedure (i.e., we did not remove the residue).
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Figure 3.1. Schematic of the pulsed laser deposition vacuum chamber used in this work,
showing the location of the substrate, target and incident laser beam.

3.2 Characterization Techniques

3.2.1 MARKER REACTION

Silver-reduction and lead-oxidation marker reactions have been used for a long time
to characterize the photoreduction and photooxidation reactivity of many materials,
including TiO,,> © BaTiOs, SrTiOs,” BiFeOs® and BiVO..® The reduction of Ag" by
photoelectrons and oxidation of Pb?" by photoholes are described by the following

reactions:

Ag’ (aq) + e = Ag(s)
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Pb?* (aq) + 2H20 (I) + 2h* = PbO; (s) + 4H*

Since both reactions leave insoluble products on the surface, a photocatalyst’s
surface will have Ag or Pb-containing particles deposited after reaction corresponding to
the photoreduction and photooxidation sites, respectively. Note that the produced Ag or
Pb-containing particles can be removed after sonicating in acetone or methanol bath for 10
minutes, followed by swiping with cotton swabs. The cleaned surface can be repeatedly
used for other photoreactions. The counter reaction for silver reduction (lead oxidation) is
the oxidation (reduction) of water, but the produced O (H>) is dissolved into the solution

and cannot be detected in the experiment.

Light source

Viton O-ring

Solution

Figure 3.2. Schematic of photochemical marker reaction

The setup for the photochemical marker reaction experiments is depicted in Fig.
3.2. A Viton O-ring (> 1 mm thick) was placed on the sample surface and the interior
volume was filled with 0.115 M AgNOs or Pb(CH3COO). solution. A quartz slip was
placed on top, sealing the solution in the O-ring by capillarity without an air bubble. Then,
a commercially available blue LED light source (Apeak = 470 nm, Philips Lumileds, San
Jose, CA) or a mercury arc lamp (Newport, Irvine, CA) was placed with its lens facing
downward and in contact with the quartz slip. For all experiments, the power of the blue

LED was set to 3 W and the mercury lamp’s power was set to 300 W. After switching off
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the blue LED, the quartz cover slip and the O-ring were removed, and the sample was
immersed into de-ionized water twice to wash off remaining solution. The surface was then
dried using a 99.995% nitrogen gas stream. The light source used for each experiment was
determined by the sample’s band gap. Because hematite has a narrow band gap of 1.9
eV ~ 2.3 eV, it is a good absorber of visible light, and the blue LED light was used in the
photochemical marker reactions. TiOz and SrTiOs have wider band gaps and can only
absorb UV light, so the mercury lamp was used for reactions on SrTiOz single crystals and

TiO2/SrTiOs heterostructure.

3.2.2 CHARACTERIZATION OF SURFACES AFTER MARKER REACTION

After the marker reactions were carried out, the distribution of products (Ag or
PbO2) were mapped to determine the photoreduction or photooxidation sites on a sample
surface. Two main characterization techniques that were used in this dissertation were
atomic force microscopy (AFM) and dark field optical microscopy.

AFM measures the surface topography by sensing the force between a sharp tip and
the (much flatter) sample. As the tip moves across the surface and the local height of the
sample surface changes, the amplitude of the tip’s oscillation changes and this alters the
intensity of the laser reflected from the back of the tip. This change in the location of the
laser is sensed by a photodetector and the microscope adjusts the height of the tip to until
the previous (target) oscillation amplitude is restored. The height adjustment is recorded,
which corresponds to the height change in the sample surface. The standard deviation of
such height measurements is around 1 A, allowing reaction products significantly larger
than this to be detected. However, mapping a reacted surface by AFM is limited by the rate
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of image acquisition and the lateral field of view. The maximum scan rate for an AFM
topography measurement with satisfactory image quality is 30 um/s and the maximum
image area (without forming a montage) is limited to 100 um > 100 pum. Therefore, using
AFM to characterize large area surfaces is time-consuming; if a sample has a large grain
size, a single image only covers a few grains.

An AFM (NTegra or Solver-NEXT, Russia) was used to examine the surface
topography of all hematite, SrTiOs, and heterostructured sample surfaces, both before and
after marker reactions. Sharpened pyramidal silicon probes (NSG10 or FMGO01, nt-mdt,
Russia) were used to map the surface in a semi-contact mode. In this thesis, the local height
of the surface is represented in two dimensional color images by the color brightness. One
example of an AFM topography image of a reacted surface is shown in Fig. 3.3(a). The
sample was an annealed hematite polycrystal after a silver photoreduction marker reaction
was conducted under blue LED illumination. The bright contrast in the image is attributed
to the silver particles, selectively deposited on some of the grains. The heights of silver
particles can be directly measured from the AFM height profiles. From the image, the
spatial selection is obvious. The photoreduction reactive grains almost have no reactant
deposit on it. Therefore, the migration of reactants from neighboring grains is unlikely.
Marker reactions only happen locally, and are a straightforward way to highlight the

photoreduction and photooxidation sites on surface.
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Figure 3.3. (a) AFM topography image, (b) dark field optical microscopy image and (c)
processed dark field optical microscopy image of the same area of the surface of an
annealed hematite polycrystal after a silver marker reaction.

To observe the distribution of reaction products over a much larger field of view,
dark field optical microscopy was used to image Fe>Os surfaces after silver reduction
reactions. In dark field microscopy, the contrast is created using light scattered from the
sample surface and captured in the objective lens. It is ideal for revealing abrupt height
change on sample surfaces. Rather than illuminating the sample with a full cone of light,
as done in bright field microscopy, the condenser lens forms a hollow cone in dark field
microscopy, resulting in weak contrast in dark field microscopy. An example dark field
optical microscopy image is shown in Fig. 3.3(b). The grain boundaries and silver particles
appear as bright contrast in the image because they scatter light (here using yellow light
illumination), and dark field microscopy yields bright contrast for strongly scattering
regions. The hematite grains without silver deposits are (nearly) atomically flat and do not
scatter light strongly (they reflect it) and, therefore, have dark (black) contrast.

To improve the contrast and make it possible to quantify the amount of product on
each grain, we processed the dark field image using Photoshop and Matlab software. First,

the acquired dark field microscopy image was converted in to a black and white image
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using Photoshop. We found that in the black and white microscopy image, the grey value
of pixels in the silver particles were generally greater than the neighboring pixels that
belong to the grain surface by six brightness values (on a zero to 255 brightness scale).
According to this, a Matlab program was used to set the pixels that belongs to silver
particles and grain boundaries to be white (gray value=255). The resulting image processed
from that in Fig. 3.3(b) is shown in Fig. 3.3(c). The contrast in Fig. 3.3(c) is greatly
enhanced compared to the original image in Fig. 3.3(b). Below is the Matlab program

script:

A=imread(‘Image.tif’);
for i=2:(size(A,1)-2)
for j=2:(size(A,2)-2)
if A(i,j)>(A(i-1,))+20)

A(i,))=255;
else if A(i,j)>(A(i+1,j)+20)
A(i,))=255;
end
end
end
imshow(A)

imwrite(A,'Processedlmage.png’,’png’);

When compared to the AFM image of the same area (Fig. 3.3(a)), the white pixels
in the processed image (Fig. 3.3(c)) represent well the distribution of silver particles. The
area that has more silver particles according to the AFM image, has a higher density of
white pixels in the processed image. Moreover, the processed image allows us to quantify
the reactivity by calculating the percentage of white pixels for each grain. The physical
meaning for the fractional white pixel value is the percentage of a grain area that is covered

by silver particles. For this calculation, white pixels associated with, or close to, the grain
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boundaries were excluded for the statistics; in other words, silver particles at the grain
boundaries were ignored. This is because, first, contrast from particles and grain boundaries
are hard to distinguish, and second, light absorption in the grain boundary area is different
than other flat facets, so that the photochemical activity at grain boundaries cannot

comparing with others.

3.2.3 KELVIN PROBE MICROSCOPY: SURFACE POTENTIAL

MEASUREMENT

Because my hypothesis is that the specific photochemical reaction sites are directly
correlated to the local surface potential of photocatalysts, including polycrystalline Fe2O3
and SrTiO3(111) and (110) single crystals, a method to quantify the local surface potential
is needed. The local potential of the surface was measured by amplitude modulated Kelvin
probe force microscopy (AM-KFM). The KFM technique is a two pass scanning probe
force microscopy technique, essentially a method based on AFM. In the first pass, the
surface height is measured by conventional AFM in semi-contact mode. In the second pass,
the conducting AFM probe is lifted to a fixed distance from the surface. If the tip and the
sample have different work functions (Fig. 3.4(a)) or the sample is charged (Fig. 3.4(b)),
there is a Coulomb force between the conducting tip and the sample. To enhance the
Coulomb interaction and make it easier to detect, an AC voltage is applied at a frequency
that causes the probe to vibrate. Then an adjustable DC voltage is applied to fully
compensate the charges, so the Coulomb force is nullified and the vibration ceases. The

offset DC voltage reflects the sample’s local work function and surface charges. The
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surface potential that is measured is equal in magnitude and opposite in sign to the DC

W

voltage (Fig. 3.4(c)).1 12

(a) ¢5u]l1})le<¢l.m (b)
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Figure 3.4. Schematic illustration of KFM working theory. (a) Coulomb force between
tip and sample of different work functions (assume ¢sample < ¢tip) (b) Coulomb force for
a charged surface (c) external DC voltage applied to nullify the force.

For typical KFM imaging, we use conductive probes coated by TiN (FMGOL/TiN,
nt-mdt, Russia), Ptlr (NSG01/Pt by nt-mdt, Russia), or PtCr (Tap190E-G by BudgetSensor,
Bulgaria). During the second pass that measures surface potential, the probe was lifted 10
nm above the surface, and the scan rate was set between 6-10 um/sec.

For some measurements (acquired using NTegra AFM, Russia) in the hematite
project (Chapter 4), | found the output surface potential value was sometimes (rather
unpredictably) inverted from the expectations (either by machine function or
environmental conditions®® 4 1516) "In other words, when the same surface was imaged,
specific features observed with high and low potential in one measurement had opposite
potentials in a subsequent measurement. Further, a Au-Pt standard sample was used to
calibrate the KFM for every experiment, and the inversion was observed for the control.
Because the work function of Au (5.1 eV) is smaller than that of Pt (5.7 eV),!’ the surface

potential value should be more positive for Au than for Pt,'® 1° according to Eq. 2.1 in §
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2.4. However, the correct relative values was only observed in 30 % of the experiments
(during this project only). In the remaining 70 %, Pt had a more positive potential than did
Au. Whenever the potential values of Au and Pt in the control sample were reversed (in
order and in sign), so were the potential values from the Fe>Os grains. Therefore, in the
result chapter of hematite project (84), we report only data from datasets exhibiting
inverted (reversed) control values, because these represented the majority (70 %) of
experiments. The values reported 84 were, however, corrected (sign inverted) such that
they agree with the expectations and can be discussed in a consistent fashion with other
results. It should be noted that the data from the Fe>Os grains from the 30 % of the
experiments in which the potentials of the control sample had the expected order were still

consistent with the more extensive sign-inverted data set presented in 84.

3.24 ELECTRON BACKSCATTER DIFFRACTION

Electron backscatter diffraction (EBSD) is a scanning electron microscopy (SEM)
technique capable of mapping the crystallographic orientation of a crystalline sample
surface.?® 2 It was employed in this work to determine the crystallographic orientation of
individual grains in polycrystalline hematite.

The hematite polycrystal was mounted on a stub with carbon tape; grounded carbon
tape was attached to a corner of the sample to eliminate charge accumulation during the
characterization. The SEM chamber Quanta 200 SEM (FEI, Hillsboro, OR) was pumped
to low vacuum in the presence of water vapor (~107 Torr). The electron beam accelerating
voltage was set to 25 kV with a spot size of 5. The sample was moved to a 10 mm working
distance and tilted to 70< Accelerated electrons, incident on the tilted sample surface,
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penetrate the surface, some are backscattered, and the backscattered electrons that escape
the crystal interact with the crystal lattice planes. These interactions cause the electrons to
form interference patterns called Kikuchi bands, which can be detected on the phosphor
screen and which have crystallographic information encoded. Each band corresponds to a
specific plane, and the width of band is proportional to the plane’s -spacing. Using the
information in the collected Kikuchi pattern, commercial software (TSL, EDAX, Mahwah,
NJ) automatically determines the local orientation associated with the electron beam

“spot”, a volume which has linear dimensions on the order of tens of nm in each direction.

*Stage x, y z
-2299.00, -405.00, 10000.004
S

(1100)

_ (0110) (210)
Figure 3.5. Examples of EBSD orientation mapping of an Fe;Os polycrystal. (a) SEM
image. (b) EBSD orientation map of the same area, where the colors are correlated to
orientations, defined in the legend.
Representative images of a hematite polycrystal are presented in Fig. 3.5. Image (a)
is an SEM image showing the surface of annealed polycrystalline hematite. The granular
structure is obvious because the grain boundaries are grooved and display dark contrast.

Image (b) is an inverse pole figure map of the orientation normal to the surface (an IPFz

map) measured using EBSD. In (b), the color of each pixel represents the local surface

51



normal orientation, with the color key given as an inset. Any grouping of >50 pixels, with
disorientations <5< was defined as a grain (using the commercial software). In fact, the
image in (b) was processed (cleaned) using two steps of data cleaning. After assigning
grain identifications, the first processing step assigned each pixel in a grain the value of
that grain’s average orientation value. The second processing step removed pixels whose
orientations were not determined with reasonable confidence. Diffraction patterns recorded
at grain boundaries, non-planar regions, or areas of poor crystalline quality generally result
in the software assigning a low confidence index (< 0.1) to any solution. Pixels with this
low confidence index value (< 0.1) were replaced with the most common orientation in the
neighboring pixels. After these two steps of image processing, the final grain orientation
maps were always similar to that shown in Fig. 3.5(b). In other words, similar grains were
easily identified between images from EBSD and other microscopy techniques, and the

orientation assigned to specific grains were uniform and of high confidence.

3.2.5 X-RAY DIFFRACTION AND REFLECTOMETRY

Conventional X-ray diffraction (XRD) was used to verify the phase of the
photocatalyst and the crystallinity of the Ag particles after the silver-reduction experiment.
A Philip X’Pert Pro MRD system was used for the measurements and was operated at 40
kV and 45 mA with a Cu anode generating an X-ray beam of wavelength 0.154 nm (Cu-
Kal/Ka2). After the diffraction pattern was collected, the results were compared with
standard diffraction peak positions and intensities from the International Center of
Diffraction Data database.??
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X-ray reflectometry?® was used to measure the TiO2 film thicknesses, which was
used to calibrate the PLD growth rate. During the measurement, the angle of the grazing
incident X-ray beam is slowly varied. As the reflected angle changes, the reflected beams
from the film surface and the film-substrate interface exhibit (constructive or destructive)
interference patterns (see Fig. 3.6(a)). Therefore, the detected x-ray intensity changes
periodically (oscillates) with the incident angle. The spacing between maxima in the
oscillations is directly proportional to the film thickness, as shown in Fig. 3.6(b). The
relation between film thickness, d, and the angular difference two neighboring bumps, Aa,
is given by the following equation:

d=-—" (Eq. 3.1)

According to this relationship, there will be fewer oscillations for thinner samples.
Note that the maximum incident angle range in the measurement is ~ 2< after 2< the
reflected intensity signal is very low, lower than the noise. Therefore, the thinnest film that
the X-ray reflectivity technique can characterize is around 5 nm, which will only show two
oscillations in the intensity vs. angle plots. The thicknesses of films thinner than 5 nm were
estimated according to the film growth rate established from measurements of thicker

films.
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Figure 3.6. (a) lllustration of the principle of X-ray reflectivity (b) Example of an X-ray
reflectivity curve measured on a TiO: film/SrTiO3 (111) single crystal heterostructure. The
spacing between the bumps determines the film thickness. In the simulation, it is assumed
that the roughness of film is 8 A, the roughness of the substrate is 2 A, and film thickness

(d) is 16 nm.
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Chapter 4 The Orientation Dependence of the

Photochemical Activity of a-Fe>O3

The orientation dependence of the visible-light stimulated photochemical reduction of
aqueous Ag* on polycrystalline hematite Fe,O3 was determined by observing the relative amount
of reduced Ag® on crystals of known surface orientation over all possible orientations. The results
show that surfaces oriented within 20 <of the (1102) plane are the most active and surfaces close
to the (0001) plane are the least active. A strong correlation is observed between the orientation
dependent activity and that of the surface potentials measured by scanning Kelvin-probe force
microscopy. Surfaces near the most active (1102) plane and least active (0001) plane are
respectively at the most positive and the least positive ends of the potential range among all grains.
The trends in activity are concluded to arise from a combination of internal fields associated with

surface charges and bulk transport effects.
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4.1 Introduction

Hematite (o-Fe203) is a promising photocatalyst because it absorbs visible light, it is
inexpensive, readily available, and chemically stable in aqueous environments, and it doesn’t
contain environmentally hazardous elements. The band gap energy of 2.2 eV is near the intensity
maximum of the solar spectrum. While hematite can readily photooxidize water to generate
oxygen, it cannot photoreduce water to produce hydrogen because the conduction band lies
0.21 eV below the reduction level of hydrogen. Nevertheless, hematite been widely studied as a
heterogeneous photocatalyst.2® Despite its promise, the photocatalytic efficiency of hematite is
limited by low carrier mobilities and short carrier lifetimes.? Because these carrier mobilities are a
function of orientation, one expects the photochemical activity of hematite to be anisotropic.
Anisotropic activity can also arise from orientation dependent surface features, including chemical
terminations, reconstructions, and adsorbates, because these affect the net surface charge and the
near surface space charge region. In this paper, we explore the anisotropic photochemical reduction
of aqueous Ag" to solid Ag® on hematite surfaces of all orientations under visible light illumination,
and demonstrate a strong correlation between the local activity to the local surface potential.

a-Fe>O3 adopts the hexagonal corundum crystal structure (see Fig. 2.4 in 8.5.1) that
consists of layers of close-packed oxygen anions (O?) stacked along the c-axis, with iron cations
(Fe*") filling two-thirds of the octahedral interstitial sites. The anisotropic bonding in the
hexagonal structure is reflected in the electronic properties: the measured (n-type) electronic
conductivity along the c-axis is four orders of magnitude lower than along directions perpendicular
to it.%1% As a result, the photocurrent density on orientations perpendicular to the c-axis is 5 to 10

times higher than on the basal faces.!!
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Surface properties are also expected to be strongly anisotropic. Schematic examples of
ideal bulk-truncated (0001) and (1102) surfaces are given in Fig. 2.5 (see 8.5.1), highlighting the
possibility of surfaces having different terminations and charges. While the real surfaces of
hematite differ considerably from these ideal versions, their terminations still vary with orientation
and they can be charged. Chemisorption of O2 occurs in one second when the pressure is higher
than 107 Torr,*® which implies oxygen termination is likely in dry air. H.O chemisorption occurs
above 10 Torr,** and the partial pressure of H2O in air varies from 0.1 to 33 Torr. Generally, there

are three types of adsorbed hydroxyls: single-, double- and triple-coordinated hydroxyls, having
charge states of % 0, +§, respectively. The amount and type of these hydroxyls vary with the

surface orientation and preparation methods,*%2° and further affect the local surface charge density
and activity.®

Whatever the origin of this surface charge, it causes the near surface bands to bend in a
semiconductor and generates an internal electric field that affects the driving force for
photogenerated carriers to move to the surface. Examples of this band bending are shown in Fig.
4.1(a), (b), and (c) for a neutral, positive, and negative surface, respectively. Each of these images
are schematics of the relevant electronic energies (see caption for definitions) associated with both
a sample (left side) and a nearby metallic tip (right side) to which the sample is grounded. As a result
of the band bending in (b) and (c), two things occur for the positively (negatively) charged surface
that favor reduction (oxidation) reactions: the population of electrons at the surface of the n-type
semiconductor increases (decreases), as does the driving force for the photogenerated electrons
(holes) to drift to the surface. Another consequence of band bending is that the contact potential
difference between the tip and sample varies with the local surface charge, shown as Ecep in Fig.

4.1. Smaller work function materials and more positively charged surfaces will result in a less
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positive (more negative) values of Ecpp. Kelvin-Probe Force Microscopy (KFM) is a high
throughput scanning probe analytical method that yields a measure of this contact potential
difference; such measurements should therefore allow correlations to be made between the local

surface potential and reactivity.
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Figure 4.1. Schematic electronic energy level diagrams of a sample (left side) and a conductive
AFM tip (right side). The Fermi levels (Er) are aligned and the reference level (Erer) discontinuities
represent the contact potential difference (Ecep). Ec, Ev, Eg, s, ®s, and @1, represent respectively
the energies of the conduction band edge, the valence band edge, the bandgap, the sample electron
affinity, the sample work function, and the tip work function. The surface is (a) neutral, (b) positive,
and (c) negative, with a near surface space charge region (Esc) in (b) and (c).

The purpose of this paper is to describe the relative photochemical activity of all possible
orientations of a-Fe>O3 and to correlate this with local surface charge. For the activity, we employ
a method used earlier to study the photochemical anisotropy of BiVO4® and TiO..2! The
orientations of many crystals at the surface of an a-Fe>O3 polycrystal were determined by electron
backscatter diffraction (EBSD). Aqueous Ag* was then photochemically reduced to insoluble Ag°
on the surface and the locations of reduction were correlated to the crystal orientation. The most

active orientations are found to be near the (1102) orientation, while the most inactive orientations

are found close to the basal plane (0001). We then measured the relative surface potential of each
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plane using Kelvin-Probe Force Microscopy (KFM). We find that the surface potential is strongly
correlated to activity, with (1102) having the most positive surface potential and (0001) having

the least positive surface potential.

4.2 Experimental Procedure

Polycrystalline Fe,O3 was produced and polished by conventional powder processing as
described in 8.1.1. After thermal annealing, the orientations of the surface grains were determined
using electron backscatter diffraction (EBSD). Patterns were automatically analyzed and indexed
using TSL orientation imaging microscopy data collection and analysis software (EDAX, Mahwah,
NJ).?22 The photochemical reduction of aqueous silver ions to neutral solid silver under blue LED
illumination (Apeak = 470 nm, Philips Lumileds, San Jose, CA) was used to mark the locations of the
reaction, and was carried out as described previously (see 8.2.1 and 8.2.2)."12202L24 After
reaction, the samples were rinsed with deionized water. Photodeposited products were confirmed to
be crystalline Ag° on select samples using a combination of energy dispersive spectroscopy (EDS)
in a scanning electron microscope (SEM) and x-ray diffraction (XRD). The surfaces were examined
before and after photochemical reaction with optical, atomic force (AFM), and Kelvin force (KFM)
microscopy. Conventional AFM images were obtained using an Ntegra or Solver Next AFM (NT-
MDT, Moscow, Russia). The local surface potential of active and inactive grains was measured
(with the sample covered and not exposed to ambient light sources) using KFM with either NSG03
tips coated by Pt/Ir or 190E-G tips coated by Cr/Pt (® = 5.1 eV). A lengthy description of the KFM

measurements are given in 8.4 and 8.2.3.
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4.3 Results

Two characteristic topographic AFM images are shown in Fig. 4.2, which were recorded
after a 10 min photochemical reaction. Bright (dark) regions are topographically high (low). The
dark interconnected lines arise from the thermally grooved grain boundaries. The relatively
uniform intermediate contrast enclosed by the grain boundaries arise from the relatively smooth
surfaces of individual grains. The small bright features arise from particles of photodeposited
silver, which was confirmed using energy dispersive spectroscopy in a scanning electron

microscope and x-ray diffraction.

Figure 4.2. (a) and (b) are both representative AFM images of a-Fe;O3 surfaces after silver
reduction. Grains classified as highly (moderately) active are marked “H” (“M”), while inactive
grains are unmarked. Grains marked with “X” and “Y” identify common grains with Fig. 4.3. The
size of each image is 30 pm % 30 pum.

It is immediately clear that not all grains have the same relative activity for Ag*

photoreduction, based simply on the relative number or total amount of bright particles on different

grains. We classified the relative activity into three groups: highly (denoted with “H”’), moderately
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(denoted with “M”), or poorly (grains unmarked in Fig. 4.2) active. The classification was based
on the relative area of the grain surface that was covered with bright particles. H (M) grains
exhibited AgP particles uniformly spread across their surface covering over 10 % (between 2 to 8
%) of the total grain area. Poorly active grains either had no observable AgP particles, or a few
randomly distributed particles covering less than 1% of the grain area. We recorded eleven similar
AFM images (each 30 um x 30 pum) from different regions on the surface after silver
photoreduction, and classified their grains in an identical fashion. Overall we characterized 69
grains for activity using AFM images, with 21 (or 30 %), 20 (or 29 %), and 28 (or 41 %) classified
as highly, moderately, and poorly active, respectively.

The orientations of the surface grains that were classified for their activity were then
determined using EBSD. In the inverse pole figure (IPF) map given in Fig. 4.3, each pixel is
colored according to the orientation of the local surface normal (the legend is given as an inset).
Regions of constant color correspond to grains of constant average orientation. For reference, the
regions shown in Fig. 4.2 (Fig. 4.5) are marked and outlined by white squares (red rectangle) in

Fig. 4.3.
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Figure 4.3. Inverse pole figure (orientation) maps of the a-Fe>O3 surface. The color code is given
as the standard stereographic triangle of a hexagonal crystal. Grains marked with "X" and "Y"
identify common grains with Fig. 4.2. The white (red) boxes indicate the regions shown in Fig. 4.2
(Fig. 4.5). Highly active grains from Fig. 4.2 are outlined by black lines.
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The activity of different grains is plotted versus their orientation on a stereographic
projection in Fig. 4.4. The symbols correspond to the relative activity of each grain. Most of the
21 highly active grains (red solid triangles) are clustered near the (1102) orientation. While most
of the grains near (1102) are highly active, not all are. More than half of the poorly active (open
circles) grains are within 40<of the (0001) orientation: 17 of the 28 existing in the angular space
of the triangle from (0001) to (0114). Most of the poorly active grains are away from (1102)

orientation, with one outlying poorly (highly) active grain overlapping (outside) the region of

64



orientation space in which the highly active grains mainly exist. The moderately active grains are
spread in orientation space, but they mainly separate the regions of highly and poorly active grains,

while having a significant overlap with these other clusters.
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Figure 4.4. Orientation dependent activity (as determined from AFM measurements) of 89 grains
plotted on the standard stereographic triangle for hexagonal crystals. Each point indicates the
activity classification (see legend) and the location in the triangle represents the orientation.
While AFM is a good indicator of the initial activity, owing to its high sensitivity to
topographic variations, it is time consuming to generate significantly larger data sets. As such,
dark field (DF) optical microscopy (OM) was used to quantify the relative coverage of silver
particles on a much larger set of grains spread over a much larger area. Fig. 4.5(a) is a DF-OM
image of the Fe,O3 surface after the photochemical reduction of silver (for 20 mins). In the image,
the grain surfaces appear dark, while the grooves at the boundaries and the silver nanoparticles
appear bright. The corresponding area is marked by the red rectangle in Fig. 4.3. To improve the

contrast in the image and to quantify the activity, the DF-OM images were further analyzed using

Photoshop and Matlab. First, the reacted surfaces were converted to greyscale images (0 - 255
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levels). Then, pixels with greyscale values more than 6 greater than the average of neighboring
pixels, which belong to reactants or grain boundaries, were set to white (level 255). The image
after this processing is shown in Fig. 4.5(b). An AFM topography image is shown in Fig. 4.5(c),
which was taken from the region outlined with a red rectangle in Fig. 4.5(b). The processed DF-
OM from this region is shown in Fig. 4.5(d). Comparing Fig. 4.5(c) and 4.5(d), there is very good
correlation between the bright silver particles in AFM and the white pixels (away from the grain
boundaries) in the processed DF-OM image. As such, it is reasonable to assign the white pixels in
the DF-OM, away from the grain boundaries, as representing silver particles on the hematite

surfaces.

Figure 4.5. Dark field optical microscopy images of the a-Fe-Oz surface (corresponding to the
grains in the red rectangle in Fig. 4.3) after the photochemical reduction of Ag. The unprocessed
image is given in (a) and the processed image (see text) in (b). The red box in (b) outlines the
region from which the AFM topographic image, given in (c), and the magnified processed DF-
OM image, given in (d), are taken.
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We again classified the relative activity of grains by quantifying the percentage of each
grain covered by Ag° as indicated by the percentage of white pixels on the each grain surface
(away from the boundaries) in the processed DF-OM images. 4 DF-OM images were used, taken
from regions also characterized with EBSD; the data set contained 547 grains (compared to the 69
used in the AFM dataset). The percentage of white pixels varied from 0 to 46.5 %. Finally the
activity was classified as poorly, moderately, and highly active when the silver coverage (white
pixel percentage) was 0-3 %, 3-20 %, and more than 20 %, respectively. This resulted in the
assignment of 247 (or 45%), 234 (or 43 %), and 66 (or 12 %) for poorly, moderately, and highly

active grains, respectively.
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Figure 4.6. Orientation dependent activity (as determined from optical microscopy measurements)
of 547 grains plotted on the standard stereographic triangle for a hexagonal crystal. Each point
indicates the activity classification (see legend) and the location in the triangle represents the
orientation.

The relative activity of these 547 grains (based on the DF-OM analysis) is plotted versus
their orientation on a stereographic projection in Fig. 4.6. The relative activity distribution shown

in Fig. 4.6 is similar to the result from AFM analysis (in Fig. 4.4), and there is a considerable
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overlap between the moderately active grains and the other classifications. Still, the highly active
grains are clustered around the (1102) orientation, with a few extra outliers in this larger dataset.
Also, almost every grain near the (1102) orientation is either highly or moderately active. Grains
near (0001) are almost exclusively poorly active; over 90% of the grains within 30 of the (0001)
plane are poorly active (most grains within the angular space of the triangle from (0001) to (0114)
are poorly active). Grains in the region nearby the triangle edge from (0001) to (0110) are
generally inactive, with the number of moderately active grains increasing in this region on moving
away from the (0001). In the remainder of the triangle, the moderately and poorly active grains are
intermingled. However, the number of moderately (poorly) active grains increases (decreases) on

moving from the region near (0110) to the region near (1100).

(b)

Figure 4.7. A representative KFM image (a) and the associated AFM topography image (b), as
well as the DF-OM image after reaction (c). The horizontal scale is the same in all images, given
in (a). The color range in the KFM image runs from -220 mV (dark) to -100 mV (light), and in the
AFM image from 0 nm (dark) to 200 nm (light).

KFM measurements were used to quantify the surface potentials of the grains investigated
with the DF-OM analysis. A representative example of these results is shown in Fig. 4.7. The

potential and topographic images recorded from a clean surface are shown in Fig. 4.7(a) and (b),
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respectively. The processed DF-OM image from this region, after reaction, is shown in Fig. 4.7(c).
Two active grains, covered by silver, and portions of five adjacent poorly active grains are shown
in the DF-OM image. The active grains have measured KFM potentials (Fig. 4.7(a)) that are more
positive (less negative) than the poorly active ones.

There is a significant variability in the KFM measurements taken from many different
images, because the absolute potential value (even from a single grain) varies with the tip shape,
the coating type, wear of the probe, as well as instrumental and environmental factors. To analyze
the data consistently and to be able to compare different images, we used the following procedure.
First we determined the average surface potential of an image, excluding the grain boundaries (for
the image in Fig. 4.7(a), this value is -159 mV). Then we determined the average surface potential
of each grain in the image (for the image in Fig. 4.7(a), the value of the two active grains are -135
mV and -153 mV). These steps were carried out using the Gwyddion software package. Finally,
we determined the difference between the grain's average value and the image's average value (for
the image in Fig. 4.7(a), the value of the two active grains are +24 mV and +6 mV). Using this
approach, we can compare the relative surface potential of individual grains taken from many
different KFM images.

We carried out this procedure on 167 separate grains in 16 separate KFM images, where
the scan areas varied from 30 x 30 pm? to 80 x 80 pm?. The range in relative surface potential
values for all grains was from — 35 mV to + 45 mV (all values being relative to the average
potential in the image from which they were taken). The orientation dependence of the measured
relative surface potential is given in Fig. 4.8(a). For simplicity of presentation, we segmented the
stereographic projection into 39 regions, separated along a 10°grid line for the hexagonal system,

and plot the number average relative potential of all grains in the region. There are an average of
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~ 4 grains per region, with the lowest having 1 and the highest having 9 grains. Orientations within
30=from the (0001) plane are at one extreme of the potential range, having the least positive
relative surface potential. Orientations within 30 <of the (1102) plane are at the opposite potential
extreme, having the most positive relative surface potential. Note that the potential values of grains
belong to the same region can be very different from each other. Standard deviation of regions
containing more than 3 potential data were calculated. However, the standard deviation is not

orientation dependent and meaningless, therefore, not presented in this document.

(0001) (@) (0001) (b)

(1702)

(1700) (1700)

. 16 mV
12 mv 1
. o (0111)
4 mv
0 mv
-4 mVv
-8 mvV
12 mv

. -16 mv (0110)

. 18%
16%
14%
12%

10%
8%

6%
4%
2%

Figure 4.8. (a) The average relative potential value (see text) measured by KFM (for 167 grains
from 16 different images) plotted versus orientation on a stereographic projection broken into 39
regions. (b) A similar plot of the average activity (see text) measured from DF-OM images (for
547 total grains).

(0111)

(1210) (1210)

(0110)

The absolute activity (not using the classification scheme of Fig. 4.6) of the 547 grains
from the DF-OM analysis is plotted in Fig. 4.8(b) versus their orientation on the same
stereographic projection given in Fig. 4.8(a). The values plotted are the number average percentage
of Ag coverage (white pixels) for all grains in the region, according to the color legend in the
figure. There is a very strong correlation between the relative activity (absolute coverage of Ag)
and the extremes in the measured relative surface potentials: grains close to the (0001) orientation

are the most inactive grains and they have the most negative surface potential values, while grains
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near (1102) are the most active grains and they have most positive surface potentials. It should be
pointed out that outliers were observed: not all active grains had positive surface potentials (though
most did), and not all grains with large positive surface potentials were active (though most were).

A number of experiments were conducted to test the reproducibility of the observations
and the sensitivity to the experimental conditions. First, a surface layer thinner than the average
grain size was removed by polishing, and the high temperature thermal etching treatment was
repeated. When the reduction reaction was also repeated, the same grains were active. Second,
KFM images recorded after an extended immersion in water and KFM images recorded after
drying at 120 <C were compared: there were no significant differences in the measured relative
surface potentials between these experiments. Third, when the silver was removed from the surface
after the reaction, the measured relative surface potential was the same as that measured before the
reaction. Finally, samples were annealed under different temperatures and using different times.
Most often we found the results described above, and we always found a correlation between
activity and surface potentials, the primary observation of this work. Also, the (0001) was always
the least active orientation and had the least positive surface potential. However, we did observe
that the orientation of the highly active grains with the most positive surface potentials was
sometimes found to be within 15<of the (1210) prismatic plane, for a small number of samples.
This phenomenon is possibly due to a different surface reconstruction and surface absorption layer

for samples processed in different conditions.
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4.4 Discussion

The results show that the photochemical activity of a-Fe2>O3 for the reduction of aqueous
Ag" to solid AgP is strongly anisotropic, as are the measured KFM surface potentials. Surfaces
oriented near (0001) are significantly less active than other orientations, while surfaces oriented
near (1102) are significantly more active than others (for samples annealed at 1100 <C). The
measured KFM surface potentials are strongly correlated with the activity: surfaces oriented near
(0001) have least positive surface potentials than other orientations, while surfaces oriented near
(1102) have more positive surface potentials than others.

The idealized bulk-truncated surfaces of the (1102) plane were depicted in Fig. 2.5(b) in
8.5.1. The oxygen terminated surfaces depicted in Fig. 2.5 (b) would be neutral or negatively
charged, in contrast to the observations. The (1102) plane is reported to be usually hydrated and
~ 75 % of the absorbed water molecules are dissociated at surface.?>?® The hydrated surfaces are
also reported to be positively charged in a pH < 8.5 environment,??” which is in accordance with
the KFM measurements that indicate the surface is positively charged. The hydrated (0001) plane
is predominantly terminated by doubly coordinated hydroxyls,?® which are relatively inert to the
protonation—deprotonation reactions, and is reported to be more negatively charged compared to
all other prismatic and rhombohedral planes under acidic to neutral conditions.'?82° Qur KFM
observations are generally consistent with these earlier reports, and the reactivity is well correlated
to the measured surface charge.

The anisotropic photochemical properties of oxides can arise from both bulk and surface
properties. Past studies focusing on the anisotropic properties of hematite a-Fe2O3 have focused

on bulk property differences between basal (perpendicular to the c-axis) and prismatic planes
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(parallel to the c-axis). As noted earlier, photocurrent densities measured for prismatic surfaces are
larger than basal surfaces.!! This was attributed to the greater electronic conductivity parallel to
the basal plane, which improved the electron-hole separation and therefore decreases
recombination. While the low conductivity (and associated low mobility of carriers) along the
[0001] direction of hematite is consistent with the poor activity of its basal plane, these bulk
properties alone cannot explain why the (1102) has the highest activity. The bulk conductivity
favors activity on the prismatic faces, which have normals in directions of highest conductivity,*

not on the (1102) face.
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Figure 4.9. A calculated® electronic band structure for hematite, with the bands rigidly shifted to
reflect the experimentally observed band gap. The shaded region represents the momentum states
where vertical transitions are possible on absorption of blue light.

73



It is possible that anisotropic light absorption, relative to the momentum of the
photogenerated carriers, affects the overall activity, as proposed for SrTiO3.3! A calculated band
dispersion diagram for hematite Fe;Os is shown in Fig. 4.9.% In this energy level diagram, T
represents the center of the Brillouin zone, I' — A represents states with momentum along the c-
axis (parallel [0001]), I’ — M represents states with momentum perpendicular to the (1102) plane
(parallel to a prismatic axis), and I'— K represents states with momentum perpendicular to the
(1100) orientation, traveling in a direction inclined by 30<to the prismatic axis, along a close
packed oxygen direction. This anisotropic absorption behavior further reinforces an expected low
activity of (0001) because the direct band gap for electrons traveling perpendicular to this face is
0.3-0.5 eV larger than for electrons traveling toward the prismatic and rhombohedral faces. This
would result in fewer photogenerated carriers traveling in these directions, and a resultant lower
activity. However, one expects no significant difference in electron populations (based on bandgap
absorption) for directions normal to (1210), (1100), and (1102). Again, while the anisotropy of
this bulk property supports the poorly active nature of the (0001) basal plane, it cannot explain
the higher activity of the (1210) plane compared to the prismatic planes.

Reports3-%6 suggest that the increased activity of certain orientations of TiO results from
the presence of certain highly active surface planes. The anisotropic activity of SrTiO3z has been
attributed both to the differences in the energies needed to create electron-hole pairs with
momentum along different crystallographic directions®! and to differences in surface polarity.'?
Surface polarity from internal polarization in ferroelectrics has also been shown to be an important
factor in local activity.?#37-3 More recently, it was shown that centrosymmetric ferroelastics can
exhibit surface polarizations that directly affect surface photochemical reactions.*® The correlation

observed here for Fe2O3 between the anisotropic surface potential measured with KFM and the
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anisotropic activity indicate that surface charges play a significant role in determining the local
photochemical activity. A similar effect was reported for ZnO, for which the high photochemical
activity of the (110) plane was ascribed to greater upward band bending and higher surface
conductance.*

Fig. 4.1 depicts the energy band diagram of hematite surfaces with different surface
charges, in the dark. Assuming the illumination is low enough such that the photogenerated carrier
populations is much lower than the background, these diagrams will be appropriate to describe
reaction conditions. Because the conduction band of hematite is 0.21 V vs. NHE,*? it lies 0.59 eV
above the reduction level of silver (0.8 V, not shown in diagram). Therefore, band edge electrons
at the surface have significant excess energy towards the the silver-reduction reaction, regardless
of that surface charge (or type of band bending). Therefore, the population of photoelectrons at
surface controls the silver-reduction activity.

A positively (negatively) charged surface is expected to increase the downward (upward)
surface band bending, leading to an increase (decrease) in the electron population in the near
surface space-charge region and to an internal electric field that helps photogenerated electrons
(holes) drift to the surface. Therefore, a positively charged surface is expected to be more reactive
for photoreduction as the population of electrons (native and photogenerated) is larger. The highly
active (1102) surfaces have the most positive surface charges, while the poorly active (0001)
surfaces have the most negative surface charges. The idea that the active grains have a more
positive surface potential is supported by the KFM measurements: highly active grains were on
average 60 mV more positive than poorly active grains. While the magnitude of this difference is
affected by a variety of screening phenomena, and the value should not be interpreted as an

absolute difference in surface potential, it can be interpreted as a relative difference in surface
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charge. Such modifications of activity based on the surface band bending are analogous to the
photochemical reaction on ferroelectrics, where positive domains reduce solution species and
negative domains oxidize them. All of this indicates that control of surface charges is an attractive

approach to optimizing the activity of photocatalysts.

4.5 Conclusions

Experimental observations indicate that surfaces of a-Fe>O3 (annealed at 1100 <C) oriented
within 30 “of the (1102) plane are far more active than others for the photochemical reduction of
aqueous Ag* to solid Ag°, and surfaces oriented within 30 <of the (0001) plane are far less active
than others. The surface potentials of the highly active (poorly active) grains, measured using
scanning Kelvin probe microscopy, are more (less) positive than the surface potentials of the other
grains. The anisotropy of the activity can be rationalized considering the relative internal fields
arising from surface charges along with the bulk absorption and carrier transport, which work
together to make the activity of the (1102) plane superior and the activity of the (0001) plane

inferior.
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Chapter 5 Controlling the Relative Areas of
Photocathodic and Photoanodic Terraces on the

SrTiO3(111) Surface

SrTiOsz (111) surfaces have been heated in air at 1250 <C, either alone or with reservoirs
of TiO2 and SrTiOz powders. The surface structure and properties were measured by atomic force
microscopy, scanning Kelvin probe microscopy, x-ray photoelectron spectroscopy (XPS), and
photochemical marker reactions that leave solid products on the surface at the site of the
photochemical reaction. All of the surfaces are made up of atomically flat terraces of two
distinguishable types. One terrace has a relatively higher surface potential and promotes the
photochemical reduction of Ag™. The other terrace has a relatively lower positive potential and
promotes the photochemical oxidation of Pb?*. XPS measurements show that the concentration
of titanium at the surface increases with the fraction of TiO2 in the powder reservoir during
annealing, and marker reactions show the fraction of terraces that promote oxidation increases
with the titanium content. The fractional area of terraces that promote oxidation was controlled

between 45 % and 86 % of the total area
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5.1 Introduction

Photochemical reactions on semiconductor surfaces have been studied for decades with the
goal of developing improved catalysts that can be used to separate hydrogen from water or degrade
pollutants."> % 3% 5 However, photocatalytic water-splitting is not yet a commercial technology
because of its low efficiency when driven by visible light. Semiconducting oxides are one of the
most promising types of photocatalysts because of their relative stability in sunlight and water.
For an individual photocatalyst carrying out both photochemical half-reactions, the overall
efficiency is limited by the slower of the two half-reactions.® Thus, controlling the relative areas
of the surface that promote oxidation and reduction is a key to optimizing the overall efficiency of
a photocatalyst. Local surface charges can cause an oxide surface to favor either oxidation or
reduction. For example, at the surface of ferroelectric oxides, positively charged domains favor
reduction and negatively charged domains favor oxidation.”®? The separation of electrons and
holes to photocathodic and photoanodic sites has also been suggested to increase overall
photochemical efficiency by reducing charge carrier recombination and the back reaction.!® 'l 12

Therefore, it is of great interest to develop new methods to control local surface charges that impact

local photochemical reactivity.

Here we focus on controlling surface charges on strontium titanate (SrTiOs3), a well-known
photocatalyst that can split water under UV-light.** ** We choose to focus on single crystal (111)
surfaces because the bulk truncated (111) surface is polar. Polar surface terminations are created
when an ionic crystal is cleaved and the two new surfaces each have a net (and opposite) charge.
SrTiOs crystallizes in the cubic perovskite structure (a = 3.905 A), as shown in Fig. 5.1(a). The
unreconstructed SrTiO3 (111) surface is polar because it can be terminated either by Ti** or SrOs*

, as shown in the side view depiction in Fig. 1(b). The spacing between two atomic layers of
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different chemical compositions is an odd multiple of N (N = v/3/6a = 1.12 A). For example, the
step height between the Ti** and SrOs* layers in Fig. 5.1(b) is 3N. While this “bulk truncation”
model is a reasonable starting point, it must be recognized that for samples exposed to air,
submerged in aqueous solutions, or annealed at high temperature where diffusion is activated, the
real SrTiOs (111) surface is likely to be reconstructed in some way,'® and will definitely have a

layer of adsorbates'® 1" and an associated space charge region.
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Figure 5.1. (a) The unit cell of perovskite SrTiOs. (b) Schematic of SrTiO3 viewed along [110].
The dashed lines indicate the (111) planes. Along the [111] direction, SrTiO3 is comprised of
alternating SrO3* and Ti*" atomic layers separated by N =1.12 A.

It has already been shown that distinct terraces on the SrTiO3 (111) surface separately
promote reduction and oxidation in photochemical reactions.'® In other words, one terrace is
photocathodic and the other is photoanodic. However, the compositions and potentials of these
different surfaces have not yet been measured. According to the results of semi-empirical Hartree-
Fock method calculations, titanium rich surfaces have a greater work function than strontium rich
surfaces by 0.3 eV to 0.8 eV, depending on the surface composition.!” Experimental measurements

yield smaller differences.?’ In fact, the Ti-rich surface can have a work function that is sometimes
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greater than and sometimes less than the Sr-rich surface, depending on the way the surface is
prepared.? In this work, Kelvin probe force microscopy (KFM) is used to measure the difference
in the overall surface potential of the terraces with different reactivities. It will be shown that the
two terraces have distinct contrast in KFM images, which makes them interact differently with

electrons and holes, yielding different reactivities.

In the early work that identified photoanodic and photocathodic terraces on the SrTiO3
(111) surface, it was not clear what determined the relative areas of the two terraces.'®?! Since
then, others have produced surfaces with a uniform Ti-rich termination by thermal annealing in
ultra high vacuum?? or by etching with a buffered hydrogen fluoride solution.?**?*2% The goal of
creating uniform terminations was to promote improved thin film crystal growth. However, from
a photochemical point of view, one would like to tailor the ratio of the two types of terminations
to maximize the overall reaction rates by equalizing the net reduction and oxidation rates. In
general, the area specific reaction rate (rate per surface area) is not expected to be the same for
reactions on different terraces. However, the overall reaction rate could be optimized by creating
surfaces with relative areas of the two terraces that are the inverse of their relative area specific
reduction and oxidation rates. We describe a novel method to control the relative area of Ti-rich
or Sr-rich surfaces, which is generally applicable to their use as photocatalyts and as substrates in

thin film growth.

This chapter has two main purposes. The first is to expand what we know about the surface
potential and chemical composition of the two different terraces on the SrTiOs (111) surface. The
relative surface potentials will be measured by Kelvin probe force microscopy (KFM) and
correlated to the relative reactivities measured by photochemical marker reactions and to the step

heights between the terraces measured by atomic force microscopy (AFM). Furthermore, by
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comparing X-ray photoelectron spectra (XPS) of surfaces with different measured potentials and
reactivity, we can determine how the reactivity is correlated to the relative concentrations of Sr
and Ti on the surface. The second purpose is to show that we can control the fractions of the
surface that promote reduction and oxidation. We use a novel method that involves a high
temperature anneal in the presence of reservoirs of TiO2 and SrTiOs powder mixtures. By
increasing the amount of TiO: in the powder reservoir, we increase (or decrease) the amount of Ti
(or Sr) on the surface. We show here that, by controlling the termination and surface potential
distribution, we also control the photochemical properties of the surface, and that these properties

are stable with time.

5.2 Experimental Procedure

Chemical-mechanical polished SrTiO3 (111) single crystals (MTI company, (111) +/- 0.5°,
roughness < 5 A) were sonicated in a methanol bath for 10 min and then placed in a covered
rectangular alumina combustion boat and annealed in a muffle furnace at 1250 °C for 10 h (ramp
rates were 5 °C/min). After annealing, atomically flat terraces, 0.5 to 3 um wide, were observed
by AFM (Solver-Next, NT-MDT, Russia). A set of similar experiments was carried out to test the
sensitivity of the surface structure to the annealing environment. In these experiments, the SrTiO3
(111) crystal was put at the center of the same combustion boat and then surrounded by reservoirs
of TiO; and SrTiO3; powder mixtures with different compositions. The combustion boat was then
covered and heated with the schedule described above. All samples were annealed during

September to November. The relative humidity in Pittsburgh ranges from 52 % to 60 %,
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Photochemically generated solid Ag and Pb-containing reaction products were used to
mark the locations of the reduction and oxidation reactions, respectively. '8 26:27-28.29.30 A 300 W
mercury lamp (Newport, Irvine, CA) was used for the reaction. The exposure time was 8 seconds
for Ag" reduction and 30 seconds for Pb*" oxidation.

Three scanning probe techniques were used to characterize the surface before and after the
photochemical reactions. KFM was used to record the local surface potential of each terrace. A
silicon AFM probe with a TiN (FMGO1/TiN, NT-MDT) or PtCr (190E-G, budget sensor)
conductive coating was used for the surface potential measurement. High-precision AFM images
were used to measure the step height between neighboring terraces. For high-precision AFM, the
noise level of the height measurement is typically 0.3 A, making it possible to resolve vertical
heights as small as 1 A. It has been shown that, on the SrTiO3 (111) surface, all terraces are
separated by integer multiples of 1.12 A, regardless of the type of reconstruction.'®?” The surface
topography of the same area before and after the photochemical reaction was mapped by AFM
operated in tapping mode. The Gwyddion software package’! was used to extract height profiles,
potential profiles, and to quantify the surface coverage of photochemical reaction product.

XPS spectra measured using Al K (1486.6 €V) irradiation (PSP Vacuum Tech, UK) were
recorded on annealed SrTiO; (111) surfaces. To quantitatively analyze the surface chemical
composition, high-resolution XPS spectra were taken for Sr 3d, Ti 2p, and O 1s peaks and then
analyzed using CasaXPS software.>? The Spectra shown here were acquired with 0.07 eV energy
step at 55° off-normal emission. So that the spectra are as representative as possible of the surface
used for photochemistry, the crystals were loaded into the vacuum system and analyzed with no

further treatment.
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5.3 Results

The surface of the SrTiO3 (111) single crystal substrate after annealing at 1250 °C in air (in
the absence of a powder reservoir) is shown in Fig. 5.2(a). The terraces formed on the substrate
are obvious. The roughness (root-mean-square average of the height profile) of each terrace is less
than 1 A, indicating that they are atomically flat. Fig. 5.2(b) shows the surface potential image of
the same area. When compared to the surface topography, it becomes clear that there are two types
of terraces with distinct surface potentials on the SrTiO3 (111) surface. The measured surface
potential from KFM (here measured using a TiN coated probe) is affected by the local work
function and surface charge. The two types of terraces have KFM potentials that differ by
approximately 7 to 15 mV. The high-precision AFM height profile and the surface potential profile
of the lines drawn in Fig. 5.2(a) and (b) are plotted as solid and dashed lines, respectively, in Fig.
5.2(c). The line crosses four atomically flat terraces. From left to right, the first and second
terraces (third and fourth terraces) both have more positive (negative) surface potentials, 0.165 V
and 0.164 V (0.156 V and 0.157 V), respectively, and they are separated by 6.96 A = 6N (4.49 A
~4N). As noted before, terraces separated by step heights that are an even multiple of N (N =1.12
A) should have the same chemical termination. From the second to third terrace, the chemical
termination switches because they are separated by a step of a height that is an odd multiple of N

(10.09 A = 9N); their surface potential value also changes to a lower value at this transition.
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Figure 5.2. (a) Surface topography AFM image and (b) surface potential image recorded of the
same area. Both images are 8 um % 9.5 um. The same locations are marked by blue lines in the
images. The color range from dark-to-light is: (a) 0 to 3 nm, (b) 0.115 to 0.175 V. In (c), the black
solid line is the height cross-section at the position of the blue line and the dashed line is potential
profile at the same position.

After the sample was immersed in a silver nitrate (lead acetate) solution and illuminated,
new contrast appeared on the surface, corresponding to reduced metallic silver (Pb-containing
deposits), as shown in Fig. 5.3(a) (Fig. 5.3(b)). The blue line marks the same location as in Fig.
5.2. The fraction of the surface covered by the reaction product on specific terraces is represented
in Fig 5.3(c). These two types of terraces behave quite differently for the silver-reduction reaction.
Generally, the set of terraces that have a more positive surface potential also have white contrast
in Fig. 5.3(a). On such terraces, more than 80 % of the terrace is covered by Ag after the reaction.
Therefore, these terraces are strongly photocathodic. The other terraces, that have more negative

potential values, have less than 3 % surface coverage.
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Figure 5.3. Topographic AFM images of the same area shown in Fig. 5.2, (a) after silver
photoreduction and (b) lead photooxidation. For comparison, Fig. 5.3(b) is segmented using two
color saturations. The high color saturation parts include terraces unreactive for photoreduction,
and the other parts include terraces reactive for photoreduction. The blue line marks the same
position shown in Fig 5.2. Vertical heights are indicated by the color range which is, from dark-
to-light: (a) 0 — 10 nm and (b) 0 — 4 nm. In (c), the fractional surface coverage of Ag and Pb-
containing particles on terraces from the low and high saturation parts in (b) are plotted as black
diamonds and hollow circles, respectively.

When the same crystal was used to photooxidize Pb*, the reaction product appears as white
dots as shown in Fig. 3(b). Lead oxidation is a more complex reaction compared to silver
reduction. The reaction involves oxygen and the reaction rate is affected by the pH value of the
solution.3* The image shows particles on all terraces, but different terraces have noticeably
different densities of particles. In Fig. 3(b), the different terraces have been segmented into two
types, indicated by different color saturations. The high color saturation areas only include the set
of terraces that are unreactive for the photoreduction of silver (from Fig. 3(a)). The low color

saturation areas include the other terraces (the photocathodic terraces reactive for Ag reduction).
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The terraces with high color (low color) saturation have > 6 % (< 6 %) of the surface covered by
Pb-containing particles, which means that high color (low color) saturation terraces are more (less)

reactive for photooxidation reactions.

The results in Fig. 5.3 show that complementary photochemical reactions occur
preferentially on distinct terraces on the SrTiO3 (111) surface. One set of terraces is reactive for
the photoreduction of silver and is less reactive for the photooxidation of lead; these terraces are
referred to here as photocathodic. The other set of terraces is more reactive for photooxidation
and is nearly unreactive for the photoreduction of silver; these terraces are referred to here as
photoanodic. Moreover, when correlated with Fig. 5.2(b), photocathodic terraces have a relatively

higher surface potential, while photoanodic terraces have a relatively lower surface potential.
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Figure 5.4. Topographic AFM images of samples annealed without (a) and with (b-d) different
TiO2/SrTiOs powder mixtures after the photochemical reduction of silver. Heated with (a) no
powder, (b) 31.4 wt % Ti, (c) 36.4 wt % Ti, and (d) 60.0 wt % Ti. All images are 20 um x 20 um
laterally and the dark-to-light vertical scales are all 0 — 10 nm. The blue boxes and blue lines in
(@) (and (d)) indicate the areas from which the high-precision AFM images presented in Fig. 5.2
(Fig. 5.6) were recorded. The black line in (b) marks the same location that is marked in Fig. 5.5
(b) and Fig. 5.7. The fractional coverage of photocathodic terraces in each image is marked in the
lower right corner of each image.

Three more pieces of SrTiOs (111) crystals were annealed in the same combustion boat,
but with 2 g of TiO2/SrTiO3; powder mixtures surrounding (but not in contact with) the crystal.
The topographic AFM images in Fig. 5.4 compare the ability of surfaces to photochemically reduce
silver when they were annealed with (a) no excess powder, (b) 31.4 wt % Ti powder (TiO2:SrTiO3
=3:7), (c) 36.4 wt % Ti powder (TiO2:SrTiOs=1:1), and (d) 60 wt % Ti powder (pure TiO2). Each

sample was exposed to light for the same amount of time in a solution with the same concentration

of silver. The area shown in Fig. 4(a) contains the area already shown in Fig. 5.2 and Fig. 5.3
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(enclosed by the blue box). For this control sample, the photocathodic terraces, covered by silver,
make up about 55 % of the area. An AFM image of the sample annealed in a TiO2/SrTiO3; powder
mixture with a Ti concentration 31.4 wt % is shown in Fig. 5.4(b). About 45 % of the area is
covered by silver particles after silver-reduction. An AFM image of the sample annealed in a
TiO2/SrTiO3 powder mixture with 36.4 wt % Ti is shown in Fig 5.4(c). For this sample, about 30
% of the area is covered by silver particles after silver-reduction. An AFM image of the sample
annealed with 60.0 wt % Ti (i.e., pure TiO2 powder) is shown in Fig. 5.4(d). For this sample, only

14% of the surface is reactive for silver reduction.

Note that, as the excess Ti concentration in the powder increases, the shape of the terraces
also changes from straight edges to curved edges. A clearer view of the changes in terrace shape
is observable in Fig. 5.5, showing AFM images of the same areas, but without the reaction product.
The topography of the sample annealed with pure TiO2 powder (Ti concentration 60.0%) is shown
in Fig. 5.5(d). This is a majority photoanodic surface. For samples shown in Fig. 5.5(a) and (b),
most terraces have straight edges. The samples shown in Fig. 5.5(c) and 5.5 (d) have terraces with

wavy or curved edges.
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Figure 5.5. AFM topography images of the surface before any reactions (a) Sample annealed in
air. (b)-(d) Samples were annealed with a powder reservoir. Samples shown in (b) and (c) were
annealed with SrTiO3/TiO2 powder mixtures. The Ti concentrations of the powders were 31.4
wit% and 36.4 wt%, respectively. The sample in (d) was annealed with pure TiO2 powder (Ti
concentration is 60.0 wt%). Each image has a 20 um x 20 um field of view. Vertical scales for
all images are 0 — 4 nm. The black line in (b) marks the same location in Fig 4(b) and Fig. 5.7.
To exclude the possibility that a new phase is formed on the surface of the crystals annealed
with excess powder, step height and KFM measurement were repeated on the sample annealed
with pure TiO2 powder. The high-precision topographic AFM image shown in Fig. 5.6(a) was
recorded in the area denoted by the blue box in Fig. 5.4(d) (but on the clean surface). A topographic
AFM image of the same location after the photoreduction of silver is shown in Fig. 5.6(b). AKFM
image (mapped with a Pt/Cr coated probe) of the clean surface, in the same area that is shown in
Fig. 5.4(d), is shown in Fig. 5.6(c). From the KFM image, we can clearly see that, similar to the

observations from the sample annealed without powder, there are still two distinct contrast levels

with a potential difference of 7 to 15 mV. Note that the absolute value of the surface potential
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changed from the 155 to 175 mV range (Fig. 5.2(¢c)) to the -5 to 15 mV range (Fig. 5.6(d)); this is
because the AFM probe was coated with a different metal with a different work function. After
comparing the pattern of silver reduced on the surface in Fig. 5.4(d) with the potential contrast in
Fig. 5.6(c), there is a clear correlation between surface potential and the photochemical reactivity.
All photocathodic terraces have more positive potentials than the photoanodic terraces, as

described previously.
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Figure 5.6. (a) High precision topographic AFM image recorded on the clean surface of a sample
annealed with TiO2 powder. The field of view is 3 um x 3.7 um. (b) Image of the same area after
the photoreduction of silver. (c) The surface potential image of the area shown in Fig 5.4(d). The
field of view is 20 um x 20 um. (d) The height (solid line) and surface potential (dashed line)
profiles from the location of the blue line in (a) and (c). The dark-to-light vertical contrast is: (a):
0—4nm, (b): 0—10 nm, (c) -6 — 10 mV.
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The height and surface potential profile along the line drawn in Fig. 5.6(a) and (d) are
extracted and plotted in Fig. 5.6(c). The line crosses four terraces. From left to right, the first
terrace was reactive for photoreduction according to the silver pattern, and the following three
terraces were unreactive. As noted before, terraces separated by step heights of an even multiple
of N (= 1.12 A) should have the same reactivity, and terraces separated by step heights equal to an
odd multiple of N should have different reactivities. From left to right, the average heights of each
terrace are 2.34 A, 8.19 A, 14.71 A, and 23.61 A. Therefore, the step height between the first and
second terrace is 5.85 A = 5N, and the reactivity and surface potential both changed at this
transition. The step heights between the second and third terraces and the third and fourth terraces
are 6.52 A (6N) and 8.9 A (8N), respectively, and all three of these terraces are unreactive for the
photoreduction of silver and have less positive potentials. The height profiles of five more lines
were extracted from other locations and the step heights are all correlated with changes in reactivity

and surface potential.

Experiments were also conducted to test the KFM measurement’s sensitivity to the
experimental conditions (see Fig. 5.7). The surface potential measured after thermal annealing is
shown in Fig. 5.7 (a). The photochemical reactivity was corrected to the measured potential in the
same way as was illustrated in Figs. 5.2, 5.3 and 5.6. Terraces with a more positive surface
potential (bright contrast) preferentially reduce silver. The same sample was immersed in water
for 20 h, and the surface potential was measured again (see Fig. 5.7 (b)). While the image does
not have the same clarity as the one in Fig. 5.7 (a), it is clear the major components of the contrast
are the same. After heating the sample in vacuum and imaging again, the contrast was recovered
and looks identical to Fig. 5.7(a). The sample was also used to photochemically reduce silver, the

silver was removed, and the surface potential was measured again (see Fig. 5.7(c)). The image in

94



Fig. 5.7(c) is not significantly different from the one in Fig. 5.7(a). Next, the surface potential was
measured after being exposed to air for more than six months, and the contrast was not significantly
different. Finally, the silver marker reaction was repeated again eight months after the initial
anneal. Even after all of the treatments previously described, the pattern of reduced silver was
essentially the same as in Fig. 5.4(b), with the exception of some scratches that resulted from the
cleaning process to remove the silver. The fact that the surface properties are not changed by these
treatments suggests that that chemical state of the surface (including hydration), is established by
the original annealing treatment, and is stable for at least months in air and hours in aqueous

solutions.

Figure 5.7. Surface potential images of the same location of the sample annealed with 31.4 wt%
Ti powder mixtures. (a) The clean surface after thermal annealing. (b) The hydrated surface after
soaking the sample in water for 20 h. (c) The surface after it was used to reduce silver and the
silver was removed. All images are 15 um x 15 um. The black lines mark identical locations in
the images. The vertical dark-to-light scales are 110 — 150 mV.

To explore how the elemental ratios of Sr, Ti, and O vary on surfaces annealed in different
conditions, we used XPS to compare the surface chemistries of samples that are majority (55 %)
photocathodic and majority (86 %) photoanodic. We note that the spectra were recorded on

samples without any in vacuum treatments to remove surface contamination. Therefore, the

absolute concentrations of elements on the surface are not expected to be accurate. However, we
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assume the differences between the majority photoanodic and photocathodic surfaces are a
meaningful measure of the relative concentration of Ti on the two surfaces. High-resolution XPS
was used to measure the Sr 3d and Ti 2p spectra. The St/Ti atomic ratio was determined from the
ratio of the integrated intensities of the Sr 3d and Ti 2p peaks.!”3> We compared the sample heated
with no powder (the majority photocathodic sample shown in Fig. 5.4(a)) and the one heated with
pure TiO, powder (the majority photoanodic samples shown in Fig. 5.4(d)). The spectra for these
samples are shown in Fig. 5.8. Consistent with previous reports,'” the Sr/ Ti ratios are consistently
greater than one. The sample annealed with no powder and a 55 % photocathodic surface has a Sr
/ Ti ratio of 1.5. The sample annealed with TiO2 powder and an 86 % photoanodic surface has a
Sr / Ti ratio of 1.2. Based on this comparison, when the sample was annealed in the presence of
excess TiO2 powder, the surface averaged Sr / Ti ratio, surface potential, and photocathodic
reactivity are all lower, while the photoanodic reactivity is higher. Therefore, high-temperature
anneals in the presence of Sr- and Ti-containing powder reservoirs having stoichiometries different
from SrTiO; can lead to modifications of the overall composition of the (111) SrTiO3 single crystal

surface.
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Figure 5.8. Ti 2p and Sr 3d core level XPS spectra from SrTiO3 (111) surfaces with (a) 55 %
photocathodic terraces and (b) 86 % photoanodic terraces.

The presence of hydroxyls on the surfaces was also verified by the XPS spectra of the O
Is peaks, as shown in Fig. 5.9. The main O 1s peak at 529.8 eV is ascribed to the Ti-O bonding
and the second oxygen peak (the shaded area in Fig. 5.9) at 531.7 eV belongs to the hydroxyl
species. The sample with the more photocathodic surface had 6 % oxygen bonded in the O-H state
at surface while the more photoanodic surface has 21 %, relative to the total O 1s signal. These
adsorbed species are likely to reduce the charge that is on the bare surfaces and affect the measured

potential in the KFM images.
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Figure 5.9. Oxygen 1s XPS spectra from SrTiOs (111) surfaces with (a) 55 % photocathodic
terraces and (b) 86 % photoanodic terraces.

5.4 Discussion

The results presented here show that SrTiO3; (111) surfaces annealed at 1250 °C exhibit
two types of terraces that have distinct surface potentials in KFM images. The two types of terraces
also have distinct photochemical properties: the terrace with the more positive surface potential is
photocathodic and promotes reduction, while the terrace with the less positive surface potential is
photoanodic and promotes oxidation. These observations are consistent with what has been
observed on the surfaces of the polar domains of ferroelectrics,'® *¢ thin films supported by

12.40 and on Fe>03 polycrystals.*! In all cases, surfaces

ferroelectrics,®” 3% 3 ferroelastic materials,
with a more positive potential have reduced upward (or increased downward) band bending at the
surface. Therefore, it is easier for photogenerated electrons to reach the surface and participate in
photoreduction reactions. For terraces with a less positive surface potential, increased upward

band bending prevents electrons from getting to the surface while holes are driven “uphill” and

can participate in oxidation reactions. The observation that some oxidation product appears on the
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more positive, photocathodic terraces suggests that the bands are still bent upward on these
surfaces, but not far enough to prevent reduction reactions from occurring. This line of argument
has been supported quantitatively through simulations for thin films supported by ferroelectrics.*?

After measuring the step heights between terraces on clean surfaces, it was determined that
terraces of similar reactivity and surface potential were separated by even multiples of spacing
between lattice planes (even-N, N = 1.12 A) that preserve the composition of the termination layer,
while terraces of different reactivity were separated by odd-N distances that change the
composition of the termination layer. As mentioned before, all terraces, regardless of the type of
reconstruction present, are separated by integer multiples of 1.12 A for SrTiO3(111).1% %
According to the model of the ideal, unreconstructed SrTiO3; (111) surface (illustrated in Fig.
5.1(b)), the Ti and SrO;s terminated surfaces have formal charges of +4 and -4, respectively.
However, real terraces are unlikely to have these compositions and charges. Analysis of the SrTiO3
(111) surfaces using experiments such as mass spectroscopy of recoiled ions and coaxial impact-
collision ion scattering spectroscopy lead to the conclusion that the surface in vacuum is Ti-rich,’
or terminated by TiOx layers.?> *** % When heated in vacuum, it has been shown that the SrTiO3
(111) surface reconstructs into a variety of Ti-rich structures with (n x n) repeat units, with 2 <n <
6.1° The high temperature annealing used in the present experiments may have also led to surface
modifications, but not necessarily those that have been observed in vacuum.

For SrTiO3 in aqueous solutions, the surfaces are covered with adsorbates, such as OH".
For example, it has been reported that H,O and O; chemisorb on the reduced SrTiO3 (111) surface
terminated by Ti**.'® When irradiated with band gap light in vacuum, oxygen has been reported
to photodesorb from the surface. However, illumination also increases the concentration of surface

hydroxyls. Here, we have found that the photoanodic surface has more hydroxyls than the
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photocathodic surface. This likely affects the surface charge and the measured potential in the
KFM images.

The work function of the ideal Ti*' termination is calculated to be 0.6 eV greater than the
work function of the ideal SrO;*" termination.** The differences in the work functions of various
TiOx and SrOx reconstructed surfaces are calculated to fall in the range of 0.3 to 0.8 eV and, in all
cases, the TiOx termination has a larger work function than the SrOx termination.!” These values
are obviously larger than any of the potential differences that we measure with KFM. This is not
surprising for measurements made in the ambient. For example, we regularly set up the instrument
using a Pt-Au calibration standard. While these two metals have a work function difference of 0.6
eV, the difference in potential measured by ambient KFM is in the range of 20 to 30 mV. This
reduction in measured potential difference is similar in magnitude to the difference we observe on
the photoanodic and photocathodic terraces (about 10 mV). Measurements of the SrTiO3 (100)
surface in vacuum with mixed terminations have also shown that there are potential differences
between terraces of different termination (on the order of tens of mV), and that the actual difference
was very sensitive to the surface preparation and Sr concentration.?’ All of these calculations and
observations are consistent with the evidence presented here that terraces on the SrTiO; (111)
surface with different compositions have different potentials.

The reconstruction of the surface and the adsorption of charged species are thought to
influence photochemical reactions on other oxides, such as hematite. Hematite’s structure
indicates its (1210) prismatic plane is polar terminated and its (1102) rhombohedral plane is
charge neutral. However, KFM images of air-annealed hematite show that the (1210) plane has a
very different surface potential and is the most reactive orientation for silver-reduction. The

unexpected high surface potential on Fe,O3 (1102) may be caused by adsorbed hydroxyl species
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and possibly surface reconstructions.*! That the surface potential and reactivity are correlated on
both the single crystal terraces and averaged over individual grains of polycrystals implies that
these observations are a potentially generic avenue towards controlling spatially selective
reactivity in photocatalysts.

Controlling the surface termination of a single crystal of SrTiO3 using a reservoir of
powders represents a straightforward and complementary method to vacuum annealing and
solution chemical treatments developed for surface engineering thin film substrates®! 2> 2> 24 for
improved film growth.>>* This process must work through a vapor phase interaction between the
crystal surface and the powder reservoir during the annealing treatments, which results in a
controllable modification in the ratio of photocathodic to photoanodic terraces. At these
temperatures, the vapor pressure of titania is negligible. However, the vapor pressure of SrO is
measurable*® and the presence of water vapor converts strontium oxide to a hydroxide that has a
vapor pressure which is larger by many orders of magnitude.*’ Therefore, the most likely
explanation for the influence of the powder reservoir on the surface termination is that SrO vapor
in the furnace reacts with excess titania in the powder bed and sets up a concentration gradient for
the transport of the SrO. This is consistent with the observation that as the TiO» concentration in
the powder bed increases, the surfaces are increasingly depleted of Sr (the Sr:Ti intensity in XPS
decreases). This is also consistent with a report showing that Sr in SrTiO3 evaporates at high
temperature.*®

The control of the ratio of photocathodic to photoanodic sites on separate terraces has the
potential to impact the development of photocatalysts for water-splitting. Water splitting using
suspended oxide particles has been determined to have a lower cost than photoelectrochemical

cells (PECs).* Compared to PECs, the overall quantum efficiency of powders is lower, mainly
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because of the constraint that both of the redox reactions must occur on the same surface and at
the same potential. In such a case, the slowest of the two half reactions will determine the overall
reaction rate. The overall rate will be maximized when the net oxidation and net reduction
reactions occur at the same rate. Therefore, the ideal particle would have the appropriate ratio of
photocathodic and photoanodic terraces to maximize the reaction rate. The spatial separation of
the terraces would have the additional benefit of suppressing the back reaction of intermediate
species. The fact that the ratio of oxidizing to reducing sites can be controlled and that they are
stable, suggests that it will be possible to optimize the surface structure of photocatalyst particles

using procedures similar to those described here.

5.5 Conclusions

SrTiOs (111) surfaces annealed in air exhibit two types of terraces with distinct surface
potentials. The different types of terraces are separated by odd integer multiples of the interplanar
spacing, corresponding to different chemical terminations of the bulk crystal. The terraces with
the more positive (less positive) surface potential have photocathodic (photoanodic) surface
properties. The different types of terraces exhibit different photochemical activities for oxidation
or reduction reactions, which can be rationalized by considering which photogenerated carrier is
attracted to the terrace based on surface potentials. The relative surface coverage of a specific type
of terrace, and the surface reactivity, can be controlled by annealing the crystal in the presence of
reservoirs of TiO2/SrTiO; powders. The concentration of titanium at the surface increases with

the fraction of TiO: in the powder reservoir, as does the fraction of photoanodic terraces. The
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relative area of photoanodic terraces can be manipulated through this method, and we demonstrate

control within the range of 45 % to 86 % of the total area.
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Chapter 6 Controlling the Termination and

Photochemical Reactivity of the SrTi0O3 (110) Surface

(110) orientated SrTiO3 crystals have been heated to temperatures between 1000 <C and
1200 <T in air, alone or in the presence of TiO2 or SraTi.O7 powder reservoirs. Inthese conditions,
the surface is terminated by two types of atomically flat terraces. One has a relatively higher
surface potential and promotes the photochemical reduction of silver (it is photocathodic) and the
other promotes the photochemical oxidation of lead (it is photoanodic). Measurements of the step
heights between the terraces indicate that the surfaces with different properties have different
terminations. By adjusting the time and temperature of the anneal, and in some cases including
reservoirs of TiO2 or SraTi2O7, it is possible to change the surface from 98 % photocathodic to
100 % photoanodic. The surface is more photocathodic when the annealing temperature is lower,
the durations shorter, and if Sr3Ti>O7 is present. The surface more photoanodic if the temperature

is higher, the annealing duration longer, and if TiOz is present.
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6.1 Introduction

Photocatalysis is a promising method for the large scale production of hydrogen, a high
energy density clean energy source, by directly splitting water using solar energy. 1234 To split
water, photogenerated electrons and holes must migrate to the catalyst surface where they can
reduce and oxidize water to produce hydrogen and oxygen, respectively. For colloidal catalysts,
the reduction and oxidation reactions must happen on the surface of one particle and with no
externally applied potential. These conditions lead to enhanced photogenerated charge carrier
recombination and the back-reaction of reduced and oxidized species and, as a result, efficiencies
are low. > The low sunlight to hydrogen conversion efficiency is one of the reasons that
photocatalysis is not yet a commercial technology for water splitting. While it is not possible to
apply and external field that would separate charges and reduce recombination, it is possible in
some materials to control internal fields that influence the charge carrier transport near the surface.
It has been reported that internal fields resulting from ferroelectric polarization,® phase
boundaries,” and flexoelectric phenomena® can increase efficiency by separating photogenerated
electrons and holes and reducing recombination. ° In this paper, we show how electric fields
between terraces on the same surface that have different potentials can be controlled to influence
the photochemical activity on oxide surface.

The surface potential of a semiconductor is determined by the work function and any
surface charges that might be present. For an n-type semiconductor, a positive surface charge or
a reduced work function results in a greater surface potential. This bends the energy bands
downward as they approach the surface and this increases the concentration of electrons on the
surface. On the other hand, negative surface charge or a larger work function leads to a lower

surface potential value and the resulting upward band bending will attract holes to surface. There
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are a number of materials that have been shown to have, on the same surface, relatively electron
rich areas that promote reduction reactions (we will refer to such surfaces at photocathodic) and
relatively hole rich areas that promote oxidation reactions (we will refer to such surfaces at
photocathodic). 1% 111213 |n such cases, it would obviously be advantageous to be able to control
the ratio of the photoanodic to photocathodic areas so that reduction and oxidation could occur at
equal rates to optimize efficiency. We recently showed that on the SrTiOs (111) surface, it was
possible to make surfaces that had from 45 % and 86 % of the area photoanodic.** Here, we show
that the more stable SrTiOs (110) surface can made 100 % photoanodic, 98 % photocathodic, or
any combination in between.

Strontium titanate (SrTiOs) is a well-known perovskite structured (a = 3.905 A, Eq= 3.2
eV) 118 photocatalyst that can split water under UV-light irradiation. 18 As illustrated in Fig.
6.1, the SrTiOs (110) surface is polar, which means that it is terminated in such a way that any
atomically flat terrace must have a net charge. For example, the unreconstructed polar SrTiOs3
(110) surface can be either SrTiO* terminated or O,* terminated. It has already been shown that

this lead to photocathodic and photoanodic terraces. ' As indicated in Fig. 6.1, the spacing

between these two layers is N = +/2/4a = 1.38 A, and terraces of the same (different) chemical
component are separated by even-N (odd-N). Because the samples in our experiments are exposed
to air and aqueous solutions, the real SrTiOz (110) polar surface is likely to differ from the ideal
bulk termination, possibly be reconstructed, ® 20 2L 2223 24 gnd definitely have a layer of
adsorbates. 2> %6 Because of these factors, the amount of surface charge and the extent of the
associated space charge region is difficult to estimate. In this research, Kelvin Probe Force

Microscopy (KFM) is used to measure the local surface potential and how it varies on different
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atomically flat terraces. Furthermore, topographic measurements will be used to determine of

changes in potential are correlated to steps of odd-N height.

(110)

Figure 6.1. Schematic of SrTiOs viewed along [001] direction. The (110) planes is highlighted by
the transparent blue planes. Along the [110] direction, SrTiOs is comprised of alternating SrTiO**
and O2* atomic layers separated by N = 1.38 A,

SrTiOz (110) surfaces with uniform oxygen termination have been prepared by thermal
annealing in ultra high vacuum 2’ and by etching with a buffered hydrogen fluoride solution. 28
These studies were motivated by the desire to have completely uniform surfaces that promote
heteroepitaxial crystal growth. In this paper, we show that high temperature annealing can be used

to continuous tune the ratio of photocathodic to photoanodic area and, by controlling this ratio, we

also control the photochemical properties of the surface.
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6.2 Experimental Procedure

A chemical-mechanical polished SrTiO3 (110) single crystal (MTI company, 1 cm <1 cm,
(110) %£0.5< roughness < 5 A) was cut into 16 smaller pieces (2.5 mm % 2.5 mm each). Each
sample was ultrasonicated in a methanol bath for 10 min, placed in a covered rectangular alumina
combustion boat, heated in a muffle furnace (to 1000 <C, 1100 <C or 1200 <C) at a rate of 10
<C/min, annealed 0 to 24 h, and then cooled at 10 <T/min. After annealing, atomically flat terraces
were observed by atomic force microscopy (AFM) (Solver-Next, NT-MDT, Russia). To control
the ratio of photoanodic to photocathodic surfaces, some samples were annealed with reservoirs
of TiO2 or Sr3Ti2O7 powder. In these experiments, the SrTiOs (110) crystal was put at the center
of the combustion boat and the powder reservoirs were placed around, but not in contact with, the
crystal. The combustion boat was then covered and heated to the designated temperature using the
same heating and cooling rate described above.

The photoreduction of Ag* and the photooxidation of Pb?* leave insoluble products on the
surface at the site of the reaction and are therefore used to mark the locations of the photoreduction
and photooxidation reactions. 1% 11.12.13.29 The fiber optic waveguide attached to a 300 W mercury
lamp (Newport, Irvine, CA) was used for illumination. For Ag reduction, the sample was exposed
to the light for 4 to 30 seconds and for lead oxidation, 90 to 150 seconds exposures were used.
The larger photocathodic (photoanodic) surface coverage, the longer silver reduction (lead
oxidation) reaction time. The need for longer exposures for the lead oxidation is thought to be
related to the complexity of the reaction. The lead oxidation reaction involves oxygen and the
reaction rate is affected by the solution pH. 33! After illumination, the SrTiO3z (110) sample was

rinsed with de-ionized water and dried using a stream of 99.995% nitrogen gas. The products from
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these two marker reactions can be removed by ultra-sonication in acetone and methanol baths for
10 minutes each, and then swiping the surface with cotton swab.

The topography of annealed SrTiOs (110) surface before reaction and the distribution of
photochemical reaction products at the same location after reaction was determined by AFM
imaging in tapping mode. High-precision AFM images were used to measure the step height
between neighboring terraces. As mentioned before, the SrTiOs (110) terraces are separated by
integer multiples of 1.38 A. The high-precision AFM has a noise level of 0.3 A, making it possible
measure the difference between even-N and odd-N step heights. All topographic images were
made with an alumina coated silicon probe with a tip radius of < 10 nm (Tap 300AL-G, budget
sensor). The local surface potential of each terrace was measured using Kelvin probe force
microscopy (KFM), using a silicon AFM probe with A PtCr (190E-G, budget sensor) conductive
coating. KFM images of the relevant areas of the clean surface were collected before the
photochemical reactions. All of the scanning probe microscopy data were processed and analyzed

using the Gwyddion software package.

6.3 Results

The topography of the clean SrTiOs (110) surface after annealing for 6 h in air at 1200 <C
for is shown in Fig. 6.2(a). After annealing, the surface is covered by atomically flat terraces.
From the image, it is obvious that one set of atomic terraces has brighter contrast; these terraces
are 0.4 nmto 1 nm higher than their neighboring terraces. The surface potential image of the same
area is shown in Fig. 6.2(b). There are two dominant contrast levels such that the potential of one

set of terraces is 10 — 25 mV higher than the other set of terraces. When compared to Fig. 6.2(a),
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it is clear that those terraces that are 0.4 nm to 1 nm higher than their surroundings also have the
higher surface potential.

After the sample was illuminated by a mercury lamp in the lead acetate (silver nitrate)
solution, new contrast appeared on the surface, corresponding to Pb-containing deposits (metallic
silver) as shown in Fig. 6.2(c) (Fig. 6.2(d)). These two images show that part of the surface is
photocathodic and promotes reduction and the rest of the surface is photoanodic and promotes
oxidation. We refer to this as complimentary reactivity. When the marker reaction results are
correlated with the surface potential image, we find that the low surface potential terraces are only
reactive for photooxidation of lead and the high surface potential terraces are only reactive for
photoreduction of silver. This is consistent with observations of the SrTiOs (111) surface. 14 Based
on the coverage of reaction products in this area, 74 % of the area is photoanodic (oxidizes lead)

and 26 % is photocathodic (reduces silver).
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Figure 6.2. (a) Topographic AFM image (b) surface potential image (c) topographic image after
lead photooxidation (d) topographic image after silver photoreduction. (a-d) are the same area of
the surface and have a 5 um x 5 um field of view. The blue lines mark the same location in each
image. The color range from dark-to-light is: (a) 0 — 2 nm, (b) 0 to 40 mV (¢) 0 — 6 nm and (d) 0
— 4 nm. In (c) and (d), the fractional coverage of photoanodic and photocathodic terraces,
respectively, are given in the lower right corner. In (e), the black solid line is the height cross-
section at the position of the blue line and the dashed line is potential profile at the same position.
Red lines mark the photoanodic terraces and blue lines mark the photocathodic terraces.

The high-precision AFM height profile and the surface potential profile along the blue lines
drawn in Fig. 6.2(a) and (b) are extracted and plotted as solid and dashed lines, respectively, in

Fig. 6.2(e). The line crosses six atomically flat terraces. The same location is also marked in Fig.
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6.2(c) and Fig. 6.2(d). From left to right, the first, second and fourth terraces (marked by the red
lines in Fig. 6.2(e)) are all reactive for photooxidation of lead according to Fig. 6.2(c). The average
heights of these three terraces are 5.59 A, 8.19 A and 13.75 A. As noted before, terraces separated
by an even multiple of N (N = 1.38 A) should have the same chemical termination. The step
heights from the first to second terrace and the second to forth terrace are 2.60 A = 2N and 5.56 =
4N respectively. Therefore, these three terraces have the same type of termination, and their
surface potentials are in the range of 10-14 mV. The third, fifth and sixth terraces (marked by the
blue lines in Fig. 6.2(e)) all are reactive for the reduction of silver according to Fig. 6.2(d). Their
step heights are 20.30 A, 22.79 A, and 25.47 A from left to right. Therefore, the third to fifth
terraces and fifth to sixth terraces are all separated by 2N, indicating they have the same type of
termination. The surface potential of these three terraces varies from 23-31 mV. Note that The
third and forth terraces are separated by 6.55 A = 5N. This means their chemical terminations are
different and this presumably explains the difference in their reactivities and surface potentials.
We found that the fraction of the surface that was photoanodic depended on the length of
time it was annealed at 1200 <C. The surfaces of samples annealed for 24 h (a), 12 h (b), 3 h (c)
and 0 h (d) are shown in Fig. 6.3, after oxidizing lead. When we refer to a 0 h anneal, it means the
sample was heated to 1200 <T and then immediately cooled. The sample that was annealed for 24
h is fully covered by Pb-containing particles (see Fig. 6.3(a)). Therefore, the surface is 100 %
photoanodic. After annealing for 12 h, the area fraction of photoanodic terraces decreases to 89
% (see Fig. 6.3(b)). This trend continues with samples heated for 6 h (Fig. 6.2(d)), 3 h (Fig. 6.3(c),
and 0 h (Fig. 6.3(d)), being 74 %, 60 %, and 45 % photoanodic, respectively. These results show
a clear trend that as annealing time at 1200 <C increases, the fraction of the surface that is

photoanodic also increases until is reaches 100 % after 24 h.
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Figure 6.3. Topographic AFM image of samples annealed at 1200 <C for (a) 24 h (b) 12 h (c) 3 h
and (d) 0 h after the photochemical oxidation of lead. All images are 5 um x 5 pum laterally and
the dark-to-light vertical contrast is 0 — 6 nm. The fractional coverage of photoanodic terraces is
given in the lower right corner. The black lines mark the same locations that are marked in Fig.
6.4 and Fig. 6.5.

Images of the surfaces after the photochemical reduction of silver and the clean surface are
shown in Figs. 6.4 and 6.5, respectively. Comparing Fig. 6.3 and Fig. 6.4 demonstrated that the

reactions are complementary. Photoreduction and photooxidation reactions happen on different

terraces.

116



b , i e 40% k ‘ 4]
Figure 6.4. Surface topography AFM image of samples annealed at 1200 <C for (a) 24 hours (b)
12 hours (c) 3 hours and (d) 0 hour after the photochemical reduction of silver. All images are 5
um x 5 um laterally and the dark-to-light vertical scales are 0 — 4 nm. The percentage in lower
corner marks the fractional coverage of photocathodic terraces in each image. The black lines mark
the same locations that is marked in Fig. 6.3 and Fig. 6.5.

Figure 6.5. Surface topography AFM image scanned on clean surface of samples annealed at 1200
< for (a) 24 hours (b) 12 hours (c) 3 hours and (d) 0. All images are 5 pm x 5 pm laterally and
the dark-to-light vertical scales are 0 — 2 nm. The black lines mark the same locations that is
marked in Fig. 6.3 and Fig. 6.4.
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To explore the influence of temperature, four samples were annealed at 1100 <C and 1000
<C for 0 and 6 h. Figs. 6.6(a) and 6.6(b) (Figs 6.6(c) and 6.6(d)) show topographic images of the
samples after the photooxidation of lead for samples heated to 1100 <C (1000 <C) for 6 h and 0 h,
respectively. The trend at these temperatures is similar to what was observed at 1200 <C. The
fractional coverage of photoanodic terraces increases with annealing time, from 38 % to 68 % (15

% to 32 %) for 0 h and 6 h anneals at 1100 <C (1000 <C).

Apar [ NS 15%
Figure 6.6. Topographic AFM images after lead photooxidation for samples annealed at 1100 <C
for (a) 6 h (b) 0 h and samples annealed at 1000 <C for (c) 6 h (d) 0 h. Lateral image dimensions:
(@ —(c) 5 um x 5 um and (d) 3 um x 3 um. The dark-to-light vertical scales are (a) — (¢) 0 — 6 nm
(d) 0 — 3 nm. The fractional coverage of photoanodic terraces is given in the lower right corner.
The black lines mark the same location that is marked in Fig. 6.7 and Fig. 6.8

When we compare the samples annealed at different temperature for the same amount of
time, we can easily conclude that the fractional coverage of photoanodic terraces also increases

with increasing annealing temperature. For example, three samples were annealed for 6 h at

different temperatures. The surface of the sample annealed at 1000 <C was 32 % photoanodic (see
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Fig. 6.6(c)), the sample annealed at 1100 <C was 68 % photoanodic (see Fig. 6.6(a)), and the
sample annealed at 1200 <C was 68 % photoanodic (see Fig. 6.2(c)). The same is true for the three
samples annealed for 0 h, whose surfaces are 15 %, 38 %, and 45 % photoanodic at 1000 <C, 1100
<, and 1200 T, respectively.

Topographic AFM images of the surfaces after photooxidation of lead are shown in Fig.
6.6, but after the photoreduction of Ag, can be found in Fig. 6.7. As before, the oxidation and
reduction reactions are complementary. The terraces reactive for the photoreduction of silver are
unreactive for the photooxidation of lead and the terraces reactive for the photooxidation of lead
are unreactive for the photoreduction of silver. In each case, if we determine the faction of
photocathodic surfaces by evaluating the fractional silver coverage in Figs. 6.4 and 6.7, the result
is the same, within 5%, of simply subtracting the fractional photoanodic area from 100 %. Images
of the clean surfaces are shown in Figs. 6.5 and 6.8. In general, the terraces that are higher than
the neighboring terraces are reactive for the photoreduction of silver and the lower terraces are

reactive for the photooxidation of lead. This is consistent with the result shown in Fig. 6.2.
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il Y1) Wy & et ot
Figure 6.7. Surface topography AFM image after silver photoreduction for samples annealed at
1100 <C for (a) 6 hours (b) 0 hours and samples annealed at 1000 <C for (c) 6 hours (d) 0 hours.
Dimension of images are: (@) — (¢) 5 um % 5 um and (d) 3 um x 3 pum laterally. The dark-to-light
vertical scales are 0 — 4 nm. The black lines mark the same locations that is marked in Fig. 6.6 and
Fig. 6.8.

b, w " N e
Figure 6.8. Surface topography AFM image scanned on clean surface of samples at 1100 <C for
(@) 6 h (b) 0 h and samples annealed at 1000 <C for (c) 6 h (d) 0 h. All images are 5 um x 5 um
laterally and the dark-to-light vertical scales are 0 — 2 nm. The black lines mark the same locations

that is marked in Fig. 6.6 and Fig. 6.7.
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In our previous study of SrTiO3(111), we found the surface composition could be altered
by heating the sample in the presence of powder reservoirs with a different composition. 24 Images
of a sample that was annealed at 1000 <C for 6 h surrounded by 2 g of TiO2 powder are shown in
Fig. 6.9. The topographic image in Fig. 6.9(a), recorded after the photooxidation of lead, shows
that the sample is 79 % photoanodic. A sample annealed at the same time and temperature without
the TiO. powder reservoir (Fig. 6.6(c)) was only 32 % photoanodic. Therefore, the addition of
TiO, powder more than doubled the fractional coverage of the photoanodic surface. The
topographic image after the reduction of silver (Fig. 6.9(b)) demonstrate the reaction is
complementary. The topographic image and surface potential image of the same location before
the reaction are shown in Figs 6.9(c) and 6.9(d). When the images are compared, it is clear that
the terraces that are topographically higher also have a higher surface potential and promote the
photoreduction reaction. In other words, they are photocathodic. The topographically lower
terraces have a lower surface potential and are photoanodic. This is consistent with the observation

on samples annealed without TiO, powder.
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Figure 6.9. (a) Topgraphic AFM image after lead photooxidation, (b) topographic image after
silver photoreduction recorded, (c) topographic image of the clean surface, and (d) surface
potential image. All images are 5 um x 5 pm and show the same area on a sample annealed with
2 g TiO2 powder at 1000 <C for 6 h. the blue line marks the same locations. The vertical scale
from dark-to-light is: (a) 0 to 6 nm, (b) 0 to 4 nm, (c) 0 to 2 nm and (d) 0 to 40 mV. The fractional
coverage of photoanodic and photocathodic terraces in (a) and (b), respectively, are given in the
lower right corners.

The results described above indicate that heating the crystals with a reservoir of TiO>
powder (Sr-poor conditions) increases the surface coverage of photoanodic terraces. To test the
effect of heating in Sr-rich conditions, SrTiOs crystals were heated with a Sr3Ti>O7 reservoir. In
this case, the SrTiOz sample was then annealed in a crucible with 0.02 g of SrsTi,O7 for 6 h at
1100 <C. As illustrated in Fig. 6.10(a), the lead oxidation experiment indicates that only 37 % of
the surface is photoanodic. For comparison, the sample heated in the same conditions without

added Sr3Ti2O7 (see Fig. 6.6(a)) was 68 % photoanodic. As illustrated in Fig. 6.10(b), the silver

reduction experiment indicated that 58 % of the surface area is photocathodic. So, as in other
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cases, the oxidation and reduction reactions are complementary. In this case, the 58 %
photocathodic area and the 37 % photoanodic areas do not sum to exactly 100 %. This may be
because this particular surface had many very small terraces (see Fig. 6.10(c)) and our resolution
of the areas covered by reduced silver or oxidized lead was not sufficient to distinguish all of the
small terraces. The results show that heating SrTiO3z with a small amount of Sr3Ti>O7 changes the
surface from majority photoanodic to majority photocathodic.

The surface potential image of the clean surface, at the same location, is shown in Fig.
6.10(d). Compare Fig. 6.10(d) with Fig. 6.10(b), it is clear that the same correlation that was
observed in the previous experiments; the areas with the highest surface potentials are
photocathodic and the areas with lower surface potentials are photoanodic. However, the contrast
is weaker than in the other two KFM images (Figs 6.2(b) and 6.9(d)). It is likely that this is also
an artifact of the small terrace width. The radius of the KFM probe is ~ 25 nm and the lateral
resolution of KFM images is > 100 nm. 3 This is comparable to the average terrace width, which
is about 250 nm. Because the terraces are closely spaced, in many locations the tip is influenced
by a combination of photoanodic and photocathodic terraces, and the measured potential at any
point is an average of those in the neighborhood and it does not reach maximums that are as high

or minimums that are as low.
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Figure 6.10. (a) Topographic AFM image after lead photooxidation, (b) topographic image after
silver photoreduction recorded, (c) topographic image of the clean surface, and (d) surface
potential image of the same area of the sample annealed at 1100 <C for 6 h with 0.02 g Sr3Ti20s.
All images are 10 um x 10 um. The blue lines more the same position on each image. The vertical
scale from dark-to-light is: (a) 0 — 6 nm, (b) 0 to 4 nm, (¢) 0 — 2 nm and (d) 0 — 20 mV. The
fractional coverage of photoanodic and photocathodic terraces in (a) and (b), respectively, are
given in the lower right corners.

The experiments described above have shown that both higher annealing temperatures and
heating in the presence of a TiO- reservoir increases the fraction of the photoanodic surface. Inan
effort to create a completely photoanodic surface, a SrTiOz sample was annealed with a 2.0 g
reservoir of TiO2 for 6 h at 1100 <C. The image in Fig. 6.11(a) shows the surface after the
photooxidation of lead and all of the terraces have lead deposits, indicating that the surface 100 %
photoanodic. The image in Fig. 6.11(b) shows the surface after photoreducing silver. Silver is

reduced only on the edges of the terraces, indicating that the terraces are inert for photoreduction,

consistent with them being 100 % photoanodic.
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Heating the in the presence of SraTi2O7 powders was shown to increase the faction of
photocathodic surface area. In an attempt to make a 100 % photocathodic surface, a SrTiOs sample
was heated for 6 h at 1100 <C in a crucible containing 0.12 g of Sr3Ti2O7 powder. The surface
topography after the photooxidation of lead is shown in Fig. 6.11(c). Only 2 % of the surface is
covered by the lead containing deposits. As shown in Fig. 6.11(d), when the same surface is used
to photoreduce silver, is almost completely covered by reduced silver. Therefore, the surface is
98 % photocathodic. Note that when SrTiOs is heated in this condition, the surface does not

develop terraces, as in the other experiments, but instead developed a microfaceted appearance.

Figure. 11. Topgraphic AFM image of samples annealed with 2 g TiO2 powder (a) after lead
photooxidation and (b) after silver photoreduction. Topographic AFM image of samples annealed
with 0.12 g Sr3Ti207 powder (c) after lead photooxidation and (d) after silver photoreduction. Both
samples were annealed at 1100 <C for 6 h. All images are 5 um x 5 um laterally and the dark-to-
light vertical scales are (a) — (c) 0 — 5 nm (d) 0 — 10 nm. The fractional coverage of photoanodic
(a & c) and photocathodic (b & d) terraces are given in the lower right corners.
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The fractional coverage of photoanodic and photocathodic terraces versus the duration of
the anneal, for different temperatures and conditions are summarized in Fig. 6.12. The temperature
is given by the shape of the symbol and if there is a letter within the symbol, it indicates if TiO>
(T) or SraTi2O7 (S) was present during the anneal. The points connected by the dashed lines were
annealed at the same temperature and if you follow these lines, it is apparent that shorter annealing
times lead to more photocathodic surfaces. Itis also clear that lower annealing temperatures lead
to more photocathodic terraces. The presence of SraTi.O7 makes the surface more photocathodic

and the presence of TiO, make the surface more photoanodic.
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Fig. 6.12. The fractional coverage of photoanodic and photocathodic terraces versus the annealing
time for samples shown in Figs. 2 through 11. The shape of symbols represents the annealing
temperature.
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6.4 Discussion

The experimental results show that SrTiO3 (110) surfaces, when annealed at temperatures
greater than or equal to 1000 <C in air have two types of terraces with distinct surface potentials.
The terraces that have the higher (more positive) surface potential promote reduction and are
referred to photocathodic terraces. The terraces that have the lower (more negative) surface
potential promote oxidation and are referred to as photoanodic terraces. This is similar previously
published observations on other surface surfaces, including polar terraces on SrTiOs (111), * polar
domains on ferroelectric surfaces °, domains on ferroelastic surfaces 1 34, thin films supported by
ferroelectrics, *3° 3 and hematite. 3" All of these cases have the same correlation between surface
potential and photochemical reactivity; the area with a higher surface potential has reduced upward
(or more downward) band bending at surface. As a result, photogenerated electrons have a smaller
energy barrier to get to surface (or, in the case of downward band bending, are attracted to the
surface) to participate in reduction reactions. On the other hand, areas with low surface potential
have increased upward band bending. Upward band bending attracts holes to surface for oxidation
reactions and repels electrons. This qualitative interpretation has been supported quantitatively by
simulations of the photochemical reactivity thin TiO2 supported by ferroelectric BaTiOs. 8

As mentioned earlier, the SrTiOz (110) surface can be terminated by a SrTiO plane with a
formal charge of 4" or by a 20 plane with a formal charge of 4" and the spacing between these two
planes of opposite charge is 1.38 A (defined as N). On the idealized bulk terminated surface
illustrated in Fig. 6.1, odd-N should have different surface terminations and terraces separated by
even-N should have the same surface termination. However, the SrTiO3 (110) surface is known
to reconstruct. For example, a series of (n x 1) reconstructions has been observed after annealing

39

in ultra-high vacuum environment. For samples annealed at 1 atm, (1 x 1) and (1 X 2)
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reconstructions made up of TiO, microfacet planes were found. 22 Other types of reconstructions
have also been reported, depending on the annealing temperature, the time, and the environment.
19.20,21,24 1n each of these cases, the surface can be thought of as a network of corner- or edge-
sharing TiOx units with varying stoichiometries that depend on how much Sr was lost during the
annealing process.?® One aspect of these reconstructions that is important for the current work is
that, independent of the reconstruction or the annealing environment, step heights measured
between terraces of the same chemical composition are still even multiples of N.27:28:40 Therefore,
step height measurements can be used to determine if there is a change in the chemical composition
of the terraces. In our experiment, it was determined that terraces separated by even-N have similar
photochemical reactivity and surface potential while terraces separated by odd-N have different
reactivity and surface potentials.

The potential difference between the two terraces originates from both surface charges and
work function difference. It is assumed that the actual charges on the different terraces are reduced
from the ideal +4 and -4 by reconstruction and adsorption. For example, for samples exposed to
air and aqueous solutions, adsorption of hydroxyls is expected to alter the surface charge. The
adsorption of water on (1 > n) reconstructed SrTiOs (110) surfaces has been studied and it was
found that surfaces with highly oxidized Ti only weakly adsorb water. 2°2° However, if there is
reduced Ti on the surface, then water molecules are dissociated at oxygen vacancies and hydroxyl
groups are strongly adsorbed to the surface. Calculations have also indicated that there should be
work function differences between the ideal SrTiO and 20 terraces, with the later having a work
function that is 1 eV lower than the former. ** Termination dependent work functions, charge, and

adsorption probably all contribute to the difference in the measured potential and reactivity of the
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two different terraces on SrTiOs, but at this point in time it is difficult to assign the relative
importance of each factor.

The experiments show that higher annealing temperatures and longer annealing times cause
an increase in the fraction of the surface that is photoanodic. As noted before, the vapor pressure
of SrOx above SrTiOs is much larger than TiOx. > 4344 Therefore, longer and higher temperature
annealing is likely to cause the evaporation of Sr and leave the surfaces Ti-rich. Therefore,
according to the results in Fig. 6.12, the photoanodic terrace is most likely to be Ti-rich and the
photocathodic terraces are likely to have more Sr. This is consistent with the observations on the
clean surfaces; the photocathodic terraces are usually higher than the photoanodic terraces, as
illustrated in Figs. 6.2(a), 6.5, 6.8 and 6.9(c). suggesting that these areas are left behind as layers
of the surface are removed.

The experiments showed that when SrTiOs (110) single crystals were annealed with Sr-
rich and Sr-poor powders, the surfaces could be tuned to more photoanodic and photocathodic
extremes, respectively. The interaction of the SrTiO3z (110) surface and the powder must occur
through the vapor phase. Although the vapor pressure of TiO2 powder at the annealing temperature
is negligible (Priox ~ 107 torr at 2000 <C) *®, the vapor pressure of SrO while heating SrTiOs is
orders of magnitude higher (Psro > 2 torr at 2000 <T) #>*3. Moreover, the presence of water vapor
converts strontium oxide to a hydroxide that has a vapor pressure which is larger by many orders
of magnitude. ** Therefore, the most plausible mechanism is that the SrO evaporated from the
SrTiOz surface reacts with the surrounding TiO: reservoir, encouraging further evaporation of Sr
element and leaving behind a more Ti-rich photoanodic SrTiOz (110) surface. In earlier research,
we studied SrTiO3 (111) surfaces annealed in the same conditions used here. X-ray photoelectron

spectroscopy showed that SrTiOs (111) surfaces annealed with TiO, powders contained more Ti
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than the ones annealed without TiO>, consistent with the proposed mechanism. ' The same
mechanism should be applicable to the SrTiO3 (110) surface.

For the case of heating in the presence of Sr3Ti2Ov, it is assumed that the Sr-rich phase acts
as a source of SrO with a much greater surface area. Thus, there is a concentration gradient to
transport SrO from the powder to the sample surface to compensate for any Sr evaporating from
the crystal. In this way, the surface are tuned to be the more Sr-rich photocathodic surface. This
is also consistent with a report of getting SrTiO or O single terminated SrTiO3 (110) surface (all
covered in Ti-rich oxide clusters) by tuning Sr/Ti ratio at the surface using Ar" sputtering then
followed with ultra-high vacuum annealing. This treatment increased the surface Sr concentration,
while it was still SrTiO terminated. * Our experiments of tuning the surface termination from
nearly purely photocathodic to purely photoanodic by adding excess powders uses a similar
concept, but the process can be carried out in air. Therefore, this is a straightforward and
complementary method to vacuum annealing and solution chemical treatments developed for
surface engineering thin film substrates, 28 464748

Our earlier study of the SrTiO3 (111) surface showed that the Ti-rich termination that had
a smaller potential was more reactive for photooxidation. 1* The same appears to be true for SrTiO3
(110). However, the surface coverage of photoanodic and photocathodic terraces of SrTiO3z (110)
can be tuned over a much wider range than SrTiOsz (111). By varying temperature and time, or
adding reservoirs of Ti-rich or Sr-rich powders, the surface can almost continuously changed from
purely photoanodic to photocathodic.  Therefore, it is possible to optimize the overall
photochemical reactivity for the reaction of interest. For example, if the catalyst is designed to
degrade organic compounds, a high percentage of photoanodic terraces might be the most efficient.

For water splitting, the relative areas of the terraces should be adjust so that reduction and oxidation
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half reactions occur at the same rate. On an n-type semiconductor such as SrTiOg, this is also

likely to be a surface that favor the minority carrier (oxidation) reaction.

6.5 Conclusions

SrTiO3 (110) surfaces annealed in air at temperatures between 1000 <C and 1200 <C
exhibit two types of terraces with distinct surface potentials. The different types of terraces are
separated by odd integer multiples of the interplanar spacing, corresponding to different chemical
terminations of the bulk crystal. The terraces with the more positive (less positive) surface
potential promote photoreduction (photooxidation) reactions as more electrons (holes) are
attracted to surface. Therefore, the more positive terraces are photocathodic and the less positive
terraces are photoanodic. The relative surface coverage of these two terraces, and the surface
reactivity, can be controlled by the temperature and duration of annealing. The relative area of
photoanodic (photocathodic) terraces can be controlled within the range of 100 % to 15 % (0 % to
85 %). Samples annealed at higher temperatures and for longer times have increasing photoanodic
surface areas. It was also found that the surface termination could be controlled by annealing the
crystals with Ti- or Sr-rich powders. Annealing with TiO. powder promotes photoanodic surfaces
and annealing with Sr3Ti>O7 powder promotes photocathodic surfaces. By using the SraTi2O7
powder, it was possible to create a surface that was 98 % photocathodic. These annealing
treatments make it possible to adjust the SrTiO3 surface from almost completely photocathodic to

completely photoanodic.
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Chapter 7 Buried Charge at the TiO2/SrTiO3 (111)

Interface and its Effect on Photochemical Reactivity

High temperature annealing in air is used to produce SrTiO3 (111) surfaces with two types
of atomically flat terraces: those that promote photoanodic reactions and those that promote
photocathodic reactions. Surface potential measurements show that the photocathodic terraces
have a relatively more positive surface potential than the photoanodic terraces. After depositing
thin titania (TiO) films on the surface, from 0.9 nm to 16 nm thick, the surface of the film above
the photocathodic terraces also has photocathodic properties, similar to those of the bare surface.
While a more positive surface potential can be detected on the surface of the thinnest titania films
(0.9 nm thick), it is undetectable for thicker films. The persistence of the localized photocathodic
properties on the film surface, even in the absence of a measurable difference in local potential,
indicates that the charge associated with specific terraces on the bare SrTiOs (111) surface
remains localized at the TiO2/SrTiOz interface and that the buried charge influences the motion of

photogenerated carriers.
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7.1 Introduction

Studies of the polar surfaces such as ZnO (0001)* and GaN (0001)? have shown that the
internal electric field that arises from the charge on the polar surface can separate photogenerated
electron-hole pairs and increase the photochemical reactivity. SrTiOz is a well-known
photocatalyst that can split water when illuminated by UV light®>#° and several of the low index
surfaces are polar. For example, the ideal unreconstructed (111) surface is polar and charged,; it
can be terminated by a Ti*" layer or by a SrOs* layer. While the real SrTiOs (111) surface in air
is likely to be reconstructed® " & and covered by a layer of adsorbates,® 1 it has recently been
shown that some (111) terraces have locally photocathodic properties and the others have
photoanodic properties.!t  Furthermore, the photocathodic terraces have a relatively positive
potential compared the photoanodic terraces, as measured by Kelvin probe force microscopy
(KFM).!2 The interpretation of these observations was that the terraces with a more positive
potential (photocathodic) have reduced upward band bending at the surface and it is easier for
photogenerated electrons to reach the surface and participate in photoreduction reactions. The
photoanodic terraces, with a less positive surface potential, have increased upward band bending
that prevents electrons from getting to the surface while holes are driven to the surface to
participate in oxidation reactions. In other words, the polar terraces on the SrTiOs (111) have
distinct photocathodic or photoanodic properties and, therefore, strongly influence photochemical
reactions.

While polar surfaces might provide a mechanism to increase photochemical reactivity,
their stability with respect to faceting and other types of reconstruction is questionable.*®>* One
strategy for stabilizing polar surfaces is to add a thin protective coating that protects the polar

surface.’> 1817 Earlier studies of ferroelectrics coated by titania have illustrated that the reactivity
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of the film surface is spatially selective and mimics the reactivity of the underlying polar
substrate.®> 7 The proposed mechanism is essentially the same as for the bare ferroelectric
surface;!® the substrate surfaces with positively charged domains have reduced upward band
bending and the substrate surfaces with negatively charged domains have increased upward band
bending. Electrons and holes that migrate to positive and negative domains, respectively, can then
pass through the relatively thin titania coating and react with species at the surface. Recent
simulations of photogenerated charge carrier transport in coated ferroelectrics provided
quantitative support for this mechanism.*®

Considering the similarities between charged ferroelectric domains and polar surface
terminations, we can hypothesize that a thin coating on a polar SrTiOs surface will have
photocathodic and photoanodic regions that mimic the properties of the underlying substrate. The
main point of this paper is to describe findings that support this hypothesis. For the coating, we
use titania. Titania has been used to coat ferroelectrics and SrTiOs in the past,™ 2 it is a stable
photocatalyst,?! 22 and the TiO2/SrTiOs heterostructure has been shown to be photocatalytically
active.?®> SrTiOs (111) surfaces have been prepared by high temperature annealing and the
photocathodic regions have been identified using both surface potential imaging by KFM and the
photochemical reduction of silver. After growing thin titania films, the same areas were analyzed
and the results show that the charge on the terraces of the bare SrTiOz surface remain at the buried

interface and influence the transport of photogenerated charge carriers.
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7.2 Experimental Procedure

Commercially available SrTiOs (111) single crystals (MTI company, (111) +/- 0.5%
roughness < 5 A) were heated in air at 5 <T/min to 1250 <C and held for 10 h. After annealing,
the topography and surface potential distribution were imaged using a scanning probe microscope
(Solver-Next, NT-MDT, Russia). A silicon probe (Tap300-G, budget sensor) was used to record
topographic images and a conductive PtCr coated probe (190E-G, budget sensor) was used to
record surface potential (also referred to as KFM) images. The image data was processed using
the Gwyddion?* software package.

The photocathodic areas of the surface were identified by photochemically reducing Ag*
from solution.' 18226 The reduced silver is insoluble and forms metallic deposits on the surface
that can be imaged by AFM.?” A 300 W mercury lamp (Newport, Irvine, CA) was used fro
illumination and the reaction time was 8 s. During this procedure, skin and eyes must be protected
to prevent damage by UV radiation. After illumination, the sample was rinsed with de-ionized
water and dried using a stream of 99.995 % nitrogen gas. After imaging the pattern of silver on
the surface, the silver was removed by wiping the surface with a cotton swab and then sonicating
the sample in a bath of methanol for 10 min. After the surface was cleaned, it was imaged by AFM
again to make sure there was no detectable silver residue.

Atomically flat TiO thin films were grown on the clean SrTiO3 (111) surface using pulsed
laser deposition (PLD) (Neocera, MD) with a KrF (A = 248 nm) laser (Coherent, CA). The film
was deposited at 700 T with an oxygen pressure of 30 to 40 mTorr. These conditions were
adopted, with minor adjustments, from previous work in which TiO> films were grown on BiFeO3
and BaTiOs3 substrates.™> 1": 2 Note that to make the film atomically flat, we used a reduced laser

pulse frequency (3 Hz) and a reduced laser energy (estimated to be 0.6 J/cm? at the target). After
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deposition, the film thickness was measured using X-ray reflectivity. Films thicker than 5 nm can
be measured directly, and the thicknesses of thinner films were estimated from the number of
pulses used during the deposition (calibrated from the measurements on the thicker films). The
film growth rate at this condition is around 1 nm per 1400 pulses. The phase of the film was
examined by X-ray diffraction. A Philip X’Pert Pro MRD system was used for the diffraction
measurements. The Cu anode X-ray source was operated at 40 KV and 45 mA to generate an X-
ray beam with a wavelength of 0.154 nm (Cu-K.1/Ky2). Electron backscatter diffraction patterns
of the heterostructure were captured using a Quanta 200 SEM (FEl, Hillsboro, OR) and analyzed
using commercial software (TSL, EDAX, Mahwah, NJ) to check the film’s crystallinity and
orientation.

The film surfaces where used to reduce silver under the same conditions as the bare
substrates. Topographic atomic force microscopy (AFM) images were recorded of the same areas
before and after depositing the film so that the patterns of silver reduced on the film could be
compared to those on the bare substrate. KFM was also used to map the surface potential

distribution in the same areas before and after film growth.

7.3 Results

The topography of the SrTiOz (111) surface after annealing at 1250 <T in air is shown in
Fig. 7.1(a). The surface is characterized by a set of atomically flat terraces separated by
approximately parallel steps 1 to 2 nm in height. The surface potential distribution in the same
area is shown in Fig. 7.1(b). The surface potential image indicates that the terraces have two

distinct contrast levels and the potential difference between the two varies in the range of 7-15
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mV. After the sample was illuminated by UV light in a silver nitrate solution, metallic silver
selectively deposited on some of the terraces and appears as white contrast in Fig. 7.1(c). After
comparing the locations of the silver to the potential distribution in the KFM image (Fig. 7.1(b)),
it is clear the Ag deposits preferentially on the set of terrace that have the relatively greater (more
positive) surface potential. These observation are consistent with those we have recently reported

and we refer to the terraces that reduce silver as photocathodic terraces.*?

Figure 7.1. (a) Topographic AFM image of the clean SrTiO3 (111) surface. (b) Surface potential
image of the same area. (c) Topographic image of the same area after it was used to
photochemcially reduce Ag*™. All images are 30 um x 30 um. The contrast range from black-to-
white is: (@) 0 — 3 nm, (b) -25 -0 mV, and (c) 0 — 10 nm.

After the experiment depicted in Fig. 7.1, the reduced silver was removed from the surface
and TiO> films were deposited. A pair of typical topographic AFM images, of the same area,
before and after depositing a 2.2 nm thick titania film, are shown in Fig. 7.2. Note that there are
high spots (white contrast) in the images that are thought to be surface contamination from
handling. These spots serve as useful fiducial markers for locating the same area; four of the spots
are marked with a blue dot to identify the same location in the two images. The steps on this part

of the surface are 1 to 2 nm in height and the roughness of the terraces is about 1.0 A. After

depositing the TiO2 film, the roughness of the same area increased to 2.1 A. Despite the modest
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increase in roughness, the shapes of the step edges and terraces are unchanged and this makes it

possible to verify that the images are recorded at the same location.

Figure 7.2. Topographic AFM images (semi-contact mode) of (a) the bare SrTiO3 (111) surface
after annealing and (b) the same area after depositing a 2.2 nm thick TiO2 film. In each image, the
field of view is 13 um x 13 um. For both images, the vertical range from black-to-white is 0 — 5
nm.

X-ray diffraction was used to characterize the bare annealed SrTiO3 (111) substrate
and the 50 nm TiO2/SrTiOs heterostructure. The diffraction patterns from the bare substrate
and the heterostructures are shown in Fig. 7.3(a) and it is clear that a new peak has appeared
after deposition of the 50 nm film. The position the SrTiOs (111) peak is 40.081°, 0.082°
from the ideal peak position (39.9999.2° The new peak that appears after the film is deposited
is located at 37.812< Assuming that the measured position of the new peak is shifted by the same
offset as the SrTiO3 (111) peak, its true position is 37.730< We assign this new peak to anatase
(004) because it differs from the ideal position by only 0.028<% It has been reported that TiO;

films grown on SrTiOs (111) can have mixed phases and orientations: in addition to (001) anatase,

(112) anatase and (100) rutile are also observed.®* However, the (112) anatase diffraction peak
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(38.6009) and the rutile (200) peak (39.1959 coincide with the SrTiOs (111) substrate peak, so the

X-ray diffraction data was not sufficient to determine if these other orientations occurred in our

films.
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Figure 7.3. (a) XRD patterns of the bare SrTiOz (111) substrate (left panel) and the TiO2/SrTiO3
heterostructure (right panel). The film thickness is about 50 nm. (b) Example of an X-ray
reflectivity curve measured on a TiO2 film/SrTiOs (111) single crystal heterostructure. The
roughness of film is 3.5 A, the roughness of the substrate is 0.5 A and the measured film thickness
is 7.2 nm. (c) Electron backscatter diffraction pattern from TiO2/SrTiOs heterostructure (thickness
> 50 nm).

An electron backscatter diffraction pattern of the heterostructure is shown in Fig. 7.3(c).
The diffraction pattern shows some clear bands, but is relatively weak, indicating poor
crystallinity. While the pattern could not be indexed to a single phase, some bands (labeled in Fig.
7.3(c)) were consistent with the anatase (001) orientation. We did not succeed in indexing the
other bands in the pattern, but it is clearly the result of a mixture of orientations or phases. Because
the film is relatively thick (> 50 nm) it is unlikely that any of the band contrast arises from the

substrate. We assume that the poor epitaxy of the film results from specifics of the deposition

conditions, possibly from the low laser energy in combination with the temperature, pressure, and
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geometry. We targeted conditions to yield smooth films and the results indicate that, in addition
to films that are kinetically flat (low relative adatom mobility), they also have poor epitaxial
quality. The crystalline, but not epitaxial films, are characteristic of what would be expected in a
real catalyst.

An example of one of the X-ray reflectivity patterns used to measure the film thickness is
shown in Fig. 7.3(b). The film thickness is directly proportional to the spacing between local
maxima and this sample is estimated to be 7.2 nm thick (using simulation software X'Pert
Reflectivity).*> Note that the maximum incident angle range in the measurement is 4< beyond 4
the intensity signal is less than the noise. Therefore, the thinnest films that the X-ray reflectivity
technique can characterize are around 5 nm, which will only show two maxima in the reflection
intensity. The thicknesses of films thinner than 5 nm were estimated according to the film growth
rate established from measurements of thicker films.

A series of films with thicknesses ranging from 0.9 nm to 16 nm was deposited. The pattern
of silver particles after the photoreduction of silver was recorded on each sample, at the same area,
before and after depositing the titania film. KFM images were also recorded to determine if the
surface potential of the underlying SrTiOs (111) terraces influences the local potential at the
surface of the TiO. film. The distribution of silver on the substrate, the surface potential
distribution on the film surface, and the distribution of reduced silver on the film surface for the
0.9 and 2.2 nm thick films are compared in Fig. 7.4, where (a) to (c) show the distributions on the
0.9 nm thick film and (d) to (f) show the distributions for the 2.2 nm thick film. The images in
Fig. 7.4(a) to (c) clearly show a correlation between the location of the silver on the bare substrate,
the measured surface potential on the film, and the distribution of silver on the film surface. In

other words, photocathodic terraces on the substrate that reduce silver also are also photocathodic
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on the film surface. In addition, the surface potential of the 0.9 nm thick film surface is relatively
more positive at the locations where the silver deposits. However, the measured potential
difference (4 to 10 mV) is slightly less than on the substrate (7 to 15 mV). It should also be noted
that silver appears to deposit almost everywhere on the film surface in (c), but significantly more

deposits are observed on the terraces with a higher potential.

Figure 7.4. (a) and (d): AFM topographic images of bare SrTiO3z (111) substrates after silver-
reduction reactions. (b) and (e): Surface potential images measured in the same areas as (a) and
(d), respectively, after deposition of a 0.9 (b) and 2.2 (e) nm titania film. (c) and (f): AFM
topographic images of the two heterostructures from (b) and (e), respectively, after the silver-
reduction reaction. The images (a), (b), and (c) are 20 um x 20 um. The images (d), (e), and (f)
are 11 ym x 11 um. In (d-f), blue dots are used to mark the same three places on the surface.
Vertical scales from black-to-white are: (a), (d), and (f), 0 — 10 nm; (b) and (e) -10 — 10 mV; (c) 0
—-5nm.

The corresponding images of the sample with the 2.2 nm titania film are shown in Fig.

7.4(d), (e), and (f). The KFM image (Fig. 7.4(d)) did not show a significant contrast difference
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between the reactive and unreactive terraces; this was also true for all thicker films. This indicates
that the charge associated with the terraces on the substrate has either been removed by the film
growth or is screened by the film and undetectable at the surface. Even though no potential
variations can be measured on the film surface, the pattern of silver reduced on the film surface
(Fig. 7.4(f)) still mimics the pattern of reduced silver on the substrate (Fig. 7.4(d)). This result
indicates that the charge remains on the terraces and still influences the motion of photogenerated
carriers, but that it is sufficiently screened by the film so that it cannot be detected by KFM.
Experiments parallel to those described above were repeated for samples with thicker
titania films and the results are shown in Fig. 7.5. The patterns of silver reduced on the bare
surfaces of two SrTiOs (111) substrates are shown in Figs. 7.5(a) and (c). The same areas are
shown after the deposition of 7.2 nm (Fig. 7.5(b)) and 16 nm (Fig. 7.5(d)) thick titania films and
the reduction of silver. The result is similar to what was observed for the thinner films, with the
pattern of silver on the film surface mimicking what was observed on the substrate surface before
film deposition. A detailed comparison shows that films supported by reactive terraces are more
reactive than the rest of the surface and films supported by unreactive terraces have some reduced

silver, but much less than in the areas above the reactive terraces.
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Figure 7.5. Topographic AFM images of the same areas of the substrate ((a) & (c)) and film
surfaces ((b) & (d)), after the photoreduction of silver, for two different film thicknesses. In (b),
the film is 7.2 nm thick and in (d) the film is 16 nm thick. The fields of view in (a) and (b) are 40
um x 40 pum. The fields of view in (¢) and (d) are 50 um x 50 um. The vertical scales from black-
to-white are 0 — 20 nm.

7.4 Discussion

The observations in the previous section show that titania films (up to 16 nm in thickness)
supported on SrTiOs (111) surfaces (which were annealed in air at 1250 <C for 10 h prior to
growth) have roughly the same spatially selective reactivity as the bare substrates. For the thinnest
film, the relative potential difference between the two terraces is also similar to the potential

difference on the bare substrate. These observations indicate that the charge on the terraces of the
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bare substrate is trapped at the buried substrate-film interface and that the buried charge influences
the transport of photogenerated electrons and holes.

To understand the mechanism of this phenomenon, we begin by considering where the
photoelectrons are generated. SrTiOz and TiO; are both able to reduce Ag when stimulated by UV
irradiation, ! 2 but in this experiment, the titania film is too thin to adsorb enough light to produce
significant concentrations of electron-hole pairs. Because the light used in this experiment has an
absorption depth in SrTiOs and TiO, on the order of 102 nm,3 34 35 the majority of light was
adsorbed in the substrate; most of the electrons participating in the silver-reduction reaction must
also have been generated in the SrTiOz substrate. Second, the diffusion length of electrons in TiO-
is on the order of 100 nm to 10 um.*® Because the titania films were all less than 20 nm thick, the
photoelectrons from the substrate can easily get to the film surface by diffusion. Third, the KFM
images measured on the ultra-thin film sample show that after we deposit a TiO2 film on the
annealed SrTiOs (111) substrate, there is still a correlation between surface potential and reactivity,
similar to the surface potential and reactivity correlation for bare SrTiOs (111) substrate. This
suggests that the potential difference on the film surface originates from the potential differences
of the photocathodic and photoanodic terraces on the buried SrTiOz (111) surface. Taken together,
these considerations indicate that carriers photogenerated in the substrate experience a field from
the buried interface charge that attracts different amounts of electrons and holes to the interface,
depending on the buried local terrace charge, and some of these carriers traverse the film and react
at the TiO> surface.

The surface potential value measured by KFM is proportional the contact potential
difference (Ecpp) between probe and sample surface.®” % Possible energy level diagrams for the

bare SrTiOs (111) substrate and SrTiOs (111)/TiO- heterostructures are depicted in Fig. 7.6. The
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photoanodic terraces on the SrTiO3 (111) surface that have lower measured surface potentials have
a smaller value of Ecpp and the bands are bent upward at the surface, as shown in Fig. 7.6(a).
Therefore, for the films supported on the photoanodic terraces, electrons are repelled from the
interface and directed to the interior of sample, where they recombine with holes. On the other
hand, for the photocathodic terraces that have higher measured surface potentials, the value of
Ecrp is larger and the bands are not bent upwards as far as they are on the photoanodic terraces, as
illustrated in Fig. 7.6(d). Therefore, photoelectrons are more easily to transported to the film
surface to reduce silver ions from solution. We should mention that it is also possible the bands
at the photocathodic are flat, or even have a small downward band bending, but evidence from
Pb?* oxidation experiments suggest a small amount of upward band bending.'? For the very thin
(0.9 nm) titania film, we assume that the film is not thick enough to fully screen the charge and
the bands do not relax to their equilibrium positions (see Figs. 7.6(b) and 7.6(e)). This leads to
values of Ecpp that differ on the photoanodic and photocathodic terraces, but not by as much as on
the bare substrate and this is consistent with the observations. For the thicker films, depicted in
Figs. 7.6(c) and 7.6(f), the buried charge is fully screened and the bands return to their equilibrium
positions. In this case, Ecpp at the film surface is not measurably different at the two types of
terraces. However, the energy barrier at the buried interface is very different for the two terraces.
There is a much smaller barrier at the interface for the photocathodic terraces, making it easier for
electrons to be transmitted from the substrate to the film surface. It is this difference in the energy

barrier, resulting from the buried charge, that leads to the spatially selective reactivity of the film.
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Figure 7.6. Schematic energy level diagrams of SrTiOs (111) and SrTiOs (111)/TiO;
heterostructures and a conductive AFM tip. In each, the Fermi levels (Er) are aligned and the
reference level (Erer) discontinuities represent the contact potential difference (Ecpp) measured by
KFM. The energy levels are shown for the low surface potential terraces (a), the ultra-thin film
supported on it (b), and a thicker film supported on it (c). The same cases are depicted for the high
surface potential, photocathodic terraces in (d)-(f). The band bending in cases (a) through (c)
prevents electrons from reaching the surface; the reduced barrier at the photocathodic terraces in
(d) to (f) makes it possible for electrons to reach the interface with the solution.

The observation that the spatially selective photochemical reactivity of the substrate can
be transferred to a film that normally exhibits spatially uniform reactivity is not completely new.
The same phenomenon was observed in TiO2/BaTiOs and TiO2/BiFeOs heterostructures.t> 17 39

What is new about the current observations is that, while both BaTiO3z and BiFeOs3 are ferroelectric,

SrTiOs is not. For the cases of BaTiOsz and BiFeOs, ferroelectric domains in the bulk with a
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positive out-of-plane polarization at the surface are photocathodic, while domains with a negative
surface polarization are photoanodic.'® Therefore, the patterns of reduced silver on BaTiO3z and
BiFeOsare correlated with the domain structure. Burbure et al.'® and Zhang et al.!” found that thin
TiO2 films supported on BaTiOs or BiFeO: substrates photoreduce silver in spatially selective
patterns; the patterns of the silver were correlated with the substrate domain structure. The
phenomenon is similar for the TiO2/SrTiOs heterostructure, except that because SrTiOsz is not
ferroelectric, we assert that it is the differences in the potentials of the polar surface terminations
on different buried terraces that influences the motion of photogenerated carriers.

It should be noted that earlier studies showed that TiO2/SrTiOs composites enhanced the
UV light photocatalytic activity compared the separated phases.?® 2® In the TiO2/SrTiOs
heterostructures described here, we also observed slightly enhanced photoreactivity for the
reduction of silver. Films supported on originally unreactive SrTiOs terraces (photoanodic)
reduced some silver, while films supported on photocathodic SrTiOz3 terraces were just as reactive
as the bare surface. This is understandable because TiO: is a good photocatalyst when activated
by UV light. Although the film is thin, it still absorbs some light and produces photocarriers to
participate in the reaction. Second, the electronic structure of the heterostructure can promote the
separation of photogenerated charge carriers. Because both the conduction band and valence band
of SrTiOs are at higher energies than the comparable bands in TiO,*% 4% 42 photogenerated
electrons in SrTiOs can reduce their energy by moving to the conduction band of TiO2 and
ultimately to the surface to reduce Ag* from solution.

The findings reported here might ultimately have an important impact on the design of
photocatalysts. The idea of using fixed charges on catalyst surfaces to separate photogenerated

carriers, ameliorate recombination, and increase reaction efficiencies is well established.3 44 45 46.
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47 By burying these charges at an internal interface covered by titania, the catalyst will be stable
in an aqueous environment and the charges will be protected from degradation. While this has
been demonstrated before for titania coated ferroelectrics,'™ 17 20 SrTiO; offers a significant
possible advantage compared to ferroelectrics because the ratio of photocathodic to photoanodic
surface area can be controlled.!> The relative areas of the polar domains on the surface of a
ferroelectric are nearly equal. The best ratio for the areas of the photocathodic and photoanodic
surfaces is the one that maximizes the reaction rate. This is presumably the inverse of the ratio of
the rates of the cathodic and anodic half reactions and this is unlikely to be unity. While the ratios
of opposite domains can be controlled in bulk ferroelectrics by poling, it is not clear how this could
be accomplished with a powdered catalyst. However, we have recently shown that the ratio of
photocathodic and photoanodic surface area on the SrTiOs (111) surface can be controlled by high
temperature thermal treatments.'? Therefore, it is possible, at least in principle, to create catalysts
with controlled distributions of surfaces promoting photocathodic or photoanodic reactions and to
protect these surfaces with a thin titania layer while preserving the positive benefits that result

from the separation of charge carriers.

7.5 Conclusion

When silver is photochemically reduced on titania films supported by SrTiOz (111)
substrates, the pattern of silver on the film surface mimics the pattern that is reduced on the
substrate surface, before the film is deposited. Silver is preferentially reduced above terraces that
have a more positive surface potential than the unreactive terraces. These observations indicate

that the charges on different terraces on the SrTiO3 (111) surface remain at the buried interface
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after film growth. At the interface, they influence the transport of charge carriers to the surface

such that silver is reduced on the film above the photocathodic terraces on the substrate.
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Chapter 8 Conclusions

This chapter summarizes all of the experimental results from Chapters 4-7, both in the
context of addressing the three motivating questions proposed in Chapter 1.2, and in the context

of integrating related details from each individual chapter.

8.1 Photochemical activity and surface potential correlation

Q: Do measured surface potentials correlate with the spatial location of photochemical
half reactions on the surfaces of Fe2Os and SrTiOz catalysts?

A: Yes. In the studies on polycrystalline hematite ceramics and SrTiOs (111) and (110)
single crystals, the local photochemical activity was correlated with the local surface potential. In
all cases, high (low) surface potential regions (averaged over grains or specific to individual
atomic terraces) were found to be more reactive in photoreduction (photooxidation). These results
are consistent with local surface reactivity being influenced by the local sub-surface band bending,

which drives photogenerated carriers to the local surface in different amounts.

The orientation dependence of the photochemical reactivity of hematite was measured and

found to be anisotropic. Based on many observations, it was concluded that the orientations of
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grains that are most reactive for the photoreduction of Ag* are located close to the (1102)
orientation. On the other hand, surfaces oriented near (0001) are the least reactive. Surface
potential images were recorded for many grains and it was found that most of the reactive grains
have high surface potentials while unreactive grains have low surface potential. Although outliers
exist, the variation in the average measured surface potential as a function of crystal orientation is
consistent with the orientation dependent reactivity; the average surface potentials of the most
reactive orientations are the highest, and the average potentials for the least reactive orientations
are lowest. This surface potential correlation was compared with other possible origins of the
anisotropic reactivity, and it was found to be the most satisfactory description.

For the polycrystalline hematite ceramics, the average potential and average reactivity for
a given orientation were investigated. On the other hand, the local surface potential and local
reactivity for an individual orientation were investigated for SrTiOs single crystals. For both (111)
and (110) surfaces exhibiting step and terrace structures (from high temperature anneals), a similar
correlation was found between the surface potential of specific terraces and the reactivity on those
terraces, for both SrTiOz (111) and (110) surfaces, as was found for the polycrystalline hematite.
Polar atomic terraces that reduced silver ions to silver metal in marker reactions had the highest
surface potential, and terraces that oxidize lead ions had the lowest surface potential.

Interestingly, the relative amount of the different terraces (discussed below) could be varied
widely through thermal treatments, such that the average reactivity of identically oriented crystals
could be modified from fully photoreductive to fully photooxidative, with a concomitant change
in the average surface potential. This implies that the orientation dependent reactivity of SrTiOs
ceramics may vary widely depending on the processing conditions. In the case of Fe O3, we did

observe cases where some samples had a different orientation dependent reactivity than most (the
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(1210) orientation was most reactive for Ag+ reduction). In that case, the orientation dependent
surface potential also varied, always being consistent with the main conclusion correlating high
surface potential surfaces favoring photoreduction. The observations on SrTiOsz agree: the relative
surface reactivity for a given orientation correlates with surface charge on the orientation, rather

than the specific orientation itself.

8.2 Control surface termination of SrTiO3

Q: Can the SrTiOs catalyst's overall photochemical reactivity be tuned by modifications of
the area percentage of high or low potential surfaces (terminations)?
A: Yes. By modifying thermal annealing conditions, the fractional area of terraces that

promote photoreduction was tuned between 14 % and 55 % for SrTiOz (111) surfaces and

between 0 % and 98 % for SrTiO3 (110) surfaces.

In the experiments on SrTiOz (111) surfaces, more than 50 % of the surface area of standard
samples, those annealed in covered alumina crucibles in air at 1250 <C, were active for the
photoreduction of silver. To control the areal coverage ratio of the two terminations, samples were
annealed in a titania rich atmosphere established by the addition of excess TiO2 powders or
TiO2/SrTiOs powder mixtures, always at 1250 <C. All results showed a consistent trend: the
fractional coverage of terraces that were active for photoreduction, and that had high surface
potentials, decreased as the relative titania excess in the powder beds increased. This finding
demonstrates a new route to controlling polar terminations of SrTiO3z (111), and establishes that
reactivity is not exactly orientation specific: it can be modified through surface engineering.

158



The method discussed above was further tested and developed on SrTiOs (110) single
crystal surfaces. The surface termination of SrTiO3 (110) was investigated as a function of time,
temperature, and composition of powder beds. Both decreasing the annealing temperature (T
varied from 1200 <€ to 1000 <€) and decreasing the annealing time (t varied from 6 hours to 0
hour) led to increasing area fractions of the photoreductive terraces. The area fraction of
photoreductive terraces was tuned from 80 % at low-T and short t to 0 % at high-T and long t. This
implies that the as received surface chemistry favors photoreduction and high surface potentials,
and that high-temperature anneals move the surface chemistry to favor photooxidation and low-
surface potentials. Surfaces annealed with adjacent TiO2 powders exhibited increased fractions of
photooxidative terraces, while surfaces annealed with adjacent Srz3Ti.O7; powders exhibited
increased fractions of photoreductive terraces. Using the three parameters judiciously allowed for
the (110) surfaces to be tuned between essentially fully photoreductive with high surface potentials
to essentially fully photooxidative with low surface potentials.

The simplest interpretation of how the powder beds interact is through a Sr-containing
vapor phase, whose overall pressure is determined from the relative evaporation / condensation
rates at the surfaces in the chamber. When excess TiO2 powder is used, Sr-containing vapors can
react with TiOg, increasing the driving force for evaporation at the crystal surface. Conversely,
when TiO2/SrTiOs mixtures or Sr3Ti2O7 are used, evaporation from the Sr-rich higher surface area
powders decreases (increases) the driving force for evaporation (condensation) from the crystal
surface. XPS results on the Ti concentration at the surface were in agreement with this hypothesis.
Nevertheless, the main point is that the surface reactivity and potential could be engineered for
individual orientations to exhibit any fractional coverages of terraces that promote photoreduction

or photooxidation, with the concomitant change in surface potential.
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This again implies that the relative surface reactivity of oxides, especially polar surfaces
for materials having a volatile component, can be engineered to exhibit a range of relative
reactivity if the surface potential can be engineered chemically through process steps. Engineering
through chemistry and processing to control surface charges may be simpler than engineering
charges in ferroelectrics and flexo-electrics. Indications from outliers in the Fe>O3 experiment are
that process-dependent orientations in surface charge can be used to modify orientation dependent
reactivity in the binary oxides too. The longer term question is now: How can we engineer a single
orientation to exhibit optimized overall reactivity with spatially separated and balance

photooxidation and photoreduction rates.

8.3 Photochemical activity of TiO2/SrTiOs heterostructure

Q: Do potential differences at buried interfaces in TiO2/SrTiO3(111) heterostructures
affect the photochemical activity of the film’s surface?

A: Yes. In the study of TiO2/SrTiO3(111) heterostructure, silver was found to be
preferentially photoreduced on the TiO> film s surface at positions directly above photoreductive
terraces on the bare substrate, which also had more positive surface potentials. Even for the
thickest (16 nm) films, where the spatial variation in the surface potential was no longer

measurable by KFM, the film surfaces retained the spatial selectivity of the underlying substrate.

The effect of the potential difference at the film-substrate interface in heterostructured
photocatalysts, composed of 1 — 16 nm thick titania films supported on thermally annealed SrTiO;

(111) substrates, was studied. The pattern of photoreduced silver on the surfaces of all the films,
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i.e., for all thicknesses studied, mimics the pattern of photoreduced silver on the bare SrTiO3
substrate before depositing the film. For the thinnest films, the relative surface potential measured
at the film’s surface was similar to that of the bare substrate too. For the thicker films, the surface
potential at the film’s surface no longer matched the pattern from the substrate, but the spatial
dependence of reactivity did. These observations show that the photochemical reactivities of the
thin films are controlled by the potentials at the buried film-substrate interface. A possible
mechanism for the photochemical reaction on this heterostructure was proposed: it involved
electrons photogenerated in the SrTiO3z substrate that migrate to the buried interface under the
influence of the internal electric field associated with potential difference at the interface, which
then can migrate across the film where they participate in the photoreduction reaction.

This mechanism is identical to that proposed for heterostructured ferroelectric
photocatalysts, such as TiO;-coated BaTiOs;, which was based on physical and computational
investigations.* > > Combined with the demonstration that the surface charge of the catalyst, for
any given orientation, can be influenced through thermal treatments in controlled atmospheres to
exhibit any fractional relative reactivity, from photoanodic to photocathodic and anywhere in
between, similar to how a ferroelectric can be controlled by poling or domain writing, indicates
that entirely new avenues are possible in engineering optimized stable photocatalysts through
chemical control of a powdered catalyst’s surface chemistry through straightforward annealing
steps. Because there are many more non-ferroelectric photocatalysts than there are ferroelectric
ones, the chemical approach offers a much broader potential for new photocatalyst development,

possibly leading to highly efficient solar photocatalysts for water splitting.
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