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Abstract

Photocatalytic water splitting is a promising technique that can reduce humanity’s reliance on
fossil fuels by converting solar energy to sustainable hydrogen fuels. However, the commercial
application of water splitting is still unavailable due to its low efficiency. Two main factors
limiting the efficiency of photocatalytic water splitting are rapid charge recombination processes
and surface back reactions. Modifying the space charge region is a promising method to solve this
problem. Building internal/external electric fields in the space charge region can provide an
opposite driving force for electrons and holes so that they move to different locations on surface,
and this could reduce the rate of recombination. Besides, foreign element doping and molten salt
treatments can alter charge carrier concentration, compensate defects and reduce recombination
centers. Solution pH can also be applied as an external electric field to optimize the reactivity.
The long-term goal of this project was to understand the structure-performance relationship of
metal oxide photocatalysts and synthesize more efficient photocatalysts by space charge

engineering for water splitting.

The first study is on La;Ti»O7, a material whose photocatalytic reactivity might be affected by
surface orientation and ferroelectric domains. By means of a photochemical marker reaction, the
orientation dependent photocathodic reactivity has been observed to be greatest on (001) surfaces
while surfaces perpendicular to this orientation have the least reactivity. Complex ferroelectric
domain structures were observed, but they appeared to have no effect on the photocatalytic
reactivity, in contrast to previous observations on other ferroelectrics. These results, together with
other recent findings, support the idea that the crystal orientation has a strong influence on
reactivity and can be used for charge separation. The following two projects focus on using surface

orientation to control reactivity.

The second study is about the effect of pH on the photochemical reactivity of SrTiOs. Using the
photochemical reduction of Ag as a marker reaction, the relationship between the solution pH and
reactivity of surfaces with three orientations (100), (111) and (110) has been evaluated. For all
orientations, in the range of pH 3 to pH 9, the reactivity increases from pH 3, reaches a maximum,

and then decreases at high pH. The pH associated with the maximum reactivity depends on the



crystallographic orientation of the surface. The result can be used to optimize the reactivity of

SrTiO3 and the reactor system.

The third study is to investigate the influence of particle shape, particle size, dopant concentration
and solution pH on the photocatalytic water splitting reactivity of polygonal Al-doped SrTiO3
through a high-throughput approach. The result demonstrates that an edge truncated cube
exposing {100} and {110} facets at a surface area ratio of 1:1.8 is a suitable shape for Al:SrTiOs.
Those particles with an average size of 500 nm are more reactive than smaller ones. For all
particles, the reactivity was measured as a function of pH from pH 2 to pH 12. The pH dependence
was similar to the second study, except that the reactivity increases again at pH 12. The results
demonstrate that space charge engineering is an efficient method to optimize the reactivity of
particulate photocatalysts. Moreover, the results here show the great potential of the parallelized
and automated photochemical reactor (PAPCR) in providing rapid feedback in catalyst

engineering schemes.

The fourth and fifth studies are two parts of the investigation on the structure-performance
relationship of the SrCl flux synthesized Al-doped SrTiO3 photocatalyst. In the first part, SrTiO3
single crystal substrates were heated in the flux and AFM and XPS were used to study the surface
before and after the experiment. The results imply that the flux treatment gives rise to a much
higher surface hydroxyl group density and an enhanced photoanodic reactivity. Besides, it is found
that the potential difference between (100) and (110) surfaces increases from 0.07 V to 0.21 V,
leading to a much stronger electric field inside the particle to promote charge separation. In the
second part, SrTiO3; was doped with a series of acceptor cations, including AI**, Mg?*, Ga*" and
Fe**. The photocatalytic hydrogen production rates of these doped SrTiO; catalysts have been
measured with the PAPCR as a function of doping concentration. Based on simulated Brouwer
diagrams, it is thought that these acceptors reduce the free electron concentration, lower the Fermi
level, and expand the space charge region. The optimal concentration is close to a situation where
the oxygen vacancy donors are fully compensated by the acceptors. In a word, both the SrCl, flux
and acceptor doping contribute to the reactivity: the flux treatment modifies the surface structure,

and the dopants affect the defect chemistry in the bulk.

The last study illustrates a surprising ion exchange between perovskite oxides and molten salts.

Using this ion exchange reaction, we synthesized a new type of SrTiOs; photocatalyst by heating

Vi



BaTiOs3 in the molten SrCl, flux. The ion-exchanged SrTiO; photocatalyst produced hydrogen at
about twice the rate of the same material that did not undergo ion exchange. FIB-EDS analysis
indicates that Cl" is unevenly doped inside the crystals during the flux treatment as a donor defect,
creating an internal electric field that can drive more photogenerated charge carriers to the surface
for reactions. In addition, under high resolution TEM, lattice fringes with periodicities larger than
those expected in SrTiO3 are observed at the edges of the particles. The orientations of these
fringes are consistent with Ruddlesden-Popper phase, which are known to occur in Sr-excess
SrTiOs. This Sr-rich shell might further compensate charge carrier traps. Moreover, it is found
that this reaction can be applied to other materials and that the A-site cations in a ABO3 perovskite
oxide can be exchanged with the cations from a molten salt, suggesting a new strategy to design

and synthesize highly reactive photocatalysts for water splitting.
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surface (a) before and (b)—(h) after photochemical reaction with an aqueous silver nitrate
solution having pH values between pH 3-9, as indicated. The dark to light vertical contrast is (a)
1 nm (b) 20 nm (c) 20 nm (d) 20 nm (e) 40 nm (f) 10 nm (g) 5 nm, and (h) 5 NM. ccceeriiiirireennnnen. 96

Figure 5-3: Excess volume of reduced Ag on the SrTiO3(100) surface as a function of pH. Units
are um, computed by dividing the volume (um3) by the area (um?). The point is the mean and
the bars represent the standard deviation from three measurements. The uncertainty in the
silver volume is estimated to be 8 %. The right-hand vertical axis quantifies the value relative to
the Maximum ValuE @t PH B.cuueiieeeeciiieeiiirieeerrenneetenaseeteensesteenseessensessesnssessenssssssnssesssnssssssnssenes 97

Figure 5-4: (a) and (b) show topographic AFM images of the same location of a SrTiO3 (100)
crystal after the reduction of silver the oxidation of lead. (a) has been immersed in neutral 10
M AgNOs solution and illuminated under 40 W UV light for 15 min and (b) has been immersed
in neutral 103 M Pb(CHsCOO); solution and illuminated under 100 W UV light for 30 min. ...... 98

Figure 5-5: Topographic AFM images of the same location on a SrTiO3 (110) single crystal
surface (a) before and (b)—(h) after photochemical reaction in aqueous silver nitrate solution
having pH values between pH 3-9, as indicated. The dark-to-white contrast shown is 5 nm for
(a), (b), and (h), 10 nm for (c), (e), and (g) and 15 nm for (d) and (f). ceeeereeeneerrennerrennncereenneerennnes 929

Figure 5-6: Excess volume of reduced Ag on the SrTiO3(110) surface as a function of pH. Units
are um, computed by dividing the volume (um3) by the area (um?). The uncertainty in the silver
volume is estimated to be 6 %. The point is the mean and the bars represent the standard
deviation from three measurements. The right-hand vertical axis quantifies the value relative
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Figure 5-7: Topographic AFM images of the same location on a (111) SrTiOs single crystal

surface (a) before and (b)—(h) after photochemical reaction in an aqueous silver nitrate solution
having pH values between pH 3-9, as indicated. The dark-to-white contrast is 18 nm for (a), (g),
and (h), and 30 nm for (b), (c), and (d) and 25 nm for (€) and (f). ceceeeeeerrenncereenncereenncerennneenennns 100

Figure 5-8: Excess volume of reduced Ag on the SrTiO3(111) surface as a function of pH. Units
are um, computed by dividing the volume (um3) by the area (um?). The point is the mean and
the bars represent the standard deviation from three measurements. The uncertainty in the
silver volume is estimated to be 9 %. The right-hand vertical axis quantifies the value relative to
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Figure 5-9: AFM image of a SrTiO3(111) crystal after immersing in 10> M AgNOs solution with a
neutral pH (pH = 6) and illuminated under 300 W UV light for 30min. The blue dash line marks
the boundary of cathodic and anN0diC SUITACES. w..ciieeecerrenierieeeeerennieetenecerennereennneeeensnessennnens 101

Figure 5-10: An orientation map of the polycrystal SrTiO3 sample. Selected grains near low index
orientations are marked with a red circle (100), a blue triangle (111), and a green box (110). 102
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Figure 5-11: Topographic AFM images of the same area on a near (100) orientated grain shown
in (a) before and (b)-(h) after photochemical reaction in an aqueous silver nitrate solution
having pH values between pH 3-9, as indicated. The dark-to-white contrast in all images is 30

Figure 5-12: Topographic AFM images of the same area on a (110) grain shown in (a) before and
after photochemical reaction in aqueous silver nitrate solutions with pH values of 3-9 (as
indicated). The vertical range from dark to bright is 35 nm in all images. ....cccccceeeeiirirnennennnns 103

Figure 5-13: Topographic AFM images of the same area on a (111) grain shown in (a) before and
after photochemical in aqueous silver nitrate solutions with pH values of 3-9 (as indicated). The
vertical range from dark to bright is 15 NmM in all IMAGES...eeeteeecerrenrerrrencerennerrennneerennereennnens 104

Figure 5-14: Excess volume as a function of pH on the polycrystalline sample for (a) the near
(100) surface, (b) the near (110) surface, and (c) the near (111) surface. Units are um,
computed by dividing the volume (um?3) by the area (um?). Note that the vertical scales vary in
each. In each case, the point is the mean and the bars represent the standard deviation. The
right-hand vertical axis quantifies the value relative to the maximum average value in each plot.

Figure 5-15: Comparison of the volume of reduced silver as a function of pH on the (100), (110),
and (111) single crystal surfaces. Units are um, computed by dividing the volume (um?3) by the
ArEQA (M), teeereerrreeeeereessssnreeeessssssseeeesssssssseesesssssssssssssssssssesssssssssssssesssssssssesesssssnsssesssssssnssasns 106

Figure 5-16: Schematic electronic energy levels for the bands in SrTiOs. The conduction band
(Ec), valence band (Ev), Fermi level (E¢), and the silver reduction potential (Ag/Ag*) are marked.
The upward band bending increase with pH. (c) At high pH, holes are more easily transported
to the surface than electrons (indicated by the thickness and length of the arrows). (b) As the
pH is reduced and band bending decreases, the barrier for electron transport to the surface
remains, but the much higher concentration of electrons in the n-type semiconductor results in
comparable electron and hole currents. (a) At the lowest pH, the overall reaction is limited by
the transport of holes (minority carriers) to the surface. The energy scale is estimated based on
known values for the band gap and silver reduction levels using the method outlined by
IVIOFTISON. 0 .. eeeeeceeeeeceeeeeesneeeeessneeeessneesessasesessstesesssnesssssnaesesssnessssssesesssnsessssnseesssnseesssaneessnnns 107

Figure 6-1: Schematic diagram illustrating the route of the formation of Al-doped SrTiO3
catalysts in the presence of different surfactants. .cccceeereeeeeereeenerieeereereeneereeeeereenneerennseeseenns 122

Figure 6-2: Schematic illustration of the parallelized and automated photochemical reactor
(PAPCR). teitiieeeeeeeeeennnnsnnssssssssssssssssssssesssssessssssnssssssssssssssssssssssssssssssssssssssnssnssssssssssssssssssssssnnnns 124

Figure 6-3: SEM images as well as schematic diagrams for SrTiO3 nanocrystals with different
shape and treated in melts with different Al concentrations. Scale baris 200 NM....c.cccceeeerrneee 125

Figure 6-4: XRD patterns of type A, B, C and D crystals treated in SrCl; flux with (a) 1%, (b) 2%,
(c) 3% and (d) 5% aluminum addEd....cceeeeeereenrereeeneereenerrennneereessersennseessessessesnsesssnsssesnsssees 126

Figure 6-5: Mass specific rate of hydrogen generation from suspensions with 16 types of
powders in DI water whose pH is in range of pH 2 to pH 12. All powders are of the type
designated as Large (450 nm). The bars represent standard deviations...cc.cceeeeeeeereenccreenneennes 127
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Figure 6-6: UV-vis diffuse reflectance spectra of four types of Al-doped SrTiO3 with 1% Al doped.

Figure 6-7: SEM images as well as schematic diagrams for type A and B SrTiOs crystals with
large, medium, and small size. Scale bar = 200 NM. ..cciieeeeerieenierrenncereennecerenseereenssessensessesnseesees 129

Figure 6-8: Mass specific rate of hydrogen production (umol g'*h) from suspensions with
crystal type A-L, A-M and A-S under different pH are shown in (a), (b) and (c), respectively. Mass
specific rate of hydrogen production (umol g*h) from suspensions with crystal type B-L, B-M
and B-S under different pH are shown in (d), (e) and (f), respectively. The bars represent
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Figure 6-9: Absolute rate (umol m2h) of (a) type B-L crystals loaded with 0.1 wt% Rh and Cr
cocatalysts, (b) type B-M crystals loaded with 0.2 wt% Rh and Cr cocatalysts and (c) type B-S
crystals loaded with 0.3 wt% Rh and Cr cocatalysts as a function of pH...ccceeeeeeeerrenncereeencnenne. 130

Figure 6-10: SEM images of the type A-L-Al ((a) and (b)) and B-L ((c) and (d)) SrTiO3 nanocrystals
with photo-deposition of Ag and MnO,. Scale bar represents 200 nm. The purpose of using A-L-
Al instead of A-L is to show that, for type A crystals, {100} facets serve as both reduction sites

and oxidation sites while {111} facets do not participate into reactions. .....cccceeeerrenneereenneceennns 132

Figure 6-11: Schematic illustration of the spatial distribution of photogenerated electrons and
holes on (a) {100} facets dominated, (b) optimal ratio of {100} to {110} facets, (c) {110} facet
dominated conditions. Red surface and blue surface represent {100} and {110} facets. Yellow
balls and blue balls represent to electrons and holes. .....civeeeeeereencerieeccrreeniereeeeeeereeneereenseeenes 133

Figure 7-1: (a) SEM images of Hydro1% and Hydro2% crystals and the resulting crystals after
modifying by SrCl, flux in an aluminum crucible. The scale bar represents 400 nm. (b) and (c)
show mass specific rates (umol gth) of H, generation for Hydro1% and Hydro2% crystals
before and after SrCl, treatment, respectively. The bars represent the standard deviation. ...146

Figure 7-2: Topographic AFM image and KFM surface potential image of an air annealed SrTiO3
(110) surface are given in (a) and (b). The average potential is 0.11 V. Images of the surface
after photoreduction of Ag* and photooxidation of Mn?* are shown in (c) and (d). The dark-to-
light vertical contrast is (a): 0 to 3.8 nm, (b): 0.091V to 0.164V, (c): 0to 5.7 nm, (d): 0 to 8 nm.

Figure 7-3: Topographic AFM images of air annealed SrTiOs (110) single crystal surfaces after
treating in molten (a) SrCl; flux and (e) KCI flux. Surface potential images were recorded on the
same sample, but different locations are shown in (b) and (f). The average potential is
determined to be (b): -0.27 V and (f): -0.032 V. Panel (c) and (d) show AFM images of the SrCl,
treated (110) surface after Ag* photoreduction and Mn?* photo-oxidation. Panel (g) and (h)
show AFM images of the KCl treated (110) surface after Ag* photoreduction and Mn?* photo-
oxidation. The dark-to-light vertical contrast is (a): 0 to 4 nm, (b): -0.33 t0 -0.22 V, (c): 0 to 15
nm, (d): 0to 5.4 nm, (e): 0 to 4.7 nm, (f): —=0.055 t0 0.024 V, (g): 0to 9 nm, (h): 0to 7 nm...... 148

Figure 7-4: Topographic AFM image and KFM surface potential image of an air annealed SrTiO3
(100) surface are given in (a) and (b). The average potential is 0.18 V. Images of the surface
after photoreduction of Ag* and photooxidation of Mn?* are shown in (c) and (d). The dark-to-
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light vertical contrastis (a): 0to 2.3 nm, (b): 0.15V t0 0.219V, (c): 0to 7 nm, (d): 0 to 4.5 nm.

Figure 7-5: Topographic AFM images of air annealed SrTiOs (100) single crystal surfaces after
treating in molten (a) SrCl flux and (e) KCI flux. Surface potential images were recorded on the
same sample, but different locations are shown in (b) and (f). The average potential is
determined to be (b): -0.063 V and (f): 0.12v. Panel (c) and (d) show AFM images of the SrCl,
treated (100) surface after Ag* photoreduction and Mn?* photo-oxidation. Panel (g) and (h)
show AFM images of the KCl treated (100) surface after Ag* photoreduction and Mn?* photo-
oxidation. The dark-to-light vertical contrast is (a): 0 to 2.3 nm, (b): -0.078 to 0.005 V, (c): 0 to
7.2nm, (d):0to 4.7 nm, (e): 0to 7.4 nm, (f): 0.099 t0 0.13 V, (g): 0to 16.6 nm, (h): 0 to 11 nm.

Figure 7-6: Summaries of the photochemical reactivities and surface potentials of the six
SAMPIES IN TADIE 7-T. e ceieieiireeeerreeneeerennieettenneetensseeseessessenssesssnssessenssesssnssesssnssssssansessensssssennne 151

Figure 7-7: High resolution O 1s XPS spectra of air annealed (a) (100) and (d) (110) single crystal
surfaces, SrCl, flux treated (b) (100) and (e) (110) single crystal surfaces and KCl flux treated (c)
(100) and (f) (110) single crystal surfaces. The peaks for oxygen atoms bonded in Ti-O and -OH
are filled in red and blue, resSPeCtiVElY. wccveeciiieerceieerertrreerreeerreneeeteenneerensseessensessensseesennns 152

Figure 7-8: High resolution Sr 3d XPS spectra of air annealed (a) (100) and (d) (110) single
crystal surfaces, SrCl; flux treated (b) (100) and (e) (110) single crystal surfaces and KCI flux
treated (c) (100) and (f) (110) single crystal surfaces. The peaks for strontium atoms bonded in
3ds/z2 and -3dsy; are filled in purple and orange, respectively..ccceeeereeeecerrenneereenncerrenneereenneenes 153

Figure 7-9: High resolution Ti 2p XPS spectra of air annealed (a) (100) and (d) (110) single
crystal surfaces, SrCl; flux treated (b) (100) and (e) (110) single crystal surfaces and KCl flux
treated (c) (100) and (f) (110) single crystal surfaces. The peaks for oxygen atoms bonded in
2p3/2 and 2p1y; are filled in green and brown, respectively...cccccccicciiiieeeesiiiniiieen. 154

Figure 7-10: Images of a (100) SrTiOs crystal in molten SrCl; flux in a Pt crucible captured with a
confocal |aser SCaNNING MICIOSCOPE. civvuererreennerrenseereennerrenssesernssessenssesssassesssnssesssansesssnssessennne 155

Figure 7-11: XRD patterns of the resulting materials by heating SrCl; in (a) an alumina crucible
and (b) a platinum crucible at 1150 °C for 10 h. The materials were collected by centrifugation
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Figure 7-12: Phase diagram of SrCl>-SrO system. Replotted from ref.2> ......cccvveeeevreeeecrneneennns 157

Figure 7-13: (a) Surface hydroxyl groups concentrations (shown in bars) and surface potential
(shown in dots) of the six samples. (b) Schematic illustration of the change of surface potential
induced by the molten SrCl; and KCI flux treatment. (c) Schematic illustration of the two
possible mechanisms of the hydroxyl group-rich SUrface. ...eceeeereeecerreeeccereencereeencerrenncereenneenes 158

Figure 8-1: SEM images of hydrothermally synthesized pure SrTiOs particles, denoted as
“undoped”. The particles were than treated in a molten SrCl; flux in an alumina crucible, a
platinum crucible, and a magnesia crucible, denoted as “undoped-sA”, “undoped-sP” and
“undoped-sM”. Scale bars represent 500 NM. ..cccceceerreeneereenseereenseerrenscesenseeseenssesssnssssesnssesees 168
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Figure 8-2: SEM images of Al-doped particles that have been treated in the SrCl; flux in a
platinum crucible (-sP), an alumina crucible (-sA) and a magnesia crucible (-sM). The numbers
represent Al dopant additions. The scale bar represents 500 NM. ..ccceeeeereenereenncerenncereenseeenes 169

Figure 8-3: Photocatalytic maximum hydrogen production rates of Al-doped SrTiOs crystals in
(a) pH 7 DI water and (b) 10% methanol as a function of Al addition. The crystals have been
treated in the molten SrCl; flux in an alumina crucible, a magnesia crucible, or a platinum
crucible. The bars represent standard deviations. c..eccceeeeeereereeeerreneeereenneerensseeseenseerensseeseenns 170

Figure 8-4: SEM images of Mg-doped particles that have been treated in the SrCl; flux in a
platinum crucible (-sP), an alumina crucible (-sA) and a magnesia crucible (-sM). The numbers
represent Mg dopant additions. The scale bar represents 500 NM. cccceecereenereenncerenncereenseenes 171

Figure 8-5: Photocatalytic maximum hydrogen production rates of Mg-doped SrTiOs crystals in
(a) pH 7 DI water and (b) 10% methanol as a function of Mg addition. The crystals have been
treated in the molten SrCl; flux in an alumina crucible, a magnesia crucible, or a platinum
crucible. The bars represent standard deviations. c...ccceeeeeeeeerreeerrennseereenneerensseesrenseerensseeseenns 171

Figure 8-6: SEM images of Ga-doped particles that have been treated in the SrCl, flux in a
platinum crucible (-sP), an alumina crucible (-sA) and a magnesia crucible (-sM). The numbers
represent Ga dopant additions. The scale bar represents 500 NM. ..ccceeeereencereennccerenncereenseenes 172

Figure 8-7: Photocatalytic maximum hydrogen production rates of Ga-doped SrTiOs crystals in
(a) pH 7 DI water and (b) 10% methanol as a function of Ga addition. The crystals have been
treated in the molten SrCl; flux in an alumina crucible, a magnesia crucible, or a platinum
crucible. The bars represent standard deviations. c...ccceeeeeeeeereenerreneeereenneerensseesrensessenssecseenns 173

Figure 8-8: Photocatalytic maximum hydrogen production rates in DI water of Al-doped, Mg-
doped, and Ga-doped SrTiOs crystals as a function of doping concentration. The undoped
samples flux treated in an alumina crucible is plotted as an empty square. The rest of the
samples were flux treated in a platinum crucible. The measured points are labeled with arrows.

Figure 8-9: Brouwer diagrams of undoped SrTiO3 and 0.07% Al-doped SrTiO3 at 1150 °C and
100 °C. The calculation employed a python code modified from the code on co-doping BaTiO3
developed by RyU et @l.2827 ......uuueiiecceereeeessssnneeeesssssssssesesssssssssssssssssssssssssssssssssessssssssssesssnns 178

Figure 8-10: Schematic illustration of how the incorporation of AI**, Mg?* and Ga** influences
the SPace Charge Of SITiO3. ccrieiieeereereenrertenneerensereenseesenssessensseessnssesssnssesssnssesssnssesssnssesssnnnnns 179

Figure 9-1: (a) SEM images of molten SrCl; flux treated SrTiOs, BaTiOs, PbTiO3, CaTiOs, rutile and
anatase TiO. Scale bar: 2 um. (b) XRD patterns of the six flux treated samples with a standard
SrTiOs pattern plotted as black droplines (ICDD: 01-074-1296). (c) Photocatalytic maximum H;
production rates from the six samples in 10% methanol solution, pH 2 water, pH 7 water and
pH 12 water under 380 NM illUMINGtION. ccucetieeeeireenieereeeerrennieerenneereensecerenseseenssessenseesesnsnesees 192

Figure 9-2: (a) XRD patterns of BaTiOs treated in the molten SrCl; flux for a variety of
temperature and time combinations. (b) Lattice parameters refined from the XRD patterns.
The bars represent standard deviations. (c) Photocatalytic H, production rates of the samples
in pH 7 DI water. (d) Photocatalytic H, production rates of the samples in pH 12 DI water. ...194
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Figure 9-3: SEM images of BaTiOs treated in molten SrCl, flux in an alumina crucible or a
platinum crucible are shown in (a) and (b), respectively. Scale bars are shown in the images.
Maximum H; production rates measured with the PAPCR of BaTiOs treated in the molten SrCl,
flux with different amount of Al added in an alumina crucible or a platinum crucible are shown
in (c) and (d). The concentration of AI**and ClI- are determined with EDS and shown in the
iMages in @ diffErent axis. it rrsasssssssstressssssssssassnnsssssns 196

Figure 9-4: SEM images of BaTiOs treated in the SrCl; flux in an alumina crucible with different
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Figure 9-5: SEM images of BaTiOs treated in the molten SrCl, flux in a platinum crucible with
different amount of Al added. ....cciiiiieuiiiiiiiiiiiiiiiiirr s rressass s s s s sasssssens 197

Figure 9-6: XRD patterns of BaTiOs treated in the molten SrCl; flux with different amount of
Al;,03 added in an alumina crucible or a platinum crucible are shown in (a) and (b), respectively.
A magnified image of the (110) reflection is given in a separated panel in both (a) and (b).
Lattice parameters have been refined with HighScore and given in (c) and (d). The bars
represent standard deviations. Note that the minor peaks at 38.6°, 44.9° and 65.3° are
attribute to the (111), (200) and (220) reflections of the Al sample stage in the diffractometer
but NOt from the SAMPIES. ceueiiieeierieeieereeiertetneettensieeteaneteenseseenssessenssesssnssssesnssesssnssssesnssesens 198

Figure 9-7: High resolution XPS spectra of Sr 3d region in (a) pristine SrTiOs, (b) STO-sA, (c) BTO-
sA; Ti 2p region in (d) pristine SrTiOs3, (e) STO-sA, (f) BTO-sA; and O 1s scan in (g) pristine SrTiOs,
() STO-SA, (i) BTO-SA. ceteeittrrennnsiisiirennnssssssiresnsssssssimsssssssssissssssssssssssssssssssssssssssssssssssssnssssssss 200

Figure 9-8: (a) SEM images of BTO-sA particle cross section samples prepared via FIB milling. (b)
EDS element maps of the boX region iN (@)..cccceeeereencerreencereennierrenneerrenseeerenssereenssessenseesesnseesees 201

Figure 9-9: SEM images of particle cross section samples of (a) PTO-sA and (b) CTO-sA.
Kirkendall pores are observed in both samples. Scale bars are shown in the images. Note that
the small particles in (b) correspond to redeposition during ion Milling. .ccceeeeereeereereenneerennnens 202

Figure 9-10: (a) High resolution TEM image of a particle edge of BTO-sA. (b) SAED pattern
recorded on the lattice in (a). Bright field and dark field images on the same particle edge are
shown in (c) and (d). Scale bars are given in the iIMages. .cccccerreeecrreeneereenneerennneerrenneerennseeseenns 203

Figure 9-11: (a) FFT pattern of the lattice fringes in Fig. 9-10(a). (b) Inverse-FFT pattern by
selecting the split SPOTS iN (3). ceeereeneerrennrerrennrerrennreereenerrenssesrrassessensseessassessenssesssansesssnnsesennne 205

Figure 9-12: A high resolution TEM image of a BTO-sA particle edge is given in (a) with its
corresponding (b) SAED pattern and (c) FFT pattern. (d) Inverse-FFT pattern by selecting the
SPIIT SPOLS IN (€).ceerrenneerrennerrenseerrennerrensseerenssersenssesssassesssnssesssnssesssnsssssnsssssnssssssnnsesssnssssssnnne 205

Figure 9-13: (a) Photocatalytic maximum H; production rates of PTO-sA and the same sample
that has been soaked in 10% methanol solution, pH 2 water, pH 7 water and pH 12 water for 1
or 2 weeks. The illumination is provided by 380 nm LEDs. (b) Photocatalytic maximum H,
production rates of CaTiO3 that have been treated in the SrCl; flux for one or two times. The
rates are measured in 10% methanol, pH 2 water, pH 7 water and pH 12 water under 380 nm
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Figure 11-1: SEM images of the surface of (a) bare BiVO4, and the surface after photodepositing
(b) Au, (c) Pt, (d) Ag, (€) MnO,, (f) PbO,. Scale bar, 500 nm. Reproduced from ref.b............... 219

Figure 11-2: Surface atomic structure of anatase (a) (010), (b) (001) and (c) (010) surface.....220

Figure 11-3: DFT calculated band structure and density of states (DOS) of BiOBr (a) (001), (110)
and (c) (010), (102) facets. Crystal structure of BiOBr (001) and BiOBr (010) are illustrated in (b)
and (d). ((e) (f)) SEM images of BiOBr-(001) after in situ photodeposited with Pt and MnOx. ((h)
(i)) SEM images of BiOBr-(010) after in situ photodeposited with Pt and MnOy. Schematic
illustration of photoexcited charge distributions on BiOBr-(001) and BiOBr-(010) are shown in
(8) and (j). Adapted from Ref.11 ... icereereeisrereeeeresssseeesesssssseeeessssssssesesssssssssessssssssssssesasnns 222

Figure 11-4: (a) Orientation map of an a-Fe;03 ceramic surface. (b) Dark-field optical
microscopy images of the a-Fe;0s surface after the photochemical reduction of Ag. The
brighter contrasts correspond to silver products. (c) The average relative potential value
measured by KFM (for 167 grains from 16 different images) plotted versus orientation on a
stereographic projection broken into 39 regions. (d) A similar plot of the average activity
measured from DF-OM images. Adapted from ref.22 .....iiiiceeccreeereeesssnneeeesssssssseesesssssssssesssnns 224

Figure 11-5: (a—c) Tungsten probes contacting single Cu,O crystals for their electrical
conductivity measurements. (d) Schematic illustration of the measurement set up. (e) I-V
curves for the (100), (110), and (111) faces of Cu,0 crystals. (f) Modified general band diagram
of Cu;0 crystals accounting for their observed optical size and facet effects. Adapted from
FEE.232426 i irtttrcrterecrte e e e see e e e see e e e s ae e e e s st e e e s s e e e e s saa e e e e s s s e e e a e e e e e s a e e e e s nae e e aaeeesrnaeeennns 225

Figure 11-6: (a) UV-visible spectra of anatase TiO; particles exposing 18% (001) facets and 72%
(001) facets, reproduced from ref.3' (b) UV-vis diffusive reflectance spectra of AgsPO4 nano
cubes and rhombic dodecahedrons, adapted from ref.32 (c) A plot summarizing the volume
variation of Cu,0 octahedra and cubes with respect to their UV-vis absorption band positions
reproduced from ref.3* (d) Plots of (ahv)¥? versus photon energy (hv) of CeO, nanocrystals,
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Figure 11-7: Schematic of a (a) faceted particle and the same particle after (b) photoreduction
of Ag* and (C) Photo-0OXidation Of PD2 .....uuiieeeecirreeeeeriesssseeeeesssssseseessssssssseesesssssssssessssssnsseses 228

Figure 11-8: lllustration of EBSD analysis process of Bao.sSro2TiO3 ceramic surface. The pattern
was collected and processed through OIM Collection SOftware. ...cccceeereeeneereenncerrenneereenneceennns 229

Figure 11-9: Topographic AFM image of the BiVO, surface after a photochemical reaction (a)
after reduction and (d) after oxidation. The corresponding orientation maps are shown in (b)
and (e). Orientations of grains on the BiVOs surface that were classified as low and high
reactivity for the photochemical oxidation of (c) Ag* reduction and (f) Pb?* oxidation. Each
point corresponds to an observed grain and the points are plotted in stereographic projection.
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Chapter 1: Introduction

1.1 Motivation

Energy is a critical component of our everyday needs. On account of the exhaustion of cheap oil
and the impact of greenhouse emissions, people are forced to seek environmentally clean
alternative energy resources.'” Solar energy is a potential substitute for fossil fuels because of its
sustainability and environmental friendliness.> In 2021, Americans used 97.3 quads (quadrillion
BTU) of energy but among them solar energy only made up 1.5 quad.* To harvest energy from
the sun, a promising strategy is photocatalytic water splitting, a technique that converts water into
hydrogen and oxygen with the help of solar illumination. Hydrogen is an ideal fuel for its high
energy density and minimal air pollution. Furthermore, since water and sun light are abundant,
endless, and renewable, all we need is to design a stable photocatalyst that can split water
efficiently.

Estimated U.S. Energy Consumption in 2021: 97.3 Quads M Lawrence Livermore
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Figure 1-1: The 2021 energy flow chart released by Lawrence Livermore National Laboratory.*

There are two major categories of water splitting. The first category is to use photoelectrochemical

cells (PECs).>¢ In a PEC system, there will be two electrodes, such as TiO and Pt, immersed in



an electrolyte and connected to an external electric circuit. Under illumination, electron-hole pairs
are generated and separated by an electric field to drive proton reduction and water oxidation.

However, the durability of electrode is poor, and this might increase its cost.”

The second category is photocatalysis using a colloidal suspension of powdered catalysts.®® A
particulate catalyst could be considered as a smart PEC, where different regions of the powder
surface serve as photoanodes and photocathodes. Those powders have the potential to be
fabricated at lower costs than PECs, but they have relatively poor efficiencies. Two of the most
significant problems for particulate photocatalysts are the high rate of photogenerated carrier

recombination and the back reaction of intermediate chemical species.

hv

¢V

light”

Semiconductor

Photoelectrochemical cell Powdered photocatalyst

Figure 1-2: Simple schematic of photoelectrochemical cell (left), reproduced from ref.!”
Schematic of powdered photocatalyst (right), reproduced from ref.!!

A tremendous amount of research has focused on reducing the rate of charge recombination and
back reactions. In this thesis, two primary strategies are tested to enhance the separation of
photogenerated electron-hole pairs. The first one is to develop catalysts with an internal electric

field in the space charge region. An internal field may arise from polarization of ferroelectric or

12,13 15,16

ferroelastic domains, phase boundaries,'"* polar surface terminations and surface
orientations.!”'® With such fields, electrons and holes will be attracted to different locations of
the catalyst surface for reduction and oxidation so that an enhancement of charge separation is

achieved. Hence, the overall photocatalytic efficiency should increase.

The second strategy is to apply an external electric field to the space charge region. Since the two
half reactions need to proceed at the same rate to keep charge neutral, the overall reaction rate

depends on the slower one of the two half reactions. If one applies a potential to increase the rate



of the slower reaction, it will decrease the faster reaction; the maximum overall rate is achieved at
a potential where the rates of the photocathodic and photoanodic reactions are equal. pH is a good
candidate to provide an external field. The solution pH influences the amount of charge adsorbed
on the surface, the surface potential, the band bending in the semiconductor, and, therefore, the
concentration of available charge carriers at the surface. Because the photochemical reactivity is
directly proportional to the amount of available charge carriers, the pH serves as an external field

and affects the overall reaction rate.
1.2 Objectives

The work described here has three major goals. As we have mentioned in Section 1.1, an internal
electric field in the space charge region could influence the photochemical reactivity. La,Ti,07 is
a ferroelectric material with a layered perovskite structure. Many materials have been found to
exhibit anisotropic catalytic reactivity such that some orientations are more photocathodic while
other orientations are more photoanodic, and this effect originates from the different degree of
band bending in the space charge region as well as the different surface potential. If one can
prepare shape-controlled particles exhibiting specific facets, photo reduction and photo oxidation
will thus occur on different locations of the particle, hence the overall photocatalytic efficiency
would be enhanced. La>Ti>O7 has a strong anisotropic structure and simulations imply that there
is a significant difference in the band edge positions perpendicular and parallel to the perovskite
layers,!” so that we assume that its photocatalytic reactivity is influenced by surface orientation.
Besides, La,Ti>O7 has a polarization in ferroelectric domains with a magnitude of 5 uC/cm?, which
is similar to BiFeOs (6 uC/cm?). Thus, we assume that they should behave similarly with the
reactivity being influenced by ferroelectric domains. With the two assumptions, the first goal of
this work is to test the photochemical reactivity of La;Ti»O7 by means of marker reactions and
investigate the relative importance of surface orientation and ferroelectric domains. We found that,

in this case, surface orientation plays a more important role in photocatalytic reactivities.

I then turned my attention to SrTiOs, which can split water under UV illumination and has an
orientation dependent photocatalytic reactivity.?>?! My second goal was to test the pH effect on
the photochemical reactivity on surfaces of SrTiO3 with different orientations. Solution pH can

influence the surface charge and surface potential. Increasing pH, more negative charges (OH")



will adsorb to surface and bend the bands upward. Also, it is expected that the pH effect may vary
in different crystallographic orientations because of the anisotropic transport and chemical
properties on SrTiOs. If one could establish a model for band bending as a function of solution

pH, it will be useful for us to understand pH effect and apply it to more catalyst systems.

The third goal is to explore other feasible tools to modify the space charge region for better
reactivity. Doping foreign elements is a widely used method to improve the properties of
photocatalysts. The dopants usually serve as donors or acceptors, alter the charge carrier
concentration, and shift the Fermi level. For example, doping aluminum into SrTiO3; was found
to reduce the number of free electrons and shift the Fermi level anodically.??> Determining a
suitable dopant with an optimized doping concentration is necessary to prepare a highly efficient
photocatalyst. Additionally, particle size may influence band structure too. If the particle is too
large, charge carriers generated in the center flat band region are unable to migrate to the surface.
If the particle is smaller than twice the length of space charge region, the band bending will be
reduced so that the electric field in the space charge region will be smaller and photogenerated
carriers are more difficult to separate. Therefore, determining a suitable size for particulate
photocatalysts is also a crucial task. Finally, catalyst synthesis route is also critical. It is known
that materials prepared in molten salt methods and hydrothermal methods might have a higher
crystallinity than those prepared with solid-state methods, which results in a lower concentration

of charge carrier traps and better reactivity.

The long-term objective of this project is to develop a series of shape-controlled particle
photocatalysts exposing specific facets serving as photoanodes and photocathodes. By separating
the location of the two half reactions, the rate of charge recombination and back reaction should
be regulated for such particles. Next, the optimal particle size, dopant concentration and
synthesizing route will be employed. Finally, the solution pH will be adjusted to find the pH value

associated with maximum reactivity.
1.3 Hypothesis

Question 1: What are the influences of surface orientation and ferroelectric polarization on the
photochemical reactivity on La;Ti207?

Hypothesis 1



La>Ti>O7 is a ferroelectric material with a layered perovskite structure. The photocatalytic

reactivity of La>Ti>O7 is influenced by both surface orientation and ferroelectric domains.

The spontaneous polarization within a ferroelectric creates an electric field driving photogenerated
carriers to move in opposite directions, which causes reduction and oxidation to occur at different
locations. For a positive domain, there will be a potential drop across the domain, bending the
band downwards and electrons can easily move to the surface to react with species in solution. On
the contrary, for a negative domain, the polarization will bend the band upwards and holes can
easily move to surface. The polarization in La;TiO7 domains is of 5 uC/cm?,2* which is similar
to BiFeOs (6 uC/cm?).>* The photochemical reactivity of BiFeOs; depends on ferroelectric
domains,? so we expect that La,Ti>O7 should behave similarly. Meanwhile, surface orientations
usually affect photochemical reactivity, too. La>TiO7 has a strong anisotropic structure.
Simulations by Bruyer et al. show significant differences in the band edge positions perpendicular
and parallel to the layers.!” Therefore, the photocatalytic reactivity of La>Ti,O7 is also supposed
to depend on orientations. Hence, we expect that the reactivity of La>TiO7 depends on both
orientation and ferroelectric domains. In order to investigate which factor is dominant, we carried

out experiments described in Chapter 4.

Question 2: What is the interplay between crystallographic orientations and solution pH on the

photochemical reactivity of SrTiO3?
Hypothesis 2

Adjusting the aqueous solution pH can control surface charge and the rates of the two half
reactions to influence the overall photochemical reaction rate of SrTiOs. Because of different

potentials at different surfaces, the pH effect is likely to vary with surface orientation.

pH can be considered as an external electric field to adjust photocatalytic reactivity since it could
control the relative rates of oxidation and reduction reactions, leading to a change in the overall
reaction rate. In a low pH environment (higher H" concentration), there will be more positive
charge on the surface, leading to a downward band bending (or reduced upward band bending), so
that electrons will be transported to the surface, but holes will be repelled, and photo reduction is
favored. In a high pH environment (higher OH™ concentration), there will be more negative charge

on the surface, leading to increased upward band bending, so that holes will be transported to the



surface, but electrons will be repulsed, and photo oxidation is favored. Since the overall reaction
rate depends on the slower one of the two half reactions, the maximum reactivity should be
achieved at an intermediate pH value. Because of different potentials at different surfaces, the pH

effect is likely to differ on (100), (110), and (111) surfaces.

Question 3: Is it feasible to develop an anisotropic faceted Al:SrTiOs particle catalyst with an
enhanced charge separation for overall water splitting? And how will solution pH affect the

reactivity?
Hypothesis 3

An Al:SrTiOs particle exposing {100} and {110} facets should have better photocatalytic reactivity
than particles with only {100} facets. By tailoring the fraction of the two types of facets, the

photocatalytic reactivity will be optimized.

Based on previous study, in SrTiO3, {100} surfaces are more photocathodic while {110} surfaces
are more photoanodic,?®?” hence, a separation of photogenerated carries occurs between the two
surfaces. Dong et al. introduced a hydrothermal method to prepare faceted SrTiO3 nano particles
exposing {100} and {110} facets and the percentage of the two types of facets could be adjusted
by changing surfactants.?® Also, Al-doped SrTiOs (Al:SrTiOs) loaded with RhCrOx (rhodium
chromium oxide) cocatalysts splits water with an apparent efficiency (quantum yield greater than
50% at 365 nm).?*3! In my research, I combined the two works, developing shape-controlled Al-
doped SrTiO; and finding the best shape by adjusting the ratio of {100} and {110} facets for
photocatalytic water splitting. The most suitable doping ratio and crystal size have been

determined. The solution pH was adjusted to optimize the reactivity.

Question 4: What is the specific role of AI** dopants on the photocatalytic reactivity of SrTiOs?

Is it possible to replace it with other elements?
Hypothesis 4

AP* serves as an acceptor dopant in SrTiOs, lowers the free electron concentration and expands
the space charge region. Mg®*, Ga*" and Fe*" also serve as acceptor dopants since they occupy

Ti sites, so they should behave like AP+ and contribute to the photocatalytic reactivity.



Introducing aliovalent dopants into a host material would alter the free charge carrier concentration.
SrTiOs is a n-type semiconductor because of intrinsic oxygen vacancies.’?> AI** is an acceptor
dopant that can provide positive charge and compensate oxygen vacancy donors. The reduced free
electron concentration would expand the space charge region, contributing to the improved
transport of photogenerated charge carriers. At the same time, this will lower the Fermi level and
reduce the potential difference between the semiconductor and the solution, leading to a lower
degree of band bending. If so, there should be an optimal doping concentration that can balance
the two factors. In this study, I investigated the effect of introducing foreign elements (A1**, Mg?*,
Ga’*, Fe’") on the photocatalytic reactivity of SrTiOs as a function of doping concentration. A

defect compensation model is provided to understand the doping effect.

Question 5: Is the molten SrCl flux treatment a necessary step to prepare highly reactive SrTiO3

photocatalysts? If so, what happens when we soak SrTiOs3 in this molten salt?
Hypothesis 5

Al-doped SrTiO3z photocatalysts prepared in the molten SrCl> flux are more reactive than those
prepared in other methods. The flux treatment modifies the surface structure and surface

chemistry to a condition that is more favorable to photochemical reactions.

Nearly all high-performance Al-doped SrTiOs photocatalysts employed the molten SrCly flux
treatment. But its mechanism is still not clear. Previous report assumes that SrTiOs3 dissolves and
recrystallizes in the melt so that the crystallinity is improved.’®*3 Based on my previous results, it
is less likely that the particle completely dissolves and recrystallizes. My assumption is the surface
slightly dissolves in the flux and the newly formed surface is more reactive. To test this, I carried
out the flux treatment on large SrTiO; single crystal substrates and studied the surface with AFM

and XPS before and after the treatment.
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Chapter 2: Background

Water splitting is a process that can produce hydrogen by directly decomposing water under
illumination. Since the first report on a TiO; electrode by Fujishima and Honda in 1972, extensive
research has been carried out to achieve water splitting with a great number of photocatalyst
materials. In this chapter, an overview of fundamental principles of water splitting will be provided.
Next, a brief explanation of why commercial application of water splitting is restricted is discussed.
Finally, I will introduce how to improve the photocatalyst performance by modifying the space
charge region, including surface orientation effect, ferroelectric polarization effect, solution effect

and doping effect.
2.1 Semiconductor based photocatalysis

2.1.1 Fundamental principles of semiconductor photocatalysis

The photocatalytic properties of semiconductor photocatalysts depend on the surface properties
and electronic band structure. In a typical reaction, there are three major steps: (1) a semiconductor
absorbs a photon of energy higher than its band gap (E > Epg) to excite an electron from the valance
band to the conduction band, leaving a positively charged hole in the valance band; (2) electron
hole pairs are separated and migrate to the semiconductor surface; (3) electrons and holes are

trapped with species in solutions and drive reactions.

(A) & hv (B = o o @
e HtfHy
H* 1 1 1 oo
— "

VB

H;

Energy barrier
reduced by cocatalyst

H, +1/20
bulk recombination H,0 z 2
(ps —ms) Minimum solar

energy required

Figure 2-1: Schematic photoexcitation in a solid followed by deexcitation events are presented in
panel (A) and (B), modified from ref.? Panel (C) presents the energy barrier of an overall water
splitting reaction.
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In overall water splitting, H» and O> are produced in a stoichiometric ratio 2:1. From the
perspective of thermodynamics, the overall water splitting is classified as an “up-hill” reaction, as
illustrated in Figure 2.1 (C), with a large positive change in Gibbs free energy (AG® =+237 kJ/mol,
2.46 eV per molecule).

h hot lyst
H,o DRIty a +20,,A6 = 237k] /mol 2.1

For overall photocatalytic water splitting to occur, the bottom of semiconductor conduction band
must exceed the proton reduction potential (0.0 V vs. NHE at pH 0), the top of valance band must
exceed the oxidation potential of water (1.23 V vs. NHE at pH 0). Hence, the minimum band gap
for overall water splitting is ~1.23 eV. With the assistance of scavengers, semiconductors that are
unsuitable for overall splitting can produce either H> or O, as illustrated in Figure 2-2. For the
proton reduction half reaction, CH;OH, SOs%>, EDTA* can be used as hole scavenger. For the

water oxidation half reaction, Ag”, Fe3" and 103 can be used as electron scavengers.

~H
~H o H,
o H,
(1R e e s --
7~ Ag
3 B ™~ g
>
20 A
2
w ~ CH;0H c
1.23Vf----=-=-==---- , —6——————————\190-2 ——————————————
7~ 2
\oz _/HZO
.0,

Figure 2-2: Scheme of photocatalytic (A) overall water splitting; (B) proton reduction half
reactions with CH30OH as sacrificial reagent; (C) water oxidation half reaction with Ag" as
sacrificial reagent.

The chemical reduction and oxidation reactions for overall water splitting are listed in Eq. (2.2)

and (2.3), respectively:
AH* + 4e~ = 2H, (2.2)

2H,0 + 4h* = 0, + 4H* 2.3)
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The chemical reduction and oxidation reactions for the proton reduction half reaction with

CH3OH as a hole scavenger are listed in Eq. (2.4) and (2.5), respectively:
6H* + 6e~ = 3H, (2.4)
CH;0H + 6h* + H,0 = CO, + 6H* (2.5)

The chemical reduction and oxidation reactions for the water oxidation half reaction with Ag"* as

an electron scavenger are listed in Eq. (2.6) and (2.7), respectively:

4Ag* + 4e” = 4Ag (2.6)
2H,0 + 4h* =0, + 4H* 2.7)

2.1.2 Types of photocatalysis

Apart from water splitting, photocatalysis is widely applied in green chemistry and organic
synthesis. Actually, photocatalysis might refer to any reaction that requires the simultaneous
presence of a catalyst and light. In this section, selected applications will be briefly introduced,

and representative research works will be provided.
photocatalytic degradation of organic pollutants

With the speeding up of human industry, large amounts of toxic organic pollutants have been
discharged into nature, leading to a negative consequence in the lives of humans. Semiconductor
based photocatalysis appears to be a promising way to remove these pollutants. Benefits of
semiconductor catalysts include non-toxic, low cost, easy to recycle. The process of organic
degradation is similar to water splitting. Under suitable illumination, electrons and holes migrate
to the semiconductor surface and participate in the reduction-oxidation reactions. It is found that
radical intermediates always participant in organic degradation. For instance, an O molecule can
scavenge an electron forming a superoxide radical (-O2"). Next, this superoxide radical reacts with
a proton forming a hydroperoxide radical (-HO»).> The hydroperoxide radical has a redox potential

of +2.27 V vs. SHE at pH 7, which is enough to oxidize most organic compounds.*
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photocatalytic CO: reduction

As a greenhouse gas, excessive CO; emission has dramatically changed our environment. The
International Panel on Climate Change predicted that the global temperature will rise 1.9 °C in
mean value if CO> rises to 590 ppm by 2100.° Among many technologies mitigating CO,
emissions, photocatalytic CO; reduction is preferred for its convenience and relatively low cost.
A highly efficient photocatalytic CO> reduction method has been reported by Kuang et al. with
CsPbBr3 perovskite quantum dot /graphene oxide composite catalyzing CO; reduction at a rate of

23.7 umol g'h'! with a selectivity over 99.3%.°

CO; is a very stable molecule, and its reduction needs to overcome a huge energy barrier. In
general, for a typical CO; reduction, the molecule is first activated by adsorption into electron rich
oxygen vacancy defect sites or gain electrons from a semiconductor directly,”® and then,
transferred into reactive C 0§ ~. This intermediate can further get converted into CO, CH4, CH-O,
CH3;OH. For instance, one could convert CO» and H,O into CH4 and O under illumination. This

is usually defined as photocatalytic CO, methanation:
CO, + 2H,0 — CH, + 20, (2.8)

As the main constituent of natural gas, CHs4 is a widely used fuel for heating and electricity
generating. Since the natural gas we are using now is fossil-based, photocatalytic CO> methanation
provides us with a method to synthesize natural gas. CO> methanation might be helpful to reduce
the emission of CO; to lighten greenhouse effect. Meanwhile, the high abundance and relatively
low cost of raw material, CO> and H»O, making this synthetic natural gas a significantly value-

added product.®
Photocatalysis in synthesis

Photocatalysis is a helpful tool in organic synthesis, too. The principle mode of action in
photocatalysis is to induce an electron transfer to or from a substrate, thus generating anions,
cations, or neutral radicals.” In organic synthesis, photocatalysis can be roughly divided into
photoreduction and photooxidation, depending on the specific reactions. In the traditional way,

bringing a stable organic molecule such as an alkane to an oxidized state needs strong oxidizing
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agent and drastic reaction conditions. Photocatalysis is able to activate the reagent under mild

conditions, allowing a better control of the intermediates generated.'®
2.1.3 Roles of cocatalysts

In photocatalytic water splitting, semiconductor photocatalysts are always loaded with specific
cocatalysts. In most of the cases, those cocatalysts are necessary if one would like a satisfactory
overall water splitting performance. They serve as reaction sites and accelerate the reactions,

promote the separation of photogenerated charge!' and decrease the activation energy.'?

Cocatalysts are usually loaded for the two half reactions separately. For the H> evolution half
reaction, noble metals, like Pt, are selected as cocatalysts. Firstly, since noble metals usually have
larger work functions than semiconductors, they are able to trap electrons from the semiconductor.
Pt has the largest work functions among noble metals, so that it is regarded as the most suitable Ha
evolution cocatalyst. Secondly, noble metals have good stability and are less likely degraded in
water. Thirdly, Trasatti et al.'* found a volcano relationship between the exchange current for H,
evolution and the metal-hydrogen bond strength during electrochemical reaction (see Figure 2-3).
Pt is at the top of the volcano, which means it needs the lowest activation energy to catalyze the
reaction. Representative works employing Pt as cocatalysts are TiO»,'%!> PbTiO3,'® La;TiO2N,!”

CdS.'® Apart from Pt, people sometimes select Rh, Au or Ir as H» evolution cocatalysts as well.
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Figure 2-3: Experimentally measured exchange current for hydrogen evolution over different
metal surfaces plotted as a function of the calculated hydrogen chemisorption energy per atom.
Taken from ref.!
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For the O, evolution half reactions, cocatalysts are also crucial. Since the two half reactions must
proceed at the same rate to maintain charge neutrality, the overall reaction rate is limited by the
slower one, usually the water oxidation. The corresponding materials should have low work
functions that can trap holes. And those O evolution cocatalysts are always metal oxides, such as
CoOx,'? NiO,?° RuO».2! Past research has shown that loading both cocatalysts for reduction and
oxidation has better performance than loading only one cocatalyst. However, in most catalyst
systems, reduction cocatalysts are necessary even if people believe that the photo oxidation is the
rate limiting half reaction. Loading only reduction cocatalysts or both cocatalysts promote the

reactivity. But loading only oxidation cocatalysts is not always useful.

To load cocatalysts on semiconductors, there are two main approaches. The first approach is the
impregnation method, where the cocatalysts are uniformly deposited on photocatalyst particle. As
a result, the two half reactions may occur at the same location. The second approach is photo
deposition, if different surface orientations have different work functions, then the cocatalysts
might deposit at different locations. Hence, photo reduction and photo oxidation may occur on

different locations on the surface of photocatalyst, which is beneficial to the separation of charge.

2.1.4 Factors limiting the efficiency of photocatalysis and how to overcome

them

Works on photocatalytic water splitting revolve around efficiency. If one can develop a catalyst
with a satisfactory efficiency, the commercial application of water splitting will become reality. A
wildly used efficiency is quantum efficiency, defining the number of electrons participating in
reactions relative to the number of photons incident to the system. The number of reacted electrons
equals twice the number of evolved H> molecules or four times the number of evolved O>

molecules. And the number of incident photons could be measured by a photodiode.??
Hence, the external quantum efficiency (EQE) is defined as:

EQE (%) = # of reacted electrons % 100%
QE (%) =+ of incident photons 0

__ 2x# of evolved H, molecules

x 100% 2.9)

# of incident photons
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The internal quantum efficiency (IQE) is slightly different from EQE in that it specifies the number
of electrons participating in reactions relative to the number of photons absorbed in the system.

The equation is defined as:

10 (%) = # of reacted electrons % 100%
QE (%) =4 of absorbed photons 0

__ 2x# of evolved H, molecules

x 100% (2.10)

# of absorbed photons

Obviously, IQE is always higher than EQE. Since it is hard to determine how many photons have
been absorbed, the external quantum efficiency is commonly used. Another standard efficiency is
solar-to-hydrogen (STH) efficiency, which is convenient to determine the performance of a

photocatalyst:

energy of evolved H,

STH =

= [H2XAG o 109 (2.11)

energy of incident photons  PgynXS

ra2 corresponds to the rate of hydrogen generation (mmol/s), AG corresponds to the Gibbs free
energy (J/mol) of the water splitting reaction, Psun corresponds to the light energy flux (mW/cm?),

and S is the irradiation area (cm?).

Recall that earlier, the three major steps of photocatalytic water splitting are: light absorption,
photogenerated charge generation, separation and migration, surface reaction. The two factors
that limit the efficiency of water splitting the most are the recombination of electron-hole pairs and
back reactions on surface, as shown in Figure 2-1. Improving the charge separation efficiency has
been a critical topic in photocatalytic water splitting for a long time. Many strategies are available
to increase the charge separation. Decreasing the particle size could decrease the migration
distance so that charge carriers are more likely to reach surface.”® Developing a highly crystalline
catalyst is another approach because defects in the bulk/surface usually serve as recombination
centers. Removing these centers will help suppress the rate of charge recombination. Moreover,
building internal/external electric fields in the space charge region for separating electrons and
holes is also a popular method and this is also the main point of my research.?* More details of

this method will be discussed later.
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2.1.5 Molecular Photocatalysts

Photocatalytic hydrogen production can also be carried out using homogeneous molecular
catalysts. Although its mechanism is quite different from semiconductor-based catalysts, it is still
worth a discussion since it could help us understand the reaction sites. The molecules employed
here are usually complexes with a transition metal cation coordination center that can store solar
energy with their excited states, accompanied by protonation and dehydrogenation cycles with the

25-27

assistance of certain substrates. In this section, a few represented catalyst mechanisms will be

discussed:
Alkane dehydrogenation
Alkane dehydrogenation can be expressed in the following equation:
C,Hy = C,Hy 5 + Hy (2.12)

Photocatalytic alkane dehydrogenation has been reported using Ir, Rh, and Pt complexes, and the
driving force of the reaction can be supplied by a photon. Herein, I use Rh!(PR3)2(CO)CI (R = Me,
Et, Ph) as an example,”® as illustrated in Figure 2-4(a): Activated by the photons, the CO
dissociates and the Rh!(PR3)2Cl intermediate forms. This intermediate forms C-H bonds by adding
cyclohexane as a substrate and generates a dihydrido alkane complex via §-hydride elimination.
After the alkene dissociation and CO coordination, it will regenerate the starting complex by
emitting a hydrogen molecule.? Photocatalytic dehydrogenation can also occur in other substrates,

such as the dehydrogenation of alcohols to ketones or aldehydes.
Hydrogen production from acidic solutions

Inorganic acids usually have a much lower energy compared with alkane substrates, so it usually
needs higher energy photons to activate the reactions. For example, Ir''Cl¢*- can produce H> and
Cl in a stoichiometric ratio in HCI solutions under 254 nm UV light. The proposed mechanism
is given in Figure 2-4(b). The radiation will convert HIr™Cle>" to its excited state [HIr™Cl¢>]", and
then it decomposes into Ir'VCls* and a H radical. This resulted H radical might react with a another
HIMClg* to form Ir'VClg* and a H, molecule. Meanwhile, the irradiation can excite Ir'VClg> to

[Ir'VCl6>]*, then reduced by a CI- anion forming Ir'"'Cls*- and a CI radical. Two Cl radicals can
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form a Cl, molecule and reconvert Ir''Clg* to Ir'VCle?>. Similar catalytic reactions can also occur

be conducted using Pt>* 30 Eu?* 3! Fe?* 32 etc.
Three component systems

This scheme consists of three parts: a photosensitizer that can absorb photons, a mediator that can
be reversibly reduced by electrons, and a catalyst that can reduce protons to hydrogen. So, we
may see that this is pretty similar to the Z-scheme semiconductor heterojunction catalysts. Here I
talk about Ru''(bpy)s*", a common photosensitizer, which is also the material we used in the
normalization calibration of our photoreactor (see Appendix 4). Induced by a photon, Ru''(bpy);**
goes to the excited state Ru'(bpy)s;*** and then forms Ru(bpy)s;** by transferring electron to the
mediator. This electron will then transfer to the catalyst, like colloidal Pt, and reduce protons to
hydrogen. Ru'(bpy)s;** will be reduced to the ground state Ru'/(bpy)s>* by a sacrificial donor. A

schematic of the reaction is given in Figure 2-4(c).
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Figure 2-4: (a) Proposed mechanism for the photocatalytic cyclooctane dehydrogenation using
Rh!(PMe3)2(CO)CI. (b) Proposed reactions involved in the photocatalytic production of H> from
aqueous HCl solutions using Ir'"'Cls*. (c) A schematic of three component systems. Adapted from
ref.26
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2.2 Space charge engineering

2.2.1 Metal-Semiconductor Interface

Materials generally have different work functions, which is defined as the energy difference
between the vacuum level and the Fermi energy and denoted as ¢¢. When a metal and a
semiconductor contact with each other, electrons will flow from the low work function side to the
high work function side. For an n-type semiconductor, if the Fermi level of the semiconductor is
higher than the Fermi level of the metal, electrons will flow from the semiconductor to the metal
until the two Fermi levels are aligned. This is shown in Figure 2-5 (left). At equilibrium, the metal
side will be negatively charged while the semiconductor is positively charged. This causes the
free charge carrier concentration near the semiconductor surface (space charge region) to be lower
than in the bulk, and this named a depletion layer. Here, the energy band edges will also shift due
to the electric field at the interface region between the metal and the semiconductor. When ¢, >
@5, the energy band bends upwards as electrons in semiconductors are repulsed by the negatively
charged Helmholtz layer located in the metal. When ¢, < ¢s, electrons will flow from the metal to
the semiconductor, leading to an accumulation layer at the surface of semiconductor. Now, the
semiconductor energy bands bend downwards as electrons in semiconductors are attracted by the

positively charged Helmholtz layer in the metal, shown in Figure 2-5 (right).

The degree of band bending is equal to the work function difference between metal and

semiconductor:

Veg = |pm — ¢sl (2.13)

When ¢ > ¢, there will be a Schottky barrier forming at the interface, defined as:

bpp = (Pm — Xs) (2.14)

¥s 18 the electron affinity of semiconductor. If ¢, < @5, there will be no Schottky barrier formed but

an ohmic contact.
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Figure 2-5: Energy band diagrams of metal and n-type semiconductor contact, reproduced from
ref.3 E. and E, correspond to energy of conduction band and valance band edges. ¢, and ¢
correspond to work functions of metal and semiconductor. E,., vacuum energy. ys, electron
affinity of the semiconductor.

2.2.2 Space charge region

Space charge regions result from field inhomogeneities. When a bulk semiconductor is in contact
with another semiconductor, metal, or electrolyte, a space charge region will form at the interface
to equalize the Fermi levels.’**> Here, charge carriers flow from high carrier density region to low
carrier density region, leaving uncompensated donors and acceptors forming a series of electric

dipoles. The potential created by these dipoles finally gives rise to band bending.

Figure 2-6 illustrates three kinds of space charge regions for a n-type semiconductor. The first
column corresponds to the flat band condition where no space charge region exists. For downward
band bending, negative charges accumulate at the surface of the semiconductor due to the
attraction of outside positive charges, forming an accumulation layer. For upward band bending,
positive charges accumulate at the surface, causing the decrease of electron concentration, forming

a depletion layer. There is a possibility that if the degree of upward band bending is large enough,
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as shown in the fourth column of Figure 2-6, the hole concentration becomes larger than the
electron concentration, converting the semiconductor from n-type to p-type at surface. In this case,

the space charge region is called an inversion layer.

Most reactions will occur on semiconductor surface and the band structure in the space charge
region will have a strong influence on the reaction rate. Therefore, space charge engineering is a

promising approach to improve the efficiency of photocatalysis.

flat band accumulation layer depletion layer inversion layer

Figure 2-6: Schematic diagrams showing the energy levels and free charge densities for a n-type
semiconductor. The blue dotted line labeled the space charge region with a thickness of D. n; =
intrinsic carrier density; n. = electron density; ny = hole density. Reproduced from reference.*

2.2.3 How is band bending induced?

The band bending concept was originated by Schottky and Mott to explain the properties of metal-
semiconductor interfaces.*=° Apart from what we have discussed in 2.2.2, band bending could
be induced by many other factors. For instance, an external field can induce band bending near
the semiconductor surface.** In an ideal system where a semiconductor and a metal contact with
each other, we assume that they have the same work function and no charge carriers flow. Adding
a voltage will break this balance. By adding a positive voltage (V>0), the electric field will cause
electrons to accumulate near the surface and bend the bands downward. On the contrary, adding

a negative voltage (V<0) will bend the band upward.
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Band bending could be induced by surface states as well.*! Surface states form as a result of the
broken lattice symmetry at the surface. Composed of unpaired electrons in dangling bonds, surface
states usually have a different Fermi level compared with the bulk. These states act as either
donors (dangling electrons being excited to the conduction band) or acceptors (electrons being
captured to pair with electrons in dangling bonds).*> Hence, charge carriers will transfer between
the bulk and the surface, causing band bending. A similar case is that transition metal oxides
usually have partially occupied d-orbitals which could serve as donors or acceptors as well.*?
Moreover, the adsorption of molecules can induce band bending.** A molecule with unfilled
molecular orbital may accept electrons from the semiconductor and lead an upward band bending.

Some molecules may serve as donors and lead a downward band bending.

Solution pH can alter band bending by controlling surface charge on the semiconductor and this is
a feasible tool to optimize the photocatalytic reactivity. Details about this effect will be discussed

in section 2.5.

2.3 The effect of crystallographic orientation on photocatalytic

reactivity

2.3.1 The origin of the orientation effect

The reactivity of a photocatalyst is influenced by its surface atomic structure and its linked
electronic structure. Band gaps, band edges, surface potential, and electronic conductivity are
likely to vary with crystallographic orientations. Thus, different surface orientations may have

different photochemical reactivities.

Figure 2-7 explains how photogenerated charge carriers are separated to different orientations.
Two orientations with different band edges are represented by the red and blue curves. Owing to
different degrees of band bending, the blue band edges are higher than the red band edges,
providing a driving force for the separation of electrons and holes. Electrons tend to move along
the red band: on the contrary, holes move along the blue edges. Photo reduction and photo
oxidation will occur on a red surface and a blue surface, respectively. Hence, the overall
photochemical reactivity should be enhanced because of the inhibition of charge recombination

and back reactions.
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Figure 2-7: A band diagram with tunable band edge energies for two crystal surfaces (red and
blue). Dashed arrows describe the motions of photogenerated electrons and holes.

2.3.2 Selected examples of orientation effect

Surface orientation has been reported to have a significant influence on the photochemical
properties of Cu,O nanoparticles. The electric conductivity has been measured on a {100}-bound
cube, a {110}-bound rhombic dodecahedra and a {111}-bound octahedra with tungsten probes
connected to a nanomanipulator.*>#¢ From the I-V curves obtained, they found that a Cu,O
octahedron is highly conductive, a cube is moderately conductive, and a rhombic dodecahedron is
non-conductive. It is proposed that the anisotropic electric conductivity comes from the different
degrees of band bending in the three crystallographic orientations, as shown in Figure 2-8. The
{110} face has the largest band bending so that it has the biggest energy barrier when in contact
with W. The {111} face has the smallest band bending as well as the smallest resistivity. This is
reasonable since electronic conductivity in a solid is proportional to density of free charge carriers.
While employing these Cu2O as photocatalysts for degradation of methyl orange, the rhombic
dodecahedra are highly active, the cubes are moderately active and the octahedra are less,*’*®

which indicates the power of the orientation effects on photocatalysis. The large degree of band

bending in the {110} faces provides a driving force to separate photogenerated electron-hole pairs.
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Figure 2-8: Left: [-V curves from the {100}, {110} and {111} facets of Cu2O crystals. Right:
Band structure of CuzO for different orientations. Reproduced from ref.*

Figure 2-9 presents a similar orientation effect observed on a-Fe;03.3° a-Fe>Oj3 is a promising
photocatalyst with a bandgap of 2.2 eV.5! Ag marker reactions were carried out on polycrystalline
a-Fe>O;3 ceramic surface. They found that grains oriented within 30° of the (1102) plane were far
more reactive than other orientations. Using KFM, the surface potential of highly reactive grains
was determined to be more positive than other grains. Because the (1102) surface has the largest
positive charge, it has greatest downward band bending and more effectively attracts electrons,

leading to the highest photocathodic reactivity.
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(b)
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Figure 2-9: (a) Dark-field optical microscopy images of the o -Fe;Os surface after the
photochemical reduction of Ag. (b) Orientation dependent reactivity of 547 grains plotted on the
standard stereographic triangle for a hexagonal crystal. Reproduced from ref.>°

Another representative material is BiVO4, which is a potential photocatalyst under visible light.

Li et al. first discovered that the photo deposition of metal/metal oxides are facet selective on

monoclinic BiVOj4 particles.’> The {100} facets are photo reductive while {110} facets are photo
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oxidative. The author indicates that the different energy levels of the two orientations contributes

to this spatial selectivity. More examples on the orientation effect are presented in Appendix 1.
2.3.3 Orientation dependence of photochemical reactivity on SrTiO;

The photochemical activity of SrTiOs has been studied thoroughly and the orientation dependence
has been observed on different kinds of SrTiOs3 crystals. In 2003, Giocondi et al. photochemically
reduced silver cations from an aqueous solution on a SrTiO3 polycrystal with surfaces bounded by
{110}, {111} and {100} planes.** After reaction, all highly reactive grains contained a facet
inclined by about 20° from {100}. Thus, they concluded that SrTiO3 surfaces near {100} have the
highest relative photocathodic reactivity. In 2007, Giocondi et al. prepared faceted SrTiO;
microcrystals and carried out photochemical reactions to deposit insoluble products on the surface
to study the anisotropic reactivity of SrTiOs.» It is found that silver products are formed
preferentially on {100} surfaces after photochemical silver reductions. The electronic band
structure was used to explain the results. Based on the diagram shown in Figure 2-10(a), the band
is relatively flat in [100] direction (I" to X) compared with band in [110] direction (I" to M) and
[111] direction (I" to R). So, higher energy is needed to excite all states in [110] direction (about
5 eV) and [111] directions (about 6 eV). Therefore, electron hole pairs with momentum in the
[100] direction could be excited by lower energy light, which contributes to the higher reactivity
of'the {100} surface. Another indication from the band structure is when {100} surface and {110}
surfaces coexist, holes are likely to migrate to {110} surface while electrons migrate to {100}
surface. This is because holes will migrate to the highest points in the valance band; one such
point is the M position, at {110}. Besides band structure, surface termination and chemistry vary
with orientations, contributing to this anisotropic reactivity. In 2019, Pisat et al. found the similar
results between {110} and {100} facets within the same grain on ceramic surfaces.’® A special
treatment can tune SrTiO3 polycrystals with arbitrary orientations show single crystal-like grains
with a combination of {110} and {100} facets. After photochemical reactions, {100} facets appear

to be uniformly photocathodic and serve as reduction sites; {110} facets appear to be photoanodic

and serve as oxidation sites.

Knowing that {100} surfaces are photocathodic and {110} surfaces are photoanodic, it is possible

to synthesize SrTiOs particulate catalysts bounded by the two facets, boosting the rate of charge
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separation and overall photochemical reactivity. Dong et al. introduced a hydrothermal method to
prepare shape-controlled SrTiOs3 polyhedral submicron crystals.>” By using a series of surfactants,
particle shape could be adjusted from isotropic facets (6-facet SrTiO3) to anisotropic facets (12-
facet SrTi0s3) with the percentage of {110} facets compared to {100} facets increasing. By means
of this synthesis route, Li et al. and Huang et al. found that SrTiO3 particles exposing both {100}
and {110} facets show significant enhancement of photocatalytic reactivity than those only
exposing {100} facets.’®> It is indicated that the good reactivity of anisotropic faceted SrTiO3 is
attributed to the charge separation between {100} facets and {110} facets. Recently, Domen et al.
selectively photodeposited Rh/Cr,O3 and CoOOH and {100} and {110} facets of Al doped SrTiOs3,
respectively, obtaining a quantum efficiency as high as 96% under illumination between 350 nm

and 360 nm.®°
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Figure 2-10: (a) Schematic representation of the structure of the bands closest to the Fermi level
for SrTiO3, reproduced from ref.> (b) SEM image of photo deposition of Ag on faceted SrTiOs3
particles. (¢) SEM image of photo deposition of MnO, on faceted SrTiO; particles.
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2.4 The effect of ferroelectric domains on photocatalytic reactivity

2.4.1 What is ferroelectricity

Ferroelectricity is a subclass of pyroelectricity, and pyroelectricity is a subclass of piezoelectricity.
The concepts and properties of piezoelectricity, pyroelectricity and ferroelectricity are related to
crystal structures. There are 32 classes of crystals (crystallographic point group) in total. Among
them, 11 crystal classes are centrosymmetric, nonpolar and exhibiting no piezoelectric effect. The
other 21 classes are non-centrosymmetric with one displaying no piezoelectricity and the other 20
showing piezoelectricity, from which we will observe the appearance of electric potential by
applying a mechanical stress and the crystal will be polarized. Among the 20 piezoelectric classes,
10 of them are pyroelectric, exhibiting a temperature dependent spontaneous polarization. Among
pyroelectric materials, if the polarization could be switched by an external electric field, it is

distinguished as ferroelectric.

Figure 2-11: Schematic illustration of the relationship among piezoelectricity, pyroelectricity and
ferroelectricity.

The first characteristic of a ferroelectric material is that it exhibits a spontaneous polarization in
the absence of an external electric field. This polarization vector usually possesses at least two
stable orientations and could be switched between those orientations by an external electric field.
The polarization usually arises from the displacement of atoms, for example, the Ti and O ions in
Figure 2-12(b) shifts upward compared with Figure 2-12(a). Secondly, most ferroelectric

materials undergo a phase transformation from ferroelectric to paraelectric (order to disorder) from
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low temperature to high temperature, where the transition temperature is defined as the Curie
temperature (Tc). The third feature is that ferroelectric domains usually form to minimize the
electrostatic energy associated with depolarization fields and the elastic energy from the
mechanical stress. In PbTiOs, as shown in Figure 2-12(c), 90° domain walls form to reduce both

the elastic energy and electrostatic energy while 180° domain walls only reduce electrostatic

energy.
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Figure 2-12: (a) PbTiOs has a cubic structure (Pm3m) in paraelectric phase. (b) PbTiO; has a
tetragonal structure (P4/mmm) in ferroelectric phase. (¢) Schematic illustration of formation of 90°
domain walls and 180° domain walls in PbTiOs3,

2.4.2 How do ferroelectric domains contribute to photochemistry?

The internal dipolar field of ferroelectric materials creates charged surfaces and induces band
bending in space charge region with magnitudes of several hundred meV or greater.?*%! The band
bending will be upward in a negative domain and downward in a positive domain. As a result,
photogenerated electrons and holes tend to move in opposite directions and the two half reactions

will occur on different locations on the surface.
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A photochemical marker reaction is an effective method to observe this effect.? (Details about
marker reactions will be discussed in Chapter 3). By employing marker reactions, it is possible to
selectively photo-deposit metals and metal oxides and identify the rection sites for photoreduction

and photooxidation, respectively.®-¢7

Figure 2-13 gives two examples to the ferroelectric effect.
BaTiOs is a famous ferroelectric material with spontaneous polarization along the [001] orientation,
which has a magnitude of 26 uC/cm™2. In Figure 2-12 (a) and (b), after photochemical marker
reactions, Ag and PbO, accumulate on different locations of the surface, corresponding to the
positive domains and negative domains, respectively.®* This observation indicates that the electric
field within ferroelectric domains drives electrons and holes migrating in different directions,
providing a potential method to reduce the rate of charge recombination. The second example is
BiFeOs, a ferroelectric semiconductor photocatalyst with a band gap about 2.5 V.86
Polycrystalline BiFeOs ceramics have a polarization of 6.1 uC/cm along <111>, direction.
Figure 2-12 (c) shows a PFM phase image showing the domain polarization map. Domains with
positive out-of-plane polarizations appear dark and domains with negative polarizations appear
bright. The AFM image of the same location after photochemical silver reduction is shown in
Figure 2-12 (d). The distribution of silver deposits is consistent with the PFM images. Silver
mainly appears on positive domains, indicating that electrons and holes are moving to different
locations of the surface. This spatial selectivity has been observed on other ferroelectric materials,

such as PbTiO;,° LiNbO3,"! BaxSri+TiO37?

The applications of ferroelectric materials on photocatalytic water splitting and organic dye
degradation have been reported, showing enhanced reactivity. BaTiO3/TiO> core shell particles
have been studied by Li’”® and Song.”* Catalysts with macro-size BaTiOs cores have greater
performance compared with catalysts with nano-size cores. Considering the space charge region
of BaTiOs is about 162 nm,”? the potential drop induced by ferroelectric polarization within the
space charge region in smaller cores was not as great as in the larger cores. Nam et al. found that
the photocatalytic reactivity of ferroelectric KosNaosNbOjs after poling is 7.4 times higher than

unpoled ones, owing to the internal dipole field.”

It seems that ferroelectric domains could contribute to separation of photogenerated charge carriers,

however, is this always true? I will further discuss this and give a counter example in Chapter 4.

31



Figure 2-13: Topographic AFM images of the same location from a (001) BaTiOs3 single crystal
surface under illumination in (a) 0.115M AgNOs3 solution and (b) 0.0115M Pb(Ac): solution.
Reproduced from ref.%* (¢) Out of plane PFM image of a (001) BiFeOs grain. Dark contrast in the
image corresponds to regions with positive polarization and bright regions correspond to a region
with negative polarization. (d) Topographic AFM image of the same location after reduction of
Ag. Reproduced from ref.”®
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2.5 The effect of pH on photocatalytic reactivity

2.5.1 Energy levels for ions in solution

The energy potential levels for ions in solution represents their tendency to accept or give electrons
when approaching an electrode. The lower the potential, the more the species is likely to oxidize.
For example, Na/Na" has a standard potential of -2.7 V/NHE, meaning that Na metal is really
unstable and easily loses an electron forming Na® ions. Au/Au®" has a standard potential of
1.5V/NHE, meaning Au metal is stable and hard to be oxidized. Immersing the metal M electrode

into electrolyte containing M*" ions, there will be an equilibrium reaction:
M =2 M** + ze~ (2.15)

To measure this potential, this metal electrode is connected with a hydrogen reference electrode
whose Fermi energy is defined as zero. The hydrogen reference electrode energy is considered to
be very close to 4.5 eV below E¢, the energy of an electron at infinity.”” As shown in Figure 2-14,

the voltage between the two electrodes is defined as the standard redox potential.

N

H,

bridge

Mz
H +

Figure 2-14: Schematic of measurement of standard potential of M/M*".

2.5.2 Nernst equation

In a reverse process, the electrode potential depends on the activity of each red-ox species, which

can be described in the Nernst equation:

E=E°—Eln(M) (2.16)

nF aopx
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where E° is the standard redox potential. R is the gas constant, 8.314J/mol K. T is temperature. F

is Faraday constant, 96485 C/mol. n represents the stoichiometric number of electrons exchanged

in the reaction. areq and aox represents the activity of reduced species and oxidized species,

respectively.

Considering the reduction of a proton, the Nernst equation can be written as:

_ R (]
= H+/H2+nFln<PH2>

At room temperature 25 °C and unit partial pressure, the equation above will be:

Ep+/u, = Ep+ )y, — 0.059pH = —0.059pH
A similar approach could be applied for the oxidation of water:

Eo,/t0 = Eo,/n,0 — 0.059pH = 1.23 — 0.059pH

(2.17)

(2.18)

(2.19)

Using the above equations, one can get the Pourbaix diagram of water as shown in Figure 2-15.

Molecular H>O is stable in the gray region. Above the upper boundary, water can be oxidized into

oxygen. Below the under boundary, water can be reduced to hydrogen. The boundary is a function

of pH.
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Figure 2-15: Pourbaix diagram of water. The shadow region corresponds to the equilibrium

condition of water.
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Solution pH would also affect the materials stability as materials would dissolve in strong acidic
or alkali conditions. The Pourbaix diagram of SrTiO3 have been computed by Raman et al. and
shown in Figure 2-16. The bulk/solvent equilibrium of Sr and Ti is shown in (a) and (b), indicating
that the two atoms tend to exist in Sr?* and TiO; at mild pH. (¢) and (d) show the surface Pourbaix
diagram of SrTiOz at pH 1 and pH 12. It is found that SrTiOs is overall stable in both conditions,
while strontium vacancies form at highly oxidizing potentials. At high pH, the surface is more
likely to be hydroxylated, and this change of surface chemistry affects the photochemical
properties.
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Figure 2-16: Pourbaix diagrams for (a) Sr and (b) Ti in aqueous solution. Surface Pourbaix
diagrams showing the thermodynamic stability for SrTiOs at (¢c) pH 1 and (d) pH 12. Taken from
ref.’®

2.5.3 pH effect on photochemistry

pH can not only adjust the potential of chemical species but also the energy levels of
semiconductors. In fact, solution pH can tailor the surface charge, influence the band bending and
the potential of the surface changes by = 59 mV for each unit of pH.** At low pH, the net charge
on the surface will be positive, leading to a downward band bending in the space charge region.

Holes will be repelled to the surface and the overall reaction is limited by the photoanodic reaction.
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At high pH, the net charge on the surface will be negative, bending the band upward in the space
charge region. Electrons will have to overcome a high energy barrier to move to the surface. The
photocathodic half reaction will be the limiting factor. Because the reaction rate of overall reaction
depends on the slower one of the two half reactions, the maximum reaction rate should appear at
some intermediate pH. We believe this pH is related to isoelectric point (IEP), which is the point
of zero zeta potential. If the photoanodic reaction is the limiting half reaction, this ideal pH should
be greater than IEP to favor the oxidation reaction. If the photocathodic reaction is the limiting
reaction, the suitable pH associated with maximum reactivity should be less than IEP to promote
the reduction reaction. Note that IEP should not be confused with point of zero charge (PZC).
PZC just describes a pH where an equal number of H" and OH are adsorbed. In pure water, IEP
and PZC are equal. But if there are ions other than H" and OH", the two points will be different.

The effect of pH on photochemistry has been studied on BaTiOs. In a simulation work on TiO»
coated BaTiOs, current density for electrons and holes changed as a function of applied voltage,
as shown in Figure 2-17.7® In reality, the voltage can be applied by changing solution pH and the
optimized pH value for the reaction is calculated to be greater than 7. In an experimental work on
BaTiOs polycrystal grains, the photochemical reactivity is low at a pH between 4 and 5 and reaches

a maximum value between pH 7 and 8.7° This result is consistent with the simulation work.
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Figure 2-17: Simulated voltage dependence of electron (J,) and hole (J,) current densities at the
surface of a 20 nm TiO> film on BaTiO3. A* represents Richardson constant. V. represents open-
circuit potential. Reproduced from ref.”
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2.6 The effect of foreign ion incorporation

2.6.1 Semiconductor doping

Doping is another commonly used method to improve photocatalyst performance. We should first
distinguish doping and alloying from a materials science perspective. Doping usually means
adding a small number of foreign materials to the host materials and it may not change the crystal
structure significantly. Such dopants can be considered as defects such as interstitials or
substitutionals. Alloying usually means adding a large number of foreign materials to form a solid
solution, and this will change the material structure significantly. In this section, I will focus on

doping effect and explore how a little number of dopants influence the photocatalytic reactivity.

Doping atoms with different valence into the lattice can introduce excess electrons or holes. A
semiconductor that is doped with a donor impurity is called an n-type semiconductor in which
donor atoms provide excess free electrons, increase the Fermi level, and improve the electric
conductivity. A semiconductor that is doped with an acceptor impurity is called a p-type
semiconductor, acceptor atoms provide excess free holes, lower the Fermi level, and improve the

electric conductivity.
2.6.2 The effect of doping on space charge

Considering that most of oxides have intrinsic defects, the influence of dopants on charge carrier
density might be complex. Here I focus on SrTiOs, a wildly studied electroceramic, which is also
the most important material in my graduate study. SrTiOs is generally agreed to be an intrinsic n-
type semiconductor because of oxygen vacancies. There might be some background impurities
acting as acceptor dopants, such as Na and K on the A-site or Fe and Al on the B-site. But the
concentration of background impurities cannot overcome the oxygen vacancy concentration so

that it is overall n-type. A Brouwer diagram of SrTiO3 at 1000 °C is shown in Figure 2-18.
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Figure 2-18: Schematic representation of equilibrium defect model for undoped and acceptor
doped SrTiOs. Reproduced from ref.3°
In the intrinsic region (low Py, ), oxygen vacancies are the predominant ionic defects balanced by

free electrons. The electroneutrality condition is:
n= 2[V;] (2.20)

In the extrinsic region (intermediate and high Py,), free electron density decreases, and oxygen

vacancies are compensated by acceptors. Note that the strontium vacancy concentration is

negligibly small at this temperature. The electroneutrality condition is:
[A'] = 2[V;] (2.21)

Note that at the point where n = p, the semiconductor is fully compensated. And the compensation
point can be tuned by adjusting the doping concentration. For example, adding acceptor will lower
the free electron concentration, moving the compensation point to the low Py, region. Therefore,
at an ideal doping concentration, SrTiO3 will become intrinsic (semi-insulating), leading to a much
longer space charge region and longer photogenerated charge carrier’s lifetime. Given the
identical light penetration depth, more photogenerated charge carriers will be generated inside the
space charge region, and they can be separated by the field and are less likely to recombine. This
might explain why the majority of high performance SrTiOs photocatalysts that have been reported
are acceptor doped, and what the optimal doping concentration might correspond to. More
discussion will be given in Chapter 7, where I will compare Al with Mg and Ga as acceptor dopants

for SrTiO3 and discuss how they influence the photocatalytic reactivity.
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2.6.3 The effect of foreign ion incorporation on optical property

By introducing foreign atoms, it is possible to create an impurity band in the forbidden gap region,
and this might allow charge carriers to transit between VB/CB to the impurity band. When the
doping concentration is low, this effect is very weak. But if one introduced a large quantity of
impurities to the host (e.g., solid solution), this effect will influence the optical properties and
narrow the band gap. In the case of metal oxides, the valance band edge is usually composed of
O, orbitals. The formation of a new band with a more negative level than Oy, orbital induced by
the dopants will reduce the band gap.8! For example, Mn-, Ru-, Rh-, and Ir- doped SrTiOj; exhibit
absorption spectra with shoulders in the visible light region, corresponding to the impurity states.®?
Among them, Rh- SrTiOs is a photocathode that can produce hydrogen in aqueous methanol

solutions under visible light irradiation.
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Chapter 3: Experimental Methods

In this chapter, I am going to present the experimental methods employed in the photochemistry
studies. The sample preparation routes will be detailed introduced in the following chapters. Here,
I focus on sample characterization techniques and the two approaches to evaluate the catalyst

performance.
3.1 Atomic force microscopy (AFM)

Atomic force microscopy (AFM), invented in 1986, is a widely used technique for imaging the
surface of samples.! It could be applied to almost all type of samples, including metals, ceramics,
polymers and composites. Besides topography, AFM can even measure other signals, such as
magnetic force, adhesion force, surface potential and mechanical properties.> AFM makes use of
a sharp tip which is about 10-20 nm in diameter attached to a cantilever. The cantilever will bend
under force. When the tip is close to a surface, an electrostatic force from the surface deflects the

cantilever and this deflection is detected as a change in the direction of the laser reflected from the

back of the cantilever.
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Figure 3-1: SEM image of an AFM silicon cantilever and tip with a length of 450 um (left). An
AFM schematic (right). Reproduced from ref.?

AFM has two common modes. The first mode is contact mode. The AFM tip contacts the surface,
and the cantilever deflection is held constant. Therefore, the force between the tip and surface will

be constant as well. To maintain this constant deflection, the z-position of the tip must be changed,
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and the z-position changes are recorded as topographical signal. A schematic illustration of this
mode is shown in Figure 3-1. However, the mode is not suitable for soft samples, like polymer

chains, since the sample might be damaged by the tip under contact mode.

The second mode is tapping mode. The AFM cantilever is vibrated above the sample surface so
that the tip is in contact with the surface only intermittently. In this mode, the cantilever vibrates
close to its free resonance frequency. When the tip is close to surface, the interaction between the
tip and surface will affect the amplitude of the cantilever vibration. The changes in the vertical

position needed to maintain constant amplitude are recorded as the topographic signals.

At present, the force sensitivity and thermal stability (drift) of AFM limit the precision of
characterization.* Developing ultra-stable AFM with high positional stability and high force
precision will definitely help scientists study more complex surface systems. In my research, AFM
is mainly used in photochemical marker reactions, which will be discussed in section 3.10. The
topographic images of the sample surface will be recorded by AFM before and after the marker
reactions, so that we could study the distribution of the photochemical products as well as the

photochemical reactivity.
3.2 Piezo force microscopy (PFM)

Piezo force microscopy is an important offspring of AFM that can detect the tiny displacement of
samples caused by electric field excitation. This method provides a possibility to determine the
domain structure as well as the hysteresis loops of ferroelectrics and piezoelectrics. A
conventional method to characterize such domain structures is optical or electrical microscopy on

etched surface. PFM is obviously more convenient because the sample won’t be damaged.

The application of PFM is based on the converse piezoelectric effect. Owing to the converse
piezoelectric effect, applying an oscillating electric field to a ferroelectric sample leads to a surface
vibration. The polarization state can be determined by measuring the magnitude and phase of this
vibration signal.’> In a typical PFM setup, a conductive probe is set to contact the sample with a
voltage applied between the tip and the sample, and this results in a periodical displacement of the
sample. The amplitude and phase of the tip displacement will be recorded by the amplifiers. For

example, if the polarization vector is perpendicular to the applied electric field, the sample will
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extend itself along the ferroelectric vector, providing horizonal displacements. If the polarization
is parallel to the applied electric field, there will be a vertical displacement in the sample. The
PFM probe tip, usually conducted in contact mode, will move along with the surface displacement
and causes the cantilever to deflect.® Because the deflections are different for domains with

different polarizations, the contrast in this signal can be corelated to the domain structure.
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Figure 3-2: Sketch of Piezo Force Microscopy set-up in scanning probe microscope. Reproduced
from the application note of NT-MDT Spectrum Instruments.

In my research, PFM is used to investigate the domain structure of La>TiO7. Because we assume
that the photocatalytic reactivity of La,Ti2O7 is influenced by the ferroelectric polarization,
employing PFM is a straight way to determine the whether the distribution of the photochemical

products is correlated to ferroelectric domains.
3.3 X-ray diffraction (XRD)

X-ray diffraction is a powerful tool to characterize the structure and purity of crystalline materials.
For small samples, it could also be applied to determine sample crystallinity.” X-rays are a form
of light with energies ranging from about 100 eV to 10 MeV with wavelengths on the order of
nanometers. This length is in the same order of the spacing between atoms in crystals. X-rays are
usually produced when the electrons released by a hot cathode accelerate to a high velocity and
collide with a metal target (Cu, Fe, Mo), the anode. Then the X-ray will be filtered to produce

monochromatic X-rays.

The X-rays are directed at the sample at various angles, and the diffracted X-rays are collected. In

crystals with periodic arrangement of atoms, the diffraction follows the Bragg Law:
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2dsin 8 = na (3.1

where n is the number of wavelengths in the path difference between diffracted X-rays. Given
incident angle 8 and X-ray wavelength, we can determine the d spacing between different crystal
planes. If we repeat this measurement on many sets of planes, we could determine the lattice

constant of the unit cell.

Plane normal %

Figure 3-3: Schematic diagram of diffraction of X-rays by a crystal. Reproduced from ref.?

In my research, XRD Is usually employed to determine the lattice parameters of doped samples.

It is also useful for phase identification and sample purity examination.
3.4 Scanning electron microscopy (SEM)

Scanning electron microscopy is a powerful tool to explore surface structure and morphological
features. Besides, it is also able to provide information on sample size, composition,
crystallography, and other physical properties. It makes use of a focused electron beam to scan the
sample surface and provides information of surface structure. Different from TEM, SEM has a

large depth of field, which contributes to a three-dimensional appearance of the image.

The electron beam used is typically in the range of 0.1 kV to 30 kV. After emitting from the source,
the beam will be modified by apertures, magnetic lenses and electromagnetic coils.” There are
two major types of scattered electrons after the beam interact with specimen: secondary electrons
(SEs) and backscattered electrons (BSEs), which escape from different locations in the specimen

Secondary electrons come from inelastic scattering and are from the near surface region, with a
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depth of 5-50 nm,'? corresponding to topographical signal. Backscattered electrons originate from
elastic scattering with energy similar to the incident electrons, so that BSEs might come from a
much deeper region, about 50-300 nm. BSEs are mainly responsible to compositional contrast.
And BSEs can also help determine the orientation contrasts for domains and grains. Besides, the
interaction between surface and specimen also generates characteristic X-ray, which is useful to

elemental identical.
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Figure 3-4: Structure of scanning electron microscope (SEM). Reproduced from ref.’

In my research, SEM is mainly used to characterize the surface morphology of both polycrystalline
ceramic samples and single crystal powders. After photochemical marker reactions, SEM images
can be used as a supplement to determine the distribution of the photo deposits. Besides, in the
work of Al:SrTiO; (Chapter 6), we are studying the effect of crystal shape on the photocatalytic

reactivity, and SEM is used to determine the particle shape and size.
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3.5 Electron backscatter diffraction (EBSD)

Electron backscatter diffraction (EBSD) can be performed on SEM to determine grain orientation
and local texture.!* EBSD pattern is generated by backscattered electrons coming from
approximately 20 nm deep in the material and collected by a phosphor screen. This pattern is based
on the Kikuchi diffraction patterns obtained in a transmission electron microscope.'"'> An EBSD
pattern consists of regular arrangement of bands representing the projection of crystal lattice on
the screen. By analyzing the bands, we can calculate the interplanar spacing and angles and

determine surface orientation accordingly.

The whole EBSD Kikuchi pattern consist of pairs of parallel lines. Each pair of bands are known
as a Kikuchi band with a distinct width and correspond to a distinct crystallographic plane; the
intersection of bands correspond to zone axis (pole). By indexing the poles and bands in the pattern,
it is feasible to get the crystallographic orientation of the surface. In most cases, the pattern
indexation can be completed in an automated fashion through commercial software, by applying

a Hough transformation.

Figure 3-5: Schematic of the typical EBSD geometry. Reproduced from ref.'3

Before an EBSD experiment, the sample surface must be flatted and polished. The sample stage
needs to be inclined at 70 degrees to increase both the contrast in the diffraction pattern and the
fraction of electrons scattered from the sample. Using an electron beam, electrons backscattered

by lattice will be recorded by the phosphorous screen. The phosphorous screen converts electrons
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into light detected by a CCD camera. Finally, the image could be analyzed and indexed to

characterize the local orientation.

In my work on La;Ti2O7 (Chapter 4), we are going to determine the orientation effect on the
reactivity. A total of 90 grains on a ceramic sample surface have been studied and EBSD was used
to determine the orientation of these grains. In the work on the SrTiO; (Chapter 5), the pH effects
were first determined on single crystals with orientations of (100), (110) and (111). In order to
confirm these results, we prepared a polycrystal sample. Using EBSD, we find three grains that
were close to (100), (110), and (111) orientations and these grains were used to study the pH effect.
Note that a specific example is provided in Appendix 1 to explain how to use EBSD to study the

orientation effect of photochemical reactivity.
3.6 Transmission electron microscope (TEM)

In Chapter 9, TEM is used to determine the structure of the special SrTiOs crystals using BaTiO3
as precursor and investigate how it differs from the normal SrTiOs;. TEM employs a high energy
electron beam thus it can provide very high-resolution image. Unlike SEM, the electron beam
transmits through the sample and interacts with the mass of the sample. The beam emitted from
the electron gun is first shaped by the condenser lens and the condenser aperture, focused by the
objective lens, and the image is magnified and positioned by the intermediate lens and the projector
lens (see Figure 3-6). TEM has two main operational modes: image mode and diffraction mode.
In fact, the diffraction pattern and image are simultaneously formed in the microscope. The
diffraction pattern is formed at the back focal plane by the objective lens with the electrons
diffracted from the sample, and the image is generated by combining the diffracted electron beams.
By adjusting the strength of the intermediate lens, we can switch which of them to show on the
screen. Illustrations of the two operation modes are given in Figure 3-6. The contrast of the
recorded image might arise from many properties of the sample like mass, thickness, atomic

number, and crystal defects.
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Figure 3-6: Schematic of the (A) diffraction mode and (B) image mode in TEM. Taken from ref.!4

TEM is very useful to characterize the structure of photocatalysts. For example, bright/dark field
images can help identify the location of cocatalysts. Bright field images are formed by the direct
unscattered electrons, while dark field are formed by a certain group of scattered electrons selected
by the objective aperture. If we select the beam diffracted by the cocatalysts (e.g., Pt), the Pt
cocatalysts will have much brighter contrast in the dark field image. Besides, diffraction patterns
can help us determine the orientation of a specific crystal facet, which is very important when we
study the orientation effect on photocatalysis. Note that the thickness of a good TEM specimen is
usually less than 100 nm, and sometimes the catalyst particle might be too large, and the beam

cannot transmit the particle. One solution is to tilt the sample and look at the particle edge.
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3.7 BET surface area analysis

The BET (Brunauer, Emmett and Teller) theory is commonly used to evaluate the gas adsorption
data and generate a specific surface area result in units of area per mass of sample (m?/g). The
theory was developed by Stephen Brunauer, Paul Emmett and Edward Teller,'> which is extended
from the Langmuir theory.!® The conventional Langmuir theory considers monolayer adsorbates,

and the BET theory extends this to multilayers, which is closer to what actually happens.

Prior to the analysis, the sample should be degassed to remove any adsorbed water and other
contaminations on the surface, which is very important for hydrothermally synthesized powders
since there will always be a lot of residual water. The analysis is usually conducted using N>
because of its strong interaction with most solids, and the surface area is determined by measuring
how much gas is adsorbed. Because the physisorption between the solid and gas is very weak, the
sample is cooled with liquid N> and to create a detectable adsorption level. In a typical experiment:
the degassed sample is put in a test tube, known amounts of nitrogen (P/Po) is stepwise released to
the tube, achieved by creating partial vacuum, and the pressure change induced by the adsorption
is monitored, through which we can get an adsorption isotherm. The isotherm is then converted
to the surface area information. In my work, BET is employed to measure the surface area ratio
of my powder catalysts. It is generally agreed that a higher surface area ratio provides more
reaction sites and better reactivity, thus we need to consider its influence when we compare
different catalysts. Note that the hydrogen rate measured by the reactor is in the form of umol h-
!, which is known as the absolute rate. After normalizing it by the sample weight, we get the mass
specific rate (umol h''g!). To exclude the influence of surface area, we normalize the mass
specific rate with the BET surface area ratio (m?/g) and get the surface area specific rate (umol h-
'm2). In Chapter 6, I will discuss the particle size effect, the interplay between surface area ratio
and space charge length, and BET is the approach to compare the surface area of different sized

particles.
3.8 X-ray photoelectron spectroscopy (XPS)

XPS is a type of electron spectroscopy that can detect the material surface chemistry, such as

surface composition and element electronic state. The spectrum is obtained by irradiating the
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material with a high energy X-ray beam, and the electrons ejected from the surface are recorded
as a function of kinetic energy. Although the X-ray can penetrate into the bulk of the material, the
electrons can only escape from the near surface region, the method is then highly sensitive to

surface. The information depth of XPS is generally in the range of 1 to 10 nm.
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Figure 3-7: Schematic of an electron ejected from a sulfur atom induced by X-ray.

Figure 3-7 shows the orbitals of a sulfur atom. An electron from the 2s orbital is ejected from the

atom by the incident X-ray, and its binding energy can be expressed as:

Eys = photon — (Ekinetic + ¢) (3.2)

In this equation, photon energy and work function are known, and the kinetic energy of the emitted
electron is measured by the detector. So, we could use these numbers to measure the binding
energy of an atom originated from the 2s orbital. The binding energy (and the relative intensity of
the spectrum peak) serves as the fingerprint of all elements (except H and He), enables us to
quantify the element composition of the material. The binding energy is sensitive to the
distribution of the valence electron. Considering a carbon atom bonded to a fluorine atom, the 2p
electrons are attracted by the fluorine due to its high electronegativity. This will reduce the
screening of the 1s electrons by the 2p electrons and increases the binding energy of the 1s

electrons, which is known as chemical shift.

In Chapter 7 and Chapter 9, I will discuss the effect of the SrCl> flux treatment on SrTiOs3. And,
XPS is applied to determine the change of surface chemistry by the flux.
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3.9 UV-vis diffuse reflectance spectroscopy (UV-vis DRS)

Band gap energy is one of the most important properties of photocatalyst as it determines how
much light that can be absorbed from the solar spectrum. UV-vis diffuse reflectance spectroscopy
(UV-vis DRS) is the primary technique used to measure the semiconductor band gap. For liquids,
we can measure the light intensity before and after the transmission through the sample and then
determine how much light is absorbed. However, for solid materials, it is relatively difficult for
light to penetrate the sample especially when the sample is thick or opaque. Therefore, instead of
measuring its transmission, one can measure its reflection, assuming that the incident light is either
reflected or absorbed. Diffuse reflection corresponds to the incident light scattered in different

directions, and it is measured by a special attachment called “integrating sphere”.

The Tauc method!'” describes the relationship between absorption coefficient @ and band gap

energy:

(- hv)r = B(hv — E,) (3.3)

The factor y is 0.5 or 2 for direct semiconductor and indirect semiconductor, respectively. B is a
constant. Since we cannot directly measure the absorption coefficient, we can use the Kubelka-

Munk function instead.'® The equation is written as:

F(R,,) = B (3.4)

2Reo

Where R, represents the reflectance of an infinitely thick specimen. We could put F(R,,) in the

Tauc equation:
(F(R) - hv)y = B(hv — E,) 3.5

1
After plotting (F(Ro,) - hv)¥ as a function of energy, the band gap energy is determined by

extrapolating the linear region of the plot to the x-axis.!”
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3.10 Photochemical marker reaction

Photochemical marker reactions are effective to study the photocatalytic properties of materials
and are really helpful to determine reaction sites for photoreduction and photo-oxidation. Itusually
makes use of half reactions with a series of metal salts as electron/hole scavengers. After reaction,

insoluble products will deposit on the surface that can be characterized by SEM or AFM.20-22

In a typical setup, as shown in Figure 3-8, the sample is placed on a substrate. Next, an O ring is
placed on the top of the sample, containing selected metal salt solution. A quartz cover is used to
seal the solution without bubbles. The sample will be illuminated, then rinsed in deionized water
and dried by a stream of nitrogen. Intensity of illumination and the distance between lamp and the
surface can be adjusted. Note that the sample surface must be well polished for a satisfactory
microscope image. By observing the distribution of metal deposits, we could determine whether
a location on the surface is more photocathodic or photoanodic. By measuring the volume/height
of the deposits, one can estimate the relative reactivity of the sample. After one experiment, the
sample will be cleaned by a cotton swipe and ultrasonically washed in methanol and acetone.
Before running a second experiment, SEM is used to determine whether most of the deposits have

been removed.

Hg lamp

UV illumination

O ring Quartz slip
(solution)
Sample Substrate

Figure 3-8: Schematic illustration of a typical setup for a marker reaction.
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To study photocathodic reactivity, AgNQOs3 is the most commonly used salt. The whole reaction

will be:
4Ag* +4e” = 4Ag (3.6)
2H,0 + 4h* =0, + 4H™ (3.7)

In order to study photoanodic reactivity, Pb(CH3COO), or MnSOs are usually selected. The

corresponding reactions will be:

Pb%* + 2h* + 2H,0 = PbO, + 4H* (3.8)
Mn?* + 2ht + 2H,0 = Mn0O, + 4H* (3.9
2H* +2e~ =H, (3.10)

Note that to get a satisfactory experimental result, one needs to find a suitable salt concentration
as well as illumination condition. If the concentration is too low or the illumination is not strong
enough, there will be few deposits on surface and it will be difficult to analyze them. If the solution
concentration is too high, the surface will be overreacted, and we cannot determine the distribution
of products. Figure 3-9 presents the surface morphology of two catalysts after photochemical

marker reactions under microscope.

Figure 3-9: (a) SEM image of surface of y —WOj3 after photooxidation of Mn?*. Adapted from
ref.?* (b) Topographic AFM image of (Bii-0.5xNao.sx)(VixMox)Os (x=0.05) surface after Ag"
reduction. Adapted from ref.**
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3.11 Parallelized and automated photochemical reactor (PAPCR)

A conventional method to measure the efficiency of photocatalytic water splitting is based on gas
chromatography. This method is highly accurate, and one could measure the evolution of other
types of gas, such as oxygen. Considering the limit of time and manpower, it is impossible to
study a large amount of catalysts in a short time period by this method. Fortunately, the
parallelized and automated photochemical reactor (PAPCR), a new type of photoreactor developed
by Bernhard’s lab, provides a route to a high-throughput screening of a large number of

photocatalysts.?’

The reactor consists of 108 1 ml glass shell vials whose headspace is covered by a film of H»
detection tape (DetecTape, Midsun Specialty Products). Suspensions of particulate catalysts and
solution will be added into these small volume vials so that 108 samples can be studied in one
experiment. Two 100 W LED chips are placed in the bottom of reactor providing illumination for
the reaction. A camera is fixed on the top, taking pictures of the H» detection tape every several
minutes. The color of the tape will change from light to dark when exposed H».2° The relationship
between tape darkness and local H> concentration has been calibrated. In this way, we may
calculate the amount of H> generated at each time step, as well as the reaction rate, for each of the

108 vials.

Figure 3-10 shows a typical result from an experiment using PAPCR. Fig. 3-10 (a) is the image
of the hydrogen tape before the reaction. Each circle corresponds to a vial. There are three stripes
of tapes on the top of the vials and the two horizonal lines correspond to the edges of the tapes.
After an experiment of 18 h, the color of the tapes changed, as shown in Fig. 3-10 (b). The darker
the color, the higher the concentration of H> is of the headspace. Because the camera takes an
image every six minutes, we have a total of 180 images. For each image, the hydrogen production
is calculated for each vial using the relationship determined in the calibration experiment. The
hydrogen productions from each vial as a function of reaction time for each vial are shown in Fig.
3-10 (c). The ranges of the x-axis and y-axis are (0 to 18 h) and (0 to 35 umol). The three labels
on the y-axis are 4 pmol, 8 pmol and 12 pmol. The data in Fig. 3-10 (c) is consistent with our
direct observation of on Fig. 3-10 (b). To process the data, these curves are fitted with a

logarithmic model because the rate of back reactions increase with the pressure in the head space.
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The maximum slope of the logarithmic fitted curve is used as the generation rate. A detailed

illustration of the reactor setup, calibration and operation is provided in Appendix 4.
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Figure 3-10: Image of H> detect film is shown in (a) before reaction and (b) after an experiment
of 18 h. (c) The amount of H> evolved (umol) versus time (h) for each vial has been calculated and
shown.
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Chapter 4: Influence of Orientation and Ferroelectric

Domains on the Photochemical Reactivity of La;Ti207

Previous studies indicate that the distribution of photogenerated charge carriers on the surface is
influenced by the ferroelectric polarization. However, is this always true? In this chapter, I am
going to introduce a counter example. La>Ti;O7 is a ferroelectric material, and it also has a
strongly anisotropic structure. In this study, complex domain structures were observed within the
grains, but they appeared to have no effect on the photocathodic reduction of silver, in contrast to
previous observations on other ferroelectrics. La:Ti>O7 is an example of a ferroelectric oxide in
which the crystal orientation has a greater influence on the photochemical reactivity than

polarization from the internal domain structure.
4.1 Introduction

Metal oxide semiconductors can be used to split water'” and degrade organic pollutants®*.
Hydrogen derived from water splitting could be used as a fuel that would not increase the
concentration of atmospheric CO,. Since the discovery that water could be split using a TiO»
photoanode and a Pt cathode, > many other metal oxides have been shown to be able to split water.
67 However, none of the materials studied so far are able to produce hydrogen at rates that make
it economically competitive with producing hydrogen by the conventional steam reforming of
methane.® This has motivated studies of reaction mechanisms and sources of efficiency losses

with the hope that improved catalysts can be developed. °

One line of inquiry has been directed at determining the orientation dependence of the
photochemical reactivity with the goal of designing ideal particle shapes that maximize reactivity.
For example, the orientation dependence of the reactivity has been determined for rutile!® and
anatase!! TiO2, BiVOs,'>!3 Fe;03,'* CaTi0s,!® and SrTiOs.''® There are two main findings from
these studies. The first is that surfaces with different crystallographic orientations can have very
different reactivities. The second is that some orientations are (relatively) more photocathodic and
others are more photoanodic. This provides a mechanism for charge carrier separation, making it
possible to localize the reduction reaction on one surface and the oxidation reaction on another.

This is thought to reduce recombination and lead to improved efficiency.!
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A second line of inquiry has been to use the positively and negatively charged domains of
ferroelectrics to spatially separate the oxidation and reduction reactions and therefore improve
efficiency.?’ For example, domain selective oxidation and reduction reactions have been reported
on Pb(Zr,Ti)03,2'72} BaTiOs,?* and BiFeOs? surfaces. Considering these two lines of inquiry, the
question arises: how do the influence of crystal orientation and the presence of ferroelectric
domains interact to influence reactivity? Previously, we have examined the combined influence
of orientation and charged ferroelastic (rather than ferroelectric) domains, and found that
orientation was the more important parameter.'>!> We have also examined the combined influence
of orientation and charged surface terminations and also found that orientation was the more
important parameter.'® However, the combined effects of ferroelectric polarization and orientation
have not been explored in detail. Studies of BaTiO3%° and BiFeO3? suggested that orientation is
less important than the domain structure, but these studies were based on a relatively small number

of observations.

Here we study the combined influence of ferroelectric domains and crystal orientation in La>T1207,
a ferroelectric with the (110), layered perovskite structure.?’-?® Throughout this chapter, directions
in the layered perovskite structure will be denoted with a subscript "p". The crystal structure,
illustrated in Figure 4-1, has layers along [001] within which TiOs octahedra share corners along
[100] and [011], as in the perovskite structure. Materials with this structure have the distinction
of having very high Curie temperatures (Tc), which make them candidate materials for
applications as high temperature piezoelectrics. Examples include, La;Ti>O7 (Tc ~ 1500 °C),”
SraNb2O7 (Te ~ 1330 °C),° and Pr2Ti2O7 (Te ~ 1750 °C).3! SraNbyO7 and La;Ti,O7 have been
reported to split water under ultraviolet (UV) illumination.>> Consistent with this observation,
La;Ti2O7 has a band gap of 3.2-3.8 eV3* and band edge positions suitable to for the
photocathodic reduction and photoanodic oxidation of H,O. La>Ti»O7 has a monoclinic structure
with space group P2; (a=7.811 A, b=15.547 A, c = 13.019 A, B = 98.28°) and its ferroelectric

polarization is along the [010] axis.?!-3¢

Following the observation that La,Ti2O7 could split water, efforts have been made to modify its
photochemical properties through doping and the formation of heterostructures. For example,
Nashim et al.’’ have fabricated an n-La,Ti2O7/p-LaCrOs heterostructure with an enhanced

photoactivity. La;Ti>207/In2O3 heterojunction nanocomposites synthesized by Hu et al.3® had an
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improved rate of hydrogen generation compared to the individual materials. Meng et al.>* doped
La;Ti»07 nanosheets with nitrogen and narrowed the band gap, extending the light absorption into
visible light (~ 495 nm). Hwang et al.?? investigated the effect of Cr and Fe doping and produced

hydrogen in the presence of methanol using visible light irradiation (~ 420 nm).

Figure 4-1: Crystal structure of La;Ti207 with TiOg octahedra shown. The polarization direction
is along [010] axis.

The purpose of this chapter is to describe the relative importance of crystal orientation and
ferroelectric domain orientation on the photochemical properties of La>Ti»O7. The polarization of
the ferroelectric domains in La;Ti2O7 (5 nC/ecm?)*¢4 is similar to that of BiFeOs (6 uC/cm?), so
one might assume that would behave similarly. On the other hand, the (110), layered perovskite
structure of La;Ti»O7 is much more anisotropic than BiFeOs, so the orientation is also likely to
influence reactivity. To quantify these effects, we have produced dense polycrystalline La,Ti20O7
ceramics and measured grain orientations by electron backscatter diffraction (EBSD). The domain
structure in the grains was also measured by piezo-force microscopy (PFM). After performing a

photochemical marker reaction that leaves insoluble silver at the reaction!®#!

it is possible to
compare the patterns of reaction products to the grain orientation and domain structure. It has been
found that the patterns of photochemically reduced silver are not correlated to the domain structure,

but are correlated to the crystal orientation.
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4.2 Experimental Methods

Sample preparation. La;Ti,O7 powder was synthesized using a molten salt method.*? Reagent-
grade La;03 (99.99 %, Alfa Aesar) and TiO2 (99.9 %, CERAC) were mixed with a 1:2 ratio in
deionized water. A salt with 50 mol % NaCl (Fisher) and 50 mol % KCI (Alfa Aesar) was then
added to the mixture, constituting 50 wt % of the total reaction mixture. Then the mixture was
ball-milled overnight in a plastic bottle with yttria stabilized zirconia as the grinding media. After
ball milling, the mixture was dried in air at 80 °C and then heated to 1150 °C for 6 h in air in an
alumina crucible. The cooled mass was washed with deionized water until the Powder X-ray

diffraction (XRD) pattern showed that it was single phase La,Ti2O7 (see Figure 4-2).
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Figure 4-2: Black line corresponds to the XRD pattern of the La,;Ti2O7 powder synthesized with
molten salt method in this work. Red line corresponds to a calculated pattern of the La;Ti>O7.
(ICSD IDs: 5416 1950)

Polycrystalline ceramics were prepared from the La>Ti>O7 powder. Disk-shaped samples were
formed by pressing the powders in a die, with a few drops of PVA as binder, using 130 MPa of
pressure from a hydraulic press. The resulting disks had a diameter of 1 cm and a thickness of 3
mm. The samples were then put in an alumina crucible with some excess powder to ensure that

the pellet did not contact the crucible. The samples were calcined at 900 °C for 8 h, sintered at
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1350 °C for 10 h, and coarsened at 1550 °C for 3 h. A flat surface was achieved by grinding with
600, 800, and 1200 grit silicon carbide abrasive papers (Buehler), and polishing with a series of
diamond suspensions (Buehler) with a final suspension of 0.05 um. The polished samples were
then annealed at 1300 °C for 6 h to repair polishing damage and thermally etch the grain boundaries.
After annealing, the microstructure consisted of randomly oriented plate-shaped grains with
apparent grain diameters in the two-dimensional section plane ranging from 2 to 50 pm. The large
range of apparent grain sizes arises from differently oriented sections through the anisotropically

shaped grains. Finally, XRD was used to verify that the sample remained single phase La,Ti,O.

Characterization. EBSD was used to measure the orientations of the crystals at the surface of the
La;Ti207 ceramic with a FEI Quanta 200 scanning electron microscope (SEM) operated in low
vacuum mode. EBSD patterns were recorded with a step size of ~ 0.5 um and indexed by the TSL
orientation imaging microscopy (OIM) software using the P2; monoclinic Pr;Ti2O7 structure as a
reference,>® but with the lattice parameter adjusted to La;TixO7 (a = 7.8114 A, b =5.5474 A, c =
13.0185 A, p=98.719°). The data was then processed in OIM Analysis Software. A grain dilation
clean-up was applied using a 5° tolerance angle, a 10-pixel minimum grain size and a multiple row
requirement. All of the orientations segmented to be part of a single grain were then used to

determine a single average orientation for each grain.

A NT-MDT Solver NEXT atomic force microscope (AFM) was used to record topographic and
PFM images. Images were formed using conductive probes with a Pt/Ir coating from Nanoworld
(ARROW-EFM). An AC bias of 4 V with a frequency of approximately 350 kHz was used where
the first contact resonance was observed. Because of the sample’s low electronic conductivity, it
had to be thinned to less than 1.5 mm in thickness and copper contacts had to be applied to the top
and bottom of the sample. The sample was cleaned with acetone before and after the PFM
measurements. The samples were then used to reduce Ag* with photochemical marker reactions.
An O-ring was placed on the top of the sample, and a few drops of 0.115 M AgNO3 (Acros)
aqueous solution were added to fill the O-ring, and a quartz slip was placed on the top to seal the
liquid. The sample was then illuminated by a mercury lamp (Newport) operated at 150 W for 20
min. After illumination, the sample was rinsed in DI water and dried with a stream from an aero
duster (Miller-Stephenson). The locations of silver deposits were determined using an FEI Quanta

200 SEM with a 20 kV beam with a spot size of 4. Before any subsequent reaction, the sample
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was wiped with cotton swabs and ultrasonically cleaned in methanol and acetone. SEM was used
to make sure the silver deposits on the surfaces had been removed. It was not always possible to
remove all of the silver that accumulated at the bottoms of pores or grain boundary grooves; data

from these regions were not interpreted and did not influence the results.

4.3 Results

Figure 4-3(a) shows a SEM image of the surface after the photodeposition of silver. For
comparison, an EBSD orientation map of the same region is shown in Figure 4-3(b). To make it
easier to find the same grains in the two images, six grains are surrounded by thick white lines.
Note that in this two-dimensional section, some grains are elongated while others are more
equiaxed. This results from the fact that the grains are relatively plate-shaped, with large (001)
faces; sections parallel to (001) appear more equiaxed (red colored grains in Figure 4-3(b)) and
perpendicular sections appear elongated. Also, within some grains, two distinct colors appear that
correspond to two different orientations. Because the local structure within the a-b planes is
similar to perovskite, the [100] and [010] directions are sometimes incorrectly assigned by the
indexing software. In these cases, we assumed the majority assignment was correct. The OIM
Analysis Software assigns a 'confidence index' (CI) to each grain orientation and it was assumed

that the orientations of grains with a CI > 0.1 are correct.

* |(100) [001] (200)
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Figure 4-3: (a) SE image after silver reduction. (b) Orientation map of the same area with a color
key at bottom left. The field of view is about 50 um % 60 um. Six grains have been outlined to
illustrate the correspondence between the two images.

The SEM image in Figure 4-3(a) does not have sufficient resolution to determine the amount of
reduced silver. To illustrate this, the image in Figure 4-4 shows a higher resolution image of the
region around the large [001] oriented (red) grain in the upper left-hand quadrant of Figure 4-3
(this grain is labeled with an asterisk). High densities of small particles of reduced silver,
especially at steps, that are invisible in Figure 4-3(a) are clearly imaged in Figure 4-4 (a). Fig. 4-
4(b) show that SEM image of the same grain with a higher magnification. It is found that silver
particles prefer to accumulate on terraces but near the step edges. Note that when Fig. 4-4 (b) was
captured, the sample has been kept for years so that the reactivity reduced significantly under the

same experiment condition.

Figure 4-4: (a) A higher resolution SEM image after reaction for the large grain labeled “H” at
left top of Figure 4-3(a), which is “near red” (near (001)) in Figure 4-3(b). (b) SEM images of the
same grain after reaction with a larger magnification. The sample has been kept for years so that
the reactivity reduced.

To quantitatively determine the amount of silver on each grain, the number of silver deposits were
counted on high resolution images (see Figure 4-5) using the linear intercept method; several test
lines are plotted on each grain and we count the number of deposits intercepted by each line. The

average number of intercepts from all lines on a single grain is taken as the number of deposits on

each grain. The data was then discretized into two categories: low reactivity (average deposits <
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5) or high reactivity (average deposits > 5). Grains with high reactivity usually have a relatively
dense uniform coverage of silver deposits. Grains with low reactivity usually have an
inhomogeneous silver coverage with a few large deposits on part of the surface. While the reason
for this difference is not known, one might speculate that the many particles on the high reactivity
grains have limited growth because they compete for silver cations in the vicinity. Examples of
high and low reactivity grains are shown in Figure 4-5. Note that the orientation determined by
EBSD is the average grain orientation with respect to the macroscopic surface orientation. The
surfaces of the grains are actually curved, so the local orientation is not always the same as the
macroscopic grain orientation and this accounts for the local variations in the amount of silver.
The rationale for discretizing the results into only two categories is to avoid some of the

uncertainties associated with orientation measurement and local surface curvature.

Figure 4-5: SEM images of La>Ti,O7 surfaces after the photochemical reduction of silver. High-
reactivity grains are labeled with "H" while low-reactivity grains are labeled with "L".

To determine the orientation dependence of silver reduction, the numbers of silver deposits were
measured on about 90 grains. Figure 4-6 summarize the results, where the orientations of the high
and low reactivity grain are plotted in Figures 4-6(a) and 4-6(b), respectively. High-reactivity
grains appear to be clustered near (001), and the number of these grains decreases with inclination
from (001). The low reactivity grains have an approximately opposite distribution. There are no
low reactivity grains within 30° of (001), and an increasing number of them are found further from
the (001) orientation. Note that [010] is the polar axis and there is no evidence that this is a high-

reactivity orientation.
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The distributions of high and low reactivity orientations in Figure 4-6 suggest that the results can
be discriminated by a single variable, the inclination from the (001) orientation. This is similar to
the method used by Munprom et al. '3 to understand the results from monoclinic BiVOs. Here, the
angles of inclination of the grains from (001) are classified in bins that are 10° wide. By analyzing
a large number of randomly generated orientations, we can determine the fraction of observations
that should be found in each bin, if the grains were randomly oriented. The fraction of the
observations found in each bin, divided by the fraction expected in a random distribution,
quantifies the population in units of multiples of a random distribution (MRD), as illustrated in
Figure 4-7. The data for this calculation are shown in Table 4-1. These results clearly show low
reactivity orientations occur at a frequency greater than random for grains inclined by more than
60° from (001). Similarly, high reactivity orientations occur with a greater than random frequency
within 30° of (001) and no low reactivity grains are found in this orientation domain. Note that
correlating the relative reactivity to a single orientation parameter (the inclination from (001))
ameliorates problems stemming from the difficulty of distinguishing the [100] and [010] axes from

the EBSD patterns.

(b)

(100)  [001] (100) (100) [001] (100)

Figure 4-6: Orientations of La>Ti»O7 grains with high reactivity and low reactivity are labeled in
(a) and (b), respectively. Each point corresponds to a grain and the points are plotted in the standard
stereographic projection for monoclinic crystals.
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Figure 4-7: The orientation distribution of grains with high reactivity (red circles) and low
reactivity (blue squares) for the photochemical reduction of silver. The units are multiples of a
random distribution (MRD).

Table 4-1: Details of population analysis in Fig. 4-7.

Total Grains Random High : High Low : Low
#) Population Reactivity =  Reactivity Reactivity : Reactivity
# | (MRD) # | (MRD)
0°~10° 2 0.015298 2 i 2.66808 0 i 0
10°~20° 5 0.044812 5 i 2.27707 0 i 0
20°~30° 6 0.073812 6 : 1.65893 0 : 0
30°~40° 8 0.10015 7 i 1.42643 1 i 0.23221
40°~50° 13 0.12384 8 i 1.31835 5 i 0.93895
50°~60° 10 0.14309 7 ! 0.99837 3 L 0.48758
60°~70° 21 0.15710 10 ! 1.29906 11 I 1.62835
70°~80° 10 0.16841 0 i 0 10 i 1.3809
80°~90+° 17 0.17349 4 i 0.47053 13 i 1.74261

To investigate whether ferroelectric domains influenced local reactivity, PFM was used to image
grains whose orientation and relative reactivity were already measured. Out-of-plane PFM
amplitude and phase images from the same grain are shown in Figure 4-8(a) and (b), respectively.
The amplitude image in Figure 4-8(a) shows clear bright / dark contrast, indicative of domains
with complex shapes. The PFM phase image in Figure 4-8(b) shows strong white/black contrast
on the two sides of the boundary, indicating that this is a 180° domain boundary, consistent with
our expectation for La,Ti,O7 that domains that have polarization vectors of identical strength and
opposite directions along [0£10]. 3¢ This particular grain was oriented 30.1° from the polar [010]

axis. While this is not very close to the polar axis, our previous work indicates that there should
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still be a measurable polarization (though lower than along the polar axis) normal to the surface,
consistent with the PFM observations.*> The meandering structure of the domain wall is similar
to that observed in single crystals, even though the feature size is smaller in the grains of the

polycrystal.?® The domains observed in La;Ti,O7 thin films are usually smaller than 1 um and do

44,45

not have the same meandering structure.

Figure 4-8: A La;Ti>O7 grain imaged with different modalities. (a) a PFM out-of-plane amplitude
image. (b) a PFM out-of-plane phase image. A meandering black line in (a), marked by the arrow,
corresponds to a change from light to dark contrast in the phase image. The dark (light) contrast
corresponds to regions with -180° (0°) phase shift. (¢ & d) SEM images of the grain before (c)
and after (d) photochemical silver reduction.

SEM images of the same grain shown in PFM images are shown in Figure 4-8(c) and (d), before
and after photochemical silver reduction, respectively. The brightest contrast in Figure 4-8(d)
corresponds to silver deposits. The silver deposition is non-uniform; in this case it accumulates
mainly on the central part of the grain and in the grain boundary grooves (silver in the grooved
regions is not counted). Note that the grain surface is curved because of the grain boundary
grooves. The central part is flat and has the macroscopic orientation measured by EBSD, while

the periphery slopes downward at an angle of approximately 10°. In other words, the periphery of

the grain has a different surface orientation and, therefore, a different reactivity. More importantly,
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the patterns of deposited Ag in Figure 4-8(d) do not correlate with the patterns of PFM contrast.
Figure 4-9 shows images of a grain (running from top left to bottom right through the center of all
images) whose orientation is inclined by about 48° from the polar [010] axis. Figures 4-9(a) and
4-9(b) are SE images showing the surface before and after the photochemical reduction of silver,
respectively. Figures 4-9(c) and 4-9(d) are PFM out-of-plane images, respectively of the amplitude
and phase, of the same grain. Similar to the results shown in Figure 4-8, silver did not deposit
uniformly and there is no correlation between silver pattern and PFM pattern. Note that there is an
artifact in the PFM image where the complex shape of the domain is repeated; this results from
the sloped surface, which sometimes causes the image to be formed from different areas of the tip.
Ferroelectric domains in this ceramic sample have sizes as large as several micrometers. The
absence of a correlation between the deposited silver and PFM contrast contradicts prior studies
of ferroelectrics including BaTiOs,%® Pb(Zr,Ti)0Os3,2* and BiFeO3,> in which domain selective

reactivity was routinely observed.

Figure 4-9: (a) an SEM image before reaction. (b) an SEM image of the same grain after silver
reduction. (c) a PFM out-of-plane amplitude image of the same grain. (d) a PFM out-of-plane
phase image of the same grain. Darker regions correspond to domains with positive polarizations,
and brighter regions correspond to domains with negative polarizations. Arrows in (¢) and (d) mark
artifacts caused by a tip issue (see text).
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Figures 4-10(a) and 4-10(b) show an example of the reactivity and domain structure of a grain that
is closer to the (010) orientation. In this case, the grain normal is inclined by 17.6° from the polar
axis. Positive domains, which have bright contrast, are marked with a "+" and negative domains,
which have dark contrast, are marked with a "-". In contrast with the surrounding grains, the grain
near (010) reduces a very small amount of silver (see Figure 4-10(a)), regardless of which domain
is considered. Therefore, the domain structure has no observable influence on the reduction of

silver (or absence thereof).

Figure 4-10: (a) SE image of a surface after photochemical silver reduction. The surface
orientation of the grain in the middle is 17.6° from (010). (b) PFM out-of-plane image of the same
area on sample. Positive domains are labeled with "+" while negative domains are labeled with "-

"

4.4 Discussion

The La,Ti>O7 structure is anisotropic, being made up of two-dimensional slabs of the perovskite
structure (with four LaTiO3 perovskite layers) truncated along the [110] cubic perovskite direction
(referred to as [110],). These slabs are layered parallel to the La>Ti,O7 (001) planes, with excess
oxygen (O) in the interlayer space between the slabs (and a concomitant relaxation of La into the
region between the slabs). Hwang et al.*® and Bruyer et al.#’ have calculated the electronic
structure of La;Ti»O7 and found that it has a direct band gap. Because materials that have direct
band gaps absorb light efficiently, they suggested that this is one of the reasons it is a good water
splitting catalyst. Hwang et al.*¢ also suggested that the photocatalytic properties benefitted from
the energetic separation of the empty Ti 3d levels, near the conduction band edge, from the empty

La 4f levels, which might act as trap states.
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Takata et al.*® suggested that it was the layer structure that was responsible for the remarkable
photocatalytic properties of La>Ti»O7. Specifically, they suggested that the layers between the
[110], oriented slabs provided additional active sites for the oxidation of water. If this were so,
one would expect the orientations perpendicular to the [001] direction to appear active for
oxidation. While we did not study the oxidation half of the reaction, we do know that these
orientations are not active for reduction. When we compare the current results to the orientation
dependent reactivity of other titanates with the perovskite and perovskite-related structures, there
is little similarity, suggesting that the anisotropic layered structure influences the properties more
than the local structural similarities with the perovskite structure. For example, to a first
approximation, the (001) surface is structurally comparable to the (110), surface (the similarity
depends specifically on which chemical plane is chosen). The results here show that for La>Ti,07,
the photocathodic reaction occurs preferentially on the (001) surface, but in the perovskites BaTiOs3,
24 SrTi03,'* and CaTiOs,!® the comparable (110), orientation has the lowest photocathodic
reactivity. The atomic structure of La,Ti,0O7 surfaces has not, to our knowledge, been studied. The
present study found that the surfaces are not faceted. However, for surfaces orientated near (001),

steps were observed and this is consistent with previous studies.*>°

Calculations of the band structure reported by Bruyer et al.*’ indicate that the layered structure
leads to significant differences in the band edge positions perpendicular and parallel to the layers.
Specifically, they show that the conduction band edge in the [001] direction is about 0.3 eV lower
in energy than the conduction band energy in the [010] direction (and the band gap differs by a
similar amount). A schematic energy level diagram, illustrating the relative energies of the band
edges perpendicular to the (001) and (010) planes, in the flat band condition, is illustrated in Figure
4-11. Based on this energy difference, there is a thermodynamic driving force for electrons, which
promote the photocathodic reaction, to migrate toward the (001) surface; this is consistent with the

observation that the (001) surface has the maximum photocathodic reactivity.
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Figure 4-11: Schematic energy level diagram at the La;Ti>O7/solution interface for a (001)
oriented grain (left) and a (010) oriented grain (right), assuming the flat band condition. The
energy scale is in Volts. Ev, Er, and Ec are the valence band edge, the Fermi level, and the
conduction band edge, respectively.

One aspect of the findings that is surprising is that the reactivity appears to be unaffected by the
presence of ferroelectric domains, unlike nearly all of the previous ferroelectric compounds studied.
One exception is that a previous study of Sr2Nb>O7 (which is isostructural with La;Ti207): it also
showed no clear evidence for spatially selective reactivity arising from ferroelectric domains.?*
However, that study was not conclusive because it was not possible to image domains to verify
their existence and shape. Here, we can visualize the structure of the domains and see that silver
is not deposited in patterns related to the domain structure. The most likely reason for this is that
the surface band bending originating from the surface charge of the ferroelectric domains is not
large enough to overcome the intrinsic difference in the band edge positions at different surfaces.
Based on the 0.3 eV difference in the band edge positions calculated by Bruyer et al.*’, the
ferroelectric domains on the (010) surface would have to bend the conduction band downward
from its flat band position by at least this amount before the (010) surface could compete with the
(001) surface for electrons. In comparison, the energy of the conduction band in the rhombohedral
phase of BiFeOs;, which does show domain specific reactivity and has a similar ferroelectric
polarization to La,TiO7, does not depend as strongly on orientation.’* In other words, it is
plausible that the more isotropic electronic structure of BiFeOs makes it possible to observe
domain selective reduction of Ag while the anisotropic electronic structure of LarTi,O7

overwhelms the effects of the domains.

On the other hand, it is also plausible that a difference in the band edge positions of 0.3 eV could

be overcome by band bending arising from the domain polarization. Apostol et al.>* used XPS to
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determine a binding energy shift of about 1 eV between the positive and negative domains on
Pb(Zr,Ti)Os surfaces and Hofer et al.>> used photoemission electron microscopy to determine an
energy difference of 1.3 V between the positive and negative domains on BaTiOs surfaces.
However, these measurements were in vacuum and screening in an aqueous solution by the
chemisorption of water (the conditions of our experiments) is expected to significantly reduce
these values. For example, in the ambient atmosphere, Morris et al.>® measured the band bending
in BaTiOs to be in the range of 0.3-0.5 eV during illumination. Furthermore, some amount of this
band bending would occur on the neutral surface and the fraction that stems from the ferroelectric
polarization is not known. The exact amount of band bending on La;Ti>O7 will depend on the
orientation, the surface composition, and the reaction environment. Although accurate information
about the band edge positions is currently unavailable, the observations are consistent with the
idea that the anisotropy of the electronic structure is more influential than the charge associated

with the ferroelectric domains.

4.5 Conclusion

Measurements of the orientation dependence of the reactivity of LaxTi»O; show that the
photocathodic reduction of the silver is favored on the (001) surface while perpendicular surfaces
reduce much less silver. This result is consistent with what is known about the anisotropy of the
electronic structure, which favors the transport of electrons to the (001) surface. Ferroelectric
domains on the surface were also characterized by PFM. The domains were found to have irregular
shapes and there was no correlation between the pattern of silver reduction and the domain shape.
The results indicated that the ferroelectric polarization of LaxTi>O7 does not alter the reactivity

enough to overcome the influence of the anisotropic crystal structure.
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Chapter 5: Influence of pH and Surface Orientation on the

Photochemical Reactivity of SrTiO;

Solution pH is an external electric field that can alter the surface charge and band bending of
photocatalysts. In this chapter, I measured the photochemical Ag" reduction rates on SrTiO3
surface as a function of pH. It is found that the photochemical reactivity is strongly influenced by
solution pH, and the effect depends on surface orientation. The observations are then interpreted

with a band-bending model.
5.1 Introduction

Heterogeneous photochemical reactions on semiconductor surfaces have been studied for decades
for their potential applications as catalysts for water splitting and the degradation of organic
pollutants.'> When photogenerated electrons and holes migrate to semiconductor surfaces, they
can drive reduction and oxidation reactions. However, commercial applications are limited by low
efficiency.®’ Two of the most significant problems are the high rate of photogenerated carrier
recombination® and the back-reaction of intermediate chemical species.’ The spatial separation of
electrons and holes by internal fields or charged surfaces has been suggested as a potential method
to increase the overall photochemical reactivity.'® For example, a surface domain with a negative
(positive) charge will attract holes (electrons) and therefore promote the photoanodic
(photocathodic) reaction. As long as the surface contains both photoanodic and photocathodic

domains, the overall reaction will be promoted. Internal fields and charged surfaces may arise

13,14 15,16

from phase boundaries,!!'? ferroelectric polarizations, or polar surface terminations.

Experimental evidence supports the assertion that internal fields and charged surfaces can be used

to improve the photochemical reactivity.!72

Because the two half reactions must proceed at the same rate to maintain charge neutrality, the
overall reaction rate is limited by the slower one. If one applies a potential to increase the rate of
the slower reaction, it will decrease the faster reaction; the maximum overall rate is achieved at a
potential where neither of the two half reactions limit the overall rate. For particles in a solution,
the potential can be changed by adjusting the pH. The solution pH influences the amount of charge

adsorbed on the surface, the surface potential, the band bending in the semiconductor, and,
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therefore, the concentration of available charge carriers at the surface. Because the photochemical
reactivity is directly proportional to the amount of available charge carriers, the pH will affect the
overall reaction rate. For example, Zhong et al.>} made a photochemical water splitting device
comprised of a SrTiO3 membrane separating solutions of different pH. The gradient in pH created
a "chemical bias" so that H> was produced on the low pH side of the device and O, was produced

at the high pH side.

Past studies have shown that pH has a strong influence on the photochemical reaction rate for a
variety of catalysts. The effect of pH and the rational for the effect vary with the catalyst and the
reaction. Ohtani et al.?* measured the pH dependence of the photocatalytic activity of TiO;
powders in silver nitrate solutions from pH 2 to 8. The reactivity is negligible at low pH and
increases as the pH increases. The rational provided by the authors was that the positive surface
charge at low pH inhibits the adsorption of Ag’, decreasing the reactivity. The rate of
photochemical reduction of Cr** by TiO, decreased as the pH changed from pH 1 to 6, which is
opposite what was reported for Ag® reduction.?> Qosawa and Gritzel?® showed that removing
surface OH™ from TiO; (presumably making the surface more positive) increased the rate of the
oxygen evolution reaction. Guo et al.?’ reported the pH-dependence of photo-deposition of a series
of metals and metal oxides on faceted BiOBr particles. With increasing pH, there was a reversal
of surface charge so that the photocathodic facets became photoanodic and the photoanodic facets

become photocathodic.

In the present work, we measure the rate of Ag* reduction by SrTiO; in the range of pH 3 to 9.
SrTiO3 is a well-known perovskite photocatalyst that can split water under UV-light
illumination.?% SrTiO; surfaces have the interesting feature of having terraces with different
chemical terminations and different electrochemical potentials that have been measured by atomic
force microscopy (AFM).!631:32 On the (111) and (110) surface, the different potentials lead to
photocathodic and photoanodic terraces. The reactivities of the terraces with different chemical
terminations on the (100) surface have not yet been explored. The presence of photoanodic and
photocathodic surface domains on the SrTiOs surface is analogous to the photoanodic and
photocathodic surface domains found on BaTiOs surfaces because of bulk ferroelectric domains.'*
It has been shown that the rate of Ag" photoreduction on BaTiOs surfaces increases as the pH

increases from pH 2 to 8.3 and Song et al.>* recently showed that hydrogen production from
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BaTiO3/TiO; core/shell photocatalysts varied with pH and exhibited a local maximum in reactivity
at pH 9. The rationale for these observations was that increasing negative charge on the surface
(with increasing pH) increased upward band bending and increased the rate of the photoanodic
reaction, increasing the overall rate of reaction; this mechanism is consistent with simulations of
the process.® In contrast to this earlier work, here we investigate the photochemical reactivity of
non-ferroelectric, cubic SrTiO; surfaces. We measure the pH dependence on surfaces of known

orientation, because it is know that photochemical reactivity can vary with orientation, #3638

The purpose of this work is to evaluate the relationship between the solution pH and the
photochemical reactivity of three low index SrTiOj3 surfaces: (100), (110), and (111). These three
facets are commonly found on small catalyst particles*’° and they are also part of the equilibrium
shape of SrTiO; at some temperatures.*® We use both single crystal surfaces and crystals at the
surface of ceramics whose orientations have been measured by electron backscatter diffraction
(EBSD). The single crystals show what happens when the surface is almost exclusively a single
orientation while the vicinal surfaces identified in the polycrystal show what happens for more
realistic surfaces where the principal orientation is combined with smaller facets of other
orientations. The photochemical reactivity is determined from topographic AFM images by
measuring the volume of silver deposits on the surface after reaction. The observations are then
interpreted with a band bending model. The results imply that to create catalysts with optimized

reactivity, it is necessary to control particle shape, chemical termination, and the pH.
5.2 Experimental Methods

Sample preparation. The experimental approach is based on photochemical "marker reactions"
that leave an insoluble product on the surface at the site of reaction.!*!3#143 The reactivity of
single crystals, with nearly ideal low index orientations, and grains in a ceramic, with surfaces
vicinal to the ideal orientation, were measured as a function of pH and compared. Details of the

sample preparation and photochemical marker reactions are given below.

Chemical-mechanical polished (100), (110), and (111) oriented SrTiOs single crystals (MTI
Corporation, Richmond, 0.5 cm x 0.5 cm, roughness < 5 A) were sonicated in a methanol bath for
10 min and then placed in a covered alumina crucible and annealed in a muftle furnace at 1100 °C

for 6 h (ramp rates were 5 °C/min). After annealing, atomically flat terraces were observed by
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AFM (Solver-Next, NT-MDT, Russia). Note that this surface treatment defines a mixed

termination that contains both photoanodic and photocathodic terraces.!'#!6-32

Polycrystalline SrTiOs3 ceramics were prepared by uniaxially compacting commercially available
powder (99 %, Alfa Aesar) in a cylindrical dye with a pressure of 150 MPa. A few drops of PVA
were added as a binder to form disk-shaped samples with a thickness of 3 mm and a diameter of 1
cm. The samples were placed in an alumina crucible, on top of excess SrTiO3 powder, heated to
900 °C (ramp rates were 5 °C/min) for 12 h to remove any residual organics, sintered for 10 h at
1360° C (ramp rates were 10 °C/min), and annealed for 6 h at 1470 °C (ramp rates were 10 °C/min)
to increase the grain size to about 20 um. The sample was then cooled in furnace at a rate of
10 °C/min. The annealed surface was ground with SiC abrasive papers and consecutively polished
with a series of diamond suspensions, with a final suspension of 0.25 pm diamond. The polished
sample was then annealed at 1150 °C for 6 h to repair polishing damage and thermally etch the
grain boundaries. All the heating processes were carried out in air. The crystallographic
orientations of individual grains in the polycrystalline sample were determined using an FEI
Quanta 200 SEM equipped with an electron backscatter diffraction (EBSD) system. Three grains,

close to low index orientations, were selected for comparison to the single crystals.

Photochemical Ag marker reaction. The photo-reduction of aqueous Ag" leaves metallic silver
on the surface at the site of the reaction. Reaction conditions were selected so that the surface was
only partially covered with silver and the underlying surface structure was still obvious so that it
was possible to determine the volume of silver. The reaction was carried out using and 10° M
aqueous AgNOs3 solution prepared from AgNO;3 (Acros) and deionized water. The low
concentration was chosen to avoid precipitation.** The pH of the solution was controlled through
the addition of acetic acid (Fisher Chemical) or NaOH (Acros Organics) and measured using pH
test paper (Hydrion). Next, an O-ring was placed on the top of sample and the interior volume
was filled with the silver bearing solution. A quartz cover slip was then placed on the top of the
O-ring to seal the solution without air bubbles. Next, a 300 W mercury lamp (Newport, Irvine,
CA) was used to illuminate the single crystal sample for 30 min. Some single crystal samples
were immersed in 10 M aqueous AgNOs solution and illuminated for 15 min, which gives a
similar distribution of silver deposits. When the polycrystals were reacted using the same

conditions as the single crystal, so much silver was deposited that it was not possible to see the
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underlying surface structure. Because the polycrystal was more reactive than the single crystal,
the lamp power was reduced to 150 W, and the exposure was reduced to 15 min. After illumination,
the pH value of the solution was measured again, and no obvious change was observed. The
sample was then rinsed in deionized water and dried using an aero duster (Miller-Stephenson).
Before the next reaction, the sample surface was wiped with cotton swabs and ultrasonically
cleaned in methanol and acetone, respectively for 10 min. An XL30 scanning electron microscope
(Phillips) was used to make sure that visible deposits were removed. Any amount of Ag that may
remain and contaminate the surface is much smaller than what is measured as a product of the
reaction. Furthermore, this Ag contamination should be roughly constant throughout the
measurements. Unfortunately, a more aggressive cleaning procedure would destroy the surface
features that we are using for comparison. For the photooxidation of Pb?*, the sample was
immersed in 10 M aqueous Pb(CH3COO); solution prepared from Pb(CH3COO) (Acros) and
deionized water. The lamp was operated at 100 W and the sample was illuminated for 30 min. All

other procedures were the same as for the reduction of Ag".

Topographic images of the same area of the surface before and after reaction were obtained by
AFM in semi-contact mode. The Gwyddion software package,*> MATLAB, and OriginLab were
used to process and analyze the data. To estimate the amount of silver deposited on the surface by
the reaction, the images before and after the reaction are compared and the excess volume after the
reaction is determined. This is illustrated schematically in Fig. 5-1. The position and height data
from the same area before and after the reaction is extracted from the images. To define a constant
plane, three points from the clean surface, where no silver is present, are selected in each image
(as nearly as possible the same points in each image). A plane is then fit to the three points in each
image and this plane is taken as a reference. Next, the volume is calculated for each image and
the excess volume after the reaction is taken to be a measure of the relative amount of silver
deposited. For each experiment, the excess volume was measured three times to estimate the
variability. To assess tip related errors, the before images were recorded with three different tips

and the results were compared.
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Figure 5-1: Illustration of the method used to quantify the excess volume in this work. AFM
images of a SrTiOs surface before reaction are shown in (a) and (b), as 2D and 3D versions,
respectively. The same surface is plotted again in (c), using Originlab and the xyz data extracted
from AFM image. AFM images of the same surface after photochemical reaction are shown in (d)
and (e), as 2D and 3D versions, respectively. The surface is plotted again in (f), using Originlab
and the xyz data extracted from AFM image. The difference of the integral value between (f) and
(c) represents the excess value that was used to quantify the silver product volume and reactivity.

5.3 Results

A topographic AFM image of the surface of a SrTiOsz (100) single crystal after annealing at
1100 °C in air for 6 h is shown in Figure 5-2(a). After annealing, the surface is made up of a
terrace and step structure, with most steps orientated in the <100> direction. Note that the details
of the surface structure depend on the specific surface treatment.*® The roughness (root-mean-
square average of the height profile) of each terrace is less than 1 A, indicating that they are
atomically flat. Topographic AFM images at approximately the same location, after Ag"
photoreduction at seven different pHs, are shown in Figure 5-2(b)-(h). After these reactions, new
contrast appeared on the surface, corresponding to reduced metallic silver. Note that the sample
was cleaned to remove the silver between each reaction. At pH 3, 4, and 5, the maximum heights
of the silver deposits in Figure 1(b-d) are 5 to 15 nm. At pH 6, the maximum heights of the silver
deposits in Figure 5-2(e) are 30 to 40 nm, and at pH 7, 8, and 9, in Figure 5-2(f-h), they are 5 to
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10 nm. Note that the vertical scales of the topographic images in Fig. 5-2 were selected to
maximize contrast and vary by a factor of 40. The excess volume of photo-deposited silver from
pH 3 and pH 9 is illustrated in Figure 5-3. The mean (circle) and standard deviation (bars) were
determined from three measurements on clean surfaces without reactions. The combined
uncertainties based on three different tips and three different sampling areas are estimated to be
8 %. Both the changes in the heights of the silver deposits and the excess volume show that the
amount of reduced silver increases from pH 3 to pH 6, and then decreases at higher pH. When
control experiments were conducted with no light exposure, no silver was found on the surface,

verifying that the silver was photoreduced and did not simply precipitate from the solution.

Figure 5-2 n a (100) SrTiOs single crystal
surface (a) before and (b)—(h) after photochemical reaction with an aqueous silver nitrate solution
having pH values between pH 3-9, as indicated. The dark to light vertical contrast is (a) 1 nm (b)

20 nm (c) 20 nm (d) 20 nm (e) 40 nm (f) 10 nm (g) 5 nm, and (h) 5 nm.
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Figure 5-3: Excess volume of reduced Ag on the SrTiO3(100) surface as a function of pH. Units
are um, computed by dividing the volume (um?) by the area (um?). The point is the mean and the
bars represent the standard deviation from three measurements. The uncertainty in the silver
volume is estimated to be 8 %. The right-hand vertical axis quantifies the value relative to the
maximum value at pH 6.

Figures 5-2(e-g) show that in the pH range of 6 to 8, the silver deposits in a spatially selective
fashion, preferring some terraces over others. This selectivity, not obvious at higher or lower pH,
may be related to the fact that SrTiO3(100) surfaces can be terminated by a TiO, or SrO plane.*’
In a more limited study of silver reduction on SrTiO3(100) at uncontrolled pH, this selectivity was
not observed.'> However, terrace dependent spatial selectivity of reactions on the SrTiOs (110)
and (111) surfaces, and their correlation to the sign of the charge associated with the chemical
termination, is well documented.!>!'®32 On the SrTiOs (110) and (111) surfaces, the differently
charged terraces separately promote the photocathodic and photoanodic reactions. To see if this
occurs in the same way for the (100) surface, we compared the photocathodic and photoanodic
reaction on the same area and the results are illustrated in Figure 5-4. Note that different conditions
were used for the two reactions because the photoanodic reaction is much slower than the
photocathodic reaction. The image in Figure 5-4(a) illustrates that silver is reduced on only some
terraces. Compared to Figure 5-2, these terraces have a different orientation and step spacing, but
the reduced silver is clearly localized to certain areas. However, the image in Figure 5-4(b) shows
a more homogeneous distribution of small Pb-containing particles on the surface. Therefore, all
terraces are somewhat photoanodic, but only some are photocathodic at unadjusted pH (pH 6).

The bifunctionality of the (100) is consistent with previous findings.’
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Figuré 5-4: (a) and (b) show topoéraphic AFM images f thesame location of a SrTiO3 (100)
crystal after the reduction of silver the oxidation of lead. (a) has been immersed in neutral 104 M
AgNOs solution and illuminated under 40 W UV light for 15 min and (b) has been immersed in

neutral 10> M Pb(CH3COO); solution and illuminated under 100 W UV light for 30 min.

A

An experiment parallel to the one described above was conducted on the SrTiO3 (110) single
crystal surface and the results are shown in Figure 5-5. The topographic AFM images show the
same area (a) before reaction, and (b)-(h) after reaction in aqueous AgNOs3 solutions with pH 3 to
9. The (110) surface consists of (110) terraces with straight step edges; the long step edges have
the [001] orientation. As in Figure 5-2, the bright contrast corresponds to silver deposits, and at
some values of pH, silver accumulates mainly along the [001] steps. A qualitative comparison of
the topographic images suggests that both the number of silver particles and their heights increase
with the pH value from pH 3 to 7, and then decrease at pH 8 and 9. The measurements of the
excess volume shown in Figure 5-6 are consistent with the qualitative interpretation of the images.
The observation that the reactivity maximizes at an intermediate pH is consistent with the findings
for the (100) surface. However, note that the absolute photocathodic reactivity on the (110) surface

is five times less than on the reactivity of the (100) surface.
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Flgure 5-5: Topographlc AFM 1mages of the same locatlon on a SrTiO3 (110) s1ngle crystal
surface (a) before and (b)—(h) after photochemical reaction in aqueous silver nitrate solution having
pH values between pH 3-9, as indicated. The dark-to-white contrast shown is 5 nm for (a), (b), and
(h), 10 nm for (c), (e), and (g) and 15 nm for (d) and ().
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Figure 5-6: Excess volume of reduced Ag on the SrTiO3(110) surface as a function of pH. Units
are pm, computed by dividing the volume (um?) by the area (um?). The uncertainty in the silver
volume is estimated to be 6 %. The point is the mean and the bars represent the standard deviation
from three measurements. The right-hand vertical axis quantifies the value relative to the
maximum value at pH 7.

The experiments carried out on the (100) and (110) surfaces were repeated on the (111) surface
and the results are shown in Figures 5-7 and 5-8. After annealing, adjacent (111) terraces are

separated by a combination of straight and curved steps; the curved step edges are smaller in height
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than the straight ones and thus have weaker contrast in the topographic image. The formation of
the reduced silver is spatially non-uniform, as reported in previous studies of the reactivity of the
(111) surface.'>3? This is related to the different chemical terminations; one of the terraces is
relatively photocathodic (reduces silver) and the other is relatively photoanodic (silver is not
reduced). This spatial selectivity is most obvious at pH 3 and is most clearly evident in the upper
right corner of Figure 5-7(b). A higher resolution image illustrating the non-uniform reactivity is
shown in Figure 5-9. Note that at pH 4, where the most silver is reduced, the surface appears to
be the most uniformly reactive. The excess volume as a function of pH is illustrated Figure 5-8.
Here, the photocathodic reactivity reaches a maximum at pH 4 and then decreases as pH increases.

The absolute reactivity on the (111) surface is close to 90 % of the reactivity of the (100) surface.

(a) Before

v L . £ L s § e I

Figure 5-7: Topographic AFM images of the same location on a (111) SrTiO; single crystal
surface (a) before and (b)—(h) after photochemical reaction in an aqueous silver nitrate solution
having pH values between pH 3-9, as indicated. The dark-to-white contrast is 18 nm for (a), (g),
and (h), and 30 nm for (b), (c), and (d) and 25 nm for (e) and (f).
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Figure 5-8: Excess volume of reduced Ag on the SrTiO3(111) surface as a function of pH. Units
are um, computed by dividing the volume (um?) by the area (um?). The point is the mean and the
bars represent the standard deviation from three measurements. The uncertainty in the silver
volume is estimated to be 9 %. The right-hand vertical axis quantifies the value relative to the
maximum value at pH 4.

: Rt € ..’*Kb.?f:;-
Figure 5-9: AFM image of a SrTiO3(111) crystal after immersing in 10> M AgNOs solution with
a neutral pH (pH = 6) and illuminated under 300 W UV light for 30min. The blue dash line marks
the boundary of cathodic and anodic surfaces.

Parallel experiments were carried out on crystals at the surface of polycrystals. First, an orientation
map was generated by EBSD (see Figure 5-10). Using the orientation map, it was possible to
identify grains that were close to (100), (110), and (111) orientations and these grains are labeled

in Figure 5-10. The measured deviations from the ideal orientations were 3.0°, 2.8°, and 7.6° from
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(100), (110), and (111), respectively. As before, the surfaces were imaged after the photoreduction
of silver in solutions from pH 3 to pH 9. The results for the near (100) surface are illustrated in
Figure 5-11 and the results for the near (110) and (111) surface are presented in Figures 5-12 and
5-13. The darkest contrast in Figure 5-11 corresponds to valleys at grain boundaries and residual
scratches. The area on the left side of the image is near the (100) orientation. While the near (100)
surface has flat (100) terraces (see Figure 5-11a), the surfaces near (110) and (111) have terraces
that are too closely spaced to be resolved in any detail. When silver is photoreduced on the near
(100) surface, it is preferentially reduced on the terraces close to an upward step. The near (110)
and near (111) surfaces are so rough that it is not possible to determine if the deposits are correlated

to the underlying surface structure.

@ (100) grain

A (111) grain

B (110) grain

L—

Figure 5-10: An orientation map of the polycrystal SrTiO3; sample. Selected grains near low index
orientations are marked with a red circle (100), a blue triangle (111), and a green box (110).
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| (d)pH5

Figure 5-11: Topographic AFM images of the same area on a near (100) orientated grain shown
in (a) before and (b)-(h) after photochemical reaction in an aqueous silver nitrate solution having

pH values between pH 3-9, as indicated. The dark-to-white contrast in all images is 30 nm.

s v!\l\ll.'l' 0 .‘ s . N N ¥ A e 3 5 y ) ‘
Figure 5-12: Topographic AFM images of the same area on a (110) grain shown in (a) before and
after photochemical reaction in aqueous silver nitrate solutions with pH values of 3-9 (as indicated).

The vertical range from dark to bright is 35 nm in all images.
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(a) Before 3 (b) pH 3

) .
. LT

Figé 5-13: Tgraphi AFM imae of the sa areaona (111) grin ;;0 (a) bfore and
after photochemical in aqueous silver nitrate solutions with pH values of 3-9 (as indicated). The
vertical range from dark to bright is 15 nm in all images.

A visual inspection of the images in Figure 5-11 indicates that there is little reactivity for the lowest
and highest pH, and that the reactivity is greatest somewhere between these limits. The maximum
of the height of the silver deposits is in the range of (b-d) 3-5 nm (pH 3-5), (¢) 5-10 nm (pH 6),
and (f-h) 1-3 nm (pH 7-9). The excess volume measurements for the (100), (110), and (111)
orientations are summarized in Figure 5-14. For the near (100) surface, the reactivity reaches a
maximum at pH 6, for the near (110) surface, the reactivity reaches a maximum at pH 7, and for
the near (111) surface, the reactivity reaches a maximum at pH 4. As before, the bars represent
the standard deviation of the measurements. The maxima for the reactivity of grains in polycrystals
occur at the same pH as the maxima for similarly oriented single crystals. However, there is a
wider range of uncertainty for the grains in the polycrystal. The increased uncertainty probably
arises from the rougher surfaces, which provide steps with a variety of orientations and makes the
determination of a constant background plane more uncertain. The steps also provide surfaces

with different orientations that likely affect the overall reactivity.
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Figure 5-14: Excess volume as a function of pH on the polycrystalline sample for (a) the near
(100) surface, (b) the near (110) surface, and (c) the near (111) surface. Units are pm, computed
by dividing the volume (um?) by the area (um?). Note that the vertical scales vary in each. In each
case, the point is the mean and the bars represent the standard deviation. The right-hand vertical
axis quantifies the value relative to the maximum average value in each plot.

5.4 Discussion

The spatially selective reduction of Ag on certain terraces of the SrTiO3(100) surface has not been
reported previously. However, it is not too surprising. The (100) surface can be terminated by a
TiO; or SrO layer and Paradinas et al.*® measured a 45 mV difference between the potentials of
these terraces by Kelvin probe force microscopy. Similar differences in potentials of the terraces
on the (110)!° and (111)3? surfaces also lead to the spatially selective reduction of Ag. However,
as illustrated in Figure 5-4b, the surface oxidizes lead with no apparent preference for a particular

terrace. Therefore, the (100) surface can be considered bi-functional.

Previous observations of silver reduction on SrTiO3 (at uncontrolled pH) led to the conclusion that
the (100) surface is the most reactive, the (110) surface is the least reactive, and the (111) surface
has an intermediate reactivity.’” The results presented here for the single crystals are consistent
with this observation (the data in Figures 5-3, 5-6, and 5-8 are compared on the same scale in
Figure 5-15) for most of the pH values. However, because the pH was uncontrolled, and it is
doubtful that all three surfaces have the same point of zero charge, the previous measurements
were not necessarily made at the same pH. Furthermore, the photocathodic reactivity depends on
the surface preparation conditions, which alters the relative coverage of photocathodic

terraces. 03249
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Figure 5-15: Comparison of the volume of reduced silver as a function of pH on the (100), (110),
and (111) single crystal surfaces. Units are um, computed by dividing the volume (um?) by the
area (um?).

The existence of a maximum in the reactivity can be understood in terms of the surface charge.
SrTiOs3 is an n-type semiconductor; thus, when immersed in a neutral aqueous solution, we expect
a negative surface charge to develop that results in a small amount of upward band bending, as
illustrated in Figure 5-16b. In this condition, there is a barrier for photogenerated electrons to
reach the surface, while the negative surface charge will attract photogenerated holes to the surface.
As established decades ago,>® the pH of the solution alters the charge on the surface and therefore
bends the bands. For example, an increase in pH makes more hydroxyl groups interact with the
surface, rendering it more negative, increasing upward band bending (see Figure 5-16¢). This will
make it more difficult for electrons to get to the surface but will more strongly attract holes to the
surface. If the pH decreases and more protons interact with the surface, then the surface becomes
less negative (see Figure 5-16a). In this case, the barrier for electrons to reach the surface decreases,
but holes will not be as strongly attracted to the surface (if the bands bend downward, holes will
be repelled). The change in pH from 3 to 9 will lead to a change in the surface potential of 0.35
V, depicted as a change in the band edge positions from Figure 5-16a to 5-16c. With this simple
picture in mind, it is easy to see how a maximum reactivity occurs at an intermediate pH. The
photocathodic and photoanodic reactions are constrained by charge conservation to occur at the

same rate and the overall reaction rate will therefore be limited by the slower of the two reactions.
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At the limit of high pH, electrons are strongly repelled from the surface, so the photocathodic
reaction will limit the overall reaction rate. At the limit of low pH, holes are not as easily
transported to the surface, so the photoanodic reaction will limit the overall reaction rate. It is at

some intermediate pH that the maximum rate is achieved where neither reaction limits the other.
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Figure 5-16: Schematic electronic energy levels for the bands in SrTiOs. The conduction band
(Ec), valence band (Ev), Fermi level (Er), and the silver reduction potential (Ag/Ag") are marked.
The upward band bending increase with pH. (c) At high pH, holes are more easily transported to
the surface than electrons (indicated by the thickness and length of the arrows). (b) As the pH is
reduced and band bending decreases, the barrier for electron transport to the surface remains, but
the much higher concentration of electrons in the n-type semiconductor results in comparable
electron and hole currents. (a) At the lowest pH, the overall reaction is limited by the transport of
holes (minority carriers) to the surface. The energy scale is estimated based on known values for
the band gap and silver reduction levels using the method outlined by Morrison.>

It is interesting to note that the maximum reactivity for the different surfaces is found at different
values of pH. This suggests that the surfaces have different potentials. Considering the fact that
the solution potential changes by =~ 59 mV for each pH unit, this implies that the difference in the
potential between the (111) and (110) surfaces is 0.177 V. That the different orientations of SrTiO3
have different potentials is not surprising, considering the anisotropic dispersion of the valence
and conduction bands.’' Evidence for different potentials on different surface orientations of TiO»
can be found in the work of by Bullard and Cima,>> who found that the isoelectric points the (100),
(110), and (001) surfaces vary over a range of 2.6 pH units (0.153 V). It would be interesting to
compare the pH of maximum reactivity with the isoelectric point of SrTiOs. Unfortunately, there
is little consensus in the literature about the isoelectric point of SrTiOs. 333 It has been reported
to be pH 2.4,% pH 3.5,°¢ pH 7.8,%” pH 8.5,°8 pH 9.3,%° and pH 9.5.%° Note that we do not expect

the maximum reactivity to be at the isoelectric point. Because the electrons are the majority
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carriers, we assume that they are abundant at the surface under most conditions. If so, it is likely
that the maximum reactivity occurs under conditions where the holes are promoted to the surface
by upward band bending and there is still a small barrier for the promotion of elections to the

surface.

It is important to keep in mind that the pH of maximum reactivity identified in these studies is an
average behavior found on a heterogeneous surface. All of the surfaces have terraces that are
relatively more photocathodic or photoanodic, depending on the termination. Evidence for this
can be seen in the spatial selectivity of the silver reduction. Furthermore, depending on the surface
preparation, the ratio of photocathodic to photoanodic terraces will vary.!®3? This will likely
influence the isoelectric point of the surface and the pH of maximum reactivity. It is interesting
to note that at pH 4, where the (111) surface has maximum reactivity, the spatial selectivity
disappears, and all terraces appear equally reactive. On the contrary, at pH 6 where the (100)

surface has its maximum reactivity, there are clearly terraces that prefer reduction more than others.

The interpretation presented above is relatively simple and ignores other effects that can occur in
solution. For example, in the lowest pH environments, there might be a competition between Ag”
ions and protons for surface sites. However, the observation that the pH is the same before and
after the reduction reaction suggests that the reaction is still dominated by Ag". To test for
concentration effects, some experiments have been repeated in higher concentrations of Ag* (0.115

M), and the reactivity trend is the same as the low concentration conditions from pH 3 to pH 6.

The results reported here have implications for the design of catalyst particles and reactor
conditions. First, because a single pH must be selected for the solution, it would make sense to
operate in the pH 6-7 range with particles terminated by (100) or a combination of (100) and (110)
facets. In this pH range, the reactivity of the (111) surface is very low, so these facets should be
avoided. On the other hand, if it were favorable to operate at pH 4, then an octahedral particle
bounded by (111) surfaces only would be best. While the stability of the SrTiOs surface at such a
low pH is questionable, it has been shown that the photochemical properties of the SrTiOs3 surface
were not changed by thin protective coatings of Ti0,.°! Consistent with the results presented here,

it is known that the (110) surface is relatively photoanodic compared to the (100) surface.!>¥

40,49

These two surfaces are part of the equilibrium shape of SrTiO3,*"*” and it is known how to produce

polyhedral particles bounded by different ratios of (100) and (110) facets.®?> Therefore, one would
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hypothesize that crystals with both (100) and (110) facets would have higher reactivity than a
particle with only one type of facet. Our observation that, under the same reaction conditions, the
polycrystal surfaces with a mixture of facets are much more reactive than the single crystals, is
consistent with this idea. Additional support for this idea has been reported by Hsieh et al.,*3 and
Mu et al.*® who showed that SrTiOs terminated by (100) and (110) facets produced hydrogen at a
greater rate than cube shaped crystals terminated only by (100) facets. The rate of hydrogen
production might further be improved by controlling the pH in the range of 6 to 7.

5.5 Conclusion

In the pH range of 3 to 9, the (100), (110), and (111) surfaces of SrTiO3 show a maximum
photochemical reactivity for the reduction of silver from an aqueous AgNOs3 solution. For the
(100), (110), and (111) surface, the reactivity maxima are at pH 6, 7, and 4, respectively. The
same maxima were found on nearly ideal single crystal surfaces and on the surfaces of grains
within a polycrystal that are vicinal to the ideal orientations. The relative reactivities at the pH of
maximum reactivity for the (100), (110), and (111) surfaces are 1 : 0.2 : 0.9, respectively. The
change in the reactivity versus pH can be understood in relation to the surface charge created by
the solution. At the lowest (highest) pH, electrons (holes) are drawn to the positively (negatively)
charged surface and the overall reaction is limited by the transfer of holes (electrons) to the surface.
The maximum reactivity occurs at an intermediate pH where similar concentrations of electrons
and holes are at the surface so the photoanodic and photocathodic reactions can proceed at the
same rate. The results can be used to optimize the photochemical reactivity of SrTiO3 for H»
production or pollutant degradation by designing particles bound by specific combinations of

facets and controlling the pH in the reactor.

5.6 References

(1)  Fujishima, A.; Honda, K. Electrochemical Photolysis of Water at a Semiconductor

Electrode. Nature 1972, 238 (5358), 37-38. https://doi.org/10.1038/238037a0.

(2) Han, F.; Kambala, V. S. R.; Srinivasan, M.; Rajarathnam, D.; Naidu, R. Tailored Titanium
Dioxide Photocatalysts for the Degradation of Organic Dyes in Wastewater Treatment: A Review.

Appl. Catal. A Gen. 2009, 359 (1), 25-40. https://doi.org/10.1016/j.apcata.2009.02.043.

109



3) Hisatomi, T.; Kubota, J.; Domen, K. Recent Advances in Semiconductors for
Photocatalytic and Photoelectrochemical Water Splitting. Chem. Soc. Rev. 2014, 43 (22), 7520—
7535. https://doi.org/10.1039/C3CS60378D.

4) McKone, J. R.; Lewis, N. S.; Gray, H. B. Will Solar-Driven Water-Splitting Devices See
the Light of Day? Chem. Mater. 2014, 26 (1), 407—414. https://doi.org/10.1021/cm4021518.

%) Wang, Z.; Li, C.; Domen, K. Recent Developments in Heterogeneous Photocatalysts for
Solar-Driven Overall Water Splitting. Chem. Soc. Rev. 2019, 48 (7), 2109-2125.
https://doi.org/10.1039/C8CS00542G.

(6) Maeda, K.; Domen, K. Photocatalytic Water Splitting: Recent Progress and Future
Challenges. J. Phys. Chem. Lett. 2010, 1 (18), 2655-2661. https://doi.org/10.1021/jz1007966.

(7 Qu, Y.; Duan, X. Progress, Challenge and Perspective of Heterogeneous Photocatalysts.
Chem. Soc. Rev. 2013, 42 (7), 2568-2580. https://doi.org/10.1039/C2CS35355E.

(8) Spanhel, L.; Haase, M.; Weller, H.; Henglein, A. Photochemistry of Colloidal
Semiconductors. 20. Surface Modification and Stability of Strong Luminescing CdS Particles. J.
Am. Chem. Soc. 1987, 109 (19), 5649-5655. https://doi.org/10.1021/ja00253a015.

9) Sato, S.; White, J. M. Photodecomposition of Water over Pt/TiO, Catalysts. Chem. Phys.
Lett. 1980, 72 (1), 83—86. https://doi.org/10.1016/0009-2614(80)80246-6.

(10) Li, L.; Salvador, P. A.; Rohrer, G. S. Photocatalysts with Internal Electric Fields.
Nanoscale 2014, 6 (1), 24-42. https://doi.org/10.1039/c3nr03998f.

(11)  Wang, X.; Xu, Q.; Li, M.; Shen, S.; Wang, X.; Wang, Y.; Feng, Z.; Shi, J.; Han, H.; Li, C.
Photocatalytic Overall Water Splitting Promoted by an a—f Phase Junction on Ga,0Os. Angew.
Chemie Int. Ed. 2012, 51 (52), 13089—-13092. https://doi.org/10.1002/anie.201207554.

(12)  Yang, D.; Liu, H.; Zheng, Z.; Yuan, Y.; Zhao, J.; Waclawik, E. R.; Ke, X.; Zhu, H. An
Efficient Photocatalyst Structure: TiO2(B) Nanofibers with a Shell of Anatase Nanocrystals. J. Am.
Chem. Soc. 2009, 131 (49), 17885—17893. https://doi.org/10.1021/ja906774k.

110



(13) Dunn, S.; Jones, P. M.; Gallardo, D. E. Photochemical Growth of Silver Nanoparticles on
C- and C+ Domains on Lead Zirconate Titanate Thin Films. J. Am. Chem. Soc. 2007, 129 (28),
8724-8728. https://doi.org/10.1021/ja071451n.

(14)  Giocondi, J. L.; Rohrer, G. S. Spatially Selective Photochemical Reduction of Silver on
the Surface of Ferroelectric Barium Titanate. Chem. Mater. 2001, 13 (2), 241-242.
https://doi.org/10.1021/cm000890h.

(15) Giocondi, J. L.; Rohrer, G. S. Structure Sensitivity of Photochemical Oxidation and
Reduction Reactions on SrTiOs Surfaces. J. Am. Ceram. Soc. 2003, 86 (7), 1182—1189.
https://doi.org/10.1111/j.1151-2916.2003.tb03445 x.

(16)  Zhu, Y.; Salvador, P. A.; Rohrer, G. S. Controlling the Termination and Photochemical
Reactivity of the SrTiO3(110) Surface. Phys. Chem. Chem. Phys. 2017, 19 (11), 7910-7918.
https://doi.org/10.1039/C6CP08608].

(17)  Chen, F.; Huang, H.; Guo, L.; Zhang, Y.; Ma, T. The Role of Polarization in Photocatalysis.
Angew. Chemie Int. Ed. 2019, 58 (30), 10061-10073. https://doi.org/10.1002/anie.201901361.

(18) Inoue, Y.; Sato, K.; Sato, K.; Miyama, H. Photoassisted Water Decomposition by
Ferroelectric Lead Zirconate Titanate Ceramics with Anomalous Photovoltaic Effects. J. Phys.

Chem. 1986, 90 (13), 2809-2810. https://doi.org/10.1021/j100404a006.

(19)  Kakekhani, A.; Ismail-Beigi, S.; Altman, E. I. Ferroelectrics: A Pathway to Switchable
Surface Chemistry and Catalysis. Surf. Sci. 2016, 650, 302-316.
https://doi.org/10.1016/j.susc.2015.10.055.

(20) Khan, M. A.; Nadeem, M. A.; Idriss, H. Ferroelectric Polarization Effect on Surface
Chemistry and Photo-Catalytic Activity: A Review. Surf. Sci. Rep. 2016, 71 (1), 1-31.
https://doi.org/10.1016/j.surfrep.2016.01.001.

(21) Li, L.; Rohrer, G. S.; Salvador, P. A. Heterostructured Ceramic Powders for Photocatalytic
Hydrogen Production: Nanostructured TiO> Shells Surrounding Microcrystalline (Ba,Sr)TiOs3
Cores. J. Am. Ceram. Soc. 2012, 95 (4), 1414-1420. https://doi.org/10.1111/j.1551-
2916.2012.05076.x.

111



(22)  Munprom, R.; Salvador, P. A.; Rohrer, G. S. Ferroelastic Domains Improve Photochemical
Reactivity: A Comparative Study of Monoclinic and Tetragonal (Bii-0.5xNao.sx)(Vi-xMo0x)Os
Ceramics. J. Mater. Chem. A 2016, 4 (8), 2951-2959. https://doi.org/10.1039/c5ta05551b.

(23) Zhong, Y.; Ueno, K.; Mori, Y.; Shi, X.; Oshikiri, T.; Murakoshi, K.; Inoue, H.; Misawa,
H. Plasmon-Assisted Water Splitting Using Two Sides of the Same SrTiO; Single-Crystal
Substrate: Conversion of Visible Light to Chemical Energy. Angew. Chemie Int. Ed. 2014, 53 (39),
10350-10354. https://doi.org/10.1002/anie.201404926.

(24) Ohtani, B.; Okugawa, Y.; Nishimoto, S.; Kagiya, T. Photocatalytic Activity of Titania
Powders Suspended in Aqueous Silver Nitrate Solution: Correlation with pH-Dependent Surface

Structures. J. Phys. Chem. 1987, 91 (13), 3550-3555. https://doi.org/10.1021/100297a017.

(25) Prairie, M. R.; Evans, L. R.; Stange, B. M.; Martinez, S. L. An Investigation of Titanium

Dioxide Photocatalysis for the Treatment of Water Contaminated with Metals and Organic

Chemicals. Environ. Sci. Technol. 1993, 27 (9), 1776—1782. https://doi.org/10.1021/es00046a003.

(26) Oosawa, Y.; Gritzel, M. Enhancement of Photocatalytic Oxygen Evolution in Aqueous
TiO> Suspensions by Removal of Surface-OH Groups. J. Chem. Soc. Chem. Commun. 1984, No.
24, 1629-1630. https://doi.org/10.1039/C39840001629.

(27)  Guo, Y.; Siretanu, I.; Zhang, Y.; Mei, B.; Li, X.; Mugele, F.; Huang, H.; Mul, G. PH-
Dependence in Facet-Selective Photo-Deposition of Metals and Metal Oxides on Semiconductor

Particles. J. Mater. Chem. A 2018, 6 (17), 7500—7508. https://doi.org/10.1039/C8TA00781K.

(28) Goto, Y.; Hisatomi, T.; Wang, Q.; Higashi, T.; Ishikiriyama, K.; Maeda, T.; Sakata, Y.;
Okunaka, S.; Tokudome, H.; Katayama, M.; et al. A Particulate Photocatalyst Water-Splitting
Panel for Large-Scale Solar Hydrogen Generation. Joule 2018, 2 (3), 509-520.
https://doi.org/10.1016/j.joule.2017.12.009.

(29) Luo, J.; Maggard, P. A. Hydrothermal Synthesis and Photocatalytic Activities of SrTiOs-
Coated  FexOs and  BiFeOs.  Adv. Mater. 2006, 18 (4), 514-517.
https://doi.org/10.1002/adma.200500109.

112



(30) Zhao, Z.; Goncalves, R. V; Barman, S. K.; Willard, E. J.; Byle, E.; Perry, R.; Wu, Z.; Huda,
M. N.; Moulé, A. J.; Osterloh, F. E. Electronic Structure Basis for Enhanced Overall Water
Splitting Photocatalysis with Aluminum Doped SrTiOs in Natural Sunlight. Energy Environ. Sci.
2019, 12 (4), 1385-1395. https://doi.org/10.1039/C9EE00310J.

(31)  Ocal, C.; Bachelet, R.; Garzon, L.; Stengel, M.; Sanchez, F.; Fontcuberta, J. Nanoscale
Laterally Modulated Properties of Oxide Ultrathin Films by Substrate Termination Replica
through  Layer-by-Layer  Growth. Chem. Mater. 2012, 24 (21), 4177-4184.
https://doi.org/10.1021/cm302444s.

(32) Zhu, Y.; Salvador, P. A.; Rohrer, G. S. Controlling the Relative Areas of Photocathodic
and Photoanodic Terraces on the SrTiO3(111) Surface. Chem. Mater. 2016, 28 (14), 5155-5162.
https://doi.org/10.1021/acs.chemmater.6b02205.

(33) Song, W.; Salvador, P. A.; Rohrer, G. S. The Effect of pH on the Photochemical Reactivity
of BaTiOs. Surf. Sci. 2018, 675, 83—90. https://doi.org/10.1016/j.susc.2018.04.021.

(34) Song, W.; Lopato, E. M.; Bernhard, S.; Salvador, P. A.; Rohrer, G. S. High-Throughput
Measurement of the Influence of pH on Hydrogen Production from BaTiOs3/TiO> Core/Shell
Photocatalysts. Appl. Catal. B Environ. 2020, 269, 118750.
https://doi.org/https://doi.org/10.1016/j.apcatb.2020.118750.

(35) Glickstein, J. J.; Salvador, P. A.; Rohrer, G. S. Computational Model of Domain-Specific
Reactivity on Coated Ferroelectric Photocatalysts. J. Phys. Chem. C 2016, 120 (23), 12673—12684.
https://doi.org/10.1021/acs.jpcc.6b03875.

(36) Chen, P.; Sun, Y.; Liu, H.; Zhou, Y.; Jiang, G.; Lee, S. C.; Zhang, Y.; Dong, F. Facet-
Dependent Photocatalytic NO Conversion Pathways Predetermined by Adsorption Activation
Patterns. Nanoscale 2019, 11 (5), 2366—2373. https://doi.org/10.1039/C8NR09147A.

(37) Giocondi, J. L.; Salvador, P. A.; Rohrer, G. S. The Origin of Photochemical Anisotropy in
SrTiOs. Top. Catal. 2007, 44 (4), 529-533. https://doi.org/10.1007/s11244-006-0101-y.

113



(38) Li,J.;Dong, X.; Sun, Y.; Cen, W.; Dong, F. Facet-Dependent Interfacial Charge Separation
and Transfer in Plasmonic Photocatalysts. Appl. Catal. B Environ. 2018, 226, 269-277.
https://doi.org/10.1016/j.apcatb.2017.12.057.

(39) Mu, L.; Zhao, Y.; Li, A.; Wang, S.; Wang, Z.; Yang, J.; Wang, Y.; Liu, T.; Chen, R.; Zhu,
J.; et al. Enhancing Charge Separation on High Symmetry SrTiO3 Exposed with Anisotropic Facets
for Photocatalytic Water Splitting. Energy FEnviron. Sci. 2016, 9 (7), 2463-24609.
https://doi.org/10.1039/c6ee00526h.

(40) Rheinheimer, W.; Baeurer, M.; Chien, H.; Rohrer, G. S.; Handwerker, C. A.; Blendell, J.
E.; Hoffmann, M. J. The Equilibrium Crystal Shape of Strontium Titanate and Its Relationship to
the Grain Boundary Plane Distribution. ACTA  Mater. 2015, 82, 32-40.
https://doi.org/10.1016/j.actamat.2014.08.065.

(41) Burbure, N. V; Salvador, P. A.; Rohrer, G. S. Photochemical Reactivity of Titania Films
on BaTiO3 Substrates: Origin of Spatial Selectivity. Chem. Mater. 2010, 22 (21), 5823-5830.
https://doi.org/10.1021/cm1018025.

(42) Kalinin, S. V; Bonnell, D. A.; Alvarez, T.; Lei, X.; Hu, Z.; Ferris, J. H.; Zhang, Q.; Dunn,
S. Atomic Polarization and Local Reactivity on Ferroelectric Surfaces: A New Route toward

Complex Nanostructures. Nano Lett. 2002, 2 (6), 589—593. https://doi.org/10.1021/n1025556u.

(43) Wenderich, K.; Mul, G. Methods, Mechanism, and Applications of Photodeposition in
Photocatalysis: A Review.  Chem.  Rev. 2016, 116 (23), 14587-14619.
https://doi.org/10.1021/acs.chemrev.6b00327.

(44) Delahay, P.; Pourbaix, M.; Rysselberghe, P. Van. Potential-pH Diagram of Silver
Construction of the Diagram-Its Applications to the Study of the Properties of the Metal, Its
Compounds, and 1Its Corrosion. J. Electrochem. Soc. 1951, 98 (2), 65.
https://doi.org/10.1149/1.2778107.

(45) David, N.; Petr, K. Gwyddion: An Open-Source Software for SPM Data Analysis. Open
Physics. 2012, p 181. https://doi.org/10.2478/s11534-011-0096-2.

114



(46) Yan, H.; Zhang, Z.; Li, M.; Wang, S.; Ren, L.; Jin, K. Photoresponsive Properties at (00 1),
(111) and (110) LaAlOs3/StTiOs Interfaces. J. Phys. Condens. Matter 2019, 32 (13), 135002.
https://doi.org/10.1088/1361-648x/ab5ebf.

(47) Koster, G.; Kropman, B. L.; Rijnders, G. J. H. M.; Blank, D. H. A.; Rogalla, H. Quasi-
Ideal Strontium Titanate Crystal Surfaces through Formation of Strontium Hydroxide. Appl. Phys.
Lett. 1998, 73 (20), 2920-2922. https://doi.org/10.1063/1.122630.

(48) Paradinas, M.; Garzon, L.; Sanchez, F.; Bachelet, R.; Amabilino, D. B.; Fontcuberta, J.;
Ocal, C. Tuning the Local Frictional and Electrostatic Responses of Nanostructured SrTiO—
Surfaces by Self-Assembled Molecular Monolayers. Phys. Chem. Chem. Phys. 2010, 12 (17),
4452-4458. https://doi.org/10.1039/B924227A.

(49) Pisat, A. S.; Salvador, P. A.; Rohrer, G. S. The Facet Structure and Photochemical
Reactivity of Arbitrarily Oriented Strontium Titanate Surfaces. Adv. Mater. Interfaces 2019, 6 (16),
190073 1. https://doi.org/10.1002/admi.201900731.

(50) Morrison, S. R. Electrochemistry at Semiconductor and Oxidized Metal Electrodes. 1980.

(51) Van Benthem, K.; Elsdsser, C.; French, R. H. Bulk Electronic Structure of SrTiOs:
Experiment and  Theory. J  Appl.  Phys. 2001, 90 (12), 6156-6164.
https://doi.org/10.1063/1.1415766.

(52) Bullard, J. W.; Cima, M. J. Orientation Dependence of the Isoelectric Point of TiO> (Rutile)
Surfaces. Langmuir 2006, 22 (24), 10264—10271. https://doi.org/10.1021/1a061900h.

(53) Kosmulski, M. pH-Dependent Surface Charging and Points of Zero Charge. IV. Update
and New Approach. J. Colloid Interface Sci. 2009, 337 (2), 439—448.
https://doi.org/10.1016/j.j¢cis.2009.04.072.

(54) Kosmulski, M. The pH Dependent Surface Charging and Points of Zero Charge. VII.
Update. Adv. Colloid Interface Sci. 2018, 251, 115—138. https://doi.org/10.1016/.cis.2017.10.005.

(55) Polli, A. D.; Wagner, T.; Riihle, M. Effect of Ca Impurities and Wet Chemical Etching on
the Surface Morphology of SrTiOs Substrates. Surf. Sci. 1999, 429 (1), 237-245.
https://doi.org/10.1016/S0039-6028(99)00383-0.

115



(56) Garcia-Lopez, E.; Marci, G.; Megna, B.; Parisi, F.; Armelao, L.; Trovarelli, A.; Boaro, M.;
Palmisano, L. SrTiOs3-Based Perovskites: Preparation, Characterization and Photocatalytic
Activity in Gas—Solid Regime under Simulated Solar Irradiation. J. Catal. 2015, 321, 13-22.
https://doi.org/10.1016/j.jcat.2014.10.014.

(57) Diamant, Y.; Chen, S. G.; Melamed, O.; Zaban, A. Core—Shell Nanoporous Electrode for
Dye Sensitized Solar Cells: The Effect of the SrTiO3 Shell on the Electronic Properties of the TiO:
Core. J. Phys. Chem. B 2003, 107 (9), 1977-1981. https://doi.org/10.1021/jp027827v.

(58) Ortiz-Oliveros, H. B.; Ordonez-Regil, E.; Fernandez-Valverde, S. M. Sorption of
Uranium(VI) onto Strontium Titanate in KNO3 Medium. J. Radioanal. Nucl. Chem. 2009, 279 (2),
601-610. https://doi.org/10.1007/s10967-007-7142-y.

(59) Konstas, P.-S.; Konstantinou, I.; Petrakis, D.; Albanis, T. Development of SrTiO3
Photocatalysts with Visible Light Response Using Amino Acids as Dopant Sources for the
Degradation of Organic Pollutants in Aqueous Systems. Catalysts 2018, & (11).
https://doi.org/10.3390/catal8110528.

(60) Garcia-Rosales, G.; Drot, R.; Mercier-Bion, F.; Lagarde, G.; Simoni, E. Interaction
between U(VI) and SrTiO3 Surfaces versus Temperature. J. Colloid Interface Sci. 2009, 333 (1),
104—113. https://doi.org/10.1016/j.j¢is.2009.01.049.

(61)  Zhu, Y.; Salvador, P. A.; Rohrer, G. S. Buried Charge at the TiO»/SrTiOs3 (111) Interface
and Its Effect on Photochemical Reactivity. ACS Appl. Mater. Interfaces 2017, 9 (8), 7843-7851.
https://doi.org/10.1021/acsami.6b16443.

(62) Dong, L.; Shi, H.; Cheng, K.; Wang, Q.; Weng, W.; Han, W. Shape-Controlled Growth of
SrTiO3 Polyhedral Submicro/Nanocrystals. Nano Res. 2014, 7 (9), 1311-1318.
https://doi.org/10.1007/s12274-014-0495-y.

(63) Hsieh, P.-L.; Naresh, G.; Huang, Y.-S.; Tsao, C.-W.; Hsu, Y.-J.; Chen, L.-J.; Huang, M. H.
Shape-Tunable SrTiOs Crystals Revealing Facet-Dependent Optical and Photocatalytic Properties.
J. Phys. Chem. C 2019, 123 (22), 13664—13671. https://doi.org/10.1021/acs.jpcc.9b02081.

116



Chapter 6: Influence of Particle Size and Shape on the
Rate of Hydrogen Produced by Al-doped SrTiOs3
Photocatalysts

It is known that the photochemical reactivity is anisotropic on the surface of SrTiOs. Here, we
prepared faceted Al-doped SrTiOs particles exposing (100) and (110) facets and studied how a
surface area ratio affects the photocatalytic hydrogen generation rate. The experiment is inspired
by the idea that the maximum reactivity occurs when the rates of the two half reactions are
optimally balanced. It is generally agreed that smaller particles are more reactive since they have
higher surface areas, and therefore more reaction sites. However, is this always true? In this
study, we found that the reactivity increases with particle size from 200 nm to 500 nm, which is
counter intuition. To explain this, we need to consider the interplay of particle size, space charge

length and light penetration depth.
6.1 Introduction

Photocatalytic water splitting is a promising technology to reduce humanity’s dependence on fossil
fuels by converting solar energy to clean and sustainable H, fuel. Since the discovery of
photoelectrochemical water oxidation using a TiO, photoanode by Fujishima and Honda,'
thousands of semiconductor materials have been reported to be able to split water.>~* Among them,
SrTiOs is one of the promising materials that can split water under UV illumination and has been
widely studied. Many researchers focus on doping aliovalent metal cations into SrTiO3 to control
the defect structure and improve photocatalytic reactivity.>® In recent studies, it was found that a
flux treatment in SrCl, — together with Al doping - can significantly increase the reactivity of
SrTiOs for water splitting.”® Previous experiments have shown that modifying the band bending
in the space charge region either by internal or external electric fields influences the photochemical

19-12 The current study was undertaken to understand how crystal shape, crystal size, pH,

reactivity.
and added Al, all of which influence band bending, influence the photochemical reactivity of Al-
doped SrTiOs. To investigate four independent parameters on hydrogen evolution, a time

consuming task when each catalyst is measured separately, we leverage the capabilities of a newly
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developed parallelized and automated photochemical reactor (PAPCR),'* which can be used to

measure the H, generation rate of up to 108 samples simultaneously in one experiment.

It is known that particle shapes, because of the facets exposed, influence photocatalytic
performance.!*!'® It is thought that the spatial separation of charge to different exposed facets
leads to increased reactivity. For example, Li et al.'”!® found the spatial separation of
photogenerated electrons and holes among {110} and {010} facets in BiVO4 contributed to an
enhancement of photocatalytic water oxidation reactivity. In SrTiOs, previous studies have shown
that {100} surfaces are photocathodic and {110} surfaces are photoanodic,'”2! and SrTiO;
nanocrystals with both {100} and {110} facets exposed are much more reactive than SrTiO;
nanocubes (exposing only {100} facets) for photocatalytic water splitting.?!*> Takata et al.’
demonstrated a quantum efficiency for overall water splitting up to 96 % at 350 nm to 360 nm
using faceted Al-doped SrTiOs particles with different cocatalysts selectively photodeposited on
{100} and {110} facets. A more recent paper? reports that SrTiOj; particles with {100} and {110}
surfaces have reactivities that are inferior to those with only {100} surfaces, but the catalyst
particles were significantly smaller than in the previous work.%?'?2 One of the goals of this paper
is to determine the optimal shape for Al-doped SrTiOs. For example, it has been shown that, for
anatase TiO,, particles exposing {001} and {101} facets at a ratio of 1.25 are optimal for the
photocatalytic reduction of CO> to CHs.2* In this work, we will compare catalyst particles with

only photocathodic {100} surfaces to particles that have increasing relative areas of photoanodic

{110} surfaces.

Particle sizes are also important to photochemical reactions. In general, smaller particles usually
have higher surface area and more reaction sites at constant mass, and this potentially increases
the photochemical reaction rate. However, smaller particles are not always better. If the particle
size is less than twice the width of the space charge, band bending will be reduced, lowering the
potential to separate electrons and holes.”> Quantum confinement can increase the bandgap of
smaller particles,?®?’ leading to decreased light absorption and reactivity. Finally, the smallest
particles are usually produced at relatively low temperature and may have a higher concentration
of structural defects, which typically promote recombination and reduce reactivity. On the other
hand, there is clearly an upper limit for particle size. If the particle is too large, charge carriers

generated in the flat band region at the center of the crystal are more likely to recombine than to
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migrate to the surface. The existence of an optimal particle size has been demonstrated for TiO»,?
PbTi03,%” and WO3.3° One of the goals of this work is to determine if there is an optimal size for

Al-doped SrTiO3 and whether this optimum is a function of particle shape.

Solution pH is another factor that influences the rate of water splitting by transition metal oxide
catalysts because it alters the surface potential and band bending.*' At room temperature, the
surface potential changes by =~ 59 mV for each pH unit. By increasing pH, more hydroxyl groups
will adsorb on the surface and bend the bands upward, increasing the barrier for electrons to
migrate to the surface. By decreasing pH, more protons will bend the bands downward and holes
will be repelled. A previous study indicates that the maximum photocathodic reactivity of SrTiOs3
occurs at an intermediate pH where the two half reactions proceed at the same rate.’> However,
that work was carried out on single orientations and for only the photocathodic reaction, so it is

not obvious that it will apply to overall water splitting by particles with multiple surfaces.

The reactivity of Al-doped SrTiOs is also reported to vary with Al concentration. Zhao et al.
prepared Al doped SrTiOs with a hydrothermal route and found that for specimens with Al
concentrations in the range of 0 to 7.8 atom % (measured by X-Ray Fluorescence), samples with
7.8 atom % had the highest reactivity.>* For Al-doped SrTiOs doped in a SrCl, flux, inductively
coupled plasma analysis found 0.12, 1.01, and 1.36 % Al in SrTiOs3 for fluxes containing 0.1, 1.0,
and 10 % Al, suggesting that, at this temperature, the solubility is not significantly greater than
1 %.7 It has been proposed that the dissolution of AI’** ions suppresses the formation of a Ti**
recombination center and extends charge carrier lifetime.>>*3 Here, we also consider how the

concentration of Al in a SrCl, flux influences the reactivity.

The purpose of this work is to understand the combined influence of crystal shape, crystal size,
solution pH, and Al doping via flux processing on the rate of H> generation by Al-doped SrTiOs.
Catalyst particles with {110}/{100} surface area ratios from 0 to 2.5 have been tested, with particle
diameters of = 250 nm, 350 nm, and 450 nm. All catalysts were treated in a SrCl, flux at 1150 °C
for 10 h containing 1, 2, 3, or 5 mol % added Al>O3 and were afterward loaded with a RhCrOy
cocatalyst. A smaller number of materials were doped during the synthesis step. High-throughput
photocatalytic water splitting experiments have been carried out using the PAPCR with particles
either in DI water whose pH has been adjusted from pH 2 to pH 12 or in 10 % aqueous methanol

solutions. Altogether, the hydrogen generation rates were measured from more than 500 different
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combinations of parameters. All four parameters (shape, size, pH, and the Al doping method) do
influence the rate of hydrogen generation, which can vary from 1 to 150 pmol m~2h"!, depending
on the choice of parameters. Additional experiments indicated that Al doping and the SrCl; flux
treatments are independent parameters and the SrCl, flux treatment is a necessary condition for
achieving high reactivity. The variation in the reactivity with these parameters can be understood

by their effects on band bending within the catalyst particle.
6.2 Experimental Methods

Synthesis of catalysts. SrTiOs crystals were prepared hydrothermally following a procedure
reported by Dong et al.>® Four types of crystals, denoted A, B, C, and D, were prepared in identical
fashion with the exception of the surfactant used. In all cases, 0.2 mL of TiCls (Sigma-Aldrich,
99 %) was dropped into a solution in an ice bath containing 25 mL of deionized water and the
surfactant. These types and amounts of surfactants were used to generate large crystals with an
average diameter of 450 nm: A- 2 g of ethanol (PHARMCO, 200 Proof), B- 1 g of 1,2-propanediol
(Sigma-Aldrich, 99.5%), C- 1 g of ethylene glycol (Alfa Aesar, 99+%), and D- 0.1 g of
pentaerythritol (Sigma-Aldrich, 99%). After magnetic stirring for 5 min, 10 mL of SrCl, solution
containing 0.42 g SrCl, (Sigma-Aldrich, 99.99%) and 30 ml of LiOH solution containing 2.26 g
LiOH (Sigma-Aldrich, 98%) was added. After stirring for another 30 min, the resulting solution
was transferred to a 100 ml Teflon-lined hydrothermal autoclave (Techinstro). The autoclave was
then heated at 180 °C for 36 h in a furnace. After heat treatment, the solution was removed and
the resulting precipitate was centrifuged four times at 4000 rpm for 12 min with deionized water
and ethanol, respectively. Finally, the resulting precipitate was dried in an oven at 80 °C overnight.
Additionally, SrTiO;s crystals of type A (type B) were also prepared in two smaller sizes, with
average diameters of 350 nm and 250 nm, referred to as medium and small, following the same
procedure but increasing the amount of surfactant to 10 g (6 g) for medium and 20 g (12 g) for
small. All samples’ abbreviations and corresponding synthesis conditions are summarized in Table

6-1.

Note that during the hydrothermal synthesis, an excess of SrCl,, greater than the stoichiometric
ratio for SrTiOs3, was employed. In initial experiments where the stoichiometric ratio was used,

the product was a mixture of anatase, rutile, and SrTiOs. These small TiO; particles adhere to the
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larger SrTiO; crystals and blocked the illumination. By adding an excess amount of SrCl; in the
hydrothermal synthesis, the formation of TiO, was inhibited, and clean SrTiO;3 crystals with
reproducible morphologies were obtained. It is also noted that the crystals synthesized in our lab
have a larger size compared to what is reported by Dong et al.,*® even though the same amounts of

surfactants are added.

Table 6-1: Summary of synthesis route and conditions for all samples.

Shape Type of surfactant Amount of surfactant Average size
(100) facet only Ethanol 2¢g 450 nm
(110)/(100)=1.3 1,2-propanediol lg 450 nm
(110)/(100)=1.8 Ethylene glycol lg 450 nm
(110)/(100) =2.5 Pentaerythritol 0.1g 450 nm
(100) facet only Ethanol 10g 350 nm
(100) facet only Ethanol 20g 250 nm
(110)/(100)=1.3 1,2-propanediol 6¢g 350 nm
(110)/(100)=1.3 1,2-propanediol 12¢g 250 nm

SrTiO3 nanocrystals of type A, B, C, and D were doped with Al in a SrCl; flux, as described by
Domen and co-workers.>® The hydrothermally grown SrTiOs;, Al,Os nanopowders (Sigma-
Aldrich, < 50 nm particle size), and SrCl, (Alfa Aesar, 99.5%) were mixed at a molar ratio of
1:0.01:10, 1:0.02:10, 1:0.03:10, or 1:0.05:10 with a mortar and pestle. The mixture was then
heated at 1150 °C for 10 h in an alumina crucible, a temperature at which the SrCl; liquifies. To
remove the SrCl, thoroughly after the process, the resulting mixture was centrifuged four times at
4000 rpm for 18 min, first with deionized water and then with ethanol. The resulting Al-doped

SrTiO3 powders were then dried in an oven at 80 °C over night.

RhCrOx cocatalysts were loaded (0.1 wt% Rh and 0.1 wt% Cr) on all crystals with an impregnation
method described elsewhere.*” 50 mg of as prepared Al-doped SrTiOs crystals were dispersed into
0.5 ml of deionized water containing appropriate amounts of NasRhCls (Sigma-Aldrich) and
Cr(NO3)3-6H,O (Sigma-Aldrich, 99%) to yield 0.1 wt% Rh and Cr. Note that, in some
experiments, this amount was adjusted to study the effect of the amount of cocatalysts loaded on
the reactivity. The suspension was evaporated in a water bath under constant manually stirring.
The resulting powders were collected and heated at 350 °C for 1 h. A schematic illustration of the

catalyst synthesis route is presented in Figure 6-1.
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P25 TiO, was used as a reference catalyst and included in all panels, so that results could be
compared from panel to panel. P25 powders were loaded with 1 wt% Pt by the impregnation
method.’®% P25 powders (Degussa) were immersed in HoPtCls solution (Sigma-Aldrich) for 2 h
with magnetically stirring. Then, the powders were reduced using a 5-fold excess of NaOH (Fisher
Scientific) and NaBH4 (Acros) for 2 h with stirring. The powders were then collected and rinsed

in DI water by centrifugation and dried overnight.
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Figure 6-1: Schematic diagram illustrating the route of the formation of Al-doped SrTiOs3 catalysts
in the presence of different surfactants.
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Characterization. Powder X-ray diffraction (XRD) was used to determine the phase of each
sample with an X'Pert Pro MPD x-ray diffractometer (PANalytical, Philips, Netherlands). A scan
rate of 5°-min’! was applied in the range of 20-90° at a step size of 0.02°. Scanning Electron
Microscopy (SEM) images were obtained to determine the morphologies of all samples using FEI
Quanta 600 with a 20 kV beam with a spot size of 3. N, adsorption—desorption measurements
(Nova 2200e, Quanta- chrome, FL), used to determine the specific surface areas of powders
through a Brunauer—-Emmett—Teller (BET) approach, was performed at 77 K using a multi-point
method. The pore size distribution was obtained using the Barett-Joyner-Halenda (BJH) model.
Pore volume was measured from desorption measurements at the P/Po = 0.99 point. The sample

was degassed at 110 °C for 24 h prior to measurement.
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Photocatalytic water splitting experiment. The photocatalytic reactivity for hydrogen evolution
was measured with a high-throughput parallelized and automated photochemical reactor (PAPCR),
illustrated schematically in Fig. 6-2.'3 Two 100 W UV LED chips (Chanzon, 380 nm) at the bottom
of the reactor were fixed on an aluminum plate to provide constant illumination for the reaction.
The LEDs were cooled by a fan and circulating chilled water. At the mid part of the reactor, 108
1 mL shell vials sit on an aluminum plate with small holes drilled at the bottom, through which
illumination from the LEDs can transmit into the vials. The vials were covered with a layer of
hydrogen sensitive film (DetecTape, Midsun Specialty Products) whose color changes from light
to dark with an increase in the local hydrogen concentration. Next, a flexible silicone layer and a
rigid plexiglass plate were placed on the top of the FEP film to seal and cover the whole reactor
array. At the top of the reactor, a Pi camera (Raspberry Pi Camera Board v2 -8 Megapixels) was
fixed. Every six minutes, the LEDs are switched off and the camera takes a picture of the hydrogen
sensitive film. After the picture was taken, the LEDs were switched on for another 6-minute cycle.
Two rows of white LED strips (JUNWEN, 16 W) were used to illuminate the hydrogen sensitive
tape from above while the image was captured. For each image, the RGB values were extracted
for an area of 54 pixels in the center of each vial to determine the darkness of the film. These
values were then subtracted from the darkness value from the first image. The response of the
hydrogen sensitive film was calibrated in the range of 4% to 31% of H» by adding known amounts
of hydrogen to the vials and recording the response. Based on the calibrated relationship between
local hydrogen concentration and the appearance of the film, it is possible to calculate the amount

of H> production every 6 min as well as the reaction rate.
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Figure 6-2: Schematic illustration of the parallelized and automated photochemical reactor
(PAPCR).

By varying the amount of Al-doped SrTiO3 added to each vial, we found that the absolute rate
(umol h'') of H» evolution reached a maximum at 10 mg. Therefore, in all further experiments, 10
mg of Al-doped SrTiO; was added to each shell vial with 0.6 ml of DI water whose pH was
adjusted from pH 2 to pH 12 by adding acetic acid (Fisher Chemical) or NaOH (Fisher Scientific).
The reactor was illuminated for 18 h, during which a total of 180 images were taken, with each
image quantifying the hydrogen concentration within each vial. We verified that the acid anion
group did not significantly influence reactivity by comparing reaction rates of the same sample in
DI water whose pH was adjusted using acetic acid, nitric acid, or hydrochloric acid and confirm
the type of acid does not influence reactivity. To determine the effect of adding a hole scavenger,
a parallel set of experiments was conducted with solutions containing 10 % methanol and 5 mg of
catalyst. Each experiment included three vials with 3.2 mg of the P25 reference catalyst in 6 ml
of a 1 % methanol solution. The standard deviation was calculated from the H» production rates

of the three reference catalysts.

6.3 Results

SEM images of Al-doped SrTiOs particles are given in Figure 6-3, as a function of type (shape),
given in rows, and Al doping concentration, given in columns. Focusing on the undoped crystals

in the leftmost column, crystals of type A (top row) are cubes, exposing only six {100} facets.
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Crystals of type B, C, and D, shown in descending order, are edge truncated cubes, exposing both
{100} and {110} facets, where the ratios of the {110} areas to the {100} areas are 1.3, 1.8, and 2.5
for B, C, and D, respectively. SEM images of crystals after Al doping in the SrCl, flux are shown
in the four left most columns in Figure 6-3. Note that we refer to these samples by their initial
shape (the capital letter) and the percentage of Al added to the flux (the number). It is clear that
exposure to melts with more than 1 % Al significantly impacts crystal morphology. Crystals of
type A transform from cubes to corner-truncated cubes, exposing {100} and {111} facets. For
crystals of type B, C, and D, the treatment truncates the corners and reduces the areas of {110}
facets. The resulting crystals expose all three facets ({100}, {110} and {111}). Crystals treated
in melts with 5 % Al all have similar cubic shapes exposing primarily {100} facets with a small
fraction of {111} facets and {110} facets, as shown in the fifth column in Figure 6-3. This shape
is similar to particles in Domen’s work.”** All crystals have similar sizes with an average diameter
of 450 nm, and the Al doping treatment did not have an obvious influence on the particle size.
XRD patterns of the 16 types of Al-doped SrTiO3 samples are given in Figure 6-4, showing only
peaks attributable to SrTiOs.

Al 0%

Figure 6-3: SEM images as well as schematic diagrams for SrTiO3 nanocrystals with different
shape and treated in melts with different Al concentrations. Scale bar is 200 nm.
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Figure 6-4: XRD patterns of type A, B, C and D crystals treated in SrCl, flux with (a) 1%, (b) 2%,
(¢) 3% and (d) 5% aluminum added.

The mass specific rates (umol h'! g') of Hz evolution from the Al-doped SrTiOs crystals shown
in Figure 6-3 were measured under UV illumination at 380 nm using the PAPCR and the results
are shown in Figure 6-5. The standard deviation is about 12% (11%) for shapes A and B (C and
D). As shown in Figure 6-6, the band gap energies of the crystals are also essentially the same
(3.28 eV, 3.27 ¢V, 3.26 eV and 3.27 eV for Type A, B, C and D, respectively), so differences in
absorption are not expected to influence the reactivity. Several trends are apparent from Figure 6-
5. First, crystals of types of B, C and D produce H; at a greater rate than A. This was also true
when the reaction was carried out in 10 % methanol solutions. Second, for all four shapes, samples
with 1 % added Al had the maximum reactivity. The addition of more Al decreased the reactivity,
consistent with previous work by Ham et al.” Note that the crystals with 5 % added Al in the flux
all have similar reactivities, consistent with the observation that they have similar shapes (see
Figure 6-3). Third, for all types of crystals, the reactivity first increases with pH to a maximum at

around pH 7, then decreases at pH 10 and pH 11. AtpH 12, there is usually an increase in reactivity.
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The initial increase in reactivity with pH is consistent with observations reported for undoped
SrTiOs single crystals, discussed in Chapter 5.3 This is likely due to an increase in the absorption
of negative charge with increasing pH that bends the bands further upward and promotes the
conduction of holes to the surface. While this increase of the upward band bending will increase
the energy barrier for electrons to migrate to the surface, the overall photocatalytic reaction rate
depends on the slower of the two half reactions. Therefore, the reaction rate will be first limited
by the photoanodic reaction at low pH and then the photocathodic reaction at a higher pH. The
maximum reactivity should appear at an intermediate pH where neither the photocathodic nor the
photoanodic reaction limit the overall reaction rate. Crystals without deliberate Al additions and
not treated in the SrCl, flux did not generate enough H» to exceed the lower calibrated limit of the

PAPCR either in pure water or methanol solutions (and are not shown here).
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Figure 6-5: Mass specific rate of hydrogen generation from suspensions with 16 types of powders
in DI water whose pH is in range of pH 2 to pH 12. All powders are of the type designated as
Large (450 nm). The bars represent standard deviations.
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Figure 6-6: UV-vis diffuse reflectance spectra of four types of Al-doped SrTiO3 with 1% Al doped.

To investigate the influence of particle size on the photocatalytic reactivity, 1% and 2% Al-doped
SrTiO; of shape A and B were prepared with different sizes, by increasing the amount of surfactant
in the hydrothermal synthesis. SEM images of the 18 kinds of crystals are shown in Figure 6-7.
Large (= 450 nm), medium (= 350 nm) and small crystals (= 250 nm) of shapes A and B are labeled
A-L (B-L), A-M (B-M) and A-S (B-S), respectively, given in 6 columns. The L, M, and S particles
had size distributions of = 50 nm. Each of the three sizes of the two crystal shapes were doped
with Al by adding 1 % (All) and 2 % Al (Al2) to the SrCl> flux treatment, and the SEM images
of crystals with increasing Al concentrations are given in descending rows of Fig. 6-7. Note that
all crystals in Figure 6-3 are the large size. Consistent with the prior experiments, Al doping
rounded the edges of the type B crystals and introduced small {111} facets on the type A crystals.
The Al-doped B-S type crystals changed to a near cube shape, as for type A.

A-L

AS-AlZ \ B-L-AI2 B-M-AI2 B-S-Al2
B “ B o
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Figure 6-7: SEM images as well as schematic diagrams for type A and B SrTiOs crystals with
large, medium, and small size. Scale bar = 200 nm.

The mass specific hydrogen evolution rates of the six types of Al-doped samples are shown in
Figure 6-8. We found that, for both crystal shapes, in the range of 250 nm to 450 nm, the
photocatalytic reactivity increased with size and the largest crystals were the most reactive. The
trends with solution pH were consistent with the results described in Fig. 6-5. Note that, while the
A-L and B-L crystals in this experiment were from a different batch than the crystals in Figure 6-
5, their reactivities were similar, illustrating that the results are reproducible. For type B crystals,
the crystal shape changed with Al doping, so the results are influenced by both the particle shape
and size. The crystals of type A provide the most convincing evidence of the size effect because
their shapes are nearly the same in all conditions. Using solutions with 10 % methanol did not

change the trend in the relative amounts of hydrogen.
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Figure 6-8: Mass specific rate of hydrogen production (umol g'h™") from suspensions with crystal
type A-L, A-M and A-S under different pH are shown in (a), (b) and (c), respectively. Mass
specific rate of hydrogen production (umol g'h!) from suspensions with crystal type B-L, B-M
and B-S under different pH are shown in (d), (e) and (f), respectively. The bars represent standard
deviation.

Although we have found that the hydrogen evolution rate decreased with decreasing particle size

for both type A and type B Al-doped SrTiOs, we loaded the same amount of RhCrOx cocatalyst
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on these crystals. Considering the fact that crystals with the medium size and small size have
larger surface areas, as shown in Table 6-2, one might argue that these smaller crystals should have
more cocatalyst loaded to maintain a constant amount of cocatalyst per area. Therefore, using
shape type B crystals, we changed the cocatalyst loading on the three sizes to maintain a constant
coverage per surface area. Based on BET data, the surface areas for B-L, B-M, B-S nanocrystals
were 3.2 m?/g, 6.7 m?*/g, 10 m?/g, which was roughly in the proportion of 1 : 2 : 3. Therefore, we
loaded 0.1 wt%, 0.2 wt% and 0.3 wt% RhCrOx (metal ratio) on B-L, B-M and B-S nanocrystals,
respectively, and measured their H> generation rates. As shown in Figure 6-9, B-L type crystals
still had the highest H> generation rate. It is found that increasing the amount of cocatalyst did not
increase, but rather decreased, the photocatalytic reactivity for B-M and B-S crystals. As a result,
we believe that the relatively lower reactivity of the smaller crystals was not because they had a
smaller cocatalyst coverage. On the contrary, loading more cocatalyst further decreased the
reactivity. It would be interesting to test even larger crystals, because we expect that at some point

the reactivity should decrease with the increased size, but we have not been able to synthesize

larger crystals with controlled shapes.
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Figure 6-9: Absolute rate (umol m2h') of (a) type B-L crystals loaded with 0.1 wt% Rh and Cr
cocatalysts, (b) type B-M crystals loaded with 0.2 wt% Rh and Cr cocatalysts and (c) type B-S
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crystals loaded with 0.3 wt% Rh and Cr cocatalysts as a function of pH.
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Table 6-2: BET data of undoped SrTiOs crystals.

Type Crystal size Surface area
(nm) (m?%/g)
A-L 450 4.33
B-L 450 3.17
C-L 450 4.02
D-L 450 3.35
A-M 350 5.00
A-S 250 11.5
B-M 350 6.67
B-S 250 10.1

6.4 Discussion

Effect of particle shape. The results described here show that the rate of hydrogen production
from Al-doped SrTiOs is influenced by crystal shape. The results show that type C crystals had
the highest mass specific rate (umol h'! g'!) with the {110} to {100} surface area ratio equal to
1.8. Increases or decreases in this ratio lower the reactivity. This can be understood by the
schematic diagrams in Fig. 6-10 and the fact that the {110} surface is photoanodic in comparison
to {100}, which is relatively photocathodic.?>*! The finding that electrons (holes) migrate to
{100} ({110}) surfaces of these particles is validated by the data in Fig. 6-10 which shows that
Ag" (Mn?") is reduced (oxidized) on the {100} ({110}) surfaces. For the shape with the ideal
reactivity, an optimal ratio of electrons and holes migrate to the {100} and {110} surfaces,
respectively, where they can contribute to the reaction. However, if there are no {110} facets (see
Fig. 6-11 a), then holes must also migrate to the {100} surfaces, where they are likely to recombine
with electrons, lowering reactivity; this is the case for the A-type crystals. The opposite case,
where there is insufficient photocathodic {100} area to support the reduction reaction, is shown in
Fig. 6-11 (c) and represents the D-type crystals. In this case, the reduction in the rate of the cathodic
reaction and the likely increased rate of recombination will limit the rate of the overall reaction. It
is noted that, after normalizing by surface area, type C crystals still have the best surface area

specific rates (umol h™! m2) at pH 7, but type B crystals show a higher reactivity at pH 12. This
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implies that if we could synthesize particles with a {110} to {100} surface area ratio between 1.3

and 1.8, the photocatalytic reactivity might be further optimized.

Figure 6-10: SEM images of the type A-L-Al ((a) and (b)) and B-L ((c) and (d)) SrTiOs
nanocrystals with photo-deposition of Ag and MnQO,. Scale bar represents 200 nm. The purpose
of using A-L-Al instead of A-L is to show that, for type A crystals, {100} facets serve as both
reduction sites and oxidation sites while {111} facets do not participate into reactions.

Effect of particle size. The measurements of the rate of hydrogen evolution from crystals of
different sizes indicated that the reactivity increases with crystal size, from 250 nm to 450 nm.
This is counter intuitive, considering that the mass specific surface area decreases as the particle
size increases. Changes in the reactivity with size are sometimes ascribed to the quantum size
effect.***! However, quantum size effects are expected only in crystals much smaller than those
considered here. We note that Hsieh et al.?? reported that the band gap of 290 nm SrTiO; was 31
meV smaller than 160 nm SrTiO3, but this difference would not increase the absorption enough to

account for the increased reactivity.
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Figure 6-11: Schematic illustration of the spatial distribution of photogenerated electrons and
holes on (a) {100} facets dominated, (b) optimal ratio of {100} to {110} facets, (c) {110} facet
dominated conditions. Red surface and blue surface represent {100} and {110} facets. Yellow
balls and blue balls represent to electrons and holes.

There are two plausible explanations for the increase in reactivity of the larger crystals. One
possible explanation for the observed size effect is that the reaction is limited by the back reaction
of neutral H and hydroxyl radicals on or near the surface. As the particle size decreases, these
species are produced in closer proximity, so they do not have to diffuse as far to recombine, and
this might limit the reaction rate. However, according to Turchi and Ollis,*? the diffusion of
hydroxyl radicals is fast compared to the rate of reaction with the semiconductor surface and the
with other species in solution, so the effect of increasing the particle size on the rate of the back

reaction is not expected to be significant.

Another explanation is that the space charge layer beneath the surface is large compared to the
particle size. One of the parameters influencing the depth of the space charge in SrTiOs is the
carrier concentration. Past studies agree that SrTiO3 with no intentionally added impurities is an
acceptor doped n-type semiconductor.*>** The n-type electronic properties result from electrons
ionized from oxygen vacancies (V") and measurements indicate that the concentration of oxygen
vacancies is much greater than the concentration of acceptor impurities. Therefore, the
electroneutrality condition is 2[V;°] = n where n is the concentration of ionized electrons and n =
10" cm3.% However, the added Al acts as an acceptor dopant (Alr;) that can compensate the
oxygen vacancies and reduce the electron concentration. Calculations based on data in the
literature® show that when SrTiOs is fully compensated by a small amount of dissolved Al, the

carrier concentration is reduced to as low as n = 10'® cm™ at the temperature of the SrCl flux. At
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room temperature, where the catalyst is used, the carrier concentration of ideally compensated
SrTiOs falls to n= 10'?2 cm™.4¢ This reduction in the carrier concentration would expand the width
of the space charge layer (the Debye length) from =~ 3 nm (in the undoped condition where n =
10" em™) to = 9 x 103 nm (at the point of compensation where n = 10!2 cm™'). Not knowing the
Al concentration in the samples, we cannot estimate the degree of compensation. However, it is
clear that added Al will decrease the carrier concentration and increase the Debye length. Note
that a similar mechanism has been proposed to explain the reactivity enhancement that results from
Mg doping of SrTiO3.4” At the wavelength of light used here, the absorption coefficient is on the
order of 100 cm™!,*® which implies an absorption depth of 10* nm. Because of the large absorption
depth, increases in the space charge region result in an increase in the number of photogenerated

carriers that can be separated by the field.

As discussed above, the Debye length might be on the order of 10° nm. In this case, for particles
smaller than this length, the space charges overlap in the center of the crystal. This reduces the
difference between the surface and bulk electric potentials and leads to reduced charge
separation.’ In the larger crystals, the space charge is more fully developed and there is a larger
potential to separate charge. This idea is supported by simulations of the reactivity of BaTiOs;
showing that the difference in electric potential (under illumination) at the surface between positive
and negative domains is only 0.17 V for a small 10 nm domain, while this difference of potential
is 0.60 V for a large 250 nm domain.** The increased space charge depth, together with relatively
large absorption depth discussed above, should result in increased reactivity. In other words, the
larger space charge regions in the larger crystals are more likely to be the cause of their increased
reactivity than the suppression of the back reaction by the physical separation of the cathodic and

anodic sites.
6.5 Conclusion

The influence of particle shape and size on the photocatalytic generation of hydrogen by Al-doped
SrTiO3 has been measured. The most suitable shape was determined to be an edge-truncated cube
witha {110} to {100} surface area ratio between 1.3 and 1.8. With this geometry, electrons (holes)
move to {100} ({110}) facets and promote the photoreduction (photooxidation) half reaction, a

situation that likely reduces the rate of recombination or back reaction. Crystals with diameters
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around 450 nm are more reactive than smaller ones, consistent with the presence of wide space

charge regions that result from the Al acceptors that reduce the n-type carrier concentration.
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Chapter 7: Influence of the Molten SrCl; Flux Treatment
on the Surface Structure and Photochemical Reactivities

of SrTiO3

From the experiments in the previous chapter, the molten SrCl> flux treatment is of use to prepare
highly efficient Al-doped SrTiOs photocatalysts. In fact, nearly all the high-performance Al-doped
SrTiO;s catalysts were prepared with this method, but its mechanism is still not clear. It was
thought that SrTiOs dissolves and recrystallizes in the melt so that the crystallinity improves. But
this is inconsistent with the observation that our faceted particles generally maintain the shape
after the flux treatment. In this chapter, we explore the effect of this “magic” flux treatment by
heating large single crystal substrates in the melt, so that we can use AFM to determine how the

flux treatment affects the surface structure.
7.1 Introduction

SrCl flux treated Al-doped SrTiOs is one of the most efficient photocatalysts for water splitting
that have been developed so far. In 2013, Kato et al. heated SrTiO; powders prepared with a
polymerized complex method in different molten salts, such as NaCl, KCl, LiCl and SrCL." All
salts will change the particle morphology but KCI will give a higher reactivity. Later, Domen and
coworkers found that the photocatalytic reactivity of SrTiO3 could be significantly improved by
the SrCly flux treatment, and this is attributed mainly to the doping of Al from the ALO;
crucibles.?? Since that, they reported a couple of works improving the performance of this material,
such as loading anodic cocatalysts*® and photodepositing cocatalysts on different facets.® It is
understood that AI** can reduce the Ti** deep recombination sites and increase charge carrier
lifetime, and this has been confirmed by Zhao et al. using XPS and DFT methods.” Recently, there
is research showing that co-doped SrTiOs by incorporating AI** along with Zr(IV)® or La(III)° can

further improve the reactivity.

While Al doping has been confirmed to be beneficial to the photocatalytic reactivity of SrTiOs,
the role of the flux treatment is still not clear. This flux treatment is a very simple method, by

heating SrTiOs3 in an excess amount of SrCl» at a temperature between the melting point and boiling
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point of SrCl, in an alumina crucible, we will get a highly reactive SrTiO3; photocatalyst. It is
noted that all the studies described previously have employed the SrCly flux treatment for ion
doping. Previous studies show that Al-doped SrTiO; synthesized via solid state method® or
hydrothermal method!® are less reactive than those prepared by the flux method, implying the
criticality of the SrCl, flux treatment. Ham et al. proposed that part of the SrTiOs particles dissolve
and recrystallize in the presence of SrCl, flux so that the crystallinity is improved.® Motivated by
these results, we desire to understand how the SrCl, flux treatment influences the chemical

composition and structure of the SrTiO; surface.

Since it is the difficult to characterize particle surface directly, in this study, we reproduced the
molten SrCl; flux treatment on the surface of SrTiOj3 single crystal substrates and investigated how
it influences the photochemical reactivities. Air annealed substrates and KCI flux treated
substrates were prepared and used for comparison. The surface potential was measured by Kelvin
probe force microscopy (KFM) and correlated to the relative reactivities measured by
photochemical marker reactions and atomic force microscopy (AFM). Along with X-ray
photoelectron spectra (XPS), we found that the concentration of surface OH groups, the surface
potential and the photochemical properties were all correlated. The SrCly flux treatment
significantly enriches the concentration of surface -OH groups and decreases the surface potential.
Meanwhile, the surface potential difference between (100) and (110) surfaces increases from 0.07
V to 0.21 V after the flux treatment, leading to an enhanced charge separation between the two

surfaces and improved photocatalytic reactivity.
7.2 Experimental Methods

Sample preparation. Chemical-mechanical polished (100) and (110) oriented SrTiO; single
crystals were purchased from MSE Supplies with a size of 5 X 5 X 0.5 mm. The crystals were
ultrasonically washed in methanol for 10 min and then annealed at 1100 °C in air for 6 h in a
covered alumina crucible. Some crystals were treated in either a SrCl, flux or a KCI flux to study
the role of the flux treatment. In a typical flux treatment, the air annealed crystal was placed in a
20 ml covered alumina crucible (Sigma-Aldrich) with the polished side facing up, and then 10
times SrCl, (Alfa Aesar, 99.5%) or 20 times KCI (Alfa Aesar, 99%) powders in molar ratio was

placed on the top of the crystal. The crucible was then transferred to a furnace and annealed at
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1150 °C in air for 10 h. After annealing, the crystal was ultrasonically washed in DI water for 1 h

and then washed in methanol and acetone each for 10 min.

Al-doped SrTiOs3 particulate catalysts were prepared in a hydrothermal approach reported by Dong
et al.!! In the synthesis, 0.2 mL of TiCls (Sigma-Aldrich, 99 %) was dropped into a solution in
an ice bath containing 25 mL of deionized water and the 1 g of ethylene glycol surfactant (Alfa
Aesar, 99+%) with 1 mol % (Hydro1%) or 2 mol % (Hydro2%) of AICl3-6H>O (Fisher Scientific)
mixed with the precursors. After magnetic stirring for 5 min, 10 mL of SrCl; solution containing
0.42 g SrCly (Sigma-Aldrich, 99.99%) and 30 ml of LiOH solution containing 2.26 g LiOH
(Sigma-Aldrich, 98%) was added. After stirring for another 30 min, the resulting solution was
transferred to a 100 ml Teflon-lined hydrothermal autoclave (Techinstro). The autoclave was then
heated at 180 °C for 36 h in a furnace. After the heat treatment, the solution was removed and the
resulting precipitate was centrifugated four times at 4000 rpm for 12 min with deionized water and
ethanol, respectively. Finally, the resulting precipitate was dried in an oven at 80 °C overnight.
As for the SrCl, flux treatment, 0.3 g powders as prepared was mixed with SrCl, (Alfa Aesar,
99.5%) in a ratio of 1:10 and annealed at 1150 °C in air for 10 h in an alumina crucible. The
resulting mixture was centrifugated at 4000 rpm for 18 min, four times with deionized water and

then four times with ethanol, and finally dried in an oven overnight.

Photochemical marker reaction. This method employs the photoreduction of Ag” or the photo-
oxidation of Mn?* that leaves insoluble photochemical products on the surface at the sites of the
reactions.'>!* An O-ring was placed on the top of the single crystal sample and its interior volume
was filled with 0.115 M AgNOs; solution or 0.115 M MnSOy solution with unadjusted pH. A
quartz coverslip was then placed on the top of the O-ring to seal the solution without bubbles. The
entire setup was then illuminated under a 150 W Xe lamp (Newport, Irvine, CA). For Ag®
reduction, the sample was illuminated for 20 seconds for (110) crystals and 5 seconds for (100)
crystals. For Mn?* oxidation, the sample was illuminated for 90 seconds for (110) crystals and 60
seconds for (100) crystals. Reaction conditions were adjusted so that the surface was only partially
covered with the products owing to the facts that the (100) surface is much more reactive than the
(110) surface,'>'* and Mn?* oxidation is a relatively slow reaction compared with Ag* reduction.!”
After the illumination, the sample was rinsed in DI water and dried with a stream of argon. Before

carrying out another experiment, the crystal surface would be cleaned with cotton swabs and
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ultrasonically cleaned in acetone and methanol, respectively. The two reactions can be expressed

in the following way:
Aglag t €~ = Ag)

Mn¢f) + 2h* + 2H,0 = MnO,) + 4H*

Before and after the reaction, the surface topography was imaged by atomic force microscopy
(AFM) with a Solver Next AFM (NT-MDT) or an NTEGRA AFM (NT-MDT) operated in semi-
contact mode using a standard AFM probe (NCHR, NanoWorld). The local surface potential was
measured by Kelvin Probe Force Microscope (KFM) using a silicon AFM probe coated with Pt/Ir
(NCHPt, NanoWorld). Before the measurement, the probes were calibrated using an Au (111)

thin film sample. The Gwyddion software package was employed to analyze the data.!®

Photocatalytic water splitting experiment. Photocatalytic water splitting reaction was carried out
using a high-throughput parallelized and automated photochemical reactor (PAPCR).!” The
reactor employs a hydrogen sensitive film whose color will change from light to dark when
exposed to hydrogen. The relationship between the local hydrogen concentration and film
darkness has been calibrated and reported in detail in our previous work (see Chapter 6 and
Appendix 4). The image of the film was captured by a camera fixed on the top of the reactor. To
measure the H, production rate, 10 mg of powder as prepared were placed into a glass vial with
0.4 ml of DI water whose pH was adjusted to pH 5, pH 7, pH 9 and pH 12 by adding nitric acid
(Fisher Chemical) or NaOH (Fisher Scientific). The illumination was provided by two 380 nm
UV LEDs (Chanzon). The whole illumination lasted for 16 h, during which a total of 160 images

were taken, with each image quantifying the hydrogen concentration within each vial.
7.3 Results

In a conventional molten salt process, the salt liquifies above the melting point and then solidifies
on cooling. At the end of the process, the solid salt is the same phase as it was at the start of the
process, but likely containing some impurities. This is a good description of the molten KCl
treatment (or other alkali metal chlorides). However, the SrCl, process is not like this — at the

process temperature, the salt reacts with both the Al,O3 crucible and, to some extent, the SrTiOs.
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By the end of the process, there is no (or very little) SrCl> left in the crucible. When SrCl is
melted in an alumina crucible (even without any SrTiOs3 present), it wets and reacts with the
crucible, forming yellow reaction products on the outer crucible sidewall. The resulting products
were collected by centrifugation and characterized by XRD in Fig. 7-10(a), and it is found that a
large percentage of the salts have reacted with the crucible to form Sr3Al,Os and then Sr;Al,(OH)12
after rinsing in water. Based on the phase diagram of SrO-SrCl, system in Figure 7-11, SrO is
likely to form in the melt and react with AlO3. Because of this, the actual time that the SrTiOs is
in contact with molten SrCl, is much shorter than 10 hours, as the melt composition changes, and

the liquid disappears.

SrTiO; particles were prepared via a hydrothermal method!! with a specific amount of AICI3 added
along with the precursors. SEM images of SrTiO; particles with 1% and 2% AI** added are given
in the first column of Figure 7-1(a), denoted as Hydro1% and Hydro2%. It is assumed that Al
atoms were uniformly distributed within these crystals. After loading RhCrOx cocatalysts (0.1 wt%
Rh and Cr), photocatalytic water splitting experiments have been carried out on Hydro1% and
Hydro2% crystals. However, no H> evolution was detected by the PAPCR either in methanol
solution or in pure water. Next, Hydro1% and Hydro2% crystals were modified by the SrCl, flux
treatment in an Al,O3z crucible. The resulting crystals were referred to as Hydrol%-sA and
Hydro1%-sA shown in Figure 7-1(a) and they have morphologies similar to Hydro1% and
Hydro2%, but their sharp edges become rounded. Again, the RhCrOx (0.1 wt% Rh and Cr)
cocatalyst was loaded. These crystals had significantly enhanced reactivities compared to those
crystals that have not heated in the SrCl, flux. As shown in Figure 7-1 (b) and (c), the water
splitting reactivities of these crystals reached 650 umol g''h"! in pure water. Note that we have
even tried much higher Al concentrations, but they still cannot produce H» in the absence of the
SrCly treatment. The experiment above was inspired by the idea that Al-doping during the
hydrothermal synthesis and during the SrCl flux treatment might lead to a different material. The
results confirmed that, to prepare highly reactive SrTiO3; photocatalysts, both the incorporation of
AI*" and the SrCl, flux treatment are necessary. However, the particles are small, and it is difficult
to directly characterize their surfaces after the flux treatment. Therefore, we reproduced this
experiment by heating SrTiOs single crystal substrates in the flux and compared the surface

properties before and after the flux treatment.
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Figure 7-1: (a) SEM images of Hydro1% and Hydro2% crystals and the resulting crystals after
modifying by SrCl, flux in an aluminum crucible. The scale bar represents 400 nm. (b) and (c)
show mass specific rates (umol g-'h™") of H» generation for Hydro1% and Hydro2% crystals before
and after SrCl, treatment, respectively. The bars represent the standard deviation.

A SrTiO; (110) single crystal purchased from MSE Supplies was annealed in air at 1100 °C for 6
h and a topographic AFM image of its surface is shown in Figure 7-2(a). The surface is made up
of large flat (110) terrace and (100) long step edges.'® The surface potential image, measured with
KFM on the same sample but a different location, is shown in Fig. 7-2(a) and the average surface
potential is determined to be 0.11 V. After the sample was immersed in a AgNO3; (MnSOj)
solution and illuminated, new bright contrast appeared on the surface as shown in Fig. 7-2(c) and
(d), corresponding to reduced metallic silver (Mn oxides). It is observed that the photochemical
reaction is anisotropic that Ag reduction prefers to occur on the (100) edges and Mn oxidation

mainly occurs on the (110) terraces, which is consistent with a previous report.!?
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(110) surface are given in (a) and (b). The average potential is 0.11 V. Images of the surface after
photoreduction of Ag* and photooxidation of Mn?* are shown in (c) and (d). The dark-to-light
vertical contrast is (a): 0 to 3.8 nm, (b): 0.091V to 0.164V, (¢): 0 to 5.7 nm, (d): 0 to 8§ nm.

Another two air annealed SrTiO3 (110) single crystals were treated in molten SrCl, flux and KCI
flux, respectively, and the topographic AFM images of the surfaces are presented in Figure 7-3 (a)
and (e). The surface restructures in both fluxes. For the sample treated in the SrCl, flux, the large
terraces were replaced by very fine terraces as large as a few tens of nanometers with long curved
edges. At the same time, it seems that dislocations were etched in the flux as multiple etch pits
are observed on the surface. We measured the mass of the sample before and after the SrCl, flux
treatment and found that the mass was reduced from 0.0653 g to 0.0630 g (~3.5% loss), indicating
that some of the crystal dissolves in the flux, revealing a new surface. For the sample treated in
the KCI flux, the large (110) terraces remain, but are no longer flat, and many fine rectangular
facets appear on the original terrace. The newly appearing facet is about 200 nm long and 20 nm
wide. Unlike the SrCl flux, there is no obvious change of mass during the KCl flux treatment.
The surface potential was measured on the two samples (on a different location) with KFM, and
the corresponding potential images are shown in Figure 7-3(b) and (f). It is found that both flux
treatments decrease the surface potential: the SrCls treated (110) surface has a mean potential of.
-0.27 V, and the KCl treated (110) surface has a mean potential of -0.032 V. The photochemical

reactivities of the flux treated surfaces were studied with marker reactions. After the SrCl, flux
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treatment, the photoreduction of Ag* and photooxidation of Mn?* were both enhanced, as shown
in Figure 7-3(c) and (d). Under the same illumination conditions, small Ag or MnO; particles
uniformly deposit all over the surface. Larger and more widely separated particles are also found.
However, the reactivity seems to be isotropic, and no spatial selectivity was resolved. After the
KClI flux treatment, shown in Fig. 7-3(g) and (h), the cathodic reactivity seems to increase slightly,

but the anodic reactivity remains low.

- T 2 5 -
e ks 2 = - o A ' - b

Figure 7-3: Topographic AFM images of air annealed SrTiO3 (110) single crystal surfaces after
treating in molten (a) SrCl, flux and (¢) KCI flux. Surface potential images were recorded on the
same sample, but different locations are shown in (b) and (f). The average potential is determined
to be (b): -0.27 V and (f): -0.032 V. Panel (¢) and (d) show AFM images of the SrCl» treated (110)
surface after Ag* photoreduction and Mn?* photo-oxidation. Panel (g) and (h) show AFM images
of the KCl treated (110) surface after Ag" photoreduction and Mn?* photo-oxidation. The dark-
to-light vertical contrast is (a): 0 to 4 nm, (b): -0.33 to -0.22 V, (¢): 0 to 15 nm, (d): 0 to 5.4 nm,
(e): 0 to 4.7 nm, (f): —0.055 t0 0.024 V, (g): 0 to 9 nm, (h): 0 to 7 nm.

The same experiments have been carried out on SrTiOs; (100) single crystal surface as well.
Topographic AFM images of the surface of SrTiO; (100) single crystal that was annealed in air at
1100 °C for 6 h is shown in Figure 7-4(a). The annealing leads to the formation of (100) terraces
and steps mostly oriented in the <100> direction. A KFM image is given in Fig. 7-4(b) and the
average surface potential is determined to be 0.18 V. The (100) surface was reported to be

bifunctional and here we found that the surface is highly reactive for both the photoreduction of

Ag" and the photo-oxidation of Mn?*, as shown in Figure 7-4 (c¢) and (d). It is found that metallic
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Ag deposits prefer to accumulate near the step edges and MnO, deposits nucleated all over the
terrace. Itis noted that the (100) surface can be terminated by a TiO; or SrO plane,'® and Paradinas
measured a potential difference of the two terminations to be 45 = 10 mV.!"> A more recent study
by Sharma et al. found that water splitting reaction can proceed on (100) surface only when the
two terminations coexist, and SrO surface provides the reaction sites and TiO, surface affects the
electronic band alignment.?’ This might explain the spatial distribution of the photochemical

products observed in our experiment.

& 4{'4"&.‘

Figure 7-4: Topographic AFM image and KFM surface potential image of an air annealed SrTiO3
(100) surface are given in (a) and (b). The average potential is 0.18 V. Images of the surface after
photoreduction of Ag" and photooxidation of Mn?* are shown in (c¢) and (d). The dark-to-light
vertical contrast is (a): 0 to 2.3 nm, (b): 0.15 V t0 0.219 V, (¢): 0 to 7 nm, (d): 0 to 4.5 nm.

The SrCl; and KCI flux treatments were carried out on air annealed SrTiO3 (100) single crystals
and the topographic AFM images of the surfaces are shown in Figure 7-5 (a) and (e). Like the
results on the (110) surface, both flux treatments led to a change of the surface structure of the
(100) surface. After the sample was treated in the SrCl; flux, as shown in Fig. 7-5(a), the original
terraces merged and formed new terraces as wide as 100 nm with long wavy edges. After the
sample was treated in the KCl flux, the original terraces remain but new long straight steps appear
that cross the surface. The KFM images are given in Fig. 7-5(b) and 5(f) and the averaged surface
potential of the (100) surface after treating in the SrCl, flux or the KCI flux was determined to be
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-0.063 V and 0.12 V, respectively. Again, the crystal slightly dissolved in the SrCl, flux in which
the mass was reduced from 0.0635 g to 0.0602 g (~5.2% loss), but the crystal mass remains
unchanged after the KCI flux treatment. Photochemical properties of the two samples were
explored via marker reactions. It is found that, after the SrCl> flux treatment, as shown in Fig. 7-
5(c) and (d), the photoanodic reactivity is almost terminated and the photocathodic reactivity is
also reduced significantly. Furthermore, the spatial distribution of the reaction products disappears
as Ag particles uniformly deposit over the surface. As for the KCI flux treated sample, Ag deposits
only accumulate near the newly formed steps as shown in Fig. 7-5(g), but MnO; only nucleate
along the original terraces (see 7-5(h)). Photochemical reactivities of the six samples are grouped
into three categories by counting the number of deposits in a 1 pm? squared region and shown in
Table 7-1 and Figure 7-6, along with the surface potentials measured via KFM. Photochemical
reactivities are grouped into three categories by counting averaged deposits in a 1 um? box region:

High reactivity (>10 deposits), Mid reactivity (5~10 deposits) and Low reactivity (<5 deposits).

Treated in SrCl, Flux Treated in KCI Flux
SurfPoti Q] AR

. A0 MR
\ D .‘\‘; L\\N x':':
Al L =
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Figure 7-5: Topographic AFM images of air annealed SrTiO3 (100) single crystal surfaces after
treating in molten (a) SrCl flux and (e) KCl flux. Surface potential images were recorded on the
same sample, but different locations are shown in (b) and (f). The average potential is determined
to be (b): -0.063 V and (f): 0.12 V. Panel (¢) and (d) show AFM images of the SrCl, treated (100)
surface after Ag" photoreduction and Mn?* photo-oxidation. Panel (g) and (h) show AFM images
of the KCl treated (100) surface after Ag" photoreduction and Mn?* photo-oxidation. The dark-
to-light vertical contrast is (a): 0 to 2.3 nm, (b): -0.078 to 0.005 V, (c): 0 to 7.2 nm, (d): 0 to 4.7
nm, (¢): 0 to 7.4 nm, (f): 0.099 to 0.13 V, (g): 0 to 16.6 nm, (h): 0 to 11 nm.
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Table 7-1: Photochemical reactivities and

surface potential of the six SrTiOs single crystal

surfaces.
Sample Air annealed SrCl, treated KCl treated
cathodic anodic cathodic anodic cathodic anodic
STO(100) High High Mid Low Low High
181 mV -62.9 mV 117 mV
STO(110) Low | Mid High |  High Low | Low
110 mV -271 mV -323 mV

Reactivity

—a— cathodic
—e— anodic

T T T T
-300 -200 -100 0 100 200
Surface Potential (mV)

Figure 7-6: Summaries of the photochemical reactivities and surface potentials of the six samples
in Table 7-1.

XPS spectra were recorded on the surfaces of the six samples to study the surface compositions
and chemical states. Figure 7-7 shows the high-resolution O 1s spectra. The O 1s spectrum can
be deconvoluted into two peaks, a primary peak is attributed to Ti-O bonding at 531.2 eV and a
second peak is attributed to surface hydroxyl groups (-OH) at 533.7 ¢V,?!>2 shown in Fig. 7-7(a)
and (d). The percentage of oxygen bonded in an -OH state is determined to be 24.9% and 28.3%
for (100) and (110) air annealed crystals, respectively. After treating the crystals in the flux, the
peaks shift about 1.6 eV to a lower binding energy, and this might imply a change of electrical
conductivity on the surface. It is found that the surface hydroxyl group density increases after both
flux treatments. After the SrCl> flux treatment, shown in Fig. 7-7(b) and (e), the hydroxyl group
density increases to 39.3% and 52.3% for (100) and (110) oriented crystals. After the KCI flux
treatment, shown in Fig. 7-7(c) and (f), the hydroxyl group density increases slightly to 29.6% and
36.2% for (100) and (110) oriented crystals.
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Figure 7-7: High resolution O 1s XPS spectra of air annealed (a) (100) and (d) (110) single crystal
surfaces, SrCl, flux treated (b) (100) and (e) (110) single crystal surfaces and KCl flux treated (c)
(100) and () (110) single crystal surfaces. The peaks for oxygen atoms bonded in Ti-O and -OH
are filled in red and blue, respectively.

High resolution Sr 3d and Ti 2p XPS spectra are given in Figure 7-8 and Figure 7-9. The Sr
spectrum is composed of two doublets located at 134.6 eV and 136.3 eV, corresponding to 3ds,
and 3ds». The doublets in the Ti spectrum located near 460.1 eV and 466 eV can be assigned to
2p32 and 2pi2 of Ti*". Note that, unlike powdered SrTiOs; samples,’ there is no detectable Ti**
species in our single crystal samples, implying it is more stoichiometric. The Sr/Ti atomic ratios
were determined from the ratio of the integrated intensities of the Sr 3d and Ti 2p spectra. The
ratio is determined to be 0.876 and 0.861 for air annealed (100) and (110) single crystals,
respectively, meaning a Ti-rich (Sr-depleted) surface. This can be understood since the vapor
pressure of SrO is significantly higher than TiO; at the annealing temperature,>3?* so that part of
the SrO may escape from the crystal surface during annealing. The two flux treatments change
the surface composition in an opposite way. The Sr/Ti ratio is measured to be 0.877 and 0.928 for
the SrCl» flux treated (100) and (110) single crystal surfaces, respectively, suggesting that the SrO
surface is stable in this flux and the Sr concentration might be slightly increased. However, the
KCI flux treatment will further remove Sr species from the surface, during which the St/Ti ratio is

reduced to 0.697 and 0.735 for (100) and (110) surfaces, respectively. A summary of the XPS
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data of the three samples is given in Table 7-2. Note that we have also tried to measure Al, K and

Cl but cannot detect their signals via XPS, indicating the concentrations of these elements are very

low on the surface.
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Figure 7-8: High resolution Sr 3d XPS spectra of air annealed (a) (100) and (d) (110) single
crystal surfaces, SrCl, flux treated (b) (100) and (e) (110) single crystal surfaces and KCI flux

treated (c) (100) and (f) (110) single crystal surfaces. The peaks for strontium atoms bonded in
3dsp and -3d3. are filled in purple and orange, respectively.
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crystal surfaces, SrCl, flux treated (b) (100) and (e) (110) single crystal surfaces and KCI flux

treated (c) (100) and (f) (110) single crystal surfaces. The peaks for oxygen atoms bonded in 2p3.
and 2p1. are filled in green and brown, respectively.

Table 7-2: Sr/Ti ratios and surface hydroxyl groups concentrations of the six samples determined
with the XPS spectra.

Treatments Sr/Ti -OH%

(100) (110) (100) (110)
Air annealed 0.876 0.861 24.9% 28.3%
SrCl; treated | 0.877 ‘ 0.928 | 39.3% ‘ 52.3%
KCl treated | 0.697 ‘ 0.735 | 29.6% ‘ 36.2%

To further explore the SrCls flux treatment, an in-situ experiment has been performed using a high
temperature confocal laser scanning microscope (CLSM). A small piece of (100) SrTiOs crystal
was cut from the substrate and transferred to a small platinum crucible together with SrCl, salt.
The crucible was first heated to 900 °C to liquify the salt, shown in Figure 7-10 (a), and then held
at 1125 °C for observation in an argon atmosphere. After 5 min, a new phase with brighter contrast
appeared near the SrTiOs crystal edge, labeled with an arrow in Fig. 7-10 (b). In the following 10
minutes, this new phase grew rapidly, exhibiting well defined facets, shown in (c) to (g), and
almost covered the entire crystal surface. Later, the new phase shrinks in seconds, and the SrTiO3

crystal surface is visible again. The whole experiment is about 1 hour. After cooling the crucible,
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we found that the crystal color changed from semi-transparent light yellow to black, suggesting a
much higher oxygen vacancy donor concentration. I tentatively assume the appearing phase to be
SrO. From the SrCl,-SrO phase diagram by Neumann et al,>> see Figure 7-12, SrO is soluble in
the SrCl> melt, explaining why the appearing phase dissolves soon afterwards. Recall that there is
no or very little amount of O in the atmosphere, the oxygen atoms should come from the crystals.
This implies that the SrCl, flux treatment would induce a much higher oxygen vacancy

concentration, consistent with the blackening of the crystal. But note that the Py, is so different in

this experiment, it does not really fit in with the experiments described in the earlier sections.

Figure 7-10: Images of a (100) SrTiO; crystal in molten SrCl flux in a Pt crucible captured
with a confocal laser scanning microscope.

7.4 Discussion

The results here clearly illustrates that the SrCl, flux has a significant influence on the surface
structure and chemical compositions of SrTiOz. The first apparent difference between SrCl, and
KCl is that the SrTiOj3 surface slightly dissolves in the molten SrCl, flux with a consistent 3% ~
5% mass loss. There is no detectable loss of mass in the KCI flux. Yamakata et al. proposed that
SrTiOs dissolves and recrystallizes in the SrCl> flux, so that the crystal morphology changes, and
the crystallinity is improved.? However, considering that particle shape and size is not
significantly changed by the flux treatment, as shown in Figure 7-1(a), it is not feasible that the
particle completely dissolves and recrystallizes. Based on the results here, a small amount of
material dissolves in the flux, and likely diffuses between crystals in the liquid media. At the same

time, the mean particle size will increase as the total energy will decrease with the total surface
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area, which is known as particle coarsening and Ostwald ripening.?® Therefore, after the flux
treatment, the total number of small particles will decrease and the average particle size will

increase.

To eliminate the complication of the reaction with the alumina crucible, we also treated a SrTiO3
single crystal substrate in molten SrCl; in a platinum crucible. In this case, the SrCl, remained in
the crucible and, as shown in XRD (see Fig.7-10(b)), was still SrCl at the end of the experiment.
However, in this case, the crystal dissolved almost completely in the salt. Based on these
observations, we reach the following conclusions. First, given sufficient time, SrTiO3 will dissolve
in molten SrClo. However, when SrTiOs is heated in the presence of liquid SrCl; in an alumina
crucible, there is a side reaction with the crucible that depletes the molten salt after dissolving only

a small amount of the SrTiOs.

(a) SrCl, in AL,O, crucible (b) SrCl, in Pt crucible
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Figure 7-11: XRD patterns of the resulting materials by heating SrCl in (a) an alumina crucible
and (b) a platinum crucible at 1150 °C for 10 h. The materials were collected by centrifugation
using deionized water.
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The XPS spectra indicate that the flux treatment leads to a hydroxyl-rich surface, and the KFM
studies suggest that the flux treatment decreases the surface potential, and the SrCl, flux has a
stronger influence than the KCI flux. The hydroxyl concentrations have been correlated to the
surface potentials of the six samples, plotted in Figure 7-13(a), indicating that hydroxyl groups
induce a negative (anodic) surface, which is consistent with the results by Zhu et al.??> Past studies
agree that surface hydroxyl groups are good hole traps, promoting the anodic reaction and
elongating the charge carrier lifetime.?’?® Secondly, surface hydroxyl groups are determined to
be one of the primary water adsorption sites since the protonated lattice oxides easily form
hydrogen bonds with water molecules.?*?° In our case, we only load reduction cocatalysts so that
the anodic reaction is supposed to occur on the SrTiO3 surface. Since the overall reaction rate
depends on the slower one of the two half reactions, the promotion of the photoanodic reaction
driven by the hydroxyl-rich surface will improve the overall reaction rate. It is also concluded that
this effect is orientation dependent; from the KFM data in Fig 7-13(b), the potential of the (110)
surface is reduced much more than the potential of the (100) surface. This will increase the
potential difference between the two oriented surfaces from 0.07 V to 0.21 V, a situation that
enhances the charge separation inside the particle. Su et al. measured surface charge on (100) and
(110) facets of SrTiOs particles, and the potential difference between the two surfaces is measured
to be 40 mV *? a little lower than our measurement (70 mV). This is reasonable since we measured

the potential in air, and solution species might adsorb to the surface and compensate the charge.
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It is plausible to assume a larger potential difference between the two surfaces on a SrCl, flux

treated SrTi0; particle, which is beneficial to photocatalytic reactivity.
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Figure 7-13: (a) Surface hydroxyl groups concentrations (shown in bars) and surface potential
(shown in dots) of the six samples. (b) Schematic illustration of the change of surface potential
induced by the molten SrCl> and KCl1 flux treatment. (c¢) Schematic illustration of the two possible
mechanisms of the hydroxyl group-rich surface.

It is interesting to speculate about how the SrCl, flux produces a surface with a high density of
hydroxyl groups. When water adsorbs and dissociates on SrTiOs surface, a hydroxyl group can
bond to a strontium site (Sr-OH), a titanium site (Ti-OH) or directly occupy at an oxygen site (O-
H).?* Several works point out that Sr-rich surfaces are more easily hydroxylated compared with
Ti-rich surfaces, so that increasing Sr/Ti atomic ratio on the surface might contribute to the
increased hydroxyl concentration. However, based on the XPS data in Table 7-2, the changes of
surface hydroxyl concentration and Sr/Ti are not proportional, implying another factor influences
the system. Herein, we provide a possible explanation for the change of surface chemistry.
Because of the mismatch between the Sr/Ti composition variation and the increase of hydroxyl
group concentration, we assume these newly appearing hydroxyl groups should directly occupy
an oxygen site. One possibility is that the SrCl, flux treatment removes oxygen atoms and leaves
oxygen vacancies on the surface, and then hydroxyl groups directly occupy the vacancies during
rinsing in water. This is supported by the finding from Fig. 7-10 that the flux might extract oxygen

from the crystal to form SrO. In this case, molecular water can serve as an oxidizing agent, filling
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the vacancy and transferring a proton to an adjacent oxygen atom, forming a pair of hydroxyl
groups.®!32 This effect has also been observed on the BaTiOs surface.’® Another hypothesis is
that the surface oxygen atoms are firstly replaced by CIl, and then replaced by hydroxyl groups,
leading to the same result. And the CI replacement hypothesis appears to depend on the cation of
the salt, as SrCl» leads to greater OH% than KCI. A schematic of these two possible routes is
shown in Figure 7-13 (c).

7.5 Conclusion

The influence of the molten SrCl; flux treatment on the surface of SrTiO3 has been studied. It is
found that, in Al,Os3 crucibles, a small amount of the crystal dissolves in the flux, reducing the
mass of the crystal by 3% to 5%. KFM studies indicate that the treatment reduces the surface
potential, and the potential drop depends on crystallographic orientation. Therefore, the potential
difference between (100) and (110) surfaces increases from 0.07 V to 0.21 V, building a much
stronger electric field inside the particle and promoting charge separation. Besides, the decrease
of surface potential is proportional to the increase of surface hydroxyl group concentration.
Because hydroxyl groups serve as hole traps and contribute to the photoanodic half reaction, the

rate limiting step for SrTiOs, the overall reactivity is improved.
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Chapter 8: Space Charge Engineering via Defect

Compensation for Enhanced Photocatalytic Reactivity

Following Al-doped SrTiO3, we have discussed the role of the molten SrCl; flux in Chapter 7, in
this chapter, we are moving to the dopant effect. One question that we are going to answer is that
if AP* is truly special or if we could employ other elements to get a similar reactivity. Herein, we
compare AP* with Mg>* and Ga**. Mg®" and AF* have a similar ion’s radius, and Ga’* has the
same valence as AP*. It is found that all three elements contribute to the reactivity and the result
is strongly influenced by doping concentration. At the end of this chapter, we provide a

compensation model to explain the doping effect from the perspective of defect chemistry.
8.1 Introduction

The introduction of foreign ions to a host material, referred to here as doping, is a widely employed
method to improve the performance of semiconductor based photocatalysts.!> For example,
doping can modify the crystal defect structure, reduce the concentration of recombination centers
and increase the charge carrier lifetime.>> Takata et al. demonstrated that doping SrTiOs with a
lower valence cation could modify the defect structure and enhance its photocatalytic reactivity.®
Sakata et al. doped numerous divalent cations into Ga>O3 and found that Zn?>* gave a remarkable
efficiency for water splitting, which is ascribed to the increased hole concentration.” Another
application of doping foreign elements is to sensitize wide band gap materials for visible light
response.! For example, co-doing iridium ions and alkaline earth metal ions into NaNbOs3 and
NaTaOs contributes to their photocatalytic reactivity in the visible light region.® Kim et al. found
that the substitution of Pb*" into layered perovskites is a general strategy for visible light
sensitization for these ultraviolet (UV)-active materials.” Moreover, a Rh-doped SrTiO;
photocatalyst loaded with a Pt cocatalyst had a quantum yield of 5.2% at 420 nm for H, evolution,'°

and this approach has been confirmed to work for CaTiO3 as well.!!

Dopant concentration is also known to affect the photocatalytic reactivity. Sakata et al. examined
the effects of Na™ and found that 2 atomic% Na added to SrTiO3 has the most favorable reactivity.'?

Zhao et al. observed a volcano-like dependence on Al concentration on the hydrogen production
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rate for Al-doped SrTiOs prepared with a hydrothermal approach.!? Hideki et al. have studied NiO
loaded NaTaOs with a La doping concentration from 0% to 10% and found that 2% La-doped
sample shows the highest reactivity for water splitting.'* The photocatalytic hydrogen production
rates of Ba-doped La>Ti,O7 also depend on doping concentration, and the highest reactivity is
reached when 8% Ba is added.’> As for Zn-doped Ga»O3, 1 mol% has been determined to be the
optimal doping concentration for water splitting.” All the studies here demonstrate that the photo
reactivity would first increase with dopant concentration, reach a maximum at an optimal
concentration, and decrease at higher concentration. One motivation of this study is to understand
the universal physical interpretation of the optimal doping concentration from the perspective of

defect chemistry.

In this work, we studied the photocatalytic water splitting reactivities of acceptor doped SrTiO3, a
well-known material whose defect chemistry has been thoroughly studied in past decades.'® AI**
has been determined to be a suitable dopant to improve the photocatalytic performance of SrTiOs,
and numerous works have been reported on it.'’2° In this study, we investigated the effect of AI**
along with Mg?* and Ga*", as all of them would occupy Ti*" sites and serve as acceptor dopants.
The catalysts were prepared with a hydrothermal approach, followed by a molten SrCl, flux
treatment, and the hydrogen production rates were measured with a parallelized and automated
photochemical reactor (PAPCR) either in pure water or in aqueous methanol solution. It is found
that the three dopants contribute to the reactivity, and the doping effect strongly depends on dopant
concentration and crucible materials. Brouwer diagrams were obtained by simulating the
concentrations of point defects as a function of oxygen partial pressure. It is suggested that the
introduction of AI**, Mg?*, and Ga*" could reduce the free electron concentration and lower the
Fermi level, and the optimal reactivity is close to a situation where the oxygen vacancy donors are

fully compensated by acceptors.
8.2 Experimental Methods

SrTiOs particles were prepared in a hydrothermal method modified from Dong et al.?! 0.2 ml of
pure TiCls (Sigma-Aldrich, 99%) was dropped into a solution in an ice bath containing 25 ml of
DI water and ethylene glycol (Alfa Aesar, 99+%) as surfactant. The choice of the surfactant is

based on our previous work showing that it yields a suitable crystal shape for charge separation.??
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After magnetic stirring for 5 min, 10 ml of 0.265 M SrCl; solution containing 0.42 g SrCl (Sigma-
Aldrich, 99.99%) and 30 ml of 3 M LiOH solution containing 2.16 g LiOH (Sigma-Aldrich, 98%)
was added. Specific amounts of AlICl3-6H>O (Fisher Scientific, 99%), MgCl, (Sigma-Aldrich,
anhydrous, >98%) or GaCl; (Alfa Aesar, ultra-dry, 99.999%) was added along with SrCl; to yield
a concentration of 1%, 2%, 3%, 5%, and 10%. After stirring for another 30 min, the resulting
solution was transferred to a 100 ml Teflon-lined hydrothermal autoclave (Techinstro). The
autoclave was then heated at 180°C for 36 h in a furnace. After annealing, the solution was
removed and the resulting precipitate was centrifugated four times at 4000 rpm for 12 min with
deionized water and ethanol, respectively. Finally, the resulting precipitate was dried in an oven
at 80 °C overnight. To conduct the SrCl, flux treatment, 0.3 g of as prepared doped SrTiO3
powders were mixed with SrCl> (Alfa Aesar, 99.5%) in a ratio of 1:10 and annealed at 1150 °C in
air for 10 h in an alumina crucible (Sigma-Aldrich, Coors™ high-alumina, 50 ml), a platinum
crucible (Sigma-Aldrich, 30 ml), or a magnesia crucible (MSE Supplies, 30 ml). The resulting
mixture was centrifugated at 4000 rpm for 18 min, four times with deionized water and then four
times with ethanol, and finally dried in an oven overnight. The catalysts in this work will be
denoted as “Dopant-Dopant addition-s-Crucible materials”. For example, Al3-sP represents Al-

doped samples with a 3% Al added that have been heated in the SrCl, flux in a platinum crucible.

RhCrOy cocatalysts were deposited (0.1 wt% Rh and 0.1 wt% Cr) on all samples with an
impregnation method described elsewhere.”> 50 mg of as prepared powdered samples were
dispersed into 0.5 ml of deionized water containing appropriate amounts of Na3RhCls (Sigma-
Aldrich) and Cr(NOz3)3-6H20 (Sigma-Aldrich, 99%) to yield 0.1 wt% Rh and Cr. The suspension
was evaporated in a boiling water bath under constant manually stirring. The resulting powders

were collected and heated at 350 °C for 1 h.

Scanning Electron Microscopy (SEM) images were obtained to determine the morphologies of all
samples using a FEI Quanta 600 with a 30 kV accelerating beam and a spot size of 3. An Oxford
full analytical XMAX 80mm SDD EDX detector was equipped on the SEM for chemical
composition analysis (EDS). Inductively coupled plasma optical emission spectroscopy (ICP-
OES) was carried out at Element Technology to determine the dopant concentration.
Photocatalytic hydrogen generation rate was measured with a high-throughput method using a

Paralyzed and Automated Photochemical Reactor (PAPCR).?2?*23 In a typical measurement, 10
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mg of as prepared powders were added into a 1 ml glass vial together with 0.4 ml pH 7 DI water
or 10% methanol solution with unadjusted pH. The illumination was provided by two high power
380 nm UV LED chips (Chanzon). Brouwer diagrams of Al-doped SrTiO; were plotted by
simulating the concentration of the point defects using a python script modified from a code on
co-doping BaTiOs developed Ryu et al.?*?” The code employs NumPy and SciPy packages on
solving the electroneutrality condition equation as a function of oxygen partial pressure. The mass-

action-law parameters were taken from Yoo et al.?®
8.3 Results

A SEM image of undoped SrTiO; prepared via a hydrothermal method is given in Figure 8-1.
Particles exhibit (100) and (110) facets at a suitable ratio that promotes charge separation and a
diameter around 500 nm. However, the photocatalytic reactivity of these undoped particles are
low and we cannot detect the hydrogen production from these powders with the PAPCR, consistent
with previous work.??> The particles were then heated in the molten SrCl, flux in an alumina
crucible, a platinum crucible, or a magnesia crucible, denoted as Undoped-sA, Undoped-sP and
Undoped-sM. SEM images of the flux treated particles are given in Figure 8-1, and particles that
have been flux treated in different crucibles have different morphologies. For particles flux treated
in an alumina crucible, they basically retain the original shape. But, the (110) facets became
rougher, and the particle edges are less defined. For particles flux treated in a platinum crucible,
they grew much larger to several microns. It seems that the large flat (110) no longer exist, and
the particles exhibit stacks of (100) layers growing off (100) facets of a central cube. Based on
the results in Chapter 7, these crystals (-sP) likely undergo a dissolution-recrystallization process.
For particles flux-treated in a magnesia crucible, they adopt shapes like an intermediate between
the last two discussed, where the (110) facets compose of large evenly spaced straight steps along

<100> direction.
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Undoped

Undoped-sA

Figure 8-1: SEM images of hydrothermally synthesized pure SrTiO; particles, denoted as
“undoped”. The particles were than treated in a molten SrCl; flux in an alumina crucible, a
platinum crucible, and a magnesia crucible, denoted as “undoped-sA”, “undoped-sP” and
“undoped-sM”. Scale bars represent 500 nm.

Al-doped SrTiO; were prepared by introducing specific amounts of AICIl; along with the
hydrothermal synthesis precursors to yield particles with 1% Al, 2% Al, 3% Al, 5% Al and 10%
Al added, denoted as All, Al2, Al3, Al5 and Al10, respectively. Although, this does not actually
mean that such an amount of AI** was doped into the crystals; the actual doping concentration
should increase with the dopant addition until the solubility limit is reached. Next, the crystals
were treated in the molten SrCl, in an alumina crucible, a platinum crucible, or a magnesia crucible,
denoted as -sA, -sP and -sM, and the SEM images of the resulting particles are given in Figure 8-
2. The particle morphologies are generally consistent with those in Figure 8-1. SrCl, flux
treatment in a platinum crucible yields larger particles and a layered feature on the surface.
Particles that have been flux treated in an alumina crucible basically keep the original shape. While
for those that were flux treated in a magnesia crucible, they are relatively irregular exposing

stepped (110) facets. The amount of Al added seems to have little influence on the final shape.
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Al10-sP

Al10-sM
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Figure 8-2: SEM images of Al-doped particles that have been treated in the SrCl flux in a
platinum crucible (-sP), an alumina crucible (-sA) and a magnesia crucible (-sM). The numbers
represent Al dopant additions. The scale bar represents 500 nm.

Photocatalytic hydrogen production rates of the 15 SrCl flux treated Al-doped SrTiOs crystals
were measured using the PAPCR in pH 7 deionized water or 10% methanol solution with an
unadjusted pH. The maximum production rates were plotted in Figure 8-3 as a function of Al
dopant addition (not the actual doping concentration). Particles that have been flux treated in an
alumina crucible are much more reactive than those treated in a magnesia crucible or a platinum
crucible. However, it seems that the Al addition has a relatively weak effect on the reactivity if
the flux treatment was carried out in an alumina crucible. Flux treatment in a platinum crucible
yield the lowest reactivity, and we cannot detect the hydrogen production using the PAPCR until
10% AI** was introduced into the precursors. Flux treatment in a magnesia crucible gives the
intermediate reactivity, and the reactivity generally increases with the AI*" addition. Adding
methanol as hole scavenger will contribute to the reactivity for all samples, consistent with
previous reports.?’ Recall that the SrCl, flux might dissolve AI** from the alumina crucible, as we
have discussed in Chapter 7, and this explains that why the reactivity is almost the same even if

AICIl; was not added to the precursors.
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Figure 8-3: Photocatalytic maximum hydrogen production rates of Al-doped SrTiOs crystals in
(a) pH 7 DI water and (b) 10% methanol as a function of Al addition. The crystals have been
treated in the molten SrCl; flux in an alumina crucible, a magnesia crucible, or a platinum crucible.
The bars represent standard deviations.

Mg-doped and Ga-doped SrTiO3; were prepared by mixing specific amount of MgCl, or GaCls into
the precursors of the hydrothermal synthesis. Again, the dopant additions were controlled to be
1%, 2%, 3%, 5% and 10%. SEM images of the 15 Mg-doped SrTiO3 images are shown in Figure
8-4 and the particle morphologies are slightly different from the Al-doped crystals. For example,
Mg-doped samples flux treated in a platinum crucible have a layer-stacking feature, but we can
still identify hexagonal (110) facets in Mgl-sP and Mg2-sP. Besides, for crystals that have
undergone a SrCl> flux treatment in a magnesia crucible, the (110) facets in Mg-doped samples
have fewer steps compared with Al-doped samples. Again, flux treatment in an alumina crucible
maintain the original morphology. Photocatalytic hydrogen production rates of the 15 Mg-doped
SrTiO3 were measured and shown in Figure 8-5, and they are more reactive in general, than their
Al-doped counterparts (see Fig 8-3). When the flux treatment was carried out in an alumina
crucible, Mg-doped samples basically produce hydrogen at a similar level as Al-doped samples.
However, when the flux treatment was carried out in a magnesia crucible and platinum crucible,
Mg-doped samples are much more reactive than Al-doped samples flux-treated in those crucibles
(though these are still less reactive than samples flux treated in alumina crucibles). Furthermore,
a volcano-like trend is observed that the reactivity increases with the Mg?* addition, reaching a
maximum at 3%, and then decreases at higher Mg?* additions when using Pt or MgO crucibles.

This is true in both pure water and 10% methanol solutions.
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Figure 8-4: SEM images of Mg-doped particles that have been treated in the SrCl, flux in a
platinum crucible (-sP), an alumina crucible (-sA) and a magnesia crucible (-sM). The numbers
represent Mg dopant additions. The scale bar represents 500 nm.
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Figure 8-5: Photocatalytic maximum hydrogen production rates of Mg-doped SrTiOs crystals in
(a) pH 7 DI water and (b) 10% methanol as a function of Mg addition. The crystals have been
treated in the molten SrCl; flux in an alumina crucible, a magnesia crucible, or a platinum crucible.
The bars represent standard deviations.

SEM images of the 15 flux treated Ga-doped SrTiO; crystals are given in Figure 8-6. Their

morphologies are basically the same as Al-doped samples, depending on the type of crucibles for

the flux treatment. The photocatalytic hydrogen production rates are plotted in Figure 8-7 as a
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function of Ga addition. Consistent with the results in Fig. 8-3 and Fig. 8-5, samples heated in an
alumina crucible will give the best reactivity. Unfortunately, the hydrogen productions are very
low for Ga-doped samples flux treated in either a platinum crucible or a magnesia crucible. The

influence of the doping concentration of Ga*" is not obvious in this experiment.

Ga10-sM

- .

Figure 8-6: SEM images of Ga-doped particles that have been treated in the SrCl, flux in a
platinum crucible (-sP), an alumina crucible (-sA) and a magnesia crucible (-sM). The numbers
represent Ga dopant additions. The scale bar represents 500 nm.
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Figure 8-7: Photocatalytic maximum hydrogen production rates of Ga-doped SrTiOs3 crystals in
(a) pH 7 DI water and (b) 10% methanol as a function of Ga addition. The crystals have been
treated in the molten SrCl; flux in an alumina crucible, a magnesia crucible, or a platinum crucible.
The bars represent standard deviations.

Recall that the numbers describe the amount of dopant added into the precursors. To investigate
the actual doping concentration, ICP-OES analysis has been carried out on selected samples. A
total of five samples were measured and the corresponding doping concentrations were given in
Table 8-1. All, Mgl, Mg3 and Ga3 represents hydrothermal doped crystals without the SrCl»
treatment. The letters represent the type of dopant added, and the number represent the dopant
additions: 1%, 1%, 3% and 3%. Undoped-sA corresponds to hydrothermal particles without any

dopants introduced that have been treated in the molten SrCl; flux in an alumina crucible.

Table 8-1: Molar ratios determined by ICP-OES of selected SrTiOs crystals.

Sample M% / M% + Ti%)
All 0.044%

Mgl 0.24%

Mg3 1.01%

Ga3 0.36%

Undoped-sA 2.58%

The dopant concentration of the rest of the samples were estimated with the number in Table 8-1,

assuming that the dopant concentration is proportional to dopant addition, and given in Table 8-2:
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Table 8-2: Molar ratios of the 15 hydrothermally doped SrTiOs3 crystals estimated from the data
in Table 8-1. These crystals were not treated in the SrCl, flux.

Sample Al% Sample Mg% Sample Ga%
Al% + Ti% Mg% + Ti% Ga% + Ti%

All 0.044% Mgl 0.24% Gal 0.12%

Al2 0.088% Mg2 0.63% Ga2 0.24%

Al3 0.13% Mg3 1.01% Ga3 0.36%

Al5 0.22% Mg5 1.49% GaSs 0.60%

All10 0.44% Mgl0 2.98% GalO 1.2%

A plausible assumption is that the platinum crucible won’t introduce impurities into the samples,
therefore we employ the numbers in Table 8-2 as the doping concentration for those samples that
have been SrCl; flux treated in a platinum crucible (-sP). Their photocatalytic hydrogen
production rates were plotted in Figure 8-8 as a function of doping concentrations. The data for
undoped-sA, pure SrTiOs particles that were flux treated in an alumina crucible, was added to the
figure as a hollow square. In this way, it is easier to compare the influence of the dopant elements
and doping concentration. If the SrCl, flux treatment is carried out in a platinum crucible, Mg?*
is definitely the best dopant, and Ga*" is the worst one. Another important finding is that the three
dopants have different optimal doping concentration. As for Al-doped samples, the hydrogen
production rate will increase with the doping concentration and the maximum reactivity is
achieved at a number greater than 2.5%. However, as for Mg-doped samples, the optimal
reactivity is observed at 1%, much lower than Al-doped ones. For Ga-doped samples, it is found
that the reactivity increases with doping concentration, but we cannot confirm its optimal
concentration using the data here. Note that, we assume concentration is constant before and after
the flux treatment in a platinum crucible. But the dopants might dilute or concentrate owing to the

dissolution/precipitation in the melt or the change of oxygen vacancies.
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Figure 8-8: Photocatalytic maximum hydrogen production rates in DI water of Al-doped, Mg-
doped, and Ga-doped SrTiOs crystals as a function of doping concentration. The undoped samples
flux treated in an alumina crucible is plotted as an empty square. The rest of the samples were
flux treated in a platinum crucible. The measured points are labeled with arrows.

8.4 Discussion

The experiments in this chapter were inspired by the idea that doping acceptor cations into SrTiO3
could compensate oxygen vacancy donors and contribute to photocatalytic reactivity. Al** is
known to be an efficient dopant for SrTiOs since it can reduce the formation of Ti** recombination
centers,!” an important issue limiting the reactivity.’® Here, Mg?" and Ga** are studied along with
AP** and they all occupy Ti sites. Mg?* has a similar ionic radius as AI**, and Ga*" has the same
valence state as AI’*. In this section, we discuss the doping effect from the perspective of defect

chemistry.

SrTiOs is generally agreed to be a n-type semiconductor because of intrinsic oxygen vacancies.'®3!

There might be background acceptor impurities from the source materials, such as monovalent
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alkali ions (Na(I) and K(I)) on the A-site and trivalent metals (Fe(III) and Al(III)) on the B-site.
Since the oxygen vacancy concentration is much higher than the background impurities, especially
in this experiment that we employed high purity precursors in the hydrothermal synthesis, the

material is overall n-type. The formation of oxygen vacancies can be expressed as:
05 = 20,(g) + V5 + 2¢’ (8.1)

The free electron is trapped by a Ti*' site near an oxygen vacancy forming a Ti** recombination

center:
Tiz;(Ti**) + e’ > Tip;(Ti3") (8.2)

The defect reactions of Al, Mg, and Ga doped SrTiO3 can be written assuming ionic compensation

as:6’28’32

251"Ti03

2510 + Al,05 — 2Aly; + 50; + V; + 2Srg, (8.3)
STTiOg
Sr0 + Mgo —— Mgy, + 20} + V; + Srs, (8.4)
251"Ti03
2510 + Ga,0; —— 2Gay; + 50} + V; + 2573, (8.5)

Their ionization reactions can be written as (note that they won’t have to be fully ionized and the

equilibrium constant varies with dopant):

D(epp + hep) = epp + hey (8.6)
Aly, = Al + R (8.7)
Mg7; = Mgy, + 2k (8.8)
Gay; = Gay; + (8.9)

Here, we could see that each Mg acceptor dopant (M gy;) can provide two positive charges, while
each Al or Ga dopant can only provide one positive charge. This implies the fully compensated

point, a doping concentration makes n = p, should be different for Mg?* and AI** (Ga*"). For Mg-

176



doped SrTiO;3, it should go to the compensation point at a lower doping concentration compared

with Al and Ga. The electroneutrality condition equations can then be written as:

n+ [Aly] + [Tiz]l = p + 2[Vp] (8.10)
n + 2[Mgf;] + [Tip] = p + 2[V5] (8.11)
n+ [Gay;] + [Tir;] = p + 2[V;] (8.12)

Note the Schottky reaction is significant in SrTiOs when T > 1500 °C.** Since the SrCl, flux
treatment is carried out at 1150 °C, the concentration of strontium vacancies should be negligibly
small, thus we did not consider it here. We also ignore eq. 8.2 here as the equilibrium constant has
not been reported yet. But the concentration of Tir; traps should be proportional to the free
electron concentration and the oxygen vacancy concentration (based on 8.2). To solve the
electroneutrality condition equation, the concentrations of the point defects have been calculated

for Al-doped SrTiO; using the mass-action-law parameters measured by Yoo et al:?®

p=e +h K;/cm™® =np = 6.01 x 10*texp (—2.12 eV /kT) (8.13)
1
V5 +§02 =05 +2h  Ko/em™ =p?/[V5lp,,? = 6.57 X 10%%exp (—2.23 eV/kT) (8.14)

Al = Al + R Ky /om™ = [AlyIp/[ALy] = 2.71 x 10%5exp (=1.35eV /kT)  (8.15)

Brouwer diagrams of undoped SrTiOs at 1150 °C and 100 °C have been plotted in Figure 8-9 (a)
and (b) as a function of oxygen partial pressure. The high temperature plots describe the situation
in the molten SrCl, flux and the low temperature plots are close to the materials in the reactor.
When oxygen partial pressure is set to 0.21 atm, the free electron concentration and hole
concentration are on the order of 10'7 cm™ and 10'® cm3at 1150 °C. After cooling the materials,
the carriers will not be thermally ionized to the same degree. However, the free electron
concentration needs to be basically at the same order of oxygen vacancy concentration to keep
charge neutral so it remains on the order of 10'7 cm, but the hole concentration will drop to the
order of 10~ cm™. This will enhance the n-type characteristic of the materials and shift the Fermi

level to a more cathodic region.
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Figure 8-9: Brouwer diagrams of undoped SrTiO3 and 0.07% Al-doped SrTiOs at 1150 °C and
100 °C. The calculation employed a python code modified from the code on co-doping BaTiOs
developed by Ryu et al.2%?7

Brower diagrams of 0.07% Al-doped SrTiOs3 are given in Figure 8-9 (¢) and (d), a doping
concentration describing [V;] = 2[Al};]. At 0.21 atm, the free electron concentration is very
close to the hole concentration, meaning that the semiconductor is close to the fully compensation
point. After cooling the materials, at the compensation point, there will be a precipitous drop in
electron concentration which has been studied by Waser et al.>* This will significantly reduce the
free electron concentration from the order of 107 ¢cm™ to the order of 10" cm™. Note that the
Debye length of SrTiO3 was estimated to be 3.2 nm, assuming a carrier concentration of 3 x10!
cm3.3 If the dielectric constant is conserved, the six order of magnitude decrease of the free

electron concentration will then increase the length of Debye length and the space charge length
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roughly 1000 times. The light penetration length is roughly 10 pm at 380 nm illumination,
assuming the absorption coefficient is on the order of 100 cm™!.3¢ Therefore, more photogenerated
charge carriers will now be generated in the space charge layer instead of the flat band region and
they can be separated by the electric field induced by band bending and migrate to the surface to
participate in reactions.’’° This will lead to a reduced charge recombination and much longer
charge carrier lifetime, increasing the photocatalytic reactivity. On the other hand, adding
excessive dopants lowers the Fermi level and the potential difference between the semiconductor
and the solution, therefore reduces the degree of band bending, the benefit of the compensation
will be lost. This explains the existence of the optimal accepter doping concentrations for
photocatalytic reactions.!>!”?> However, the mass action law parameters of Mg-doped and Ga-
doped SrTiO3 have not yet been reported quantitatively so that we cannot provide their Brouwer
diagrams. Based on the ionization reactions (see equation 8.7), each Mg dopant can provide two
positive charges, suggesting that it can compensate the oxygen vacancies more efficiently. From
the data in Figure 8-8, the optimal concentration for Mg-doped samples is roughly 0.5 times of the
Al-doped samples, consistent with this model. A possible reason for the poor reactivity of Ga-
doped samples is that the mass law action parameter of €q.8.9 is lower than eq.8.7. A schematic

illustration of our defect compensation model is presented in Figure 8-10.
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Figure 8-10: Schematic illustration of how the incorporation of AI**, Mg?" and Ga** influences
the space charge of SrTiOs.

There are a couple of studies supporting our model from different perspectives. Zhao et al. studied
the electronic structure of Al-doped SrTiO3 using XPS and DFT and found that the incorporation

of AI** might lower the Fermi level and make the material less n-type,'® which is consistent with
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our calculation of the decrease of the free electron concentration. Their simulation also shows the
sensitivity of the Al locations, if two Al ions sit next to the oxygen vacancy, the band gap of the
material will resemble pure SrTiOs, a situation close to the fully compensated (semi-insulated)
material. Besides, the decrease of free electron concentration as well as the formation of [Al}; —
V, — Aly;] will reduce the formation of Ti** traps that can be understood by equation 8.2. Cheng
and Long studied Al-doped and Na-doped SrTiO; using nonadiabatic molecular dynamics,
indicating that when two Ti*" ions or two Sr?" ions are equally replaced by AI** or Na* ions, the
in-gap trap state created by oxygen vacancies can be eliminated and the charge carrier lifetime
increases significantly.*® Han et al. have studied solid state prepared Mg-doped SrTiO3, suggesting
that the incorporation of Mg?" would expand the depletion layer and improve the photocatalytic
reactivity.*! Similar results have also been reported on other materials. For example, in n-type Si
doped with In, as the concentration of deep acceptor levels increases in a narrow range close to the

concentration of shallow donors, the electron and hole lifetimes and the photoconductivity increase

by several orders of magnitude.*?

One issue that needs to be addressed is that the optimal Al concentration measured from the
experiment is obviously higher than the calculated compensation point. We believe this distinction
is ascribed to the fact that the calculation is based on mass action parameters in air rather than the
SrCl, flux. Based on the experiments in Chapter 6, Chapter 7, and Chapter 8, the SrCl, flux
treatment will lead to a different material, and the type of crucible also has a significant influence
on this. One possible explanation is that the oxygen pressure is much lower in the SrCl> melt,
requiring more acceptor dopants to compensate the material. This is supported by the fact that a

SrTiO; single crystal substrate turned black after heating in the SrCl, flux in a platinum crucible.
n+ 2[Vs;] + [Aly;] +[Tiz;] = p + 2[V5] + ([ClLD (8.16)

Another explanation is that the defect reactions are more complex in the flux compared with air.
A more completed electroneutrality condition equation can be written as equation 8.16. Note that
we ignored the existence of strontium vacancies in the simulation based on the Schottky reaction
parameters.® It should be noted that the melt is a Sr-rich environment that can further inhibit the
formation of strontium vacancies. And the donor concentration could be higher than our
expectation. In particular, the oxygen vacancy concentration could be higher because the melt

could be a very reducing experiment. From the CLSM result in Chapter 7, the SrCl, melt is likely
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to extract oxygen atoms from SrTiO3 to form SrO, and this might induce a high oxygen vacancy
concentration. This is also related to the previous argument on the depleted oxygen environment
because the oxygen vacancy concentration is inversely proportional to oxygen partial pressure, as
shown in Figure 8-9. It is also likely that other donors exist in the system, such as Clj,, assuming
that chlorine ions from the flux diffuse into the crystal driven by the large concentration gradient
and occupy oxygen sites. All the factors described here will contribute to the free electron
concentration and the n-type characteristic of SrTiOs;, implying that a higher acceptor

concentration is needed to compensate the donors.
8.5 Conclusion

The influences of AI**, Mg**, and Ga** accepter dopants on the photocatalytic reactivity of SrTiOs3
have been explored in a hybrid approach. The catalysts were doped via a hydrothermal method
and treated in the molten SrCl, flux, and the photocatalytic hydrogen production rates were
measured with a high-throughput parallelized and automated photochemical reactor (PAPCR).
The concentrations of various point defects were simulated by solving the electroneutrality
condition equation as a function of oxygen partial pressure. It is found that the three dopants all
contribute to the reactivity, and the results depend on the type of crucibles employed in the flux
treatment. In an alumina crucible, the three dopants behave similarly; but in a platinum crucible,
Mg-doped samples yielded the most hydrogen. It is found that the photocatalytic reactivity is
strongly influenced by doping concentration, and the optimal concentration is close to the situation
where the oxygen vacancy donors are fully compensated with acceptor dopants, which can be
simplified as [Vy] = 2[Aly;], [Vo]l = [Mgy; 1 and [V;] = 2[Gay;] for the three dopants,
respectively. At the compensation point, the space charge layer would expand to the order of 1000
times longer, so that more photogenerated charge carriers can be separated by the field and move
to the surface. The reduction of the free electron concentration associated with the formation of
[Aly; — V; — Aly;] would also lower the Fermi level and inhibit the formation of Ti*" traps. Our
work offers a plausible quantitative explanation to the effect of acceptor dopants on the reactivity

of SrTiO3, and the principle can be used to design and optimize more oxide photocatalysts.
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Chapter 9: Ion Exchange between Perovskite Oxides and
Molten Salts: A Potential Strategy to Synthesize Highly
Efficient Photocatalysts for Water Splitting

The motivation of this project is to apply the Al-doping and flux treatments to other materials.
Many experiments have been carried out by our lab, like heating BaTiOs in molten BaCl, and
heating PbTiOs in molten PbCl,. Unfortunately, none of these materials are good catalysts. Later,
we tried heating BaTiOs in molten SrCl> and this produced a very reactive photocatalyst, the best
one we have ever synthesized. What's even more surprising is that the XRD study indicated that
BaTiOs converted to SrTiOz in the SrCl: flux. In this chapter, I am going to describe my

understanding of this special ion exchange and how it helps synthesize good photocatalysts.
9.1 Introduction

Photocatalytic water splitting, a technique that can directly convert water into hydrogen and
oxygen under illumination, has attracted significant attention in past decades.!? As a high density
and pollutant-free energy source, solar hydrogen is considered to be a potential candidate to reduce
humanity’s dependance on fossil fuels.®> At present, two of the major issues that limit its
application are the rapid recombination process of photogenerated charge carriers* and surface
back reactions.’ Hence, a great amount of research has focused on developing catalysts with
enhanced charge separation properties using a variety of strategies, such as defect engineering,®’

facet engineering,®® and heterojunction construction.!®-!2

Currently, a molten salt flux treatment
has been considered as a promising method because of its unique advantages in optimizing the
properties of the SrTiOs photocatalyst.!*> In a liquid phase media, the mass transfer between
precursors is accelerated and the reaction temperature is reduced compared with conventional solid

state synthesis.!®!>

Previous studies show that a molten salt treatment is an excellent approach to synthesize high
crystallinity catalysts with enhanced photocatalytic reactivities.'!® By varying the choice of the salt,
it is feasible to promote particle crystallization and manipulate particle morphology to expose

specific facets with enhanced charge separation properties.'”!® For example, Al-doped SrTiOs3
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synthesized in a molten SrCl, flux is one of the most efficient semiconductor-based photocatalysts
that have been developed so far.!® By selectively photodepositing cocatalysts on (100) and (110)
facets, Domen and coworkers demonstrated Al-doped SrTiOs3 catalysts with an external quantum
efficiency of up to 96 percent at wavelengths between 350 and 360 nm for overall water splitting.2°
Besides, in the molten SrCl: flux, it has been supposed, without experimental evidence, that a high
degree of crystalline structure forms which can avoid electron’s trapping inside the particles.?!
One of the motivations of this paper is to employ molten salt flux treatments to synthesize new

photocatalysts with superior performance.

Another important application of molten salt treatments is to exchange foreign ions into host
materials. This method has been proved to be an effective approach to sensitize wide bandgap
photocatalysts to visible light. For example, Kudo and coworkers have successfully exchanged
alkali ions with Ag(I) and Cu(l) ions in a series of wide-band-gap metal oxides with layered or
tunneling structures and improved the photocatalytic reactivity in visible light region.?>?* Ladasiu
et al. exchanged potassium cations with protons in Dion—Jacobson type layered perovskite niobium
oxides and improved the photocatalytic reactivity significantly.>* Maggard’s group reported on
molten SnClo/SnF> fluxes and successfully prepared visible light responsive photocatalysts with
metastable structures such as SnxTiO4,% (Bai—xSnx)NbsO1s 26 and (Bai—xSny)(Zr1-yTiy)03.27 While
most of the host materials for ion exchange have relatively large interstitial spaces, in this study,
we focus on densely structured ABO3s-based perovskite oxide, an excellent photocatalyst candidate

for water splitting.

Herein, we demonstrate a direct ion exchange reaction between perovskite titanate oxides and
alkali earth molten salts. Through this reaction, we have successfully prepared a series of new
SrTiO3 photocatalysts with improved efficiency with respect to conventional SrTiO3 for overall
water splitting using BaTiO3, PbTiO3, CaTiOs3, and rutile or anatase TiO; as precursors in one step
synthesis. Among them, BaTiOs-derived SrTiOs, following a probable reaction route BaTiO3() +
SrClaay = SrTiO3) + BaClyy, exhibits a remarkable performance for overall water splitting with
an apparent quantum yield (AQY) over 11.37% at 380 nm. The mechanism appears to be that Sr**
cations exchange with Ba®* cations and Sr?* diffuse inward, while Ba?* diffuse outward. The ion
exchanged material is observed to have SrO planar faults near the surface, and therefore appears

to be Sr-excess, a condition that reduces the defect states that trap electron. At the same time, CI°
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is nonuniformly doped into the crystals, creating an internal electric field, and this might also
contribute to charge separation and enhanced photocatalytic reactivity. Furthermore, we have
found that this ion exchange reaction is broadly applicable and that the A-site cations in perovskite
oxides can be exchange with cations in molten salts, suggesting a promising strategy to synthesize

highly efficient photocatalysts for water splitting.

9.2 Experimental Methods

Photocatalysts synthesis. All catalysts were prepared using a flux method. In a typical reaction,
0.3 g titanate precursor, such as SrTiOsz (Sigma-Aldrich, 99.9%), BaTiO; (CERAC, 99.9%),
CaTiOs3 (CERAC, 99.9%), PbTiOs (Alfa Aesar, 99.9%), anatase TiO> (CERAC, 99%), and rutile
TiO> (Sigma-Aldrich, 99.9%), was mixed with SrCl, (Alfa Aesar, 99.5%), at a molar ratio of 1:10
with an agate mortar. The mixture was then transferred to either a covered alumina crucible
(Sigma-Aldrich, Coors™ high-alumina, 50 ml) or a covered platinum crucible (Sigma-Aldrich, 30
ml) and annealed at 1150 °C for 10 h in air with a ramp rate of 10 °C/min. Next, the mixture was
centrifuged four times in deionized water and four times in ethanol to remove any residue of the
SrCl; flux. The powders collected through the centrifugation was dried in an oven at 80 °C over
night. In this paper, samples treated in alumina and platinum crucibles will be referred to as
“precursor-sA” and “precursor-sP” respectively to highlight the materials of the precursors before

the flux treatment and the crucibles.

RhCrOy cocatalysts were deposited (0.1 wt% Rh and 0.1 wt% Cr) on all samples with an
impregnation method described elsewhere.?® 50 mg of as prepared powdered samples were
dispersed into 0.5 ml of deionized water containing appropriate amounts of Na3RhCls (Sigma-
Aldrich) and Cr(NOz3)3-6H20 (Sigma-Aldrich, 99%) to yield 0.1 wt% Rh and Cr. The suspension
was evaporated in a boiling water bath under constant manually stirring. The resulting powders

were collected and heated at 350 °C for 1 h.

Characterization. The crystal phase was analyzed with an Empyrean X'pert PRO X-ray
Diffractometer (PANalytical, Philips, Netherlands) in the range of 20-90° using a step size 0f 0.01°,
equipped with a high-intensity (45 kV, 40 mA) Cu Ka radiation source (Kal = 1.5406 A, Ka2 =

1.5444 A). Scanning Electron Microscopy (SEM) images were obtained to determine the
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morphologies of all samples using a FEI Quanta 600 with a 30 kV accelerating beam and a spot
size of 3. An Oxford full analytical XMAX 80mm SDD EDX detector was equipped on the SEM
for chemical composition analysis (EDS). The particle cross-section samples were prepared using
a focused ion beam (FIB) milling process with a gallium source on an FEI NOVA 600.
Transmission electron microscopy (TEM) images were recorded with a Thermal Fisher Themis
200 at 200 kV. XPS spectra were recorded using a SPECS System with a PHOIBOS 150 Analyzer.
N> adsorption—desorption measurements (Nova 2200e, Quanta- chrome, FL), used to determine
the specific surface areas of powders through a Brunauer—Emmett-Teller (BET) approach, was
performed at 77 K using a multi-point method. The sample was degassed at 120 °C for 24 h prior
to measurement. UV-vis diffuse reflectance spectra were recorded on an OL 770 Multi-Channel
Spectroradiometer (Optronic Laboratories). Inductively coupled plasma optical emission
spectroscopy (ICP-OES) was carried out at Element Technology to determine the AIP*
concentration. X-ray fluorescence spectroscopy (XRF) was used to measure the concentration of

CI' in samples using an Oxford X-supreme 8000.

High-throughput screening of photocatalysts. Photocatalytic hydrogen generation was measured
with a high-throughput method using a paralyzed and automated photochemical reactor (PAPCR)
which enables us to study up to 108 samples simultaneously.?’' The reactor array consists of
108 1 ml glass vials with 10 mg catalyst powders added, and the illumination is provided by two
high power LED chips (Chanzon). The illumination wavelength of the LEDs is 380 nm. To
explore the solution effect on the photocatalysts, 0.4 mL of DI water whose pH was adjusted to
pH 2, pH 7, and pH 12 or 10% methanol solution with a natural pH was injected into each vial.
The headspace of the vials was covered by a layer of Ha sensitive film (DetecTape, Tape-Midsun
Specialty Products) whose color will change from light to dark when exposed to H.. The
calibration between the film darkness and local H> concentration has been extensively reported in
our previous publication (and Appendix 4).>! During a 16 h illumination, the H> sensitive film is
captured by a camera every 6 minutes and the pictures were used to calculate the rate of hydrogen

production.

Apparent quantum yield measurement. To measure the apparent quantum yield (AQY), a gas-
chromatography based reactor setup is employed. In a measurement, 200 mg degassed catalyst

powders, together with 20 ml DI water, is added into a 50 ml EPA glass vial with argon atmosphere
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inside. The vial is illuminated for 3 hours by two LEDs with a peak wavelength at 380 nm. After

illumination, the amount of hydrogen in the vial headspace is analyzed with a gas chromatography.

The light intensity of the LEDs is measured with a photodiode. The resulting photon fluxes are

integrated over the bottom area of the vial (4.9 cm?), with the irradiation of the photocatalyst

estimated to be 5.6 x 10'® photons s!. The AQY is calculated according to the following equation:
number of H, molecules produced X 2

) = 1000
AQY(%) number of incident photons x 100%

9.3 Results

SEM images of the six titanate precursors after the molten SrCl> treatment in alumina crucibles
are shown in Figure 9-1(a). For SrTiOz powders treated in the flux (denoted as STO-sA), particles
exhibit cube shapes bounded by {100} crystal planes, which is consistent with previous
reports.!>3?  Similarly, for BaTiO3 and PbTiO3; powders treated in the molten SrCl», denoted as
BTO-sA and PTO-sA, respectively, particles exhibit cubic shapes while the particle sizes are
slightly different. As for CaTiO3 powders treated in the molten SrClo, denoted as CTO-sA, the
particle shape is relatively irregular, and the edges are less defined. However, for the molten SrCl,
treated rutile and anatase TiO, denoted as Rutile-sA and Anatase-sA, particles have much larger
sizes around several microns. Also, they have truncated edges and corners, exhibiting (110) and
(111) facets. Powder X-ray diffraction has been carried out on the six samples and the resulting
patterns are given in Fig. 9-1(b). All samples exhibit a cubic symmetry with sharp peaks, and the
patterns are close to standard SrTiOs, plotted as black droplines in Fig. 9-1(b), suggesting that all
titanates became high crystallinity SrTiO3 after the molten SrCl flux treatment. A magnified
image for the (110) reflection is shown in Fig. 9-1(b) in a separated panel. It is found that STO-
sA, Rutile-sA and Anatase-sA exhibit symmetric peaks, while for the other three, the peaks are
slightly asymmetrical. BTO-sA, as well as PTO-sA, has a small tail at the left side of the peak,
indicating that a small portion of the precursors remained in the powders. As for CTO-sA, a small
tail is observed at the right side of the (110) peak, and all peaks shift to larger angles with respect
to the standard SrTiOs pattern. The lattice petameters of all patterns have been refined using

HighScore and are given in Table 9-1.
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Figure 9-1: (a) SEM images of molten SrCl, flux treated SrTiO3z, BaTiO3, PbTiO3, CaTiOs3, rutile
and anatase TiO. Scale bar: 2 um. (b) XRD patterns of the six flux treated samples with a standard
SrTiOs pattern plotted as black droplines (ICDD: 01-074-1296). (c¢) Photocatalytic maximum H»
production rates from the six samples in 10% methanol solution, pH 2 water, pH 7 water and pH
12 water under 380 nm illumination.

Table 9-1: Refined lattice parameters and unit cell volumes (refined with HighScore) of the six
samples in Figure 9-1. The reference lattice parameter of SrTiOz (ICDD: 01-073-0661) is 3.9050
A.

Sample Lattice parameter (A) Cell Volume (A%
STO-sA 3.9050(1) 59.55
BTO-sA 3.9054(1) 59.56
PTO-sA 3.9085(9) 59.71
CTO-sA 3.8989(1) 59.23
Rutile-sA 3.9046(6) 59.53
Anatase-sA 3.9047(5) 59.54

Photocatalytic water splitting experiments have been carried out on the six samples using the
PAPCR in a variety of solutions illuminated by 380 nm LEDs, and the maximum H> evolution
rates are shown in Figure 9-1(c). STO-sA, Anatase-sA and Rutile-sA show photocatalytic
reactivities at a similar level that can produce H; at a rate of 4 umol h'! in pH 7 water. PTO-sA
shows a much lower reactivity, and CTO-sA cannot produce enough H> to be measured by our
reactor. BTO-sA shows the highest reactivity, producing H at a rate of 10 umol h'! in pH 7 water,
which is about 2.5 times reactive compared with the regular STO-sA. Adding methanol as hole
scavenger will improve the H> production rates except for BTO-sA and Rutile-sA. As for the pH
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effect, all catalysts are more reactive at pH 7 and pH 12 than pH 2, which is consistent with our
previous work.*'3* Using our GC-based reactor setup, BTO-sA can produce 57.3 pmol H» in 3
hours under the same illumination and the apparent quantum yield is determined to be about 11.4%
under 380 nm. It is noted that the actual AQY might be even higher because the powders are not
dispersed in water but just sitting at the bottom of the vial, and this may block the light coming
from the LEDs. Owing to the excellent reactivity of BTO-sA, more studies have been carried out

on this material.

The XRD pattern in Fig. 9-1(c) indicates that Ba?>" exchanges with Sr** during the molten salt
treatment, therefore we adjusted the annealing time and temperature to understand the reaction
more thoroughly. Figure 9-2(a) shows the XRD patterns of BaTiOs treated in the molten SrCl,
flux at different temperature and time. All patterns exhibit cubic symmetry with peaks only
attributed to SrTiO3. From the magnified (110) reflections, it is observed that the tail at the left
side of the peak shrinks when increasing the annealing temperature and time. Since the tail
corresponds to Ba®* remaining in the crystals, it is concluded that the exchange rate (what
percentage of Ba>* was exchanged by Sr?>*) will increase with the annealing temperature and time.
Lattice parameters have been refined from the patterns, given in Fig. 9-2(b), showing that the cell
volume decreases with the increasing annealing temperature and time, which is consistent with the
XRD patterns. Photocatalytic water splitting reactions have been carried out on the seven samples
and the H» production rates in pH 7 and pH 12 DI water are shown in Fig. 9-2(c) and (d). The Ha
production rate will increase with the ion exchange, indicating that the diffusion of Sr** (Ba?")

cations into (out of) the crystal contributes to the improvement of the photocatalytic reactivity.
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Figure 9-2: (a) XRD patterns of BaTiOs treated in the molten SrCl; flux for a variety of
temperature and time combinations. (b) Lattice parameters refined from the XRD patterns. The
bars represent standard deviations. (c) Photocatalytic H> production rates of the samples in pH 7
DI water. (d) Photocatalytic H> production rates of the samples in pH 12 DI water.

Previous studies reported that the SrCl» flux treatment in alumina crucibles will incorporate AI**
ions into SrTiOs lattice, and this will increase the photogenerated charge carrier lifetime by
inhibiting the formation of Ti** defects.?!** Therefore, it is likely that our SrTiOs samples prepared
with this ion exchange reactions will have AI** doped as well. To examine this, ICP-OES analysis
was carried out on the BTO-sA as well as the benchmark sample STO-sA, and the results are
presented in Table 9-2. The results confirm that AI** is incorporated into both samples since
alumina crucibles would slightly dissolve in the flux. However, the AI** concentration of BTO-
sA is obviously lower than STO-sA. At the same time, Ba®* is still measurable in the samples
which is consistent with the XRD pattern, indicating that the exchange reaction is not quite
completed yet. We also detected ClI" in both samples with XRF that BTO-sA has a higher CI
concentration and this might be ascribed to the diffusion of CI" anions into the samples from the

flux. Because of the existence of large Ba®* cation expanding the lattice, CI" might be much easier
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to diffuse into the samples and occupy oxygen sites, forming a donor defect Cl,. It is noted that,
before the XRF measurements, the sample will be washed for half an hour with vacuum filtration
to completely remove any SrCl, flux residues. Besides, BET data show that the two samples have

similar surface area so this cannot explain their different reactivities.

Table 9-2: BET surface areas, AI’** and Ba?" concentrations determined by ICP-OES, CI
concentrations determined by XRF of STO-sA and BTO-sA.

Sample BET Surface Area ICP-OES Data XRF Concentration
(m?/g) Al Ba Ti cl
STO-sA 1.6273 0.7% 0% 23.78% 0.47%
BTO-sA 1.7972 038% 1.94%  24.68% 0.77%

Another experiment varying the Al concentration has been carried out by heating BaTiOs together
with additional Al,O3 from 0% to 5% (Al metal concentration) during the flux treatment. To
further confirm the influence of A’ in this material, we carried out the SrCl, flux treatment in
either a Pt crucible or an Al;O3 crucible, denoted as BTO-sP and BTO-sA, respectively. SEM
images of BTO-sA and BTO-sP without additional Al added are given in Figure 9-3(a) and (b). It
is found that both crucible materials and Al addition will influence the particle shape and size.
When no additional Al added, for alumina crucible samples, particles exhibit a cuboid shape with
an average particle size about a half a micrometer; for Pt crucible samples, particles will grow to
cubes as large as several micrometers and a step structure is observed on particle edges. Note that
these results are similar to what we observed in Chapter 8. The cubed shape is close to its
equilibrium shape as reported since (100) surface has the minimum energy.>>2¢ The increasing
particle size is ascribed to the result of coarsening that atoms transport between particles.’” As
additional Al is added into the flux, as shown in Figure 9-4 and 9-5, particles will become smaller
and more irregular. Recall that we have found that SrCl; will react with Al>Oj3 at this temperature
forming Sr3Al2O¢ and change the flux composition in Chapter 7. As more Al>O3 added, the flux
treatment will naturally terminate, and crystals are less likely to convert to their equilibrium shape
or coarsen. This also explains why BTO-sP are much larger than BTO-sA since no Al can dissolve

from a Pt crucible.
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Figure 9-3: SEM images of BaTiOs treated in molten SrCl> flux in an alumina crucible or a
platinum crucible are shown in (a) and (b), respectively. Scale bars are shown in the images.
Maximum H> production rates measured with the PAPCR of BaTiOs treated in the molten SrCl,
flux with different amount of Al added in an alumina crucible or a platinum crucible are shown in
(c) and (d). The concentration of AI*" and Cl- are determined with EDS and shown in the images

in a different axis.
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BTO-sA-0%Al

Figure 9-4: SEM images of BaTiOj treated in the SrCl; flux in an alumina crucible with different
amount of Al added.

BTO-sP-1%Al

Figure 9-5: SEM images of BaTiOs3 treated in the molten SrCl> flux in a platinum crucible with
different amount of Al added.
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Figure 9-6: XRD patterns of BaTiOs treated in the molten SrCl, flux with different amount of
AlO3 added in an alumina crucible or a platinum crucible are shown in (a) and (b), respectively.
A magnified image of the (110) reflection is given in a separated panel in both (a) and (b). Lattice
parameters have been refined with HighScore and given in (¢) and (d). The bars represent standard
deviations. Note that the minor peaks at 38.6°, 44.9° and 65.3° are attribute to the (111), (200) and
(220) reflections of the Al sample stage in the diffractometer but not from the samples.

Photocatalytic H> production from BTO-sA and BTO-sP with different Al additions was measured
with the PAPCR in different solutions and shown in Fig. 9-3(¢) and (d). In summary, BaTiOs;
powders treated in an alumina crucible are much more reactive than those treated in a Pt crucible,
consistent with the observation in Chapter 8. If the flux treatment is carried out in an alumina
crucible, adding additional Al seems to have minor contribution to the photocatalytic reactivity.
From the EDS data, AI** concentration decreases with the Al added and this is likely due to the
actual reaction time will decrease with the amount of Al added. CI" is detectable in these samples
as well. If the flux treatment is carried out in a Pt crucible, adding additional Al will contribute to
the reactivity significantly. When 0% or 1% Al is added in the flux, the resulting powders are
brown and cannot produce enough Hy that can be detected by the PAPCR. After 2% or more Al

added, the powders become white and start to produce H> in a comparable level with STO-sA.
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From the EDS data, both AI** and CI- are related to the photocatalytic reactivity. It is likely a co-
doping effect occurs in this BaTiOs-derived SrTiOs catalyst and contributes to the photocatalytic
reactivity. XRD patterns and refined lattice parameter of BTO-sA and BTO-sP with different Al
added during the flux treatment are presented in Figure 9-6. For samples from alumina crucibles,
adding Al into the flux will firstly expand the lattice, increase the cell volume, and then decrease
it, which is consistent with the trend of Cl- concentration determined by EDS. For Pt crucible ones,
when the Al addition is 0% and 1%, the tail that we observed at the left side of the (110) reflection
disappeared, indicating that Ba>* was completely exchanged by Sr?* and the lattice is close to a
standard SrTiO3. Adding more Al will expand the lattice, let more Cl" incorporate into the crystal,

and this might contribute to the photocatalytic reactivity.

XPS was employed to study the surface composition and chemical states of pristine SrTiO3, STO-
sA and BTO-sA. Figure 9-7 (a) shows the high-resolution Sr 3d spectrum of pristine SrTiO3
purchased from Sigma-Aldrich without any treatment. Sr?>" peaks have been deconvoluted into
SrO and SrTiO3, and the doublets located around 134.8 eV and 132.9 eV can be assigned to 3d3»
and 3ds/2.3%3% Sr 3d spectra of STO-sA and BTO-sA have been recorded and shown in Fig. 9-7 (b)
and (c). The relative Sr** species ratios of SrO to SrTiOs are calculated and shown in Table 9-3,
showing that the SrCl; flux treatment increased the SrO concentration on the surface slightly. Ti
2p spectrum of pristine SrTiOs; is shown in Figure 9-7 (d), and spectrum is divided into Ti 2pi.
and Ti 2p3 peaks at around 464.7 eV and 458.7 eV, respectively. A second doublet can be
deconvoluted from the spectra at 463.1 eV and 457.1 eV, suggesting the existence of Ti*" defects.
The percentage of Ti*" is calculated to be 36.4% in pristine SrTiO; but relatively lower in flux
treated samples, which is determined to be 29.6% and 27.7% for STO-sA and BTO-sA, shown in
Fig. 9-7 (e) and (f) and Table 9-3. Composition ratios of Sr/Ti have been calculated to be 0.84,
1.42 and 1.35 for pristine SrTiO3, STO-sA and BTO-sA, respectively, suggesting that the SrCl,
flux treatment leads to a significantly Sr-rich surface environment. Additionally, O 1s scans of
the three samples are presented in Figure 9-7 (g)-(1). The primary peak close to 529.9 eV is
attributed to lattice O* ions bonded to metal cations, and the second peak at around 532.3 eV is
ascribed to hydroxyl-groups (-OH) on the surface.***!
percentage of hydroxyl-group increases from 24.3% to 40.2% and 36.2% for STO-sA and BTO-
sA, respectively. High resolution scans of Al**, Cl- and Ba?* in STO-sA and BTO-sA have been

Compared with pristine SrTiOs, the

conducted, and it is concluded that AI** is detectable on the surface of both samples, CI- is only
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detected on STO-sA surface and Ba?* is detected on BTO-sA surface. Note that the XPS data here

is quite different from the data for single crystals (see Chapter 7), and this might imply that the

powder samples are less stoichiometric.
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Figure 9-7: High resolution XPS spectra of Sr 3d region in (a) pristine SrTiO3, (b) STO-sA, (¢)
BTO-sA; Ti 2p region in (d) pristine SrTiO3, (¢) STO-sA, (f) BTO-sA; and O 1s scan in (g) pristine
SrTiOs3, (h) STO-sA, (i) BTO-sA.

Table 9-3: Surface Compositions and Chemical State of Sr, Ti and O of pristine SrTiO3, STO-sA
and BTO-sA determined from XPS spectra.

Catalyst

Pristine STO
STO-sA
BTO-sA

Sr 3d Ti 2p O 1s Sr/Ti

SrO SrTiOs Ti Ti* -OH o*
5.7% 94.3% 36.4% 63.6% 24.3% 75.7% 0.84
12.4% 87.6% 29.6% 70.4% 40.2% 59.8% 1.42
11.9% 88.1% 27.7% 72.3% 36.2% 63.8% 1.35
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9.4 Discussion

The results indicate that ion exchange can occur between densely structured perovskite titanates
and molten salts. In a highly concentrated molten SrCl, flux, Ba?*, Ca?*, and Pb** cations can be
exchanged by Sr?* cations by mass diffusion forming high crystallinity SrTiOs. One might suggest
that the oxide dissolves in the flux and then recrystallizes to form SrTiO3 due to the thermodynamic
stability. To examine this possibility, we prepared particle cross section samples via FIB milling.
After cutting several BTO-sA particles, as shown in Figure 9-8 (a), cubic cavities were observed
at the center of the particles with a diameter of about 10 nm. We believe that this is attributed to
the well-known Kirkendall effect resulting from the difference in diffusivities of the two atoms,*?
which is commonly observed in diffusion couples** and hollow nanomaterials synthesis.** In our
case, Ba?* and Sr*" ions exchange with the assistance of vacancies at different rates, If Ba diffuses
out of the crystal faster than Sr diffuses in, then internal cavities can form. And Ti is supposed to
diffuse along with Ba to the surface as well. Hence, this is the evidence that the reaction is
controlled by mass diffusion instead of dissolution and recrystallization. Note that Kirkendall
pores are observed in PTO-sA and CTO-sA as well, shown in Figure 9-9, indicating that a similar
ion exchange reaction is going on. There are a number of studies showing that hollow particles
might exhibit a red shift of the absorption edge compared with solid ones and thus have high
photocatalytic reactivity.**¢ However, considering the much smaller volume ratio of the cavity
to our particle, it is less likely that the optical properties can be significantly enhanced. UV-vis
diffuse reflectance spectrum of the BTO-sA sample has been recorded, and the bandgap is
determined to be 3.27 eV (not shown here), similar to the value of standard SrTiO3.4’ This cannot
explain the superior photocatalytic reactivity of the sample, especially since PTO-sA and CTO-sA

are not improved photocatalysts, but also have voids inside.

Figure 9-8: (a) SEM images of BTO-sA particle cross section samples prepared via FIB milling.
(b) EDS element maps of the box region in (a).
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(a) PTO-sA

Figure 9-9: SEM images of particle cross section samples of (a) PTO-sA and (b) CTO-sA.
Kirkendall pores are observed in both samples. Scale bars are shown in the images. Note that the
small particles in (b) correspond to redeposition during ion milling.

EDS analysis has been carried out on a BTO-sA particle cross section (the box region in Fig. 9-
8(a)) and the element maps are shown in Fig. 9-8(b). Ba?*, AI’*, and CI- are detected inside the
particle, which is consistent with the chemical analysis results in Table 9-3. Among them, CI
shows an obvious uneven distribution and mostly accumulates at the center of the particle, this
explains why we can’t detect CI" under XPS since the information depth of XPS is generally below
10 nm. Considering the mass transfer between Ba®" and Sr?>*, Cl is likely to incorporate into the
crystal because of the concentration gradient and lattice expansion. As a control, we have prepared
STO-sA particle cross-section samples but cannot detect Cl™ inside the crystal, confirming the
correlation between the uneven CI- distribution and ion exchange. Furthermore, no interior voids
were observed. Because the diffusing atoms are compensated by vacancies, and the voids
originates from the accumulation of vacancies, the absence of voids is consistent with the idea that
the voids form because of the Kirkendall effect. It is likely that Ba?* and Sr** ions diffuse through
A-site vacancies and meantime CI" diffuse into the crystal forming Cl, donors. While this is just
a likely explanation, further studies are necessary to fully understand the mechanism of this special
ion exchange reaction in future. Benefited from the nonuniformly distributed positive charged Cl,,
it is thought that the center of the particle is Cl doped and the rest of the particle is vacancy doped,
therefore an internal electric field is built inside the particle, driving more photogenerated holes to
migrate to the surface and participate in reactions. Since the overall reactivity depends on the
slower one of the two half reactions, the promotion of the anodic half reaction should increase the

overall reaction rate of SrTiOs.
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Dark Field

Figure 9-10: (a) High resolution TEM image of a particle edge of BTO-sA. (b) SAED pattern
recorded on the lattice in (a). Bright field and dark field images on the same particle edge are
shown in (¢) and (d). Scale bars are given in the images.

TEM studies have been carried out to further understand the structure of BTO-sA. Although the
particle surface looks quite uniform under SEM, we observed Morié patterns on particle edges
under TEM. A high-resolution image recorded on a particle edge is given in Fig. 9-10(a), the
length of each layer is determined to be around 10 nm and the d-spacing is measured to be about

0.28 nm, corresponding to (110) planes of SrTiOs. Selected-area electron diffraction (SAED)
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pattern recorded on the lattice fringes is shown in Fig. 9-10(b) with brighter spots in the center
column corresponding to reflections near SrTiO3 [110] zone axis. Another two columns of weak
split spots are observer on both sides of the SrTiO3 (110) reflections, corresponding to reflections
from a long range superlattice structure with a different stacking period. Bright field and dark field
TEM images recorded on the same particle but in a lower magnification are given in Fig 9-10(c)
and (d), respectively. The dark field image was recorded by selecting the SrTiO3 (220) reflection
in Fig. 9-10(b). From the dark field image, it is found that the particle is not uniform, composed
of SrTiOs; whose (110) planes have the ideal spacing (bright areas) and other regions that do not
have the same spacing (dark areas). FFT and inverse-FFT analysis of the lattice fringes are given
in Figure 9-11, suggesting that the split superlattice spots originate from the irregularly spaced
planer defects. A plausible explanation for the observations here is that the perovskite particle
surface has extra SrO planes in the near surface region, a situation similar to the Stn+1TinO3n+1
Ruddlesden-Popper structure,* but without the long range order. In this case, the split spots come
from the diffraction close to [111] zone of the Ruddlesden-Popper superlattice, and the Morié
patterns arise from the interference between the defected lattices on the two sides of the edges.
Past studies agreed that a Sr-rich environment reduces the concentration of recombination centers
and improves the photocatalytic reactivity.**~° Sun et al. suggested that the Ruddlesden-Popper
phase has a 2D charge transport character that is beneficial to charge separation.>! Additional TEM
images supporting this argument are presented in Figure 9-12. None of these microstructure
defects are found in in regular STO-sA, indicating that they might arise from the ion exchange
reaction. The formation of SrO«-SrTiOs3 in the near surface region attracts Ti toward the surface to

relax it to SrTiO3, which also serves a role in the formation of the Kirkendall voids.
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Figure 9-11: (a) FFT pattern of the lattice fringes in Fi a). ) Inverse-FFT pattern by
selecting the split spots in (a).

Figure 9-12: A high resolution TEM image of a BTO-sA particle edge is given in (a) with its
corresponding (b) SAED pattern and (c) FFT pattern. (d) Inverse-FFT pattern by selecting the
split spots in (c).

From the Pt crucible experiments, shown in Fig. 9-3(d), the incorporation of AI** into the lattice

is necessary to prepare reactive SrTiOs photocatalyst. Extensive studies have been carried out on
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Al-doped SrTiOs photocatalysts,!%-20-31:32.3852-54 and it is understood that AI’" can eliminate the
formation of Ti** recombination centers, increase the lifetime of charge carriers and improve the

photocatalytic reactivities.**

Note that this same process decreases the concentration of carriers
and increase width of the depletion region (see Chapter 8). Also, the incorporation of AI’** has to
be along with a molten SrCl, flux treatment to reach superior water splitting reactivity. We have
found that the SrCl; flux treatment can modify the surface chemistry by introducing a much higher
surface hydroxide group concentration, increase the potential difference between the (100) and
(110) surfaces and enhance the ability of SrTiOs to separate charge. These have been thoroughly
discussed in Chapter 7 and Chapter 8. However, these observations cannot explain why our ion-
exchanged SrTiO; samples prepared via treating BaTiO3 in the molten SrCl> flux has a better

reactivity compared with the normal SrCl, flux treated SrTiO; even it has a lower A"

concentration.

We believe that the better photocatalytic reactivity is mainly owing to its nonuniform distribution
of Cl, donors and the SrO planar defects formed in the near surface region during ion exchange.
To supplement this, we have studied why CTO-sA and PTO-sA have relatively low reactivities.
From the XRD data of CTO-sA, it is observed that the exchange rate is much lower, suggesting
that Ca?" is much harder to be replaced by Sr?*. After a second SrCly flux treatment, the
photocatalytic reactivity of CTO-sA increases and can be detected by the PAPCR. As for PTO-
sA, the insoluble PbCl, formed during the flux treatment might remain on the particle surface and
block the light. By soaking the same sample in acidic solutions for some time, the reactivity will
increase significantly. The photocatalytic hydrogen production data of the improved PTO-sA and
CTO-sA is given in Figure 9-13.
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Figure 9-13: (a) Photocatalytic maximum H> production rates of PTO-sA and the same sample
that has been soaked in 10% methanol solution, pH 2 water, pH 7 water and pH 12 water for 1 or
2 weeks. The illumination is provided by 380 nm LEDs. (b) Photocatalytic maximum H>
production rates of CaTiOs that have been treated in the SrCl, flux for one or two times. The rates
are measured in 10% methanol, pH 2 water, pH 7 water and pH 12 water under 380 nm illumination.
The observation of ion exchange in molten SrCl» inspired us to explore more ion exchange
reactions between perovskite oxides and molten salts. To explore this, BaTiOs, SrTiO3 and
CaTiO; are heated in 10 times ratio of molten CaCl, and MgCl,. It is not surprised that Ca?* can
replace Sr?* or Ba** from SrTiOs and BaTiO; to form CaTiOs. Heating SrTiO;3 in molten BaCl,
can only form a solid solution with a cubic symmetry indicating a low exchange rate. MgCl,, on
the other hand, reacts with CaTiO3 and SrTiO3 to form Mg,TiO4. Similarly, titania reacts with
molten SrCl, to form SrTiOs. These reactions are not topotactic and unlikely to proceed by ion
exchange. The results are summarized in Table 9-4. Together with the results on the molten
SnCly/SnF; flux published by Maggard’s group,?’ it is thought that this ion exchange reaction can
be applied to many perovskite oxide materials. It is concluded that, in a ABOj3 perovskite oxide,
the cations in a molten salt can exchange with the A-site cations following a size rule that smaller

cations can replace larger cations easily. Meanwhile, we believe this reaction provides a new

strategy to synthesis new photocatalysts with enhanced reactivity for overall water splitting.
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Table 9-4: Summary of ion exchange materials in this work.

Precursor Flux Product Exchange Rate
BaTiOs SrCl2 SrTiO; 94.5%
PbTiOs SrCl2 SrTiO; 86.7%
CaTiOs SrCl2 SrTiO; 68.5%

S TiO4 SrCl2 SrTiO; 100%
BaTiOs CaClz CaTiOs 94.6%
SrTiO; CaClz CaTiOs 74.1%
SrTiO; MgClz Mg2TiO4 100%
CaTiOs MgClz Mg2TiO4 100%
SrTiO; BaClz BaxSr1xTiOs 31.4%

Note that the exchange rate is calculated by the following equation using the concentration
determined by EDS:

[exchange rate %] = [Foreign cations from the flux] / ([Foreign cations from the flux] + [A-site
cations from the precursor]) X 100

9.5 Conclusion

In this work, we demonstrate a special ion exchange reaction between perovskite titanate oxides
and alkali earth metal chloride molten salts. By heating BaTiOs;, PbTiO3, CaTiOs3, rutile and
anatase TiO: in a molten SrCl, flux, we have successfully synthesized a variety of SrTiO3
photocatalysts in one single step that can split water under UV illuminations. Among them, the
BaTiOs derived SrTiOsz photocatalyst exhibits the highest reactivity with an apparent quantum
yield over 11.37% at 380 nm. Kirkendal cavities are observed inside the particles, which implies
that the reaction is driven by mass diffusion instead of dissolution and recrystallization. Based on
FIB-EDS and TEM analysis, it is likely the planar defects in the near surface region might create
a Sr enriched region with superior water splitting properties and the accumulation of ClI in the core
might favor the transport of holes to the surface Moreover, it is found that this ion exchange
reaction occurs in multiple perovskites where the A-site cation in perovskite oxide can be replaced
with smaller cations from molten salts. The results demonstrate that ion exchange for perovskite
oxides can be employed as a potential strategy to design and synthesize highly reactive

photocatalysts for water splitting.
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Chapter 10: Integrated Discussion and Future Work

A photocatalytic reaction consists of three major processes, light absorption, charge carrier
transport and surface reactions. My work focuses on accelerating the charge transport, and the
results discussed in previous chapters illustrate the feasibility to improve it by modifying the space
charge region, which I call space charge engineering. Space charge engineering could be
conducted by many approaches such as adjusting solution pH, building internal dipolar fields,

tailoring particle shape and particle size and introducing foreign elements.

In Chapter 4, La;Ti20O7 was studied because there are two internal electric fields inside the crystals.
Previous studies show that both ferroelectric polarization and crystal orientation affect the
transport of charge carriers, and in this material, they might drive the charge carriers to different
directions. The results illustrate that the photochemical reactivity is only influenced by crystal
orientation, implying that the band bending induced by the ferroelectricity cannot overcome the
intrinsic potential difference at different surfaces. Therefore, ferroelectricity does not always

contribute to photocatalytic reactivity, especially for a crystal with a strongly anisotropic structure.

In Chapter 5, the pH effect has been investigated on SrTiOs3 single crystals. Solution pH could be
considered as an external electric field, and there are more negative charges adsorbed to the surface
at a higher pH, leading to an increasing upward band bending. This can be easily understood with
the Nernst equation. The increasing upward band bending can promote the transport of holes to
the surface but limit the transport of electrons. As the overall reaction depends on the slower one
of the two half reactions, the highest reactivity appears at an intermediate pH where neither the
photocathodic nor the photoanodic reaction limits the reactivity. Note that the idea that balancing

the two half reaction rates contributes to overall reactivity is frequently employed in this thesis.

In Chapter 6, we transit from marker reactions to water splitting and explore how particle shape
and size affects the reactivity of Al-doped SrTiOs. The shape study focuses on tuning the surface
area ratio of (110) facets to (100) facets. (100) and (110) facets serve as cathodic and anodic sites,
respectively, and the results suggest that the reactivity is optimized at a surface area ratio where
the two half reactions balance with each other. This is fairly similar to the story in the pH effect.
As for the size effect, the main point is not just that larger particles are better. What matters is an

appropriate particle size relative to the space charge width and light penetration length. The ideal
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particle is close to a condition where twice the space charge width < particle size < light
penetration length. In a small particle, assuming the potential is constant at the surface, the band
cannot completely relax to the bulk level, therefore the particle cannot fully take advantage of band
bending. If the particle is too large, this benefit will be reduced due to the formation of long flat
band region as well as the low surface area ratio (few reaction sites). Hence, there should be an
optimal particle size that balances these factors. Unfortunately, in my study I did not observe this
optimum, as I could not prepare even larger crystals. One should note that when measuring the
size effect on reactivity, particle size should be the only variable parameter in the system. For
example, it is not appropriate to compare large particles prepared via high temperature solid state
synthesis and small particles prepared with hydrothermal approach since their chemical

compositions and defect chemistry could be quite different.

Chapter 7 and Chapter 8 are two parts of the study on understanding the flux synthesized Al-doped
SrTiO;. Chapter 7 focuses on the SrCl; flux, and the results clearly explain why it is essential for
making an active catalyst. To my understanding, this “magical” flux treatment provides a very
suitable SrTiOj; surface for water splitting, including a higher hydroxyl density, a higher Sr/Ti ratio
and possibly a higher oxygen vacancy concentration. These changes also lead to a decreased
surface potential and an enhanced charge separation property between (100) and (110) surfaces.
It is also found that the flux treatment in different crucibles yields catalysts with different
properties. Many crucibles have been tested, including magnesia, platinum and quartz, and
elsewhere yttria, but the flux treatment in an alumina crucible yields the highest reactivity. This
is not because it can provide AI**. It was not possible to produce a catalyst with the same reactivity
in a platinum crucible, even when sufficient AI** is added to the flux. It was shown that the flux
reacts with the alumina crucible. Therefore, the molten salt in the alumina crucible has a different

composition than in the others, and this might be the reason that the catalyst is more reactive.

Chapter 8 focus on the effect of dopants. AI**, Mg?* and Ga*" dopants all contribute to the
reactivity, and the doping concentration has a significant effect. We provide a compensation model
to explain how introducing accepter dopants increases the width of the space charge region, and
the optimal doping concentration is close to a situation where the oxygen vacancies are fully
compensated by accepters. One question is that what actually happens after the compensation

point. From the Brouwer diagram, the semiconductor will become p-type, but very few studies
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show that they can really make these titanates p-type at room pressure. There are two explanations
I can come up with to illustrate the “over-doped” condition. First, there is a solubility limit for the
dopants, meaning that the excess dopants cannot dissolve into the crystal but form some impurity
phases. Second, the origin of band bending is the different work functions of the semiconductor
and the solution. Decreasing the free electron concentration will lower the Fermi level, narrow the
potential difference, and consequently reduce the degree of band bending. If so, this is again an
optimization problem that we are tuning the increasing space charge length and decreasing band
bending by adjusting doping concentration. To sum up, Al-doping provides a suitable structure in
the bulk, and the molten SrCl; flux treatment provides a highly reactive surface. I have also tried
Fe’* doping, and the results are shown in Appendix 2. As a multi-valence transition metal, the

effect of Fe3" is more complex because of the formation of midgap defect states.

The ion exchange reaction introduced in Chapter 9 provides a promising approach to develop new
efficient catalysts. The main point of the chapter is that the A-site cations in a perovskite oxide
can be exchanged with smaller cations from the molten salt, through which we synthesized highly
efficient SrTiO3 with BaTiOs3 as a precursor. It is a bit surprising that ion exchange can happen in
a closely packed structure. What’s more interesting is the difference between this ion exchanged
SrTiO3 and normal SrTiOs3. At present, it is thought that the uneven Cl distribution and the planar
SrO defects led to the improved reactivity, but more research should be carried out to fully

understand this material in the future.

SrTiO3 might never become an ideal photocatalyst under solar illumination due to the large band
gap. Thus, future work should focus on materials with smaller band gaps. As exchanging alkali
earth metal cations into titanates cannot narrow the band gap, introducing transition metal ions is
worth trying. It is also promising to modify other perovskite system with ion exchange, such as
ANDLO3, ASnO3, AGeOs. Besides native oxides, we should also attempt to explore other systems,
such as oxynitrides, magneli phases, and high-entropy ceramics. Owing to the rapid feedback, the
PAPCR provides a new mode of the photocatalyst development. At present, combining DFT and
machine learning realizes a powerful approach to predict novel photocatalysts, and the PAPCR
accelerates the screening of the newly developed catalysts and the optimization of the synthesis
route. Ideally, the knowledge on space charge engineering learned from SrTiO3; can be employed

to optimize these new photocatalysts.
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Appendix I: Determining the Effect of Surface Orientation
on Photochemical Reactivity wusing Photochemical

Marker Reactions

In semiconductor-based photocatalysts, the reactivity is always found to be influenced by the
surface orientation.'™ This orientation effect can be roughly divided into two categories. The first
category is that some orientations behave more reactive than others. For example, in anatase TiO2,
{001} surfaces provides much higher reaction rate in photo degradation of methyl orange than
{010} and {101} surfaces.® Preparing crystals with a higher surface ratio of this highly reactive
surface is beneficial to the reactivity. The other category is that when two surfaces (facets) coexist,
one orientation is more photocathodic while the other one is more photoanodic. One of the most
famous examples is BiVOs, shown in Figure 11-1, whose reduction reactions occur on {010}
facets and oxidation reactions occur on {110} facets. The reason for this selectivity is that
photogenerated electrons and holes tend to migrate to different facets and participate in different

reactions.

Figure 11-1: SEM images of the surface of (a) bare BiVOs, and the surface after photodepositing
(b) Au, (¢) Pt, (d) Ag, (¢) MnOa, (f) PbO.. Scale bar, 500 nm. Reproduced from ref.®

219



There are a lot of theories explaining this orientation effect on semiconductor based photocatalysts,
for instance: (1) Surface atomic structure: Surface with different orientations may have different
atomic arrangements so that species in solutions will selectively adsorb and desorb on specific
surface sites due to the different activation energy. To be specific, one commonly used criterion
to predict highly reactive orientation is to measure the density of undercoordinated atoms. In
anatase, the (010) surface and the (001) surface have 100% Tis. (five-coordinated) site, while the
(101) surface has 50% Tis. site and 50% Tiec (six-coordinated) sites.”® TIllustration of the surface
structure of the three surfaces are shown in Figure 11-2. These undercoordinated atoms are more
likely to serve as adsorption/reaction sites and improve the reactivity. It is found that the (010)
surface is more reactive than the (101) surface, but the (001) surface was the least reactive, which
is likely owning to its lower conduction band edge and smaller overpotential.” In Co30s, it is
known that (001) and (111) surfaces contain only Co?* cations, while (110) surface contains mostly
Co’" cations. Therefore, Co304 nanobelts with more (110) surfaces exposed show much higher
reactivity than nanocubes exposed only (001) surfaces for photocatalytic CO oxidation.!°

Ti5c TiSc Tiec Ti5c

TiO, - (010) TiO, - (001) TiO, - (101)

Figure 11-2: Surface atomic structure of anatase (a) (010), (b) (001) and (c) (010) surface.

(2) Electronic band structure: From the band theory, it is known that in a periodic lattice of atoms,
the electron energy varies from point to point in Brillouin zone. Given the same energy level in
the bulk, surfaces with different orientations will have different degrees of band bending and band
edge positions. Hence, electrons will move to an orientation with a lower band edge while holes
will move to an orientation with a higher band edge. This contributes to a separation of
photogenerated charge carriers and arises an orientation dependent photocatalytic reactivity. For

example, BiOBr has been well studied by Li and coworkers.!!

Two types of nanosheets were
synthesized, one exposes (001) and (110) facets, denoted as BiOBr-(001), and the other one

exposes (010) and (102) facets, denoted as BiOBr-(010). The band structure and density of states
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were calculated by DFT method, showing that when (001) and (110) facets coexist, both valence
band bottom and conduction band top positions of (001) facets are higher than those of (110) facets,
respectively. Hence, (110) facet is supposed to be photocathodic and (001) facet is photoanodic.
Furthermore, the valence band bottom and conduction band top positions of (010) facets are higher
than those of (102) facets, as shown in Figure 11-3, meaning that (102) facet is more photocathodic,
and (010) facet is more photoanodic. Photochemical marker reaction was carried out, showing
that Pt reductions occurred on (110) and (102) facets, and Mn oxidations occurred on (001) and
(010) facets, which is consistent with the calculated band structure. Similar results are found on
Ag>0,'? BiVOs,!3 BiOI,'* La;Ti,07,'>1¢ etc. It is worth noting that, except band edges, detailed
band structure also provides information like band gap, effective mass of charge carriers and
charge migration rate. All of these factors may influence the photocatalytic reactivities of

materials and give rise to orientation effects.
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Figure 11-3: DFT calculated band structure and density of states (DOS) of BiOBr (a) (001), (110)
and (c) (010), (102) facets. Crystal structure of BiOBr (001) and BiOBr (010) are illustrated in (b)
and (d). ((e) (f)) SEM images of BiOBr-(001) after in situ photodeposited with Pt and MnOx. ((h)
(1)) SEM images of BiOBr-(010) after in situ photodeposited with Pt and MnOx. Schematic
illustration of photoexcited charge distributions on BiOBr-(001) and BiOBr-(010) are shown in (g)
and (j). Adapted from Ref.'!
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(3) Surface energy and surface potential: With the help of surface characterization techniques,
like KFM, it is possible to measure the potential of surfaces with different orientations. It is found
that surface with more positive potential will become more photocathodic, and surface with more
negative potential will become more photoanodic. This can be easily understood by considering
the electronic attraction between charge carriers and surface. The surface potential has been
measured on the grains of an a-Fe>O3 ceramic surface, and the (1102) surface was tested to have
the most positive potential, shown in Figure 11-4. Next, the photoreduction of Ag" was carried
out on the same sample, and grains close to (1102) have the largest Ag product coverage. This
means that electrons are more likely to move to (1102) surface and enhance the photocathodic
reactivity. It is noted that the surface potential was usually measured in air by conventional KFM,
therefore, it is likely to differ from the actual potential in solutions, due to the charge compensation
by solution species. A more recent study has measured the electrostatic and hydration forces of
faceted SrTiOs3 nanoparticles in aqueous electrolyte at variable pH.!” This paper demonstrated that
the surface potential of (100) surface is roughly 40 mV higher than (110) surface at pH 6, which

is consistent with previous works on the spatial selectivity between the two surfaces. 32!
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Figure 11-4: (a) Orientation map of an a-Fe,Os ceramic surface. (b) Dark-field optical microscopy
images of the a-Fe;O3 surface after the photochemical reduction of Ag. The brighter contrasts
correspond to silver products. (¢) The average relative potential value measured by KFM (for 167
grains from 16 different images) plotted versus orientation on a stereographic projection broken
into 39 regions. (d) A similar plot of the average activity measured from DF-OM images. Adapted
from ref.??

(4) Electrical conductivity: In crystalline materials, the electrical conductivity can vary from highly
conductive to nonconductive on different orientations. This will influence the charge migration
rate as well as the degree of band bending, giving rise to anisotropic photocatalytic reactivity.
Huang’s group focus on this field, employing a probe technique that can directly measure the
electric conductivity of nano particles.>* Extensive studies have been carried out on Cu,O crystals
shaped in cubic, octahedral and rhombic dodecahedral. It is found that (111) facets (octahedral)
are highly conductive, while the (100) facets (cubes) are moderately conductive and (110) facets

(thombic dodecahedral) are the least conductive. This anisotropic conductivity is understood by

an assumption that electrons will meet a larger barrier if the degree of band bending is large. In
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this way, the order of the degree of band bending should be (110) > (100) > (111).2* Together
with light absorption and emission data, a modified band structure was reported by the same group,
shown in Figure 11-5(f). The three orientations not only have different degrees of band bending
but also different band gaps because of the different particle size. The rhombic dodecahedral has
a smaller band gap and therefore a better reactivity. This is supported by the photocatalytic
reactivity on MO degradation that Cu,O- (110) is the most reactive.?>?® Similar theories have been

proposed to Ag,0,?” Agi;P042® PbS?® and SrTiO3.3°
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Figure 11-5: (a—c) Tungsten probes contacting single CuO crystals for their electrical
conductivity measurements. (d) Schematic illustration of the measurement set up. (e) -V curves
for the (100), (110), and (111) faces of CuxO crystals. (f) Modified general band diagram of Cu,O
crystals accounting for their observed optical size and facet effects. Adapted from ref.?>242

(5) Optical property: It is found that nanoparticles exposing different crystal facets might have
shifted light absorption bands.?® For instance, anatase TiO, nano particles with 18% (001) facets

show a raised conduction band edge by 0.1 eV and higher photocatalytic reactivity compared with
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particles with 72% (001) facets.>! In Ag3POs, the absorption edge of (110) plane bounded rhombic
dodecahedron microcrystals shifted to longer wavelength and absorb more light compared with
(100) plane bounded cubed microcrystals,?>** shown in Figure 11-6 (b). For CuzO, given the same
crystal size, cubes will show a more redshifted absorption band than that of octahedra.’* Similar
results are found for CeO, that nanorods with (110) facets dominated showed smaller bandgaps

than nanocubes with (100) facets dominated.’
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Figure 11-6: (a) UV-visible spectra of anatase TiO: particles exposing 18% (001) facets and 72%
(001) facets, reproduced from ref.3! (b) UV-vis diffusive reflectance spectra of AgsPO4 nano cubes
and rhombic dodecahedrons, adapted from ref.?? (c) A plot summarizing the volume variation of
Cu20 octahedra and cubes with respect to their UV—vis absorption band positions reproduced from
ref.3* (d) Plots of (ahv)'? versus photon energy (hv) of CeO: nanocrystals, reproduced from
ref. ¥

4 5

It is noted that these explanations are highly correlated to each other but not isolated. In literatures,
the orientation effects are usually explained in combined theories. Table 11-1 lists 21 catalysts

that have been reported to exhibit orientation dependent photochemical properties.
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Table 11-1: Summary of photocatalysts with orientation dependent photochemical reactivities.

Materials Structure | Space group | Photocathodic Photoanodic Explanation Ref
Orientation Orientation
Ag,0 bee Pn3m {100} most reactive Surface 12,273
energy/potential; 6
electric conductivity
AgiPOy4 bee P43n {110} more reactive than {100} Surface 28323
energy/potential; 7
optical property
BiVO;4 monoclinic 12/b {010} {110} Adsorption effect; 6,13,38
band structure; —40
electric conductivity
BiOBr tetragonal P4/nmm (102), (110) (010), (001) Band structure 41
BiOClI tetragonal P4/nmm (001) (110) Electric 42,43
conductivity;
surface atomic
structure
BiOI tetragonal P4/nmm (100) (001) Electric 14
conductivity;
band structure;
optical property
CaTiO; orthorhombic | Pcmn (111) (011) Surface 44
energy/potential;
Band structure
Cuu WS4 Tetragonal P42m (001) (101) Band structure 45
CeO, bee Im3m (111) (100) Band structure; 35,46
optical property
Co304 fce Fm3m (110) > (001) =(110) Surface atomic 10,47
structure
Cu,0 bee Pn3m (100) (111) Electric 23,242
. . conductivity; 6,48
(111) highly conduqtlve; (100) band structure
moderately conductive; (110)
nonconductive.
a-Fe,03 hexagonal hR30 (1102) (0001) Surface potential 22
La,Ti,07 monoclinic P2, (001) (010) Surface potential; 15,16
band structure
NaNbO; cubic Pm3m (111)>(110) > (100) Ferroelectric 49
polarization;
band structure
PbS cubic Fm3m {110} and {100} highly conductive; Electric 29
{111} nonconductive conductivity
SrTiO; cubic Pm3m (100) (110) Band structure; 19.20,3
electric 0,50-
conductivity; 52
surface potential
TiO, tetragonal 14/amd {101} {001} Surface atomic 953,54
anatase structure; surface
{010} > {101} > {001} energy/potential
TiO, orthorhombic | Pbca (210), (101) (201) Surface atomic 35
Brookite structure
TiO; rutile tetragonal P4,/mnm {101}, {001}, {111} > {100}, {110}; Surface structure; 56-58
{110} photocathodic and {011} surface chemistry;
photoanodic charge transport
WO; monoclinic P2,/c (200), (020) | (002) Band structure 59
ZnO tetragonal P63mc (110) > (100) > (001) Surface potential; 60
band bending
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The first method to determine the orientation effect is to carry out photodeposition reactions on a
faceted submicro or nano particles. In usual, the particle is single crystalline exposing specific
facets, resulting from anisotropic crystal growth. For instance, in Figure 11-7, a well-grown crystal
exposes violet facets, blue facets, and brown facets. The surface orientation could be determined
with electron diffraction in TEM. After carrying photochemical reduction of Ag” and Pb**, Ag
particles prefer to nucleate on blue facets and PbO» particles prefer to nucleate on brown facets.
This will be good evidence that the photochemical reactivity of this material is anisotropic, the
blue surface is more photocathodic and the brown surface is more photoanodic. This method is
straight forward, but one important task is to synthesize such high crystallinity faceted particles.
These particles are usually grown with hydrothermal methods and molten salt methods. Hence,
selecting appropriate surfactants and salts will be critical. Another limitation is that only a small

number of orientations can be studied in one experiment.

Before reaction Ag* reaction Pb?* oxidation

Figure 11-7: Schematic of a (a) faceted particle and the same particle after (b) photoreduction of
Ag" and (c¢) photo-oxidation of Pb*".

Another method to determine the orientation effect is to carry out photodeposition on a
polycrystalline ceramic surface. Compared with the first method, a ceramic is much easier to
prepare, and a larger number of orientations can be studied simultaneously. In a typical experiment,
a ceramic sample was prepared and polished. Then a surface region with a large number of grains
will be characterized by EBSD to acquire an orientation map. Next, photodeposition reactions
will be carried out, and the surface will be characterized by SEM or AFM before and after the
reaction. The number of deposits will be counted to identify the photocatalytic reactivity of each

grain, and the relationship between photo reactivity and grain orientation will be studied.
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Figure 11-8: Illustration of EBSD analysis process of Bag sSro2TiO3 ceramic surface. The pattern
was collected and processed through OIM Collection software.

In a EBSD experiment, a well-polished polycrystalline sample was mounted on the SEM stage and
tilted to 70° from the horizontal level. The scattered electron will fluoresce a phosphor screen and
form a diffraction pattern (Kikuchi pattern). The pattern was then collected by a camera and
processed in the EBSD analytical software. In a Kikuchi pattern, the bands and intersections
correspond to crystallographic plane and zone axis, respectively. To identify the position of the
Kikuchi bands, a Hough transformation will be used, and the Kikuchi bands are seen as peaks in
Hough space. Since the detailed crystal information was imported to the software, with the
identified Kikuchi band positions and interplanar angles, it is possible to calculate the
crystallographic orientation of the pattern. After scanning across a large region of surface, an
orientation map will be generated, and this map can be further improved in EBSD software. In
Figure 11-8, a large surface region of a Bao §Sro2TiO3 ceramic surface was analyzed by the EBSD
technique. The SEM image was acquired by a Quanta 200 SEM (FEI Company) with a EBSD
analysis system (EDAX) attached. The Kikuchi pattern was collected and processed by OIM
Collection software, and the orientation map was processed by OIM Analysis software.

Consequently, the surface orientation information of approximately 50 grains is acquired.

Munprom et al. studied the orientation dependent photochemical reactivity of polycrystalline

BiVOs ceramic surface, shown in Figure 11-9.3 Surface orientations of the grains, measured by
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EBSD, were correlated to the amounts of reduced and oxidized deposits on each surface. The
surface after photochemical Ag” reduction and Pb** oxidation was measured by AFM, shown in
Fig 11-9 (a) and (d), with the orientation maps showing in (b) and (¢). The bright contrasts in
AFM images correspond to photo deposits. All grains are categorized in High reactivity or Low
reactivity. It is found that the photochemical reduction of Ag" is strongly favored on (001) surfaces
and the oxidation of Pb?* is strongly favored on (hk0) surfaces that are perpendicular to (001).
This indicates that the photochemical reactivity is strongly dependent on surface orientations,

summarizing in (c) and (f). The result is consistent with work on BiVOys particles in Figure 11-1.

[100] [001] [100]
Ag* reduction

010
Low [010)

.. D E [001] [100]  [001] [100]
AT ey o~ Pb?* oxidation

Figure 11-9: Topographic AFM image of the BiVO4 surface after a photochemical reaction (a)
after reduction and (d) after oxidation. The corresponding orientation maps are shown in (b) and
(e). Orientations of grains on the BiVOj4 surface that were classified as low and high reactivity for
the photochemical oxidation of (¢) Ag" reduction and (f) Pb?>* oxidation. Each point corresponds
to an observed grain and the points are plotted in stereographic projection. Reproduced from Ref 3
Both methods discussed here would help people understand the orientation effects and develop
more efficient photocatalyst. And materials with such property will be good candidates for
photocatalytic water splitting. By photodepositing cocatalyst on (100) and (110) facets separately,
the external quantum efficiency of Al-doped SrTiO; can reach 95% under 350 nm to 360 nm

illumination, which is one of the efficient catalysts developed so far.!® It is expected more efficient

catalysts could be developed by appropriate facet engineering and morphology controlling.
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Appendix II: Investigating the Effect of High
Temperature Photochromism Treatment on the

Photochemical Properties of Fe-doped SrTiO3

The impact of UV irradiation on the optical properties of Fe-doped SrTiOs single crystal has been
reported.! It was found that a UV illumination together with a thermal treatment leads to the
incorporation of oxygen into the single crystals and decreased oxygen vacancy concentration. The
incorporated oxygen will oxidize Fe** to Fe*', and the crystal color changed to black. UV-vis
spectra implied that the crystal absorbance at visible light region was significantly enhanced, and
the band gap was reduced to about 2.74 eV when the heating temperature was 440 °C. Meanwhile,
the treatment increases the electrical conductivity as well as the oxygen chemical potential in bulk.

More importantly, this change of absorptance permanently remains at room temperature.

This change of light absorptance is known as photochromism, a phenomenon that the color and
stoichiometry of the material change upon illumination.”? This idea was first introduced by
Tatsuma’s et al. in TiO; film loaded by Ag nanoparticles.® And similar effects have been observed
on numerous oxides, such as TiO2,* SrTi03,> Zn,GeO4.> For Fe-doped SrTiO3, this behavior has
been found decades ago. In 1976, Blazey et al. observed the enhanced absorption in the region of
400 nm to 700 nm on Fe-doped SrTiOs crystals due to the formation of Fe*" induced by
irradiation.” In 1996, the study by Huang et al. implied that two defect states Fef; and
(Feri—Vp) were introduced and served as hole and electron trappers, so that irradiation less than

band gap can be absorbed.® In 2001, Maier et al. reported the use of UV light to accelerate the
rate of oxygen incorporation into Fe doped SrTiOs, but the excorporation rates weren’t affected.’
In most of the studies, this photochromism behavior is reversible. In other word, if the illumination
was removed, the material will be bleached soon. But the method introduced by Fleig et al.! is

irreversible at room temperature, making it promising to the field of photocatalytic water splitting.

In this study, Fe-doped (100) SrTiOs3 single crystal substrates were purchased from MTI company
(0.01 wt %, 5x5x0.5mm, 1sp). The crystal was first annealed at 1100 °C for 6 h to obtain the
enough oxygen vacancy concentration for photochromism. Next, the crystal was illuminated

under a 150 W UV lamp and heated at 440 °C for 6 h simultaneously. After the treatment, the
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crystal color changed from yellow to dark brown. UV-vis spectra of the prepared samples are
plotted in Figure 12-1. It is found that light absorbance at 400 nm of the Fe-doped crystal is
obviously higher than the undoped crystal, consistent with previous report.””! And the

photochromism treatment further improved the optical property.
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Figure 12-1: UV-vis spectra of undoped SrTiOs3 single crystal and Fe-doped SrTiOj single crystal
with and without the photochromism treatment.

The photochemical property of the photochromism treated Fe-doped (100) single crystal surface
was investigated with Ag" marker reaction. The illumination was provided by a 150 W Xe lamp
(Newport). AFM images of the crystal surface after reaction is shown in Figure 12-2 (a) and (b).
It is found that many long edges cross the surface, being roughly perpendicular to each other. And
the silver deposits prefer to accumulate along these edges. There are small silver particles showing
on the flat surface region as well, but the reactivity is generally lower compare with normal
undoped (100) surface (see Chapter 7). The photochemical reactivity under visible light was
studied by employing a long-pass filter to block UV light (1 < 400 nm). After illumination,
topography AFM images of the surface are shown in Figure 12-3 (c) and (d), and no silver deposits

are observed on the surface, indicating a low reactivity under visible light.
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Figure 12-2: Photoreduction of Ag" on the surface of a Fe-doped SrTiOs single crystal that has
undergone a photochromism treatment. The maker reaction was carried out under UV illumination
for (a) and (b) and visible light illumination for (¢) and (d). The dark to bright contrast is (a): 30
nm, (b): 30 nm, (c¢): 10 nm, (d): 6 nm.

Fe-doped SrTiOs3 particles were prepared via a direct solid-state method by heating SrTiO3; with
specific amount of Fe;O3 at 1200 °C for 12 h to yield a doping concentration of 0.01%, 0.02%,
0.05% and 0.1%. RhCrOx was loaded on the samples with an impregnation method. However,
the photocatalytic hydrogen production was low and cannot be detected by the PAPCR. Inspired
by previous results, the SrCl, flux treatment was carried out on all samples at 1150 °C for 10 h in
alumina crucibles to improve their reactivity. The SEM images of the flux treated particles are
shown in Figure 12-3. The particle morphologies are relatively irregular compared with Al-doped
samples (see Chapter 6 to 9). Photochromism treatment has been carried out by illuminating the
powders under 150 W UV light at 440 °C for 6 hours. After the irradiation, the powders seem to
turn slightly darker. But this change of color is reversible and would be bleached to the original

color overnight in air.
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0.01% Fe

Figure 12-3: SEM images of 0.01%, 0.02%, 0.05% and 0.1% Fe doped SrTiOs. The samples were
prepared with a solid-state method and then heated in the molten SrCl, flux.

Photocatalytic water splitting reactions have been carried out on the SrCl, flux treated Fe-doped
powders with and without photochromism treatment using the PAPCR under 380 nm and 400 nm
illumination. The hydrogen generation rates under 380 nm are shown in Figure 12-4. It is found
that the sample without Fe incorporated has the highest reactivity. For the Fe-doped samples, it is
found that 0.05% doped ones are the most reactive either in methanol solutions or in DI water.
The pH effect is like the results in Chapter 6. However, under 400 nm illumination, no hydrogen

production was detected from these samples by the PAPCR.
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Figure 12-4: Photocatalytic hydrogen production rates of SrCl» flux treated Fe-doped SrTiO3; with

different Fe additions in (a) 10% methanol solutions and (b) pure water.

The color change is caused by the increasing Fe** concentrations, expressed as:!
~0,+V; > 05 + 2k (12.1)
Fer; + h' > Fej;(Fe*t) (12.2)

In this study, the photochromism effect has been observed on large single crystal substrates and
the change of color is found to be stable over time. It is indicated that the UV illumination
significantly increases the diffusion rate of oxygen, a situation closes to high pO., and changes the
oxygen stoichiometry of the entire bulk. The holes formed during the oxygen incorporation were
trapped by Fer; acceptors, and this will change the optical property. However, this effect is much
weaker in powders. One possible explanation is that the different size scales for bulk crystal and
powders. The bulk crystal is 0.5 mm thick, a roughly 1000 times larger than powders. When the
illumination is removed, the environment changes back to low pO> situation, the trapped oxygen
from the surface might escape from the surface, but the oxygen in the bulk are difficult to diffuse
such a long range. Powders are much smaller crystals, and the trapped oxygen might easily leave

the crystal by diffusion, explaining why we cannot observe an obvious blackening on the powders.

It is noted that the crystals in Fig. 12-4 were doped with AI** as well during the SrCl, flux treatment.
It is concluded that Fe** is not an effective dopant like AI**, and co-doping Fe** into Al-doped
SrTiO3 will reduce its photochemical reactivity. Although the optical property is improved by the

introduce of Fe** and the photochromism treatment, this does not contribute to the photochemical
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reactivity in the visible light region, determined from both marker reactions and water splitting.
Previous defect studies have shown that Fe-doped SrTiO; might have a stronger p-type
characteristic,'""'? therefore, co-doping AI** will only increase the p-type characteristic.
Considering our compensation model discussed in Chapter 8, introducing a second donor dopant
might be helpful to improve the photochemical reactivity of Fe-doped SrTiOs. Hence, doping La**,
Y3 and Nb3" at A-site might be promising.
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Appendix III: Synthesizing AgNbxTa1.x03 Solid Solution
for Visible Light Driven Water Splitting

AgNbO3 with a band gap of about 2.8 eV is an attractive candidate for visible-light-driven
photocatalytic water splitting. Its conduction band edge mainly compose of Nb 4d orbitals, and
the hybrid of Ag 4d and O 2p orbitals formed the valence band at a more negative level than the
O 2p orbitals, resulting in a decrease in the band gap.! Arney et al. synthesized AgNbOj3 in a
Na»S04 flux, and the catalysts can produce hydrogen in an aqueous methanol solution under visible
light (1 > 420 nm).?> Gao et al. prepared AgNbOs3 nanocubes using a hydrothermal approach and
demonstrated an enhanced visible-light-driven photocatalytic performance in the
photodegradation of tetracycline.> Li et al. showed that polyhedron-shaped AgNbO; by
solvothermal and liquid—solid methods. is favorable for the photocatalytic O» evolution under

visible light.*

In this study, AgNbO3; powders were prepared with a solid-state method. Ag>O and Nb,Os were
mixed at a molar ratio of 1:1 in an agate mortar. The mixture was then pressed into a pellet and
heated at 900 °C for 10 hours and at 1050 °C for another 20 hours in a furnace. After the furnace
was cooled to room temperature, the pellet was ground to powders. The XRD pattern of the
obtained powders is shown in Figure 13-1 (a), and all peaks are attributed to AgNbO3. 1 wt% Pt
or 0.1 wt% RhCrOx cocatalysts was loaded on the samples. Photocatalytic water splitting
experiment has been carried out on the AgNbO3 samples using the PAPCR in 10% methanol
solutions or DI water whose pH was adjusted to be pH 2, pH 7 and pH 12. However, no hydrogen
generation was detected in any samples here under 380 nm or 400 nm, as shown in Figure 13-1
(b). One possible interpretation of the poor reactivity is that the conduction band edge of AgNbO3
is just slightly above the reduction potential of proton so that the overpotential might not be enough
to drive the reaction. The band gap of AgTaOs about 0.6 eV larger than AgNbO3, which is owning
to the energy difference between Ta 5d orbital and Nb 4d orbital.! Inspired by this, it is considered
that AgNbxTa;.xO3 solid solution should have an intermediate band gap and a slightly higher

conduction band edge.

246



(a)

(b) methanol  pH2 pH7 pH12 ' methanol pH2 pH7 pH 12 methanol pH2 pH7 pH 12

no catalysts 1% Pt 0.1% RhCro,
Figure 13-1: (a) XRD pattern and (b) photocatalytic hydrogen generation under 380 nm light from

the prepared AgNbO3 powders.
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Figure 13-2: Photocatalytic hydrogen generation from AgNbxTa;.xO3 solid solutions under 380
nm illumination.

AgNDbyTai1xO3 solid solutions were prepared by mixing Ag>O, Nb>Os and Ta>Os using ball milling
to yield compositions where x = 0, 0.05, 0.1. 0.15, 0.2, 0.3, 0.5, 0.7, 0.9, 1. Again, the mixture
was dried and pressed into a pellet, followed by heating at 900 °C for 10 hours and 1050 °C for
another 20 hours in a furnace. The pellets were then ground into powders, and either 1 wt% Pt or

0.1 wt% RhCrOx was loaded as cocatalyst. Photocatalytic water splitting experiment has been
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carried out on the as prepared solid solution samples under 380 nm, as shown in Figure 13-2.

Unfortunately, no hydrogen generation was detected from these samples.

Watanabe et al. reported that AgTaOs is an efficient photocatalysts whose apparent quantum yield
reaches about 40% under 340 nm.> It is not clear why our AgNbxTa;.xO3 solid solution samples
has such poor reactivity. One explanation is that the particle morphology is irregular since the
particles were made by grinding a pellet in a mortar. A lot of defects might be introduced to both
the surface and the bulk during grinding and serve as charge carrier recombination centers. To
solve this, molten salt synthesis and hydrothermal synthesis could be employed to prepare high
crystallinity materials in future. Another explanation is that free Ag" impurities exist in the
samples. Under illumination, Ag" cations are easier to be reduced than protons due to the lower

reduction potential. This will also limit the water splitting performance.
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Appendix IV: Parallelized and Automated Photochemical
Reactor (PAPCR)

Reactor assemble. The bottom part of the reactor is an aluminium plate. Two 100 W LED chips
are fixed on the top of the plate with screws and thermal paste, providing constant illumination to
the catalysts. The LED chips were purchased from Chanzon with various wavelengths. 380 nm
and 400 nm are the most widely used wavelength in our lab to study the photocatalytic reactivity
under UV light and visible light, respectively. Note that the number of photons from the LED chip
depend on wavelength, and a 400 nm LED is supposed to emit more photons per second than a
380 nm LED. Each LED is connected to a 3000 mA Chanzon LED driver that can provide a
constant electric current. Two fans are employed to cool the LEDs and the drivers. A cold plate
is fixed on the backside of the aluminate plate, connected to a benchtop chiller, providing
circulating chilled water (~ 14 °C) to maintain the work temperature for the LEDs. One should
pay attention that the LEDs should not be turned on unless the fan and the chiller is on, otherwise

they will burn in minutes. To change the LEDs, hexane is used to dissolve the thermal paste.

The mid part is the reactor array where 108 1 mL borosilicate glass shell vials (JG Finneransit) sit
on an aluminum plate with small holes drilled at the bottom, through which illumination from the
LEDs can transmit into the vials. The diameter of each small hole is about 2.5 cm. The vials were
covered with a layer of hydrogen sensitive film (DetecTape, Midsun Specialty Products) whose
color changes from light to dark with an increase in the local hydrogen concentration. The tape is
perforated by the vendor; thus, one should note that the holes should not be on the top of any vial.
A fluorinated ethylene propylene (FEP) film was placed on the top of the hydrogen sensitive film
to create a gas-impermeable environment. Next, a flexible silicone rubber sheet and a rigid
plexiglass plate were placed on the top of the FEP film to seal and cover the whole reactor array.
A rectangular aluminum frame is placed on the plexiglass plate. And 6 threaded rods are employed
to connect the entire array and fixed under a pressure between 43 Ibs and 44 lbs per inch?. A pair
of aluminum U-channels is fixed on the aluminum plate to support the reactor array. Before
running the reactor, a stream of compressed air is used to clean the surface of the plexiglass plate.

And the four sides of the reactor array are covered with black tapes for enhanced image contrast.
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The top part of the reactor is the camera. An acrylic housing, composed of five laser cut acrylic
plates, serves as the camera holder. The camera (Raspberry Pi Camera Board v2 - 8 Megapixels)
is fixed on the top of the acrylic housing, whose focus plane has been adjusted to locate on the
hydrogen sensitive film. Two rows of white LED strips (JUNWEN, 3 W) are pasted inside the
housing, to illuminate the hydrogen sensitive tape from above while the image is captured. The
brightness and contrast of the image captured strongly influence the result so that the white LEDs

should be warmed up prior to the experiment.

The two LED chips and the camera are connected to a Relay module and the entire system is
controlled by a Canakit Raspberry Pi. Every six minutes, the LEDs are switched off, and the
camera takes a picture of the hydrogen sensitive film. After the picture was taken, the LEDs were
switched on for another 6-minute cycle. It is noted that the reactor runs through a Python 2
program, and the images captured during the experiment are automatically collected. Schematic

illustration of the reactor setup is shown in Figure 14-1.

Camera

White LED Strip

Acrylic housing

Plexiglass

FEP film and Silicone Plate

H, sensitive film

Reactor array

LED chips

Circulating water

Figure 14-1: Schematic illustration of the PAPCR.

Image processing. First, a mask image is required to determine the locations of the pixels to be
extracted and processed. The mask is prepared by selecting an image and painting a 54 pixels

black circle on the top of each vial with GUN Image Manipulation Program. The mask image
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color value is then inverted, and the threshold is set to maximum. A Mathematica script is
employed to process the mask and all captured pictures to track the darkness change of the film.
These values were then subtracted from the darkness value from the first image. The averaged
RGB values are used as the darkness. Based on the calibrated relationship between local hydrogen
concentration and the darkness of the film, it is possible to calculate the amount of H> production

every 6 min

Reactor calibration. The colorimetric response of the tape to hydrogen was calibrated by
injecting known amount of H; into vials covered by the tape. The procedure for calibration is
basically the same as the normal reaction experiment. The only difference is that 15 vials have
been replaced with special ones with holes drilled in the bottom and placed in the reactor array
randomly. A gas-tight syringe was used to inject known amounts of H; into those vials. After
injection, the vials were left for 10 min and then a picture of tape was taken. The RGB values
were extracted from the 15 vials and then averaged. This procedure was repeated from 0% H> to
50% H», summarized in Table 14-1. The images of the films exposed to different amount of H»
are shown in Figure 14-2. It is found that the normalized intensity for the 15 vials decreased
linearly with the amount of injected H> from 0% to 31%, but the linearity is less perfect at higher

H> concentration. The fitting of the normalized intensity is plotted in Figure 14-3.

Table 14-1: The volume (ml) of hydrogen injected for calibration and the corresponding
percentage of hydrogen (H,%) as well as the amount of hydrogen (umol) calculated.

NO. Volume injected Total volume Amount Percentage
(ml) (ml) (nmol)
0 0 0 0 0%
1 0.05 0.05 2.0 4%
2 0.05 0.1 4.1 8%
3 0.05 0.15 7.0 12%
4 0.05 0.2 8.2 15%
5 0.05 0.25 11.5 19%
6 0.05 0.3 12.3 21%
7 0.1 0.4 18.5 27%
8 0.1 0.5 20.4 31%
9 0.1 0.6 24.1 35%
10 0.1 0.7 28.6 39%
11 0.1 0.8 32.6 42%
12 0.1 0.9 36.8 45%
13 0.1 1.0 41.5 48%
14 0.1 1.1 45.0 50%
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4% H, 8% H,

12% H, 15% H, 19% H,

21% H, 27% H, 31%H,

35% H, 39% H, 42% H,

45% H, 48% H, 50% H,

Figure 14-2: Pictures of the reactor array taken after injecting specific amount of hydrogen.
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Figure 14-3: (a) The linear fitting for the average normalized intensity in the range of 0 to 31%
hydrogen. The average of the 15 vials are represented by the black dots, and standard deviation
are represented by the yellow and the purple lines, and the orange line shows the best fit. (b) Plot
of the hydrogen production versus reaction time from one of the vials.

Identical experiment. An identical experiment has been carried out to determine the systematic
error. A homogeneous catalyst mixture, containing 0.25 mM Ru(bpy)3(PF¢)2, 0.125 mM methyl
viologen dichloride, and 0.125 mM K,PdCls was dissolved in a 6% TEOA 4:1 DMSO/water
solution and was added to all 108 vials and illuminated by two 300 W 400 nm LED chips to
produce hydrogen for 6 hours. The average amount of H> product was 11.70 umol at 240 min,
and the standard deviation was 14.91%. The hydrogen production from the 108 vials is given in
Figure 14-4. Note that this experiment can be used to adjust the position of the two LED chips to

ensure that the light uniformly covers the entire reactor array.
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Figure 14-4: Hydrogen production from Ru(bpy)s3(PFs). catalysts in the identical experiment.

Photocatalytic experiment. In a typical experiment, specific amount of catalysts powders are
weighted and transferred to the vials. Then specific solution, such as DI water and methanol
solutions are injected into the vials with a pipet. It is noted that the detect range is correlated to
the volume of the head space. For a 0.4 ml headspace, corresponding to 0.6 ml solution added,
the detect range is about 0.9 pmol to 9.6 umol for 4% to 31% H». Decreasing the headspace will
improve the detect sensitivity of the reactor. A typical example of the hydrogen produced in a
single vial is shown in Figure 14-3 (b): The black dots correspond to the amount of H» product
every six minutes; The red curve is the fitted logarithmic function and the region between the two
horizonal dashed lines correspond to the calibrated range. The maximum H> generation rate is
determined by finding the maximum slope of the curve in the calibrated range, illustrated by the
blue line in Figure 14-3 (b). The reason for the logarithmic fit is based on the assumption that the
rate of hydrogen generation decreased with the pressure in the headspace because of the increasing
rate of back reactions. From the reports by Song et al. on the same reactor,' the mass specific
hydrogen generation rates increase with headspace, as the additional headspace reduces the

pressure built up. And the logarithmic fitting that results from the pressure build-up model is
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consistent with the shape of the hydrogen production versus time data. And there is an
impregnation region at the beginning of the hydrogen generation curve. One explanation on this is
that the hydrogen needs to first saturate the water before releasing to the headspace. Another
explanation is based on the reports by Pan et al. that the concentrations of species dissolved in
solution also affect the surface potential.> The presence of O reduced the band bending in
SrTiO3:Al/Pt, which reduced the electric field between SrTiOs;:Al/Pt and bare SrTiOs:Al sites,
made charge separation less effective, and thus reduced the charge separation efficiency. The
presence of H> would behave in the opposite way. Considering our 1-ml small reactor, as H> and
O, are generated at a 2:1 ratio, the H, concentration in the solution would increase with time. This
would increase the reactivity. And this theory might be useful to understand why there is an
impregnation time in the H> evolution curves measured by the PAPCR, as the increasing H»

concentration activates the surface.

To maintain that the results could be compared from panel to panel, P25 TiO, was used as a
reference catalyst and included in all panels. P25 powders were loaded with 1 wt% Pt by the
impregnation method. Since the hydrogen production rate of P25 is known, we can determine if
the reactor is running correctly. And the hydrogen detect tapes used in the experiment are in the

same lots as the ones used in the calibration to maintain the accuracy of the colorimetric detection.
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