ABSTRACT
FUOCO, LINDSAY CHRISTINE Flux Synthesis of Metal Oxides and Investigasioh

their Photoelectrochemical and Magnetic Propert{€smder the diection of Prof. Paul A.
Maggard.

The renewable production of fuels from sunlight has generatedsmtresearch over
the past few decades in the field of semiconducting photoelectrodes, such as for the photon
driven reduction of water Much research has focused on the identification of méeria
capable of absorbing visibleght, a major portion ofite solar spectrumMetaloxides are
considered the most promising photoelectrode matedaks to their relative stability.
However most have large sized bandgapsking them incapable of visibleght absorption.
My research effortsn this area invole the investigation and identification of new metal
oxide basedp-type photoelectrode materials capablehgdirogen production under visible
light irradiation Polycrystalline films of CsllTa103 and CyTa;0O.9 were prepared on
fluorine-doped tinoxide (FTO) glass starting from their flux synthesis as higfalgeted
micronsized particles Each photoelectrode material wax®pared under various annealing
and oxidation temperatures to evaluate their effects on the photocurrent respgdrese.
synthetic prepration phase purity, morphology and optical absmmptof each film were
evaluated. Films were photoelectrochemically characterized dmdftatband potentials of
each were determineoly Mott-Schottly analysis and used to determitiesir valence and
conduction band positions.

The second sectias focused orthe half-metallic, doubleperovskite oxidesvith the

composition ABReOg (A = Sr or Ba; B = Fe or §r These materials have been theus of



intense research interest owing to the discovefy low-field intergrairtunneling
magnetoresistanda members of this family Particle size, morphology and the amount of
B/ B6 s i t baveoalsal leeeni shogvn ®gnificantly affect the observed intergrain
tunnelng magnetoresistance. oWwever current synthesis methods do not allow for the
tunablemanipulation of any of theggpes of particle characteristicély research efforten
this areahave focusean several reduced rhenates ars® offlux-mediatedsynthesis as an
alternative approach thatlows for tie tenability of their particle sizesThe flux amount,

heating duration and cooling rates were varied and investigated for their effects on particle

sizes, extent of B/ B6 site ordering, as wel



© Copyright 2012y Lindsay Christine Fuoco

All Rights Reserved



Flux Synthesis of Metal Oxides and Investigasiohtheir Plotoelectrochemical and
MagneticProperties

by
Lindsay Christine Fuoco

A dissertation submitted to the Graduate UHgcof
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Chemistry

Raleigh, North Carolina

2012

APPROVED BY:

Dr. Paul A.Maggard Dr. Mike H. Whangbo
Committee Chair

Dr. David Shultz Dr. Christopher Gorman



DEDICATION

This work is dedicated to all of my family



BIOGRAPHY

Lindsay Christine Fuoco as born a April 6", 1984 in ArcadiaCalifornia. In the fall of
2002, she enrolled in Virginia Commonwealth Universatyd graduated in the spring of
2006 In the fall of 2006, she ijwed Professor Paw . Ma g esearch@roup at North
Carolina Stee University and currently works on flux synthesis of metal oxmies their

photcelectrochemical properties



ACKNOWLEDGMENTS

This dissertation has been possible because of the guidance and support of many
individuals who through their assistance, mentp and nurturing provided me with an
excellentplatform for doing my researclFirst andforemost,my deepest thanks to Professor
Paul A. Maggard whose knowledge, encouragement and understanding made this dissertation
achievable.

Thank youto my commitee membersProf. Chris Gorman, Prof. Mike HVhangbo
and Prof. David Shultzl would like to thank DrShultz for use of his SQUID and his group
members Rob Schmidt and Geoff Lewis for their assistance with data collection.

| would like to thank my labmates Nacole King, Katyn Wilberding, Jonathan
Boltersdorf, lan Sullivan, Lan LqouPrangya Sahoand former labmates Haisheng Lin and
David Arneyfor making the lab a productive ardjoyable place.

Finally, I would to thank my family for all of their pportand love.



TABLE OF CONTENTS

LIST OF TABLES. ... oo e e e e eeeme e Vi
LIST OF FIGURES ... oo et et ee et ettt e e aamer e e e e enenns Vil
PART 1: FLUX SYNTHESIS OF METAL OXIDE PARTICLES:
PHOTOELECTROCHEMISTRY oo et eaees 1
CHAPTER 1.INTRODUCTION TO PHOTOELECTROCHEMISTRY....oeveiiiiiiieiiaen 2
EXPERIMENTAL TECHNIQUES............coiieiee et 7
REFERENCES. ... ..o et 19
CHAPTER 2.Preparation and Photoelectrochemical Propertiestgbe CuyTa; 1030 and
CuwsTayO19 SemiconductingPolycrystalline Films.............viiiiiiiiiiiceennns 22
EXPERIMENT T AL. .. oo 25
RESULTS AND DISCUSSION....ciiee e, 28
CONCLUSIONS. ..o et 36
SUPPORTING INFORMATON. ..o 53
REFERENCES. ... oo 63
CHAPTER 3.The Hfect of Oxidation on the Structural Properties dlype CuNbQ,
CUNbgOg, CLIsTallOgo and CléTa7019. ...................................................... 65
EXPERIMEN T T AL . e e e 66
RESULTSAND DISCUSSION....couieieee e 68
CONCLUSIONS. .ot 69
REFERENCES. ... . oo 87
PART 2: FLUX SYNTHESIS OF METAL OXIDE PARTICLES:
INTERGRAIN TUNNELING MAGNETORESISTANCE ..o 88
CHAPTER 4.INTRODUCTION TO MAGNETORESISTANCE.......cciiieieeeee 89
REFERENCES. ... ..ot 102
CHAPTER 5.Rapid Moltensalt Syntheses of $teReQ, BaFeReQ and SsCrRe( :
Par t i cl e-site Digoader,,andBAagdétic Properties................. 106
EXPERIMENT AL ..o 109
RESULTS AND DISCUSSION....cii e 111
CONCLUSIONS. .. e e 117
SUPPORTING INFORMATION ... 136
REFERENCES. ... .ot 145
CHAPTER B.CON C LUSION S . ...t r e aeeen 148
REFERENCES. .. ..ot 154



LIST OF TABLES

Table 3.1 Lattice parameters for CuNRO CuNkOs, CuTa;103 and
CwTa;Op9 calculated from the PXRD........ccoovviiiiiieiiiiiiieeeee e, 70

Table 4.1 Magnetic and electronic properties, crystallographic parameters
and tke most comrman synthesis method employed for the half
metallic and related doubleperovskites. Ferromagnetic is
represented as FM, antiferromagnetic as AFM, paramagnetic as
PM and canted ferromagnetism as CFM. Blank fields indicate an
absence of property definedn literature..............oooooiiiiiiienen s 97

Table 51 Powder Xray diffraction refinement results for lattice constants
and B/ B6 s i tFeRe@ (Spheergioupdm).i...n.....S.t....... 118

Table 5.2 Powder Xray diffraction refinement result®r lattice constants
and B /oferisgiinBagFeReQ (Space grourm-3m)..........cceeeeen... 119
Table 53 Powder Xray diffraction refinement results for lattice constants

and B/ B6 si tCeRe@ (Sphaeergioupgr3m)n....S.r....... 120

Table 54 Magnetic properties of the fluprepared doublperovskites,
including gontaneous and remanent magnetizatigiy §nd M,
respectively) and coercive fielthf). Also shown is the fractional
site occupancies of B/ BO6 cat.i.d2ls obt a

Table 551 PXRD refinement data for BREREQ........c.ovemieeie e 136
Table 552 PXRD refinement data for STeReQ. ...oonvvevenieeee e 137
Table 553 PXRD refinement data for SErReQY. .. ovnvvvnvenieeeeee e 138

Table 554 PXRD refinement results including thermal parameters for
SrFeReQ@ synthesized using a 0.5:1 flux for b2 BgFeReQ at
a 1:1 flux for6 h radiatively cooled and 8€rReQ at a 1:1 flux
for 6 h radiatively COOlEM..............oooveviiii e 139

Vi



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

LIST OF FIGURES

PEC cell configuration of (Ap-type semiconductor electrode with
a Pt counter electrode and (B)pdype semiconductor electrode
with a Pt cainter electrode.............oooviiiiiiiiieeee e 13

Solar irradiance spectrum as a function of photon wavédiengt............. 14

Schematic drawing of the band positions in an ideal semiconductor
where the hydrogen and oxygen potentials lie within the
conduction and valence hds of the material. These positions

have been shown vs. NHE for a solution®H...............ccooeviiiiiiiieemnneee. 15

The band positions of selected photocatalysts showiNME& at
pH = 1. Image adapted from referenCe.4........cccccovviiiiiiieemiiiininnennn. 16

Schematic energy diagram of the bapdsitions for the solid
solution (CuyNawx)2TasO11 with increasing C() content,
CuNb;3033, CUNDQ and CUNBOSg. ......ccovniiiiiiieceee e 17

Experimental photoelectrochemical measurement setup.................... 18

Powder Xray diffraction data for (a) asrepared Cil'a;1030, (D)
calculated pattern of GUia;1030, and films of CgTa;1030, (C)
annealed at 400 °C and oxidized at 250 °C, (d) annealed at 400 °C
and oxidized at 350°C, (e) annealed at 400 °C and oxidized at
450°C, (f) annealed at 400 °C and oxidized at 550 °C, ghd (

Powder Xray diffraction data for (a) bulk GUia/0O.9 (b)
CuwTa;O49 film annealed at 500C and (c) oxidized at 350 °C (d)
calculated pattern of GUarO1g.......uurrrriiiieeeie e ceeercce e eeeeee 39

SEM images of a Glia;103 film (A) after annealing at 400 °C

for 3 h, (B) a ~30 ° tilted crossection view of film after oxidizing

at 250 °C for 3 h, and (C and D) after annealing at 400 °C for 3 h
before and after oxidizing at 350 °C, respectively...........cccccvvvvviieennne 40

SEM images ol CuyTa;Oq9 film (A) after annealing at 500 °C for

3 h, (B) an ~30 ° tilted crossection view of film, and (C and D)
and after the chronoamperometry measurements, respectively.......... 41

vii



Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.D

Figure 2.11

Figure 2.12

Figure 2.13

Currentpotential curves in aqueous 0.5 MJS@&)y solution (pH=

6.3) under chopped visibleght irradiation for CyTa;1030 films
annealed at 400 °C for 3 h and not oxidized or oxidized for 3 h at
250 °C, 350 °C (upper chart), and oxidized for 3 h at 450 °C, 550

RO (oY =T g ol =1 o PSR 42

Currentpotential cures in aqueous 0.5 M NaO, solution (pH =
6.3) under chopped visibleght irradiation for CyTa;1030 films
annealed at 400 °C and 500°C followed by oxidation at°850r
T TS PPEPR 43

Currentpotential curves in aqueous 0.5 ,88@) solution (pH =

6.3) under chopped visiblgght irradiation for CyTa;O19 films
annealed at 500 °C for 3 h and not oxidized or oxidized for 3 h at
350 °C and 550 °C..uvnciiiiiiiiie e eennnnn A

Mott-Schottky plots for the (A) GI'a;O19 and (B) CyTa11030
polycrystalline films annealegk 500 °C..........cccooiiiiiiiiiiiiiiieeei e 45

Incidentphotonito-current (IPCE) efficiencies (upper plot) for
CusTay1030 films annealed at 408C or 500°C and oxidized at 350

°C or 550°C, and (lower plot) a GiTa;O1, film annealed at 508C

F= 1[0 [ oo Jo ) o F= 11 o] o TN 46

Currentpotential curves for a Glia;103 film annealed at 500 °C
and oxidized at 350 °C in aqueous 0.5 M,8@, solution (pH =
6.3) under chopped frontside or backside visiighkt illumination............. A7

UV-Vis diffuse reflectance spectra forpfer plot) CgTa;1030

films annealed at 408C and oxidized at various temperatures from

250 °C to 550°C, and (lower plot) Csl'a;Oy9 films annealed at

500°C and oxidized at 350C. .........cceeeeeeiiiiiiiiiieeee e 48

Cu 2p cordevel spectra for GTa:03 (upper plot) and
CuwsTa;O49 (lower plot) films annealed at 500 °C without oxidation

(A), oxidized at 350 °C before (B) and after chronoamperometry

() TSRS 49

Calculated bandtructurek-space diagram for GUaO;o, Wwith
arrows labeling the higher bawlispersion @ections............cccccoeeeevvinnene 50

viii



Figure 2.14

Figure 2.15

Figure 2.8

Figure 2 2

Figure 2.8

Figure 2.8

Figure 2 S.5

Figure2.$%
Figure 2.9

Figure 2.8

Calculated electron density for the lowestergy conduction band
states (A; reddislorange density) and for the highestergy
valence band states (B; yellowigheen density), which is
concentrated within the TaOayers andthe TaQ/Cu layers,
TESPECTIVEIY....eeeiiiiiiii it 51

Cathodic photocurrents under visidight irradiation of p-type
CusTa1030 and CyTa;O49 polycrystalline films, and a plot of the
electron density for the loweshergy conduction band states of a
TaOy, layer that is found in each solid................iiiiiiiicecee 52

Powder Xray diffraction data for (a) Glia;103 oxidized at 750
°C for 3 h, (b) calculated pattern of Cylg, and (c) calculated
pattern Of T@0s. ....ciiii it ————— 53

Thermogravimetric analyses (in air) verdirme for CuTap1030
(upper) at 250 °C, 350 °C and 550 °C and fogTaeO19 (lower) at
350 °C aNA 550 PCurvvieeeiiiiiiiiieeeeeeeeesitee et e e e e et e e e e s smmne s enraaae e e e e 54

Powder xray diffraction data of (A) calculated €te;;030and (B)
the CuTay1040 film after chronoamperometryd.4 V applied bias
potential) for 1 Moo 55

O 1s cordevel spectra for GiTa;1030 (upper plot) and GiTa;019
(lower plot) films annealed at 500 °C without oxidation (A),
oxidized at 350 °C before (B) and after chronoamperometry.(C)........ 56

Ta 4f corelevd spectra for Cslla1030 (upper plot) and
CuwsTa;O49 (lower plot) films annealed at 500 °C without oxidation
(A), oxidized at 350 °C before (B) and after chronoamperometry

Chronoamperometry for the €le;1030 Sample analyzed by XPS......... 58
Chronoamperometry for the €le;019 Sample analyzed by XPS........... 59

Electrordensity plots from the calculated electronic structures of
CusTa11030 for the lowestenergy states (blue electron density;
unfilled) in the conduction band rfdleft) and the highestnergy

states (red electron density; filled) in the valence band (on right).
The A[A brackets | abel the .t.hr.é&&

di f f



Figure2.39

Figure 2.0

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Electrondensity plots from the calculated electronic structures of
CwTa/0Op9 for the lowestenergy states (blue electron density;
unfilled) in the conduction band (A) and the highessergy states
(red electron density; filled) in the valence band (B) for just the

Cu(l))Taks | ayer . The A[A brraettypes s | abel

Of tantalate [aYerS........uueiiie e e 61

Chronoamperometric measurements in aqueous 0.5lad60,

solution (pH = 6.3) for C4Ta;1030 films annealed at 500 °C under
vacuum and oxidized at 350 ° C with zero applied voltage under
visible-light illumination. .............coooiiiiiiee e 62

Currentpotential curves in aqueous 0.5 MJS&)y solution (pH =
6.3) under chopped visibleght irradiation for a CuNb@film
annealed at 500 °C for 3 h and oxidized for 3 h at 350.°C.................. 71

Currentpotential curves in aques.5 M NaSQ, solution (pH =
6.3) under chopped visibleght irradiation for a CuN§Og film
annealed at 500 °C for 3 h and oxidized for 3 h at 350.°C.................. 12

Currentpotential curves in aqueous 0.5 MJS@&)y solution (pH =
6.3) under chopped vidislight irradiation for a Cgil'a;1030 film
annealed at 500 °C for 3 h and oxidized for 3 h at 350.°C.................. 73

Currentpotential curves in aqueous 0.5 MJS@&y solution (pH =
6.3) under chopped visiblgght irradiation for a Cgll'a;O3 film

annealedat 500 °C for 3 h and oxidized for 3 h at 350.°C.................... 74
Crystal $ructuresof CusTa;1030 (A) and CuTaO19 (B).....ooocvvvvvvvviiiiieee. 75
Crystalstructuref CuNbG (A) and CuNBOg (B). ...coovvviviiiiiiiiiiiee 76

PXRD patterns for CuNbfnon-oxidized (A), oxidized 8250 °C
(B), and 350 °C (C). Also shown is the calculated pattern of

PXRD patterns for CuNj®s non-oxidized (A), oxidized at 250 °C
(B), 350 °C (C) and 450 °C (D).....vvveeeeeeeiiiiiirieeeemeeeeeiiieeeee e e s ennnieeeanans 78

PXRD patterns for GiTa;1030 nonoxidized (A), oxidzed at 250
°C (B), 350 °C (C) and 450 °C (D). Also shown is the calculated
pattern of CeTa;1030 (E). ..oevvvvrviiiieiiiiiie e eeeee e eeeee e 79



Figure 3.10

Figure 3.11

Figure3.12

Figure 3.13

Figure 3.14

Figure 3.15
Figure 3.16

Figure 4.1

Figure 4.2

Figure 4.3

Figure 5.1

Figure 5.2

PXRD patterns for GITa;O19 nontoxidized (A), oxidized at 250
°C (B), 350 °C (C) and 450 °C (D). Also shown is the calculated
[OEz L= 101 G - 1 O 1o (=) IO 80

UV-Vis diffuse reflectance spectra for (upper plot) CuNi@h

no oxidation and oxidized for 3 h at 250 °C and 350 °C, and (lower
plot) CuNROg with no oxidation and oxidized for 3 h at 250 °C,

350 9C @Nd 45BC.......ueeiieeei it emee e 81

UV-Vis diffuse reflectance spectra for (upper plotTatO19 with
no oxidation and oxidized for 3 h at 250 °C, 350 °C and@>nd
(lower plot) CyTa;1030 with no oxidation and oxidized for 3 h at

250 °C, 350 °C @nd 4B8Q.......cueiiiiaiiiiiiiiie e 82
Unit cdl lattice parameters versus oxidation temperature for

CUNDG ... e e s e e e e e e s s st e e e e emmne e 83
Unit cell lattice parameters versus oxidation temperature for

(@1 ]| USRI 84
Unit cell lattice parameters for €LB11030. ....evvvveeeeeveriieiiiiees e 85
Unit cell lattice parametef®r CusTarOr1g. «ovvvvvvrrrvrrireiiiiiaieee e 86

An illustration of ITMR where the set up on the right is in the
absence of a magnetic field where tunnelmdess favored The

set up on the left represents the tunneling of an electron that occurs

in the presence of a maglit field.............ccooriini 99

A representation of the spin densibf-states at the Fermi level for
a normal metal, ferromagnetic metal and a-hadtal.............................. 100

Crystal structure of the -Bite ordered AB B & @Goubleperovskite

with space group m3m BOsoct ahedr a are shown
octahedra are shown in pink, A atoms are shown in blue and O
atoms are SNOWN IN Grayu.......ueeeiiiieee e eene e 101

Crystal structure of SFeReQ. FeQ polyhedra are shown in
green, MQ octahedra are shown in pink, Sr atoms sltewn in
grey and oxygen atoms are shown in blue..............cccooovvieeeeii e, 122

Crystal structure of S€rReQ. CrQ;polyhedra are shown in light

blue, Re@ octahedra are shown in pink, Sr atoms are shown in
grey and oxygen atoms are shown in blue..............cccooovvieeeeii e, 123

Xi



Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Crystal structure of B&reReQ. FeQ polyhedra are shown in
green, Re@octahedra are shown in pink, Ba atoms are shown in
dark green and oxygen atoms are shown in blue.................ccceveeeen. 124

PXRD Rietveld refinement results for ,6eReQ synthesized
using a 0.5:1flux for 12 h. The observed profile is indicated by
the circles and the calculated profile by the solid line. Bragg peak
positions are indiated by vertical peaks. The difference

PXRD Rietveld refiement results for BReReQ synthesized

using a 1:1 flux and radiatively cooled. The observed profile is
indicated by the circles and the calculated profile by the solid line.
Bragg peak positions are indicated by vertical peaks. The
difference diffraacbgram is shown at the bottom....................cccoeeeeee. 126

PXRD Rietveld refinement results for ,8rReQ synthesized

using a 1:1 flux radiatively cooled. The observed profile is
indicated by the circles and the calculated profile by the solid line.
Bragg peak positns are indicated by vertical peaks. The
difference diffractogram is shown at the bottam.....................cceeeeee. 127

SEM images for SFeReQ synthesized using a molten NaCI/KCl
flux at (A) a 0.5:1 ratio for 3 h, (B) 0.5:1 ratio for 12 h, (C) a 1:1
ratio for 3 h, ad (D) a L:1 ratio for 12 ha......oevvveiiiiiiiiiicceeecceeee e 128

SEM images for Bd&eReQ synthesized using a molten NaCI/KCl

flux at (A) a 1:1 ratio for 6 h, (B) 3:1 ratio for 6 h, (C) a 3:1 ratio

for 6 h and quenching; $2rReQ using (D) a 1:1 ratio for 6 h, (E)

a 1:1 rato and slow cooling over 24 h and (F) a 3:1 ratio for 6 h

and quenching. Samples in A, B and D were radiatively cooled....... 129

M(H) curves for SsfFeReQ@ synthesized using a molten NaCl/KCI
flux at 750°C at a 0.5:1 and 1:1 ratio for both 3 hand.12................. 130

M(H) curves for BaFeReQ synthesized using a molten NaCIl/KCI

flux at 800°C at a 1:1 flux ratio for 6 h and 3:1 flux ratio for 6 h
radiatively cooling, a 3:1 flux ratio for 6 h rapidly quenched, and a

1:1 flux ratio for 6 h slow cooledver 24 h...........ccooeviiiiiiiiiiiceeeeiieee, 131

Xii



Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5S1

Figure 5.S2

Figure 5.S3

M(H) curves for S4#CrReQ synthesized using a molten NaCl/KCl

flux at 800 °C at a 1:1 flux ratio for 6 h and 3:1 flux ratio for 6 h
radiatively cooled, a 3:1 flux ratio for 3 h and rapidly quenched,

and a 1:1 flux ratio for & and slowly cooled over 2 days.................... 132

Temperature dependence of the resistivity for,F&8ReQ
synthesized by the solid state method and at a 1:1 flux for 3 h;
BaFeReQ at a 1:1 flux for 6 h and radiatively cooled and
SrCrReQ at a 1:1 flux fo 6 h and radiatively cooled.......................... 133

Temperature and magnefield dependence of the resistivity for
polycrystalline SifFeReQ pellets prepared via the solgtate and
flux-synthetic routes (1:1 molar ratio, 3R).......cccoeeiiiiiiiiiiieeciii e 134

An SEM image b SrnFeReQ@ synthesized in higlpurity in an
NaCl/KCI flux at 750 °C for 3 h with homogeneous particles
ranging from ~50° 100 nm in size. Temperature and magnetic

field dependence of the electrical resistivity for polycrystalline
SnFeReQ pellets prepad via the soliestate and flussynthetic

routes (1:1 molar ratio, 3 N)......coooeiiiiiiiieee e 135

PXRD Rietveld refinement results for ,8rReQ synthesized

using a molten NaCl/KCl flux at (A) a 1:1 flux for 6 h and slow
cooling over 2 days, (B) a 3:1 flux for 6and rapidly quenched

and (C) a 3:1 flux for 6 h radiatively cooled. Toleserved profile

is indicated by the circles and the calculated profile by the solid
line. Bragg peak positions are indicated by vertical peaks. The
difference diffractogram is skam at the bottom...............ccooooeeiiiiieeennn. 140

PXRD Rietveld refinement results for,6eReQ synthesized by
(A) solid state method; using a molten NaCl/ KCl flux at (B) a 1:1
flux for 12 h, (C) a 1:1 flux for 3 h and (D) a 0.5:1 flux for 3 h.
The observed profile ildicated by the circles and the calculated
profile by the solid line. Bragg peak positions are indicated by
vertical peaks. The difference diffractogram is shown at the

PXRD Rietveld refinement results for B&ReQ synthesizedy

using a molten NaCl/KCl flux at (A) a 3:1 flux for 6 h and slow
cooling over 24 h, (B) a 3:1 flux for 6 h and rapidly quenched and

(C) a 3:1 flux for 6 h radiatively cooled. Tlodserved profile is
indicated by the circles and the calculated profildhz solid line.

Bragg peak positions arindicated by vertical peaks. The
difference diffractogram is shown at the bottam......................ccccee.. 142

Xiii



Figure 5.54

Figure 5.S5

Figure 6.1

Figure 6.2

Temperaturelependent resistivity measurements at 0 kG and 3 kG

for SLCrReQ particles prepared by a NaCI/KCUH{ synthesis at

800 °C for 6 h using a 1:1 flux:product molar ratio radiatively
COOIBA. ..ttt 143

Temperaturelependent resistivity measurements at 0 kG and 3 kG

for Bax;FeReQ particles prepared by a NaCI/KCI flux synthesis at

800 °C for 6 h using 4:1 flux:product molar ratio radiatively
(o0 1o ] L= o P 144

The valence and conduction band positions fogT@yOs3p and
CwTa;0O,9 determined from their flaband potentials viRHE (pH
6.3) with respect to the water oxidation and reduction potsntial....... 152

Temperature and magnefield dependence of the resistivity for a
polycrystalline SiFeReQ pellet prepared by flux synthesisAlso

shown is anillustration of ITMR where the set up above is in the
absence of a magnetic field where naling does not occur as
readily. The set up on the left represents the tunneling of an
electron that occurs in the presence of a magnetic field.................... 153

Xiv



PART 1: FLUX SYNTHESIS OF METAL OXIDE PARTICLES:
PHOTOELECTROCHEMISTRY



CHAPTER 1

INTRODUCTION TO PHOTOELECTROCHEMISTRY

Solar hydrogen generation through photoelectrochemical water spliging metal
oxides as photoelectrode materialbas attracted considerable interest tive field of
renewable energyWith the world energy consumptiastimated to double by 2050 and the
diminishing of our energy reseryeicreased research efforts have focused on the
development of a sustainable energy source to supply our growing energy né&tide
estimations of the f&sil fuel reserves that comprise of 85% of our current energy
consumption range from 480 years for oil, 660 years of natural gas and 1800 years
for coal, the effects of depleting reserves will be felt far sooner as they become harder to
recover® The generation ofjreenhouse gassé®m the combustion ofuels andtheir
impact on the environmenalso poses a more immediate condernTherefore an
investigation into clean sustainab@mergy sourcealternatives to fossil fuels with the
potential to address our gming energy demands is needed.The solar driven
photoelectrochemical production hydrogen from water using metakide based
photoelectrodesias been gaining considerablesearch over the past few decadssa
potentially clean renewablenergy source alternative to tloeirrent combustion of fossil
fuels A photoelectrochemical cell for theroduction of hydrogen from wateras first

reportedn 1972 by kjishima and Honda usingTiO; as a photoelectrodenderultra-violet



illumination ard a 0.5 V applied potentidl Since this discovery, marntypes of materials
have been explored as potential photoelectrode materials for water splitting with the most
promising being metaloxides due to theirelatively higher inherent stability against
photocorrosiorcompared to nowxide semiconductors.

The basic photoelectrochemical cell (PEC) setup consistéé ahode where water
oxidation occurs and a cathode where water reduction otcwhich one of these consists
of a photoactive semiconductoncathe other of a metal such as Pt serving as a counter
electrode submersed in an aqueous electrolyt&Shown n Hgure 11 are the PEC
configurations for n-type and p-type photoactive semiconductor electrodes. If the
photoactive material is amtype maerial such as-TiO,, water splitting is initiated when the
photoactive elecbde (photoanode) is irradiat®dth photons equal to or greater in energy
than the bandgap of the material. Upon illumination, electrons from the valence band are
excited to theconduction band and create electimie pairs. The electrons and holes are
separated by an electric fieldsidethe semiconductqgispace charge layeand the electrons
travel to the conducting contact via an external connection to the Pt counteodsect
(cathode) where thegan reduce water to form #1 The holes are swept towards the
semiconductor electrolyte surface acah oxidize water to form @ If the photoactive
material isp-type, it acts as the photocathode and watgrrégerentiallyredwced on the
semiconductor surface and water is oxidized at the counter electrode. The overall water
splitting reactionis O  + A2Hh 3 1/20G, ( h 3photon energyand can be driven by light
with a wavelengthO 1008 nm (1.23 eV)Figure 1.2) In somecases, the photovoltage

between electrodes in less thar23 eV and an external bias can dgplied® With the



majority of the solar spectruncomposed of visibkight, visible-light absorption is a key
requirement in a semiconductor for water splitting
In an ideal semiconductor for overall water splitting, the potential of the conduction
band edge should be more negative tienH/H, redox potential and the valence band edge
should be more positive than the/B0 oxidation potential as shown in Figur8.” In the
case ofn-type TiG, and many other metal oxides, the conduction and valence baitalsly
straddle the waterxedation and reduction potentials, btiteir bandgafsizesaretoo large
and regricts them to only ultraviolelight absorption. A relatively smaller number af-type
metal oxides that absorat visiblelight energies have been empmd for use as water
oxidation catalysts, such aBFeOs;, WO;, and BiVQ.2'° However, their decreases in
bandgap size are generally found to originate from a downshift in the conduction band
energy, and thus making most all of them unsuitable for upgygee photoelectrodes for the
reduction of wate The band positions with respect to the water oxidation and reduction
potentials for selected metakide and noroxide photocatalysts are shown in Figure 1.4.
Narrow-bandgap an-oxide semiconductors such as GaN and CdS have been
explored ag-type phobelectrode materials, however they lack the stability of reetiaes

1112 gJust a few

and are readily deactivatetirough photocorrosion and selkidation
examples op-type semiconducting oxides that function as photocathodes under iigithle
irradiation have been discovered so far, including@uCaFegO,, and metalon doped
Fe0:.'*'® Thus a primary critical direction in this area is the identification of pewpe

photoelectrodenetal oxides capable of visiblght absorption.



Recent researckfforts in the Maggard groughave focused omachieving smaller
bandgap sizes via the use of Nb(V) or Ta(V) cations (emptyrhitals) that form the
conduction band states in early transitroptal oxides, together with a Cu(l) cation (filled
d'%orbital§ that can form highernergy valencéand state§™® For example, the
isoelectronic substitution of Cu(l) for the Na cation in the NajNpRbtocatalyst decreases
its bandgap size from ~3.4 eV to ~2.0 eV via the creation of a new fegkegy valence
band consisting of the filled Cu‘%orbitals, as found in CuNRQ’** For the solid solution
(CuNayx)2TayO11, increasing the Q) content from x= 0.05 to x= 0.77 was found to
decrease the bandgap from 3.2 eV to 2.7 @/shown in Figure 1%. Thusmy research
efforts in ths field extend the use Cu(l)/Ta(Based compoundss potential photoelectred
for the photoelectrochemical splitting of water.

In addition to theappropriate location of theonduction and valence band positions,
an ideal photdectrode materiaimust also be capable efficient charge transpaft Poor
mobility of charge carriersiould preventhe effective transport of chargésm the bulk of
the material tothe surface andthus decreasing itphotocatalytic efficiency Decreased
charge mobility in metabxides is often caused by the presence of defects makerial that
canserve as recombination centéos the photogenerated electrons or hpglpreventing
efficient charge transpotb the electrolyte semiconductaurface Previous studiesn the
phot ocur r en tFeQs; phetpeteciredes havé begéh shown to be highly dependent
on the preparation conditioRS. In general, the observed photocurrent itFFe0;

photoelectrodes was found to increase under synthesis conditions that impheved

crystallinity of the material® Therefore, it is critical to employ a preparation method that



allows for the preparationf dnighly crystalline products.Mixed-metal oxides ar¢ypically
prepared using sokdtate techniquesm which products of hig purity and crystallinity are
often hard to obtain. Aalternative approach to the synthesis of these materials is to use a
moltenflux syntheticmethod which employs the use of moltensalt as a solvent medand
enables the formation of highly cryBiae products. Previous research efforts in the
Maggard grouphave exploredhe use of fluxsynthesis for the preparation of photocatalyst
materials in parculate photocatalyticystems,and which have shown increased catatyt
rates in comparison to ko-state preparation methotfs.However, the use of flugynthesis

of the preparation of photoelectrochemical electrodes has neveexaered.

The major research efforts of my work described in part 1 of this document is the
identification of two newp-type photoelectre, i.e.CusTa11030 and CuTa,0,, capable of
hydrogen production under visiblght. Polycrystallinefilms of each were preparetiarting
from their fluxsynthesis byand tested for photoelectrochemical water spgttirOxidation
of these films was found to enhance the photocathodic response and the effects of oxidation
and annealingemperature were probed for each system. Films were characterizatjus
Powder Xray Diffraction, U\tVisible Spectroscopy, Scanningegtron Microscopy and
Thermogravimetric analyses. The surfaces of the films before and after
photoelectrochemicaiesting were also probed usingrXy Photoelectron Spectroscopy to
investigate possiblphotocorrosiorat the films surface. The flatbandpotentials of each
were determined using Mott-Schottky analysis and used to calculate the valence and

conduction band positions. Through these studies we seek to provide a better understanding



of these materials ag-type photoelectrodes an provide a basis foridentifying and

investigating other potentigttype metabxides

EXPERIMENTAL TECHNIQUES

Molten-Salt Flux Synthesis

Flux syntheses were performed by first combining mixtures of analytical reagent
grade reactants inside a glovebox ura@itrogen or argon atmosphere. The reactants were
ground together in a mortar and pestle for 20 minutes prior to and after the addition of the
desired flux. The restihg mixtures were loaded infased silica ampules and flame sealed
on a vacuum lineThe reaction ampules weheated in a ceramic tube furnace. The heating
profiles and molar ratios are described further in each chapter. The flux was removed from

the resulting products by washinljlore details are provided in each chapter.

Polycrystalline Film Preparation

Polycrystalline films wererepared on fluorineloped tinoxide glass slide$FTO)
(TEC-15 from Pilkington Glass Inc.). Prior to sample deposition, the FTO slides were
cleaned by sonication in deionized water, acetone and ethan?0 faminutes eackor two
cycles. A ~2 cntf area was then masked off on each slide usimglayers ofScotch tape
Approximately 30 mg of sample wasound in ethanol as a dispant and spread over the

slide using the docteblade technique. The filmsere then dried at room temperature and



the tape was removed. All films were annealed in a ceramic processing furnace under

vacuumat ~30 milibar. Erther dedils are given in each chapter.

Powder X-ray Diffraction

Powder Xray diffraction (PXRD) patters of all synthesized products were collected
on an | NEL diffr a(ca oimel .e54 W6 nijg) Cua Kitdgyt i on f
generator (35 kV, 30 mA) in transmission mode using a curved position detector (CPS120).
Samples were prepared by plagiapproximately 40 mg of dry sample onto a piecgcotch
tape adhered to the sample holder. The sample was spread across the tape as a uniform
smooth layer and a second piece of tape was then placed over the tape containing the sample.
The sample holel was placed in the rotating mount located between the direct beam of the
incident Xrays and the detectoDatawere collectedfor approximately 1 hour each. The
resulting patterns were analyzed using Winpfand compared to calculated patterns from
the ICSD and the ICDD databases using the programs Findlt and Nfsteh!.

High-resolution pwder Xray diffraction data setusedin Rietveldrefinementsand
unit cell calculationswere collected at room temperature on a RigakAxB Spider
equippedwt h a cur ved i mag e radlaton feom d sectlaflibetXoay and C
source. Samples were loaded into €013 mm borosilicate capillaries and data was collected
for 2 h. The resulting-B images were integted to produce conventionatfi 2 i gity e n
patterns using 2DP. Refinements were performed by the Rietveld method using the WPF

Refinement option in Jade®®.



UV-Visible Diffuse Reflectance

UV-Visible diffuse Reflectance Spect(®RS) werecollected on a Shimadzu UV
3600 equiped with a integrating sphere. Approximately 30 mg of sample was pressed onto
a BaSQ powder holder and placed along the external window. Pressed,Pa%@er was
used as a reference and the data were plotted as the remission fEH{EB#Y= (171
Ro)?/(2Rs), whereR is diffuse reflectance based on the Kubelkank theory of diffuse
reflectance’ The bandgagsize (Eg) was estimated using the formulg @V) = (1240

ay,(nm)) w h e ryis exteapolated from the linear rise in the absorptionve.

Thermogravimetric Analyses (TGA)

Thermogravimetric analyses were carried out dmanstruments Q50. A weighed
amount (~20 mg) of each sample waaded onto Pt pangquilibratedandtarred at room
temperature in open air. Samples waeppedo temperatures of 250 °C, 350 °C, or 58D °

at a heating rate of 16.0 1@ih and held there for 3 h.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) on a JEOL 6400 was performed in order to
examine the particle size distribution and nimegy of the reaction product&ulk samples
were prepared by placing approximately 10 mg of dry sample on a piece of double sided
coated carbon tape adhered to an alumispecimen stub. A fast stream of nitrogen gas
was then applied over the sampéeensure ample separation thfe particles for a size

distribution analysisPolycrystalline films were characterized on FTO glass as prepared. All



samples were then sputter coated with a thin layer of goldidghrticles(~40)to increase
the conductiity of the sample antb maximizethe spatial resolution. The microstructure
ard particle size distribution welenaged at magnifications ranging from 10,a0300006.
The flm thicknesses were measured at a tilted 30°, and the correction applieckaegbi=

observed thickness (1/ cos(30°)).

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectraere collectedon a PHOIBIS 150 equipped with a
hemispherical analyzer using monochromatized Mg=<KL,254 eV) radiation. A chamber
base pessure of approximately ® mbar was achieved under ultrahigh vacuumhe

binding energies were internally calibrated to the C 1s peak at 285.0 eV.

Semiconducting Quantum Interference Device

Magnetization measurements were collected on a QuantungrD&PMS XL
SQUID magnetometer with a maximum field capability of 7 T and a temperature frang
2-400 K. A typicalsample was prepared by placiagweighedamount 20 mgq of dry
homogeneous sample into a diamagnetic gelatin capsule. The gelatire capsuhserted
into a diamagnetic straw and secured with additional pieces of straw and polyimide tape.
Each sample was <corrected for the di amagne
constants? The diamagnetism of the sample holder was also codesiag abackground

scan subtractionMagnetization measurements were recorded from 5 K to 400 K in a field
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that varied from 43 T depending otthe sample Magnetization field hysteresis loops were

collected from7 T to 7 T at 5 K.Further details arprovided in each chapter.

Resistivity Measurements

Electrical resistivity measurements were collected using an MMR Hall and Van Der
Pauw measurement system with aiatale temperature hall &var equipped with a four
probe setup and micnminiature refrgeration unit. Samples were prepared by pressing
approximately 250 mg of dry sample into a pellet with a 10 mm diameter. Pellets were
mounted on the stage of a variable temperature mnineature refrigeration unit using a
small amount of Dow Corning6® silicone heat sink. The foyrobes installed in the
sample @war were thenolwered onto the sample and thevizar was sealed and vacuumed
down to approximately 10 militorr. During magnetaséance type measurements, the

Dewar was placedetween thewto poles of a GMW 5403 eleomagnet.

Photoelectrochemical Measurements

All photoelectrochemical measurements we@erformed in a custoffabricated
Teflon cell with the prepared polycrystalline film as the working electrode, Pt as the counter
electrode ad a standard calomel saturated KCI electrode as the reference electrode. A0.5M
NaSO,; aqueous solutignadjusted to pH = 6.3 using dilute,$0, (aq), was used as the
electrolyte and the cell was purged with argon gas 30 minutes prior to and during all
measurementsAn electrochemical analyzer (Princeton Applied Research, PARSTAT 2263)

with PowerSuite software was used to measure photocurrent and to carry out
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chronoampemetry experimentsFilms were irradiated from the backside using a 400 W Xe

arc lanp equipped with a longass cutoff filter (>420 nm) and bapdss filters as

appropriate. Mott-Schottky measurements were obtained using the AC electrochemical

impedance method, with an AC amplitude ah¥ at an applied frequency of 12 kHZhe

experimatal setup used for all photoelectrochemicabsurements is shown imgEre 1.6.
Incidentphotonrito-current conversion efficiency (IPCE) measurements were carried

out using bangbass filters of four different wavelengths (352, 451, 522, andn@®3 The

number of photons of monochromatic light reaching the electrode surface was measured at

each wavelength using a Si photodiodéne % IPCE is defined as [(1239.8 x photocurrent

density [mA/cni]) / (wavelength [nm} photon flux [mW/cm])] x 100.

Dissetation Organization

This dissertation has been organized in the form of papers etientlypublished or
in preparation to be published. They are divided into two magiioss: 1. Flux Synthesis
of MetalOxide Particles: Photoelectrochemist(Chagers 13) and2. Flux Synthesis of

Metal OxideParticles: Intergrain Tunneling Magnetoresistanghapters 46).
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CHAPTER 2

Preparation and Photoelectrochemical Properties ogp-type CusTa;1030and CuzTazO19
Semiconducting Polycrystalline Films

Based on theaper publised in the Journal of Physical Chemistry C
Journal of Physical Chemistry @012, 116, 104900497.
Lindsay Fuoco, Upendra A. Joshi and Paul A. Maggard

Department of Chemistry, North Carolina State University, Raleigh, NC 27695

TOC Caption: Cathodic phtocurrents under visiblight irradiation ofp-type CwyTa;1030
and CyTa;O9 polycrystalline films, and a plot of the electron density for the lowastgy

conduction band states of a Td@yer that is found in each solid.

ABSTRACT

New p-type polycystalline films of semiconducting Gliag1030 and CyTa;0,9 Were
prepared on fluorineloped tinoxide (FTO) glass starting from their Cuflix synthesis as
highly-faceted microssized particles. The particles were annealed on FTO at 800°C,
followed by a mild oxidation in air at between 25(0b50°C. In an aqueous 0.5 M MNaO,
electrolyte solution (pH = 6.3), the films exhibit strong cathodic photocurrents under

irradiation by visible and/or ultravioldight, and which increased with higher annegland
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oxidation temperatures owing to increagetype carrier concentration and better electrical
contact between particles. Thermogravimetric analyses show the oxidation treatments result
in an oxygen uptake at concentrations of ~3 ¥ t7° at 250°C, to ~4 x 16" cm® at 550

°C, with the higher temperatures leading to the decomposition of the film. TdTey&Dso

and CyTasOq9 bulk powders exhibit bandgap sizes of ~2.59 eV and ~2.47 eV, respectively,
and show an onset of their cathodic photocurrahisavelengths of ~500550 nm. Mot
Schottky measurements of their flzdnd potentials have been used to determine the valence
band positions at approximately +1.06 and +1.19 V versus SHE (pH = 6.3), and thus
conduction band positions of aboul.53 and 11.28 V for CyTa;1030 and CyTaOso,
respectively. The band positions are thus suitably located for the ptidten reduction

and oxidation of water. The highest observed incigdaatorrto-current efficiencies (IPCE

%) for hydrogen production weres % at 350 nm and -2 % at 500° 600 nm. Electronic
structure calculations based on density functiotiedory methods show that the conduction
band states are delocalized within layers of 7péntagonal bipyramids, while the valence
band states origate within layers of linearly coordinated Cu(l) cations. The lowastgy
bandgap transitions involve a metalmetal charge transfer between Cu(l) and Ta(V)
cations in these two types of layers. Compared to other Cu(l) oxides, these structures posses
sufficiently disperse bands for high carrier mobility within these layers, thus explaining the

strong cathodic photocurrents of the films.
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INTRODUCTION

The renewable production of fuels from sunlight has generated intense research over
the past few dmades in the field of semiconducting photoelectrodes, such as for the photon
driven reduction of water or carbon dioxitfe. Much recent work has focused on the
synthesis and development of photoelectrodes capable of utilizing Migiileand which is
a significant fraction of the solar spectrum. The use of metal oxides as photoelectrodes,
typically asn-type, is attractive owing to their relatively higher inherent stability against
photocorrosion. However, metal oxides often suffer from large bansigap that restrict
their use to only ultraviolet energies, such ae-tgpe TiO,. A relatively smaller number of
n-type metal oxides that absaab visiblelight energies have been explored for use as water
oxidationc at al y st sFeOs;sWa, hand B&/Q.°0 However, these decreases in
bandgap size are generally found to originate from a downshift in the conduction band
energy, and thus making most all of them unsuitable for upgygee photoelectrodes for the
reduction of water or carbon dioxiddust a few examples pftype semiconducting oxides
that function as photocathodes under visilgét irradiation have been discovered so far,
including CuO, CaFeO,, and metalon doped Fg;.5 Our research &rts in the area
have focused on the reduction of bandgap sizes via the use of Nb(V) or Ta(V) cations (empty
d’-orbitals) that form the conduction band states in early transitietal oxides, together
with a Cu(l) cation (filled &-orbitals) that can fon highenergy valencéand state&™°
For example, the isoelectronic substitution of Cu(l) for the Na cation in the NaNbO
photocatalyst decreases its bandgap size from ~3.4 eV to ~2.0 eV via the creation of a new

higherenergy valence band consistiofjthe filled Cu d° orbitals, as found in CuNhG**®
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Recently, we reported the preparation of a polycrystalline CyNi® as the firstp-type
semiconducting photoelectrode in the Cuibate systen¥ However, the preparation and
properties of arlagousp-type Cu(l}tantalate photoelectrodes remain unexplored. The few
known Cu(l) based tantalates inclu@esTa;O19, CusTa11030, and the Na,CuxTaO,; solid
solution’**>” These exhibit bandgap sizes down to ~2.5 eV, and form in layered structures
with the general formula A &sn:10sn+3. The structure of each member of this family consists
of layers of Ta®@ pentagonal bipyramids that alternate with layers of linearly coordinated
Cu(l) and Ta@ octahedra Nearly all known transitiormetal oxide phtwelectrodes consist

of octahedral M@ coordination environments, and almost nothing is known regarding the
influence of MQ coordination environments on photoelectrochemieadlgvant properties.
Further, with the exception o€uwTa019, these structuse exhibit significant Cisite
vacancies of up to ~33981* These vacant sites are thus likely accessible to dopants or the

incorporation of extra O atom defects.

EXPERIMENTAL

Synthesis and Film Preparation The syntheses of Glia;1030 and CyTa,0,9 Were
performed by a moltesalt flux method using CuCl as the flustoichiometric mixtures of
reagent grade 18s (Alfa Aesar, min. 99.99%) and @D (Alfa Aesar, min. 99.9%) were
combined with CuCl (Alfa Aesar, min 99%) at a 10:1 molar ratio (flux:prgdircta
glovebox with an Argon atmosphere. The reactant mixtures were ground together, loaded
into a fused silica ampule, arlhme sealed on a vacuum lindhe reaction vessels were

heated to 900 °C for Glia;1O30 and to 700 °C for GiTa;049 for 24 h, anl allowed to
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radiatively cool in the furnaces. The resulting products were washed with 3)@Hlb
remove the CuCl flux.

Characterization.  Solid-state products were characterized by high resolution
powder Xray diffraction (PXRD) on an INEL diffractorber using CuKh( = 1. 54056
radiation from a sealetlibe Xray generator equipped with a curved position sensitive
detector (CPS120), as well as on a Rigaké&x®s Spider with a curved imagaate detector.

The samples annealed on FTO slides were scraped off dflittess for characterization.
Lattice parameters for Glia;1030 and CyTa/O19 Were refined using the Jade 9 software
package®to a= 6.2243(9)A andc = 32.513(6)A for CusTay:050 anda = 6.2338(5)A andc

= 20.166(1)A for CusTa;O6, Which were consisnt with previous reports:’ Field-
emission scanning electron microscopy were performed on a JEOL SEM 6&i0a.
thicknesses were measured at a tilted 30°, and the correction applied as thickness = observed
thickness x (1 / cos(30°%))JV-Vis diffuse eflectance spectra were collected on a Shimadzu
UV-3600 equiped with an integrating spher@ressed barium sulfate powder was used as a
reference and the data were plotted as the remission fu¢fein = (11 Re)%(2Rp), where

R is diffuse reflectancebased on the Kubelkslunk theory of diffuse reflectancé.
Thermogravimetric analyses were cadriout on a TA Instruments Q50To simulate the

same conditions used for the oxidation of the films, the samples were loaded onto Pt pans
and stepped to tempures of 250 °C, 350 °C, or 550 °C at a heating rate of 16.0 °C/ min
and held there for 3 hSamples were characterized byra§ Photoelectron Spectroscopy
(XPS) on a PHOIBIS 150 equipped with a hemispherical analyzer using monochromatized

Mg ( KU = 1, 25 4 charber basa préssurte of approximately bar was
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achieved under ultrahigh vacuunthe binding energies were internally calibrated to the C
1s peak at 285.0 eV.

Photoelectrochemical measurements were carried owt iFeflon cell with the
CusTa1030 or CsTayO19 polycrystalline film as the working electrode, Pt foil as the counter
electrode, and a standardarakl reference electrode (SCHjilms were immersed in a 0.5
M Nap,SOy electrolyte solution that was adjusteda pH of ~6.3 using dilute 430,. The
cell was purged with argon gas 30 minutes prior to and during all measurements. An
electrochemical analyzer (Princeton Applied Research, PARSTAT 2263) with PowerSuite
software was used to measure photocurrent andcawmy out chronoamperometry
experiments.Films were irradiated from the backside using a 400 W Xe arc lamp equipped
with a longpass cutoff filter (>420 nm) and bapdss filters as appropriat&urther details
of the experimental setup have been descriin detail elsewherd. For comparison,
frontside and backside irradiation studies were performed on 1 ¥ filom able to freely
rotate within the cell and allowing either freide or backide illuminaion under identical
conditions. Mott-Schottky measurements were obtained using the AC electrochemical
impedance method, with an AC amplitude ofm¥ at an applied frequency of 12 kHz
Incidentphotonito-current conversion efficiency (IPCE) measurements were carried out
using banepass filters of fou different wavelengths (352, 451, 522, and 603 nnfihe
number of photons of monochromatic light reaching the electrode surface was measured at
each wavelength using a Si photodiodéhe % IPCE is defined as [(1239.8 x photocurrent

density [mA/cni]) / (wavelength [nm] x photon flux [mW/c)] x 100.
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Electronic Structure Calculations. Bandstructure calculations were performed on
the geometrnoptimized structures of Glia;1030 and CyTa;O;19 With the use of the plane
wave densitfunctional theory pacige CASTEP® The PerdevBurke Ernzerhof functional
in the generalizedradient approximation and ultrasafire potentials were employed in the
calculations’’ The selection of equally distributddpoints within the Brillouin zone was

automatically calulated according to the Monkhorst pack schéme.

RESULTS AND DISCUSSION

Film Characterization. The CuTa103 and CyTa;O.9 semiconductors were
prepared in high purity according to powderray diffraction (PXRD) and areshown in
Figure 2.1 and Fige 2.2 for CgTa;1030 and CyTa;O,9 respectively. Each diffraction peak
could be indexed to the theoretical patterns, and the lattice constants were refined to the
expected values for their reported crystal structures. After annealing and oxidati@n of th
films, the PXRD data generally confirmed the high crystalline purities of the semiconductors
were maintained. However, the £3a;,039 films oxidized at 450 °C and 550 °C exhibited
minor amounts of T#s impurities, and as well, at temperatures of 550tR€ films
generally showed significant peak broadening and decreased crystallinity as shown in Figure
2.3 for a CygTa;019 Oxidized at 550 °C.The total oxidation of G3T&a1030 and CyTa;Oq9
was accomplished at a temperature of 750 °C foirBair, yietling TaOs and CuTaOs that
contains theoxidized Cu(ll) cations. Shown in Figures 2.4 and 2.5 are SEM images of the
polycrystalline films of CuiTa;1030 and CyTa;0O,9 before and after the oxidatidreatments.

Both sets of images reveal distributionshafhly-faceted microrsizedparticles with either

28



coffin-shaped or irregular bloeshaped/hexagonal morphologies for sCa:039 and
CwsTa0O49, respectively. Specific particle dimensions raffgge om about 3 to
Estimated total film thicknesses formed in these samples were measured bsectussl
SEM i mages to be fairly thick fil ms, at ~ 8 (
morphologies were conserved even after the anneahdgoaidation treatments at high
temperatures. These results confirmed that -pigity polycrystalline films could be
formed.

Photoelectrochemical Properties. Cyclic-voltammetric measurements of
CusTa11030 and CyTa;O19 films were carried out under chped visiblelight irradiation for
an applied bias voltage range of +0.2Q® V versus SCE, as shn in Figures 2.5, 2.6 and
2.7. For each, a significant cathodic photocurrent was observed that increased with an
increasingly negative potential biasdicating theirp-type nature in the depletion condition.
The measured cathodic photocurrent is weak for theomahzed CyTa;105 film, Figure
2.5, but increases significantly with increasing oxidation temperatures at up to ~1.5mA/cm
at-0.6 V. The ncrease is notably most significant between 250 °C and 35Ct@igher
oxidation temperatures of 450 °C and 550 °C even stronger photocurrents were observed of
~2.2 mA/cnt at -0.6 V (Supporting Information), but these specific films exhibitegOfa
impurities after the oxidation treatmentShown in Figure 2.6, a comparison of the cathodic
photocurrents for the Gilia;1030 films annealed at 400 °C and 500 °C (in vacuum), followed
by oxidation in air at 356C, shows that this leads to an even higher photent response of
~2.6 mA/cni. This result originates from a better sintering and electrical contact between

the particles.By contrast, the GiT'a;O19 films exhibited a significant cathodic photocurrent
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even in the absence of its oxidation at high terafures, shown in Figure 2.Tts cathodic
photocurrent approximately doubled with its oxidation at higher temperatufBise
difference in the photocurrent response of the-madized films may be attributed to the
Cu(l) site vacancies present ingTa;1030 but absent in the Glia;O19 Structure.

The flatband potentials of the films were characterized using frequéepggndent
Mott-Schottky measuremertsshown in Figure 2.8, which involves a measurement of the
apparent capacitance as a function ofepbal under depletion conditionsThe negative
slope of the data shows the expected behaviorptype semiconductor.The films show
some frequency dispersion, but the linear regions can be extrapolatedteagigsentercepts
(Vo=0.62 V and 0.7¥ versus SCE at pH = 6.3; or +0.86 V and +0.99 V versus RHE) that
can be used to determine the #eind potential (¥) from the equation ¥= Vi, - KT/e?
wherek is the Boltzmann constant, T is temperature @isdelectron chargeThis gives flat
bard potentials () of +0.88 V and +1.01 V versus RHE for §T@;,030 and CyTa;O19
films, respectively. For p-type semiconductors, the valence band energy ¢&n be
calculated from the flaband potential (}) with the equatioi® E, = Vi, + KT In(Na/Ny)
where N, is the acceptor concentration (calculated below) apisNhe effective density of
states (typically ~1019) at the valence band ed@ke flatband potentials yield valence
band positions of +1.06 V and +1.19 V versus RHE (pH = 6A8Iding the optical bandgap
size to the valence band positions gives the conduction band positidh§&t/ andi 1.28
V versus RHE. The energies of the minority carriers at the conduction band edge are thus
much more negative than the redox couples for thectieatuof water tchydrogen {0.38 V)

at this pH.
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The incidentphotonto-current efficiencies (IPCE) of each film for water reduction
are plotted in Figure 2.9 as a function of wavelength at an applied poteriti2i60Y, and
after subtraction of the dabackground currentThe CuyTa;103 films show an onset edge
at ~475 500 nm consistent with its measured optical bandgap size of ~2.59 eV, or ~479 nm,
andreaching a maximum IPCE of ~5%Both higher annealing and oxidation temperatures
of the film leadto a minor shifting of the IPCE curves to higher efficienciewever, the
IPCE does not fall completely to 0% at dodndgap energies, especially with higher
annealing and oxidation temperaturebhis is likely indicative of miebandgap states that
can facilitate the surface charge transfer with-babdgap light irradiation, especially for the
higher oxidation temperatures and dopant concentrations (described bBlwadntrast, the
nonoxidized CyT&0;9 film shows a cleaner onset edge in the IFpEctrum at ~500 nm,
consistent with its measured optical bandgiap of ~2.47 eV, or ~ 502 nmA maximum of
the IPCE of ~4% is reached, and which falls to 0% forlsautdgap light energiedn each
of the films, higher cathodic photocurrents lead toirameasing dark current at the most
negative applied potential, and also to a magad decay of the photocurren#t a low or
zero applied constant potential, the dark current and decay in the photocurrent response could
be minimized, but which eventiy decayed over the course of an hour (Supporting
Information). Both PXRD and FESEM measurements taken subsequent to the photocurrent
measurements showed no detectable changes in crystalline products, but that did reveal a
significant breakup of the patclesin the film. Considering the films are backside irradiated

-1,13

and the fact that these solids have absorption coefficients of AXBOM ™~ then more than

~64% of the 1ight wildl be3 G bsmr df Wihiiign £ ihlem.b
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thickne s s e s of ~80 e m, t he reducti on of wat e

polycrystalline films and closer to the FAghass back contact than to the external electrolyte.

Shown in Figure 2.10 for Giliay1030 (500 °C anneal, 350C oxidation), are botlirontside

and backside cyclic voltammetry scans taken under chopped digifilerradiation. Only

somewhat larger photocurrents were observed for the backside irradiation, showing that hole

transport to the surface is slightly more difficult that electrandport to the back contact.
Thermogravimetric and UWis diffuse reflectance data were taken in order to probe

the origin of the significant increase in cathodic photocurrent with the film oxidation

temperature.The acceptor densities fNfor each of he films have been calculated from the

slopes of the MotSchottky plots to be ~1.0 x cm™ for both. Upon a slow oxidation of

the films for 3 h in air at 250C to 550°C, the polycrystalline films exhibited a significant

oxygen uptake of from ~0.1i71.00 oxygen atoms per formula unit ofsTe;1030 and ~0.37

i 1.32 oxygen atoms per formula unit of L&0;9 (See Supporting Information).The

highest oxygen uptake and oxidation temperature of°65flelded a partial decomposition

of the products. However, at 25(°C the oxygen uptake corresponded to dopant oxygen

densitis of ~3.2 x 18 oxygendopanttm®, and at 350°C of ~1.0 x 1B' oxygen

dopant/cd. The significant enhancement of cathodic photocurrent between these two

temperatures is explaineds lihe order of magnitude change in the oxygésm dopant

density, and which are both about four orders of magnitude greater than tbeidiaad

films. The UV-Vis diffuse reflectance spectra are shown in Figure 2.11 for both oxidized

and noroxidized fims of CyTa;1:030 and CyTa;O19. The optical absorption edges of the

nonoxidized films were both sharp and clearly defined, consistent with previous reports of
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their bandgap sizes of ~2.59 eV and ~2.47-&Wowever, oxidation of the Glia;103 and
CusTag1030 films at temperatures of 358 or greater results in the disappearance of a
defined absorption edge and instead a broad diffuse reflectivity that is more characteristic of
a degenerate semiconductorThis occurs concomitantly with the sharp inaeain
photoarrents observed in Figure 2.8Vhile a higher electrical conductivity enhances the
mobility of charge carriers and thus the cathodic photocurrents, the high amqutypef
dopants (> 18-10%° cm® in most cases) most likely results in ageeerate semiconductor
under these conditions.

In order to investigate changes in the oxidation states and coordination environments
at t he parti-ay pghetdelecson rsgectra avere takeh forsTaenOszp and
CuwsTa,0O49 before and after oxidatiosms well as before and after photocurrent measurements,
as shown in Figure 2.12Before oxidation, both films exhibited two Cu s2pabsorption
peaks at 932.9 eV and 934.7 eV, as well as two Ggasorption peaks located a 952.6 eV
and 954.7 eV, corresnding to Cu(l) and Cu(ll) respectivelyror CTa;0,9, these two sets
of absorption peaks are shifted to slightly lower binding energies and are less resolved,
indicating a greater amount of Cu(ll) present at the surfaces compared tosireg;Gi4
pha®. After oxidation of the films at 358C, both only exhibited broad Cu Zpabsorption
peaks corresponding to primarily Cu(ll) at the surfacéstense shakep satellite peaks
present at 943.8 eV and 962.7 eV, characteristic of the-sipelh3d configuration of Cu
(), were also observed for the oxidized sampfeBhe Cu 2p spectra remained unchanged
for data taken before and after chronpanometry measurements for 1 However, the

presence of small amounts of Cu@ the surfaces would not loetectable because the
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expected chemical shift associatedihwmthe binding energies of CUy(@ only 0.1 eV lower
than those for i). XPS data for the O 1s caolevel binding energies, given in the
Supporting Information, are consistent with those reggbfor Cu(l) in CyO.° Oxidation of
both phases resulted the presence of an additional peak at lower energies consistent with
Cu(ll) in the CuO phas®.The Ta 4f cordevel binding energies were measured at ~28 eV
and ~26 eV, consistent with Ta(V) iopsesent in both of the compoundg/hile oxidation
of the samples resulted in a shift of these absorption peaks to lower energies, no differences
were observed before and after the chronoamperometric measureniakisn together,
these data are consistemith the oxidation of Cu(l) at the surfaces to Cu(ll), but with no
detectable changes resulting from the photocathodic currents to suggest that corrosion is
occurring at the surfaceslowever, the formation of Cuj@lso cannot be ruled out.

Electronic Band-Structure Calculations. Electronic $ructures were calculated
basedon planewave DFFmethods from the geometopptimized crystal structures reported
for both of the Cu(ltantalate structuré$.These structures consist of layers of edared
TaO; pentagonal bipyramids as well as layers of Cu(l)/da€ahedra. The difference is
that while the Cgll'a;Oq9 structure is comprised of the stacking of double layers of; TaO
units, the Csila;1050 Structure consists of alternating single and double layetiseoTaG
units. The calculated band structure forgTa/O19is plotted in Figure 2.13, and predicts the
hi ghest <carrier mobilities within the 2D pl
arrows) in the plane of the TaQayers, but a lower mobilityor the reciprocal directions
along k = L Y M Y Rhelfedtiveanass of tha earridrsaisyimversely

proportional to the rate of change of the band energysiip ace (i . %2 %), am* U ( ¢
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which | eads to hi yforenore disparse baadsShomrib Figure 2.14e s
are the two types of layers and the calculated electemsity plots of the highesinergy

parts of the valence band (reddmfange electron density; right) and the lowasergy
components of the conduati band yellowish greerelectron density, left).Thus, electron
density in these layers represents the lowestgy bandgap transition between the
conduction and valence bands, and which is primarily a transition between fillet! @udd
empty Ta Obased crystal orbital The valence band states are shown to reside
predominantly on Cu(l) ions, while the conduction band states are found to occur over both
the TaQ in the double layers as well as the isolated gfle€@ahedra Surprisingly, the single
layers of Ta@ in CusTa11030 do not contribute to these conduction band states, butitsnly
double layer structural feature that it shares in common wigfT&0,s. Additional minor
contributions arise from the bridging oxygen ligands between the-ledigel TaQ
polyhedra, and showing that excited electrons into this band would migrate within the 2D
layers of this structureThe isolated Cu(l)/Taglayer in Figure 2.14 shows that while there
are shared QuDi Ta bridging interactions that would facilitateclargetransfer transition to

the tantalte layer, there are no direct GDIi Cu bridges to facilitate hole transport within
these layers of the structuresThe direct Cui Cu distances are ~ 3.10A within these
structures. Further, the plausible locatidor the incorporation of oxygen dopantgad this

layer is between thremeighboring Cu(l) sites (e.g., at= 2/3,y = 1/3,z = 0.0952 in
CusTay1030), giving reasonable G® distances of ~ 1.80.90A, as similarly recently
reported for LaCu@ss?’ Further investigations are necessary to characterize the type and

location of thep-type oxygeratom defect sites within these structures.
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CONCLUSIONS

New p-type polycrystalline films of semiconducti@us Ta; 1030 andCugTa;O19 could
be prepared on FTO glass at 40800°C and oxidation in air at between 26G50°C. The
films exhibit strong cathodic photocurrents under irradiation by visible and/or ultraviolet
light irradiation, and which increased withigher annealing and oxidation temperatures
owing to a better sintering of the particles as well as by increasing the concentratitypef
dopants. Onset of their cathodic photocurrents is found to begin at wavelengths ofi ~500
550 nm, withnew p-type polycrystalline films of semiconducting §Ji@ 1030 and CyTa;Oq9
could beprepared on FTO glass at 40B00°C and oxidation in air at between 2550
°C. The films exhibit strong cathodic photocurrents under irradiation by visible and/or
ultravioletlight irradiation, and which increased with higher annealing and oxidation
temperatures owing to hetter sintering of the particles as well as by increasing the
concentration op-type dopants.Onset of their cathodic photocurrents is found to begin at
wavelengths of ~500 550 nm, with highest observed incidgtitotorrto-current efficiencies
of ~5 % at 350 nm and -2 % at 500" 600 nm. Mott-Schottky plots locate the valence band
positions at +1.06 V and +1.19 V (verssidE at pH = 6.3) and conductitand positions at
711.53 V andi1.28 V for CuTa11030 and CusTa;O19, respectively. DFT-based electronic
structure calculations reveal the conduction batades derive from the double layers of
TaO;, pentagonal bipyramids with the highest calculdiadd dspersion and mobility of the
minority carriers within this layer. Thus, these initiainvestigations of two newp-type
semiconductors show that they can be preparedobgrystalline films and which show

promise for potential use in solanergyto-fuels production. A full investigation of the
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effects of different thicknesses and particle sizes ofilms on their stability and cathodic

photocurrent is ongoing and will be reported in a fusiioely.
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Figure 2.1 Powder Xray diffraction data for (a) asrepaed CuyTa;;1030, (b) calculated
pattern of CeiTa;1030, and films of CygTa11030, (€) annealed at 400 °C and oxidized at 250

°C, (d) annealed at 400 °C and oxidized at 350°C, (e) annealed at 400 °C and oxidized at
450°C, (f) annealed at 400 °C and oxidized580 °C, and (g) annealed at 500 °C and
oxidized at 350 °C.
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Figure 2.2 Powder Xray diffraction data for (a) bullCusTa;O19, (b) CusTa;Os9 film
anrealed at 500C and (c) oxidized at 350 °C (d) calculated patter@®fl a;0;..
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Figure 2.3 SEM images of a GiIla;1030 film (A) after annealing at 400 °C for 3 h, (B) an
~30 ° tilted crossection view of film after oxidizing at 250 °C fort3 and (C and D) after
annealing at 400 °C for 3 h before and after oxidizing at 850€spectively.
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Figure 2.4 SEM images of &£uTa;O19 film (A) after annealing at 500 °C for 3 h, (B) an
~30 ° tilted crossection view of film, and (C and D) and after the chronoamperometry
measurements, respectively.

41



0.2

FIE
z
z
£
&
E | 0_' 4 no oxidation
E o ] % ——— 250°C oxidation
2 1a- ——350°C oxidation
= ) 4

-1.4 -

4 ~ =
-1.6 r— +~ 1t *+ 1 T + T T+ 1T * T * 1
06 -05 04 -03 -02 -01 00 01
Potential (V) vs. SCE
0.0 --mmmmmm oo
i

0 -0.5 N
: 1 1)
]
= ]
g
> -1.0 ——450°C
z N f ———550°C
QA s
154 A
5 1.5 3
=]
£ 2.0

_2.4 l T l T 'I T I T l T [ T I T I

-06 -05 04 -03 -0.2  -0.1 0.0 0.1
Potential (V) vs. SCE

Figure 2.5. Currentpotential curves in aqueous 0.5 M JS&, solution (pH = 6.3) under
chopped visibldight irradiation for CygTa;103 films annealed at 400 °C for 3 h and not
oxidized or oxidized for 3 h at 250 °C, 350 °C (upper chart), and oxidized for 3 h a€450 °
550 °C (lower chart).
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Figure 2.6. Currentpotential curves in aqueous 0.5 M JS&, solution (pH = 6.3) under
chopped visibldight irradiation for CygTa;103 films annealed at 400 °C and 500°C
followed by oxidation at 356C for 3 h.
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Figure 2.11. UV-Vis diffuse reflectance spectra for (upper plotTai1030 films annealed
at 400°C and oxidized at various temperatures from 2600 550°C, and (lower plot)
CuwsTa;Oq9 films annealed at 500 and oxidized at 35€C.
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Figure 2.12. Cu 2p cordevel spectra for GiTa;1030 (upper plot) and GiTaO9 (lower
plot) films annealed at 500 °C without oxidation (A), oxidized at 350 °C before (B) and after
chronoamperometry (C).
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Figure 2.14. Calculated electron density for the lowestergy conduction band states (A,
reddishorange density) and for the highestergy valeoe band states (B; yellowisireen
density), which is concentrated within the Td&yers and the TaflCu layers, respectively.
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CusTa11030 and CyTasOq9 polycrystalline films, and a plot of the electron density for the
lowestenergy conduction band states of a T&Yer that is found in each solid.

52



SUPPORTING INFORMATI ON

APreparation and Phot @e¢ypecCaghiayiOg and Eyna,@oa |

Pr opeée
Semi conductii i

ng Polycrystalline Fi

Lindsay Fuoco, Upendra A. Joshi and Paul A. Maggard

Department of Chemistry, North Carolina State University, Raleigh, NC 27695

C

£
= B
2
v
: C
E (G l J ) b |
A
""*——*ﬁ-.._ML_."_JL_,__J A Jl J. Jl ~ ;IL A A
10 20 30 40 50 60 70 80

20

Figure 2.S1 Powder Xray diffraction data for (a) Glia;103 oxidized at 750 °Gor 3 h,
(b) calculated pattern of Cud@s, and (c) calculated pattern of ;Ga.

53



100.8

] ——250°C
100.7 350°C

1 ——550°C
100.6

100.5
100.4

100.3

Weight (%)

100.2 H

100.1

]00.0 T I T I L) I T I
0 30 60 90 120

I
150 180

Time (min)

101.4
1 —35°C
101.2 H —550°C
101.0

100.8

100.6

Weight (%)

100.4

100.2

|
150 180

I 00;0 L || T 1] T ] T ]
0 30 60 90 120

Time (min)

Figure 2.52 Thermogravimetric analyses (in air) versus tioeCusTay 1030 (upper)at 250
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Figure 2.54 O 1s cordevel spectra for GiTa;1030 (upper plot) and GiTa;O; (lower plot)
films annealed at 500 °C without oxidation (A), oxidized at 350 °C before (B) and after
chronoamperometry (C).

56



Photoemission Intensity (a.u.)
N s | N 1 " 1 \ )

Photoemission Intensity (a.u.)
N ) 1 ) N

Binding Energy (eV)
Figure 2.S5 Ta 4f corelevel spectra for GiTa;1030 (upper plot) and CGiTa;0,9 (lower

plot) films annealed at 500 °C without oxidati(A), oxidized at 350 °C before (B) and after
chronoamperometry (C).
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Figure 2.S6 Chronoamperometry for the €lle;1030 sample analyzed by XPS.
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Figure 2.S8. Electrondensity plots from the calculated electronic structures @i &uOs3o

for the lowestenergy states (blue electron density; unfilled) in the conduction band (on left)

and the highestnergy states (red electron density; filled) in the valencd f@mright). The

A[A brackets | abel the three different types
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Figure 2.S9. Electrondensity plots from the calculated electronic structures off &1

for the lowestenergy states (blue electron density; unfilled) in the cammlubdand (A) and

the highesenergy states (red electron density; filled) in the valence band (B) for just the
Cu(D/Tal ayer . The A[A brackets | abel the thre
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Figure 2.510 Chronoamperometric measurementaguieous 0.5 NNaSQO, solution (pH =
6.3) for CyTa105 films annealed at 500 °C under vacuum and oxidized at 350 ° C with
zem applied voltage under visiblght illumination.
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CHAPTER 3

The Effect of Oxidation on the Structural Propertiesof p-type CuNbO3, CuNbzOsg,
CusTa11030 and CuzTa701s.

Lindsay FuocoPrangya P. Sahoo, Nacole King and Paul A. Maggard

INTRODUCTION

The renewable production of fuels from sunlight has generated intense research over
the past few decades in the field of semiconducting photoelectredpscially in the
development of photoelectrodes capable ofaittig visiblelight, a significant fraction of the
solar spectrumThe use of ratal oxides 8 photoelectrodes is particuladitractiveowingto
their higher inherent stability against photocorrosion. Howem@atal oxides oftemxhibit
large bandgap sizes that restrict their use to only ultraviolet energies, suatrtgpanTiO,.
Just a few examples @ftype semiconducting oxides that function as photocathodes under
visible-light irradiation have been disvered so far, including G0, CaFegO,, and metalon
doped Fg0s.%® Our research efforts in the area have focused on the reduction of bandgap
sizes via the use of Nb(V) or Ta(V) cations (emphprbitals) that form the conduction band
states in earlyransitionmetal oxides, together with a Cu(l) cation (filletP-drbitals) that
can form higheenergy valencéand state§° For example, the isoelectronic substitution of

Cu(l) for the Na cation in the NaNB@hotocatalyst decreases its bandgap fsaa ~3.4 eV
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to ~2.0 eV via the creation of a new higiegrergy valence band consisting of the filled Cu
d'® orbitals, as found in CuNhG**

Recently, we reported the preparation of four n@wype semiconducting
photoelectrodes, i.eCuNbQG;, CuNkOs, CusTa11030 and CyTa,0,9 that exhibit bandgap
sizes of 2.0 eV, 1.47 eV, 2.59 eV and 2.47 eV respectivély An example of the
photocathodic current observed in each is shown in Figgile3.4. A mild oxidation of
both of the Cu(l}antalatephases rests in an increase in the@athodic current$ Similarly,
oxidation of CuNbQ was also shown to result in an increaselimtocathodic currentd
However, it is still unknown as to how the oxidation affectsabemposition andtructure.
Described heesin is apreliminary investigation into the controlled oxidation of CuNpO
CuNbsOg, CusTa1030 and CyTa;0O19 by powder Xray dffraction in order to probe the
overall structurathanges undergone in each structuretarptovidea further understanding

of its effects ortheir photoelectrochemical properties

EXPERIMENTAL

The syntheses of Glia;;030 and CyTa;0O.9 were performed by a moltesalt flux
method using CuCl as the flux. Stoichiometric mixtures of reagent grafe {&lfa Aesar,
min. 99.99%)or N,Os (Alfa Aesar 99.998%) and GO (Alfa Aesar, min. 99.9%) were
combined with CuCl (Alfa Aesar, min 99%) at a 10:1 molar ratio (flux:product) in a
glovebox with an Argon atmosphere. The reactant mixtures gerund together, loaded
into fused sili@ ampuls, andflame sealed on a vacuum linélhe reaction vessels were

heated to 900 °C for GUia;1O35 and 700 °C for CyTayO19 for 24 h, and allowed to
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radiatively cool in the furnacesT’he CuNRQOg reaction was heated at 750 °C for 20 minutes
and quenied. The resulting products were washed with 3M /@H to remove the CuCl

flux. The synthesis of CuNkQvas performed using excess;Ouas a flux. A 1.5:1 molar

ratio of CyO:Nb,Os was ground together using a mortar and pestle in a glovebox with an
Argon atmosphere for 30 minutes and flame sealed into a fused silica reaction vessel on a
vacuum line. The vessel was heated at 900 °C for 48 h and allowed to radiatively cool in the
furnace. The resulting product was washed with a 5 MOHHto remove excesSu0.
Approximately 80 mg of each sample was then oxidized at 250 °C, 350 °C or 450 °C for 3 h
in open air and allowed to radiatively cool.

Characterization.  Solid-state products were characterized by high resolution
powder Xray diffraction (PXRD) omra Rigaku Raxi s Spi der diffpract ome
(= 1.54056 ) r -tudeixaay genenatorfequipped \&ith 8 @iadd engige
plate detector. UWis diffuse reflectance spectra were collected on a Shimadz3600
equigped with an integratig sphere.Pressed barium sulfate powder was used as a reference
and the data were plotted as the remission fundi@) = (11 Rp)%(2Ro), whereR is
diffuse reflectance basenh the Kubelkavlunk theory of diffuse reflectanc?.

Photoelectrochemicaimeasurements were carried out in a Teflon cell with the
CusTa11030, CusTayO19, CuNbQ or CuNOg polycrystalline film as the working electrode,

Pt foil as the counter electrode, and a standard calomel reference electrode (SCE). Films were
immersed in a 0.51 Na,SOy electrolyte solution that was adjusted to a pH of ~6.3 using

dilute H,SO, (aq) The cell was purged with argon gas 30 minutes prior to and during all
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measurements. An electrochemical analyzer (Princeton Applied Research, PARSTAT 2263)

with PowefBuite software was used to measure photocurrent

RESULTS AND DISCUSSION

CusTa11030 and CuyTa0,9 crystallize in a hexagonal structure with space groups
P62c and P63/m such asshown in Figure3.5. Both CuNbQ and CuNROg crystallize in
monoclinic structtes with space group€2/m and P2)/c respectively and are shown in
Figure 36. The bulk nonoxidized polycrystalline powders of CuNbOCuNkOs,
CusTa11030 and CyTa;0.9 Were prepared in high purity according tteeir powder Xray
diffraction (PXRD) pattens and areshown inFigure 3.7A, Figure 3.8A, Figure 3.9A and
Figure 3.10 A respectively. Each diffraction peak could be indexed to the theoretical
patterns, and the lattice constants were refined toe¥pected values for their reported
crystal structtes, listedn Table3.13*3

The UV-Vis diffuse reflectance spectra are shown in Fig@&5 and3.16 for both
oxidized and notoxidized filmsCusTa;1030 and CyTa;O19. The optical absorption edges of
the nonoxidized films weresharpand clearly defiad, consistent with previous reports of
their bandgaizes of ~2.0 eV, ~1.47 eV, ~2.59 eV and ~2.47HMwvever, oxidation of the
CuwsTa;1030 and CyTag103 films at temperatures of 358C or greater results in the
disappearance of a defined absorptioneedgd instead a broad diffuse reflectivity that is
more characteristic of a degenerate semiconductor.

The PXRD patterns for the oxidation of each at 250 °C, 350 °C and 450 °C are shown

in Figures3.7-3.10. BothCuNkOg and CyTa;1030 phases were stable der all oxidation
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conditions and no additional impurity phases weleserved. However, the complete
decomposition of CuNb9Owas observed at 450 °C and evidence of decomposition in
CuwsTa;0O49 as peak broadening also observedThe lattice constants foruBlbOs, CuNROs,
CusTay1030and CyTa,0q9 Samplesvith andwithout oxidationtreatmentdrom 256450 °C
were refined and are listed in Tat#d. ForCuNDbG;, all lattice parameters show a linear
decrease with increasing oxidation temperatures as shomgureB.11. A similar trend
was observed for CuNDg of a general decrease in lattice constants with increasing
oxidation temperature (Figu®12). In the case of Glia;1030 andCusTa;0O49, thea lattice
constant was found to increase with increasingdabon temperatures while lattice
parameter was found to decrease and is shown in Fidgui&s and 3.14. Further
investigation into the effects of oxidationirs progress via the collectioof high resolution

PXRD spectra and full Rietveld refinemendf the atomic positions.

CONCLUSIONS

Microcrystalline powders of CuNbQ CuNkOg, CusTa1030, and CyTa;0O49 could
be prepared in either a CuCl or LQuflux in high purity. Samples were oxidized at 250 °C,
350 °C, and 450 °C and characterized by dowX-ray diffraction. Refined lattice
parameters for CuNbOand CuNBOg were found to decrease with increasing oxidation
temperatures For, CyTa;1030 andCusTa;0O,9, the a lattice constant was found to increase
with increasing oxidation temperatures lghc lattice parameter was found to decrease
Further investigation into the effects of oxidation on CubJbCuNkOg, CusTa11030, and

CusTa;Oq9is currentlyin progress.
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Table 3.1. Lattice parameters for CUNBACUNKOs, CusTa1030 and CyTa;Oy9 calaulated

from the PXRD.

Sample a(A) b(A) c(A) V(A®)
CuNbQ;  RT 9.489301(2) 8.433746(6) 6.765217(2) 541.3772(d)
c2/m 250°C  9.481757(6) 8.430655(8) 6.761132(10) 539.5992(10)
350°C 9.468114(3) 8.427990(8) 6.752099(5) 538.7274(7)
CUNOs RT 15.35414(5) 5.069345(2) 7.530019(2) 560.2178(19)
P2y/c 250°C  15.34222(10) 5.068348(8) 7.533133(6)  560.070(5)
350°C  15.34089(4) 5.06442(3) 7.528267(4) 559.205(4)
450°C  15.34744(1) 5.069588(10) 7.524248(7) 559.527(6)
CwTaOw RT 6.232442(2) —ermemeememer 20.15926(3)  678.1436(11)
P6&y/m 250°C  6.238174(2) --rmereemeem- 20.14164(11) 678.7977(11)
3509C  6.246716(8) --w-eremrerev 20.088499(10) 678.8622(13)
450°C  6.262435(2) -crmereememes 20.103100(10) 682.7788(5)
CusTaiOs RT 6.2264581() —-emememememer 32.53343(2) ~ 1092.3018(7)
P62C 250°C  6.22775(3)  -cemeeemeem- 32.52028(5)  1092.312(8)
350 °C  6.232635(2) --eeeeceem 32.445511(10) 1091.5123(6)
450°C  6.235188(7) --rcerereeeer 32.20213(4) ~ 1084.212(2)
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Figure 3.1. Currentpotential curves in aqueous 0.5 M JS@y solution (pH = 6.3) under
chopped visibldight irradiation for a CuNb@film annealed at 500 °C for 3 h and oxidized
for 3 h at 350 °C.

71



0.1

Photocurrent Density (mA/cmZ)

—— CuNb,0O, 500°C an., 350 °C ox.

Vo+—7F——F—7F— T
-06 -05 -04 -03 -02 -0.1 0.0 0.1

Potential (V) vs. SCE

Figure 3.2. Currentpotential cures in aqueous 0.5 M BaO, solution (pH = 6.3) under
chopped visibldight irradiation for a CuN§Og film annealed at 500 °C for 3 h and oxidized
for 3 h at 350 °C.
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Figure 3.3. Currentpotential curves in aqueous 0.5 M J88&, solution (pH = 6.3) under
chopped visibldight irradiation for a Cslla1103 film annealed at 500 °C for 3 h and
oxidized for 3 h at 350 °C.
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Figure 35. Representative drawings of theystal structures of CusTa;103 (A) and
CwTay019 (B).
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Figure 3.6. Representative drawings of theystal structureof CUNbG (A) and CuNROg

(B).
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Figure 3.7. PXRD patterns for CuNb$£non-oxidized (A), oxidized at 250 °C (B), and 350
°C (C). Also shown is the calculated pattern of Cuptin).

77



(E)
J o oah I |
(D)
E (©)
B (B)
(A)
_A_JL_J“_A_A_A_A_/\_AJ\_A._A_IJ\_A_A_A_.‘M*
15 2IS ' 3l5 ' 4I5 ' 5l5 ' 6I5 ' 7IS ' 85

20(°)

Figure 3.8. PXRD patterns for CuNf®s non-oxidized (A), oxidized 8250 °C (B), 350 °C
(C) and 450 °C (D)Also shown is the calculated pattern for CyQ§(E).
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Figure 3.9. PXRD patterns for GiTa;1030 honoxidized (A), oxidized at 250 °C (B), 350 °C
(C) and 450 °C (D). Also shown is the calculated pattern ef #1030 (E).
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Figure 3.10. PXRD patterns for G4Ta;019 non-oxidized (A), oxidized at 250 °C (B), 350 °C
(C) and 450 °C (D). Also shown is the calculated pattern ef&01, (E).
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Figure 3.11 UV-Vis diffuse reflectance spectra for (uppéot) CuNbQ with no oxidation
and oxidized for 3 h at 25 and 35C°C, and (lower plot) CuNd®s with no oxidation and
oxidized for 3 h at 250C, 350°C and 450°C.
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Figure 3.12 UV-Vis diffuse reflectance spectra for (upper plot)3CaO;9 with no
oxidation and oxidized for 3 h at 28@Q, 350°C and 450C and (lower plot) Csll 81030 with
no oxidation and oxidized for 3 h at 280, 350°C and 45CC.

82



Figure 3.13. Unit cell lattice parameters versus oxidation temperature for CgiINbO
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