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ARTICLE INFO ABSTRACT

Keywords: When particulate photocatalysts promote a reaction, the overall reaction rate is limited by the constraint that the
pH effect photoreduction and photooxidation reactions must occur on the surface of the same particle and at the same
Photochemical reactivity solution potential. The optimized solution potential would be the one where the photoanodic and photocathodic
AFM

reactions proceed at the same maximum rate. Here, the relative photochemical reactivity of BaTiO; was in-
vestigated as a function of the surrounding aqueous solution pH. Topographic atomic force microscopy (AFM)
was used to quantify the amount of metallic silver produced from the photochemical reduction of Ag*
(Ag*—Ag) under UV light illumination. The overall reaction rate was observed to increase with pH. A similar
pH-dependence existed for both high concentration (0.1 M) and low concentration (1074M) Ag+ solutions.
When the pH is changed, the adsorbed charge at the surface is changed and this has the same effect as applying
an external electric field. The observations are consistent with the idea that increasing the pH increases the net
negative charge adsorption on the surface, increasing the upward band bending and promoting the oxidation
half reaction, which is the rate-limiting factor for the overall reaction. As a result, the rate of Ag™ reduction
increases with pH. The results show that adjusting the aqueous solution pH has the potential to control the rates
of the two half reactions and increase the overall photochemical reaction rate.

Surface charge
Rate-limiting half reaction
Band bending

1. Introduction

Photochemical reactions on semiconductor surfaces have been stu-
died extensively because of their possible applications in water splitting
[1,2] and wastewater treatment [3,4]. Despite their promise, the effi-
ciency of photocatalytic reactions is still too low to be commercially
competitive [2]. Two of the major limiting factors are the recombina-
tion of charge carriers [5] and the back reaction of intermediate species
[6]. Two sources of the problem are that photocatalytic reactions
usually involve minority carriers with short lifetimes and surfaces of
typical semiconductors do not promote the two half-reactions equally.
The traditional way to accelerate the slower of the two half-reactions is
to add co-catalysts, most commonly Pt [1,7], which improves the bi-
functionality of the surface exposed to the solution. An alternative
strategy to mitigate these two problems is to employ internal electric
fields [8], such as those associated with ferroelectric domains [9-13]
and charged surfaces [14,15], that separate charge carriers and half-
reactions to different regions of the semiconductor surface, avoid the
losses described above, and improve the overall photochemical re-
activity.

While internal fields spatially separate the reduction and the oxi-
dation half-reactions, the overall reaction rate is ultimately limited by
the slower of the two half-reactions. The overall reaction rate is
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maximized when both half-reaction rates are maximized and equal to
one another to preserve charge neutrality. When adding co-catalysts,
the increased reactivity associated with increasing the co-catalyst sur-
face area must be balanced against losses in reactivity from decreasing
the semiconductor surface area. Another approach to balance the rates
of the two half-reactions is to introduce an external electric field that
favors the slower half-reaction and penalizes the faster half-reaction.
While this is simple to do in a photoelectrochemical cell, it is not
practical when splitting water with a suspended particulate catalyst. It
is straightforward, however, to modify the pH of the solution in which
the particulate catalyst is suspended, and the potential at the particle
surface changes by = 60 mV for each unit of pH [16]. Herein, it is
shown that adjusting the pH of an aqueous solution is a simple way to
modify the relative reactivity of ferroelectric BaTiO3 surfaces that ex-
hibit the spatial separation of oxidation and reduction half-reactions.
Recently, the influence of an external field on the rate of the two
spatially separated half-reactions on BaTiO3 surfaces having oppositely
poled domains, and on the efficiency of the overall reaction, was si-
mulated using finite element calculations [17,18]. According to those
simulations, the rates of reduction and oxidation reactions respond
differently to the same external voltage change. This is because the
reduction and oxidation reactions are limited to specific domains and
the band bending within the space-charge regions of the distinct
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domains is altered differently by the same voltage. The maximum
overall efficiency of the surface is reached when the rates of the two
half-reactions are balanced at a certain voltage. This voltage-depen-
dence of efficiency was demonstrated in both 1D [17] and 2D [18], and
is consistent with an experimental study of photoelectrochemical cells
[19]. The simulations predicted that for BaTiOs, the reaction rate
should increase at potentials corresponding to an increase in pH up
until a maximum between pH 7 and pH 9; the exact position of the
maximum depends on assumptions about the rate of charge transfer at
the surface.

Past studies of the influence of pH on the photochemical reaction
rate have shown a variety of relationships that depend on both the
photocatalyst and the reaction [20-26]. Prairie et al. [21] found that, in
the range from pH 1 to 6, the rate of reduction of aqueous Cr** to Cr**
by TiO, decreased as pH increased. The opposite trend was found for
the photochemical reduction of Ag+ on TiO,; Ohtani et al. [20] re-
ported that, in the range between pH 2 and 8, the rate at which Ag™
was photochemically reduced from AgNO; solutions increased as pH
increased. Liu et al. [26] reported that when a BaTiO3z-based catalyst
was used to degrade methyl orange, the rate of degradation is highest at
pH 3 and decreases to pH 7. In other studies of the degradation of or-
ganics (methyl orange, phenol, and 4-chlorophenol) by oxide photo-
catalysts (titania, ZnO, and ZnO/SnO,), the degradation rates varied
with pH, but there were no consistent trends [22-25]. The mechanisms
by which organics are degraded by photocatalysts are complex and
involve intermediate species. A relevant review of the effects of pH on
dye degradation concluded that the pH dependence of the reactivity
varies both with the dye and the properties of the semiconductor sur-
face [27]. Here, we focus on the rate of Ag" reduction by BaTiO5 be-
tween pH 2 and 8. The reduction of Ag* is a simple reaction that
transfers a single electron and leaves an insoluble product on the sur-
face, simplifying the interpretation. Note that the observations of Oh-
tani et al. [20] of Ag+ reduction as a function of pH are in agreement
with predictions of band bending models. Additionally, most prior ob-
servations for the Ag™ reduction reaction on oxide surfaces with dif-
ferent surface charge states agree with the band bending models
[28-30]. Therefore, the Ag* reduction reaction is ideal for comparing
the pH effect to the simulations of Glickstein et al. [17]. One compli-
cation related to the silver probe reaction is that the range of attainable
pHs is limited by the stability of the aqueous Ag™ ions in solutions at
higher pH values [31].

BaTiO3 is a well-known ferroelectric perovskite with internal di-
polar fields [32]. When illuminated with UV light, the photo-reduction
of Ag* is favored on the positive domains where the polarization
vectors are directed toward the surface, and oxidation occurs on the
opposite domains [9,33]. The purpose of this paper is to describe how
the photochemical reactivity of BaTiO; changes with the pH and to
compare it to earlier simulations [17]. The relative photochemical re-
activity is determined from topographic AFM images by measuring the
amount of photoreduced silver on the surface after a reaction. Based on
our observations, the relative photochemical reactivity increases with
pH for both high (0.1 M) and low (10~ *M) concentration silver nitrate
aqueous solutions (in different pH ranges). This work demonstrates that
the photochemical reactivity of the BaTiO5 surface varies with pH in a
way predicted by prior simulations, illustrating the importance of bal-
ancing the rates of the two half reactions to optimize the overall reac-
tion rate on bifunctional surfaces of ferroelectrics.

2. Experimental methods

Dense polycrystalline BaTiO3; samples were produced by conven-
tional powder processing. BaTiO3; powder (99.7%, Alfa Aesar) was
mixed thoroughly with a few drops of PVA as a binder, and then
compressed under a uniaxial force of 44 kN in a 1-cm-diameter stainless
steel die to form an ~2 mm thick disk-shaped sample. The sample was
then placed in an alumina crucible, with some excess BaTiO3; powder
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between the pellet and the crucible to avoid possible contamination.
The sample was then heated to and held at 900 °C for 10 h to burn off
the binder and degas, sintered at 1230 °C for 10 h, and finally annealed
at 1360 °C for 3h to promote grain growth. This process yielded grain
sizes in the range of 10 to 100 um. After the annealing, the surface was
ground using a series of SiC abrasive papers and consecutively polished
using diamond suspensions, with a final suspension of 0.05um dia-
mond. The polished sample was then heated at 1225 °C for 4 h to repair
polishing damage and thermally etch the grain boundaries. All the
heating processes were carried out in air.

The relative photochemical reactivity was measured using the well-
known Ag™ reduction marker reaction [9,33-35]. AgNO; (Acros) was
dissolved in deionized water to prepare a concentrated AgNO3 aqueous
solution. The concentrated AgNO; solution was then added to either
diluted NaOH (Acros Organics), acetic acid (Fisher Chemical), or nitric
acid (Fisher Scientific) to achieve a certain pH and concentration. Note
that a dilute AgNO; solution had to be used for higher pH values to
prevent precipitation. To prepare a solution with a AgNO3 concentra-
tion of 10~ *M and avoid precipitation, the NaOH solution was con-
tinuously stirred while a 10 ~>M AgNOj; solution was added slowly. The
pH value was determined using pH test paper (Hydrion). An O-ring was
placed on the sample and filled with the AgNO; solution. A quartz cover
slip was then placed on top to seal the solution by capillarity and
provide a flat exposure plane. Next, the assembly was illuminated by a
300 W mercury lamp (Newport). Note that skin and eyes should be
protected from UV radiation. The light was directed through a fiber-
optic guide and the distance to the assembly was controlled. The
samples were illuminated for 7 s (30 min) using a lamp power of 300 W
(40 W) in solutions with a 0.1 M (10~ % M) AgNO; concentration. After
the reaction, the pH was examined again and no obvious pH change
was observed. The sample was then rinsed in deionized water and dried
in air. Before the next reaction, the sample was wiped with cotton
swabs and ultrasonically cleaned in deionized water, acetone, and
methanol, respectively. The surface was then imaged using a Quanta
200 SEM (FEI) operated in low vacuum mode to make sure that most of
the deposits had been removed.

The topography of the same area on the surface before and after the
reaction was imaged by an NTEGRA AFM (NT-MDT) operated in semi-
contact mode. The Gwyddion software package [36] and MATLAB were
employed to process and analyze the data. The relative reactivity for
each reaction was determined using the “excess area” method as de-
scribed previously [29]. Fig. 1 illustrates this method. Height profiles
from the (a) before and (b) after images were extracted at approxi-
mately the same location. The lengths of the traces vary from 4 um to
7 um. The two height profiles were then plotted together. To match the
before and after curves better, long-distance slopes were then removed
from the height profiles. Finally, the integral area between the before
and after curves was calculated and divided by the length of the ex-
tracted line to obtain the “extra area per unit distance”. It is noted that
the reactivity was enhanced at the 90° domain walls in Fig. 1b. The
enhanced reactivity at domain walls has previously been reported for
BaTiO; [29] and LiNbO; [37].

One challenge associated with measuring the reactivity as a function
of pH is the stability of the silver nitrate solution at higher pH. At low
pH, we used relatively concentrated solutions of 0.1 M AgNOs.
However, according to the Pourbaix diagram of silver [31], higher pH
solutions are only stable at low silver concentrations. Thus, a second set
of experiments was carried out at higher pH values with silver nitrate
solutions 1000 times more dilute than used at low pH and in prior work
[9,33]. Using these dilute solutions, repeated reactions were carried out
in the same conditions, but with different light intensities. This made it
possible to identify the conditions where the reaction rate was limited
by the diffusion of Ag* to the surface (the regime where the reactivity
is independent of intensity) and conditions where Ag+ diffusion did
not limit the reaction rate (where the rate of reaction depends on the
light intensity). So that the reaction rate was not limited by the
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Fig. 1. Topographic AFM images of the same location on a BaTiO3 surface (a)
before and (b) after photochemical reaction with a silver nitrate aqueous so-
lution. The dark-to-white contrast is 60 nm in (a) and (b). (c) Comparison of the
surface height profiles along the 6 um blue and red lines in (a) and (b), re-
spectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.).

diffusion of Ag* to the surface, all further reactions were carried out at
the highest intensity that could be reached before the reaction became
diffusion limited.

The Pourbaix diagram [31] indicates that a 10~ *M silver nitrate
solution should be stable at pH values lower than ~ 10. However, every
solution that was made basic by NaOH addition turned a brown-black
color, suggesting some precipitation; this precipitation occurred either
during the addition of the concentrated base or after the solution aged
and was difficult to avoid. To test the influence of this precipitation,
four BaTiO; samples were immersed in 10~ * M silver nitrate solutions
of pH 6, 6-7, 7, and 7-8, respectively, and kept in dark for 24 h. The
surfaces were then examined using SEM. Representative secondary
electrons (SE) images are shown in Fig. S1. No spatially selectivity
deposition was observed, and thus the precipitation should not have a
significant effect on our results, which are dominated by spatially se-
lective deposition of Ag.

3. Results

Fig. 2 illustrates the topographic AFM images of the same area of a
BaTiOj; surface (a) before and (b) after the photochemical reaction in a
10~ *M aqueous silver nitrate solution. Topographic contrast resulted
from a set of parallel domains separated by 90° domain walls that are
marked in Fig. 2a. Other darker regions arise from surface pits. The
regions of bright contrast in Fig. 2b correspond to positive domains
with reduced metallic Ag on the surface. The contrast alternation from
reduced silver matches that of the 90° domains visible Fig. 2a, recorded
before the reaction. Within a single straight domain that spans the
image diagonally, there are areas that reduce silver and areas that do
not, which are separated by curved 180° domain boundaries. The
curved boundaries are in the <001)> zone and separate regions of op-
posite polarization, with silver deposited on the domain with positive
polarization.

The topographic AFM images in Fig. 3 compare the same area of a
BaTiO; surface (a) before reaction, (b) after reaction in a 104 M pH6
aqueous silver nitrate solution, and (c) after photo-reduction in a pH 7
aqueous silver nitrate solution. After the photochemical reaction, the
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Fig. 2. Topographic AFM images of the same location on a BaTiO3 surface (a)
before and (b) after photochemical reaction in a 10~* M silver nitrate aqueous
solution. The dark-to-white contrast is 50 nm in (a) and (b). Examples of 90°
domain walls and 180° domain walls are marked by arrows.

deposits appeared on the surface, as shown in (b) and (c). Topographic
profiles are given in panels (d) and (e) using black, blue, and red lines,
which show the measured heights along the traces indicated by the
black, blue, and red lines marked in (a), (b), and (c), respectively. Most
of the contrast in the images after the reaction arises from reduced
silver on the surface. The maximum height of the deposits is in the
range of 10 to 15 nm after both reactions. The difference in the amount
of silver deposited during the reaction in pH 6 silver nitrate solution
and the reaction in pH 7 silver nitrate solution results from the number
of deposits; this can be confirmed by comparing Fig. 3b and c. In
Fig. 3c, the domains are covered with silver particles while, in Fig. 3b, it
appears that silver is only reduced at the positions of the domain
boundaries. Finally, the integral area between the before and after
curves was calculated and divided by the length of the extracted line to
obtain the “extra area per unit distance”. It is noted that the reactivity
was enhanced at the 90° domain walls in Fig. 1b. The enhanced re-
activity at domain walls has previously been reported for BaTiO3 [29]
and LiNbO3 [37].
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Fig. 3. Topographic AFM images of the same location on a BaTiOs surface (a) before and (b) after a photochemical reaction with an aqueous 10~ *M pH 6 silver
nitrate solution, and (c) after a photochemical reaction with an aqueous 107*M pH 7 silver nitrate solution. The dark-to-white contrast is 50 nm in (a), (b), and (c).
Comparisons of the surface height profiles along the 7 pm (d) black and blue and (e) black and red lines indicated in (a), (b), and (c). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).

To explore the influence of pH on the surface reactivity, the same
sample was used to carry out the photo-reduction reaction in 10~ *M
silver nitrate aqueous solutions of different pH values. After each re-
action, the surface was cleaned and imaged by SEM to make sure that
nearly all of the silver had been removed before starting the next re-
action. A selection of topographic AFM images at the same location are
shown in Fig. 4:(a) before reaction, and (b)-(f) after the reaction in
silver nitrate aqueous solutions with pH values of (b) 5-6, (c) 6, (d) 6-7,
(e) 7, and (f) 7-8. As in Fig. 2b, the brightest contrast in Fig. 4(b)-(f)
corresponds to silver deposits. A qualitative comparison of the topo-
graphic images suggests that both the number of silver deposits and
their heights increase with the pH value in the range of ~5.5 to ~7.5.
In repeated experiments, the domain pattern was not always exactly the
same at each stage of the experiment. This is because the mechanical
forces applied during the cleaning process can cause the migration of
domain boundaries. Mechanically induced domain wall motion has
been reported in other ferroelastic polycrystalline materials [38,39].
However, most of the 90° straight domain boundaries in this area did
not change and can still be used for comparison.

The qualitative interpretation of the images can be quantified using
the results of extra area measurements. The results from the reactions in
a 10~*M AgNO; solution are shown in Fig. 5. The two sets of points
(connected by distinct lines) are from different profiles measured at
different locations on the surface. Each point is the mean value of five
measurements, and the bars show one standard deviation (note that in
some cases they are not visible because they are smaller than the
marker). The blue diamonds in Fig. 5 represent the results derived from
the images in Fig. 4. The red squares in Fig. 5 represent the results
derived from the set of images illustrated in Fig. S2. The results from the
two different areas are similar to each other and confirm the qualitative
visual interpretation of the images. Note that the values of the extra
area that are near zero at low pHs are at the threshold of detectability,
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so comparisons among these points are unlikely to be meaningful; the
surfaces are simply not very reactive in this range of pH.

To determine if the trend was maintained in more acidic solutions,
photo-reduction reactions were also carried out with more concentrated
(0.1 M) aqueous silver nitrate solutions. Fig. 6 shows topographic AFM
images of the same area (a) before and (b)—(f) after reaction in a 0.1 M
silver nitrate solution of pH (b) 2, (c¢) 3-4, (d) 4-5, (e) 5, and (f) 6.
There is a clear trend of reactivity decreasing as pH decreases until
~pH 4. After this minimum, the reactivities increase again as the so-
lution becomes more acidic. Measurements of the extra area, shown in
Fig. 7 as red squares, agree with the trends visually apparent in the
images. The results from another area, recorded at the same time and
represented by the blue diamonds in Fig. 7, are similar. The topographic
images from this second area are shown in Fig. S3. As before, each point
is the mean value of five measurements, and the bar shows one standard
deviation. Note that nitric acid was used to adjust the pH value in some
of the reactions, while acetic acid was used in others. The results from
when different acids were used to reach the same pH were consistent,
illustrating that the counter anion does not have a dominant effect on
the reactivity. Therefore, the results from solutions containing both
acids are combined. Note that the increase in reactivity at higher pH is
not the same for the two examples; the degree to which the reactivity
increased at higher pH varied with the grain orientation, but this
parameter was not investigated further.

4. Discussion

A principal goal of this work was to test the prediction from pre-
viously reported simulations that the photochemical reactivity of fer-
roelectric BaTiO3 surfaces would increase with pH, reaching a max-
imum in the range of pH 7 to pH 9 [17,18]. The results depicted in
Figs. 5 and 7 are consistent with this prediction. However, it should be
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Fig. 4. Topographic AFM images of the same location on a BaTiO; surface (a) before reaction and (b)-(f) after photochemical reaction in an aqueous 10~ *M silver
nitrate solution adjusted to pH values of: (b) 5-6, (¢) 6, (d) 6-7, (e) 7, and (f) 7-8. The dark-to-white contrast is 40 nm in all the images.
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Fig. 5. Extra area of silver deposits per unit distance of the same places on the
BaTiO; surface after a photochemical reaction with an aqueous 10~ *M silver
nitrate solution. Note that the values from reactions with solutions of pH 4-5,
5-6, 6-7, and 7-8 were depicted at the location of pH 4.5, 5.5, 6.5, 7.5, re-
spectively. The extra area labeled by blue diamonds at pH 5-6, 6, 6-7, 7, and
7-8 were measured from the images in Fig. 4. The values indicated by the red
squares are from a different area shown in Fig. S2. The lines are added to guide
the eye. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).

noted that the experiments can be influenced by a number of factors
that were not simulated in the computational model. For example,
surface degradation during the experiment, the presence of counter ions
from the added acid and base, and changes in the domain structure
from handling also have the potential to influence the reactivity. The
procedures used minimized the influence of these factors, so that the
results mainly reflect variations in the pH, are discussed below.

The first potential problem is that Ba?* is known to leach from
BaTiO3 in aqueous environments, especially at low pH. This may alter
the surface and degrade reactivity [40], which could explain the
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decrease in reactivity in low pH ranges. To demonstrate that irrever-
sible damage to the surface was not occurring, a series of sequential
experiments was carried out. First, the reactivity was evaluated in the
region where it is high (high pH). Then it was evaluated in the region
where reactivity is low (low pH). Finally, it was evaluated again in the
region where reactivity is high (high pH), and the reactivity was found
to be similar to that before exposure to the low reactivity condition.
This indicates that the low pH treatments are not irreversibly altering
the properties of the surface and the low reactivity at low pH was not
the result of surface degradation. To minimize further any influence of
degradation, reactions in solutions of different pH were carried out in a
relatively random order. A second potential problem is that different
concentrations of counter ions (Na*, CH;COO~ or NO3;~) were in-
troduced to the solution to control the pH. However, for the 10~ *M
AgNOs; solutions in the pH range of 4.5 to 7.5 and for the 0.1 M AgNO3
solutions for pH 2 to 6, the concentration of Na* and CH3;COO~ was
always much lower than the Ag* (and corresponding NO;~) con-
centration and therefore does not compete with Ag* for sites in the
near surface region. Thus, this cannot explain the pH dependent re-
activity. A third potential problem is that some domain wall migration
occurs during handling between successive photochemical reactions. To
avoid difficulties associated with comparing images before and after
domain migration, quantitative observations were only taken from
those regions of the surface where the domains did not move as a result
of handling and cleaning.

It is recognized that the pH change can initiate many coupled and
complex effects. For instance, the change in pH shifts the potential of
the redox species in the solution making it necessary to establish a new
equilibrium with the Fermi level of the semiconductor. In the case of
increasing pH, the potential difference between the valence band edge
and the oxidation level becomes larger, which might make the oxida-
tion more favorable. Unfortunately, the fractional contribution of this
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Fig. 6. Topographic AFM images of the same location on a BaTiO3 surface (a) before and (b)—(f) after photochemical reaction with a pH (b) 2, (c) 3-4, (d) 4-5, (e) 5,
and (f) 6 0.1 M aqueous silver nitrate solution. The dark-to-white contrast is 115 nm in all the images.
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Fig. 7. Extra area of silver deposits per unit distance on the same area of the
BaTiO; surface after the reaction with a 0.1 M silver nitrate aqueous solution at
pH 2, 3-4, 4-5, 5, and 6, respectively. Note that the values from reactions with
solutions of pH 3-4 and 4-5 were depicted at the location of pH 3.5 and 4.5,
respectively. The height profiles at pH 2, 3.5, 4.5, 5, and 6 associated with the
red square marks are extracted from the topographic images in Fig. 6. The
values indicated by the blue diamond marks are from a different area shown in
Fig. S3 after the same set of reactions. The lines are added to guide the eye. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.).

shift to the acceleration of the oxidation reaction at high pH is difficult
to assess. Additionally, the lower limit of the pH range was carefully
chosen so that the concentration of Ag™ is always greater than that of
H™ so that the silver cations do not have to compete with the protons
for charge carriers. However, at pH 2, the H* concentration is already
comparable to that of Ag™ and, as a result, is influential in determining
the equilibrium between the solution and the solid. This change may be
responsible for the small increase in reactivity at the lowest pHs (see
Fig. 7).

The observed increase in the rate of Ag™ reduction with pH is
consistent both with the prediction of the simulations [17,18] and with
previous observations of the photoreduction of silver by titania [20].
One difference is the apparent small increase in reactivity in the most
acidic solutions, using the high concentration solutions. It should be
noted that the present experiments used both higher Ag* concentra-
tions and much lower surface areas than the experiments on powders.
Therefore, the availability of Ag™ at the surface to accept electrons is
greater than in the experiments on titania powders. The only other
experiments we are aware of that considered the pH dependence of the
reactivity of BaTiO; studied the oxidation of methyl orange [26]. In
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that case, the reactivity decreased as the pH increased, contrary to the
present findings. This was attributed to the strong attraction between
the negatively charged methyl orange and the positively charged
BaTiO3 surface in acidic environments. It should also be noted that
methyl orange is thought to be oxidized by hydroxyl radicals in a
multistep process; therefore it is not a direct charge transfer from the
solid to the species at the surface, as it is for metal cation reduction.
A plausible explanation for the pH dependence of the photo-
chemical reactivity of BaTiOs is illustrated by the energy level diagrams
in Fig. 8, using the assumptions described in reference [29]. The energy
levels for the negative and positive domains at the isoelectric point
(IEP, around 6.5 for BaTiO3 [41]) are shown in Fig. 8a and b, respec-
tively. BaTiO3 is expected to be an n-type semiconductor [42], which
means that holes are the minority charge carriers. Because of this, the
oxidation rate is the slower of the two half-reactions and is assumed to
be the rate-limiting factor [43]. If the pH of the surrounding aqueous
solution is greater than the isoelectric point, then the net charge on the
BaTiO3 surface will be negative. The band bending of the space-charge
region will be changed by this surface charge, as shown in Fig. 8c and d.
For the negative domain in Fig. 8c, the band is bent further upward,
holes are drawn to the surface, and this promotes the injection of holes
into the solution. The same result can be achieved by applying an ex-
ternal electric field whose direction is the same as the polarization
vector, and therefore increases the overall electric field in the original
direction. For the positive domain in Fig. 8d, the net negative surface

op

Ey Ey

Fig. 8. Schematic energy level diagrams for BaTiO3 in contact with solution.
The energy values labeled on the vertical axes are on the standard hydrogen
electrode scale. The Ag™ reduction and water oxidation are shown at their
standard energy levels. Ec, Ey, Eg are the conduction band edge, the valence
band edge, and the Fermi level, respectively. The images show surface band
bending for (a,c,e) negative and (b,d,f) positive domains of BaTiO3 in solutions
whose pH values are: (a,b) at the IEP, (c,d) above the IEP, and (e,f) well above
the IEP.
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Fig. 9. Schematic pH dependence of the absolute current density of electrons or
holes, for the case of low or high AgNO3 concentrations, on a semi-log scale.
The expected maximum overall reaction rate is achieved at the red triangles.
The intersections a—f correspond to the cases noted by the same letter in Fig. 8.
Adapted from Ref. [17]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

charge repels electrons, reduces the downward band bending, and thus
slows the injection of electrons. This effect is analogous to applying an
external electric field whose direction is the opposite to the original
polarization vector, and therefore decreases the overall electric field in
the original direction. In short, the initially slower rate of oxidation is
increased and the initially faster rate of reduction is decreased. How-
ever, as long as the overall reaction rate is limited by the oxidation
reaction, the increased oxidation rate results in an increased rate of
silver reduction to maintain charge balance in the two half-reactions. In
principle, it should be possible to modify the pH so that the reduction
and the oxidation reaction rate can reach the same value where the
overall reaction rate is optimized. However, if the pH is much greater
than the IEP and beyond this optimized pH, the bands will be bent in
the same way even further, as shown in Fig. 8e and f. While holes will
be even more strongly drawn to the surface, the reduction reaction will
be suppressed even more. Eventually, the reduction reaction will be-
come the slower of the two half reactions and the overall reaction rate
will be decreased compared to the optimized rate. Unfortunately, we
are unable to test the idea that the reaction rate goes through a max-
imum because it was not possible to produce stable AgNO3 solutions
more alkaline than pH 8.

Fig. 9 is a schematic diagram adapted from the previous simulation
work [17]. It provides a more straightforward way to see how the rates
of the two half-reactions and the overall reaction change with pH. The
points where vertical lines intersect the curves, labeled a—f, correspond
to the cases noted by the same letter in Fig. 8. The two solid curves
show how the electron current at the surface of positive domains varies
with pH and the two dashed curves show the corresponding hole cur-
rents for negative domains. The two dark black curves correspond to
the case of low AgNO; concentration while the two light grey curves
correspond to the case of high AgNO; concentration. The silver ion
concentration influences the rate at which carriers react with species in
solution, which can be represented by a kinetic parameter, the Ri-
chardson constant [44]. The current density of electrons or holes is
directly proportional to the Richardson constant, which depends on the
concentration of redox species in the solution [45]. In other words, a
higher reaction rate is expected for the reaction with the higher con-
centration AgNOs solution, given the same conditions. The condition
expected in the initial solution without pH adjustment is marked on
Fig. 9 by the blue line. The intersection, noted as “a”, of the blue line
and the hole current (low concentration) indicates the oxidation rate.
Similarly, the intersection at “b” of the blue vertical line and the elec-
tron current (low concentration) corresponds to the reduction rate. The
overall reaction rate is constrained by the slower one, the oxidation
reaction, which is proceeding at the rate of “a”. If the pH is modified to
the value at the red vertical line, the rate of oxidation and reduction
will be equal. This case is marked by the bright red triangle. If the pH
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value is modified further to the value at the green vertical line, the
slower of the two half-reactions will switch to the reduction reaction
and the overall reaction will proceed at the rate of “f”, which is lower
than the optimized value at “c, d”. The same arguments can be made for
the high concentration case. Note that it was assumed that the Ri-
chardson constant did not change during the reaction; this is consistent
with the observation that the pH did not change during the reactions.

The current work demonstrates that pH can be used to better control
the relative rates of oxidation and reduction reactions, leading to an
increase in the overall reaction rate. While the present work only ex-
plored the reactivity of BaTiO3 surfaces, it should also be relevant to
other oxide surfaces. For example, it has recently been shown that the
relative areas of photoanodic and photocathodic surfaces on the
SrTiO5(111) [15] and SrTiO5(110) surfaces [46] can be controlled. This
also has the potential to make it possible to balance the relative rates of
the half reactions; this control would be much more difficult on BaTiOs,
where the relative areas of photocathodic and photoanodic surfaces are
controlled by the ferroelectric domain structure. Assuming changes in
pH also influence relative reaction rates on SrTiOs surfaces, this adds an
additional tool to better control the relative rates of the two half re-
actions and the overall rate of reaction.

5. Conclusions

When the pH of a 10~ %M aqueous AgNOs solution is increased, the
photochemical reactivity of ferroelectric BaTiOs; in the solution in-
creases. The photochemical reactivity is almost negligible at a pH be-
tween 4 and 5 and reaches a maximum value between pH 7 and 8. A
similar trend was also observed in the pH range of ~4.5-6 for a 0.1 M
silver nitrate solution. The results are consistent with the idea that, as
pH increases, there is more negative charge on the surface of BaTiOs.
The increasing amount of negative charge attracts more photo-
generated holes and this promotes the rate limiting oxidation half re-
action. The result shows the importance of the solution pH in managing
the rates of the photocathodic and photoanodic half reactions to bal-
ance and optimize the overall reaction rate.
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