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Abstract

Efforts to improve the efficiency of photoelectrocatalytic reactions on hematite pho-
toanodes routinely focus on the analysis of photophysics, or on the fabrication of
complex material architectures. The discontinuity of experimental results and mech-
anistic proposals found across the literature, however, reflect a lack of control over
detailed structural features. This thesis aims to analyze specific types of structural
defects and correlate their presence to photoelectrocatalytic behavior parameters.
Following this strategy, we successfully identify coexistent defects in hematite pho-
toanodes. This finding provides a means to rapidly diagnose a specific structural
defect with Raman spectroscopy and will aid in the optimization of fabrication pro-
tocols for hematite photoanodes.

In this thesis, we use structure-property analysis combined with photoelectrochem-
ical property parameters and structural parameters from X-ray diffraction, Raman
and X-ray absorption spectroscopic data on a series of hematite photoanodes with
various photoelectrochemical behaviours (Chapter 3, Chapter 4 and Chapter 5).
The correlations identify oxygen vacancy defects from the oxygen-deficient environ-
ment and iron vacancy defects induced by trapped protons from the oxygen-efficient
environment as the dominant defects within the hematite lattice. Raman spectra
data also proposes the coexistence of three types of structural defects. Each defect
type is found to exert a unique influence on photoelectrochemical behaviour and be-
comes dominant under specific fabrication conditions. Dopants including tin atoms
as cation doping and fluorine atoms as anion doping are also introduced in hematite
to investigate the influence on hematite structural feature change (Chapter 7).
Raman spectra show consistent trends with previous point defect types. With
the sensitivity of Raman spectroscopy, we employ Insitu variable temperature Ra-
man spectroscopy and other conventional thermal analysis to study the conversion
of lepidocrocite to hematite under varied gaseous environments as a model case
(Chapter 6). The combined results further prove that protohematite accompanied
with iron vacancies can form during the phase transition process and degrade photo-
electrocatalytic performance. This research illustrates a powerful method to study

solid state phase transitions.
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Chapter 1

Introduction

1.1 Motivation

Manufacturing, transportation, industry, and countless other human activities re-
quire the usage of energy. Sustainable energy that can satisfy the demand of society
while minimally impacting the environment are crucial. As the most abundant and
renewable energy resource, solar energy can be a promising solution to this problem.
Approximately 100,000 TW of solar energy reaches the planet every year, which is
nearly 5000 times as much as the total energy that people all over the world consume
every year! The intermittent property, seasonal and regional dependence results in
the di culty of harvesting solar energy.? Therefore, the key issue of solar energy is
its storage and utilization. Arti cial photosynthesis uses sunlight to drive reactions
and convert solar energy into chemicals like carbohydrates and hydrog&h.Solar
water splitting reactions using semiconductors as electrodes can decompose water
into hydrogen fuel and oxygen. Since Honda and Fujishima reported using single
crystal TiO, as the photoanode to achieve electrochemical photolysis in the 1970s,
researchers have been focused on developing new materials for electrodes to apply

to photoelectrochemical (PEC) water splitting.



1.1.1 Solar Water Splitting

During conventional PEC water splitting reaction, solar energy reaches the semicon-
ductor photoelectrode in form of sunlight and drives the water oxidation process.
Cathodic reduction occurs and produce hydrogen while oxygen evolution reaction
takes place at the other side. A common PEC cell contains a (photo)anode for
OER and a (photo)cathode for hydrogen evolution reaction (HER). This project
focuses on the oxygen evolution reaction (OER). PEC water splitting reaction con-
tains three essential processésThe rst process is the light absorption atn-type
semiconducting photoanode. Photons with energies larger than the band gap of the
semiconductor are absorbed by the photoanode, and excite electrons from the va-
lence band (VB) to the conduction band (CB), leaving holes in the VB. The second
process is the charge carrier separation and transportation. Electrons participate
in HER or other fuel-forming reduction reactions at the photocathode side. Holes
are involved in OER at the interface between the photoanode and the electrolyte.
It should be notable that charge carrier recombination can possibly happen during
these processes and reduce the e cienéy. The third process is the redox reactions
themselves at the surface of catalysts.

Water splitting reaction requires 237 kJ mot (per mole of water) under standard
temperature and pressure, corresponding to a 1.23 V potential di erence between
anodic and cathodic reactiond. The equations below show the two half reactions in

alkaline condition:

O, + 2H ,O + 4e~ 40H , E°(O,/OH ")=0.40V (1.1)
4H,0 + 4e”~ 2H,+40H ", E°(H,0O/H ,)=-0.83V (1.2)
2H,0 O, + 2H , (Overall reaction), E\, =-1.23V (1.3)

The semiconducting photoelectrode is an essential component of PEC water split-
ting cells. The photoanode absorbs sunlight and generates electrons and holes at
the surface. The holes left by electron excitation are involved in OER at the pho-
toanode. Electrons transport to the photocathode side and participate in hydrogen

evolution reaction. As shown inFigure 1.1 , in the ideal case, the band gap energy



(Eg) of the photoanode should be large enough»(1.23 V vs reversible hydrogen
electrode (RHE)) to split water, and the upper valence band and the lower conduc-
tion band should locate at proper positions to drive OER and HER respectivefyf

In semiconductors, the valence band is the highest range of electron energies in
which electrons are normally present at absolute zero temperature. The conduction
band is the band of electron orbitals that electrons can be excited from the valence
band where electrons can move freely. As shown kigure 1.1 , the redox poten-
tial of O,/OH" (E°(O,/OH ")) is 0.40 vs NHE at pH=14, and the redox potential

of H,O/H , (E°(H,O/H ,)) equals to -0.83 V vs NHE. The CB potential should be
more cathodic thanE°(H,O/H ;) while the VB potential must be more anodic than

E°(O,/H ,0).

Figure 1.1: Schematic illustration of solar water splitting reaction at pH=14.

When a semiconducting electrode is immersed in an electrolyte, electrons trans-
fer between the semiconductor-liquid junction (SCLJ) to reach an equilibriurh.For
an n-type semiconductor, usually the Fermi level should be higher than the Fermi
level of electrolyte. When the semicontductor and the electrolyte are in contact, the
free electrons will transfer due to di erent Fermi levels. After equilibrium, the semi-

conductor will have extra positive charges across a narrow region while the solution



have the extra electrons. The layer in the photoanode is called the space charge
region or depletion layer? The Fermi level is de ned as the energy level where there
Is a 50 % possibility of occupation by electrons. For an-type semiconductor with
electrons as the major charge carrier, the Fermi level is closer to the conduction band
and higher than the Fermi level of the electrolyte under disequilibrium condition.
Therefore, the Fermi level at the surface is bent closer to the conduction band for
an n-type semiconductor with an upward band bending.

It is notable that total equilibrium state is established slowly in the dark!® lllumi-
nation accelerates the thermalization of charge carriers, making electrons and holes
in their quasi-Fermi level respectively. The quasi-Fermi level is the electrochemical
potential where the electrons or holes under disequilibrium condition. The di er-
ence between hole quasi-Fermi leveE€ ;) and electron quasi-Fermi level Eg ) as
shown inFigure 1.1 is photovoltage { ), known as open-circuit voltage Vo) in
electrochemical measurement.

PEC devices with a variety of con gurations have been reportetiThe simplest con-
guration is to use a singlen-type semiconductor material as a light absorber to drive
the water splitting reaction as shown inFigure 1.1 . To satisfy this requirement,

a semiconductor with a large band gap to absorb enough solar radiation is used as
shown inFigure 1.2 . The spec c requirement for the n-type band gap value and
position will be introduced in the following section. However, exemplifying Ti©

in Figure 1.2 , the band gap of 3.2 eV corresponds to the sunlight under 388 nm
wavelength in the solar spectrum, which means that only a very narrow percentage
of 5% of the whole solar spectrum can be absorb&din practice, the PEC reaction

Is often performed with the assistance of an external bias. A dual band gap cell
con guration can utilize the solar spectrum better by coupling two or even more

semiconductors into heterostructure$?



Figure 1.2: Spectrum of solar radiation and corresponding band gap values. Red
and purple shadows represent the solar radiation absorbed byFe,03 and TiO,
respectively. Data is from ASTM G173-03 Reference Spectra derived from
SMARTS v. 2.9.2 (AM1.5)13

1.1.2 Photoanodes in Solar Water Splitting

A limited number of semiconducting materials have been found to exhibit the neces-
sary properties to perform photoelectrocatalytic OER. The properties of candidate
electrodes have been reported across a signi cant rangé&igure 1.3 lists some
candidates for photoanodes, with black and red bars marking the highest and low-
est reported conduction band edges and blue and green bars marking the highest
and lowest reported valence band edges. In practice, an overpotential is required
to drive OER at appreciable rates. A potential greater than 1.23 V is therefore
required. The requirement of overpotential has multiple reasons, including thermo-
dynamic consideration for energy losses during charge carrier transportation (0.3-0.4
eV) and kinetics requirement for surface reactions (0.4-0.6 e¥)Therefore, a band

gap value of at least 1.9 eV would be ideal. Besides, to excite electrons from VB to



CB, the band gap must satisfy the following equation:

h :@>Eg (1.4)

Only solar radiation under certain wavelength (< 2—;) can be absorbed by the
photoanode. Therefore, semiconductors with band gap in the range of 1.8 to 3.0 eV

have been most extensively studied for PEC water splitting.

Figure 1.3: Band gap values and band positions of common semiconducting
materials 14



A second consideration is that e cient charge carrier separation and transporta-
tion, paired with low charge carrier recombination rates, are essential for the e -
ciency of both OER and HER?'® Electrons excited to the conduction band leave
holes in the valence band during charge carrier separation. If a photoexcited electron
and a hole interact with one another, they will vanish immediately in a harmful pro-
cess called charge carrier recombination. Charge carrier recombination can reduce
the number of charge carriers, decreasing the photocurrent density in the system.
This process can happen in the bulk of the semiconductor or in the depletion re-
gion. It is facilitated by the presence of intraband states within the band gap.
Charge carrier transportation refers to the process when electrons move from the
photoanode towards the interface between the photocathode and the electrolyte,
and holes participate in OER at the interface between the photoanode and the
electrolyteVs is de ned as the degree of band bending, dependent on the applied
bias byVs = E Eg. HereE and Eg, are the applied bias and at band poten-
tial. The at band potential is de ned as the voltage where there is no depletion
layer at the semiconductor-liquid junction. The Fermi level of the photoelectrode
and electrolyte would di er by energy equal toqEg, whereq is the charge of the
carrier involved. The diusion length of charge carrier [p) is de ned as the dis-
tance of charge carrier migration in the semiconductor before vanishing, and can
be calculated ad.p = g D where is the lifetime of charge carriers. Those pro-
cesses depend on intrinsic properties like electron mobility and extrinsic properties
like crystallinity of the semiconductor. Thus, facet engineering, interface modi ca-
tion and nanostructure design can be used to improve charge carrier separation and
transportation.t®
Lastly, photoanodes must have high stability in the electrolyte, low cost and earth
abundance for economic consideration. Considering all the properties mentioned
above, transition metal oxides are widely studied as potential photoanodes in the
form of pure or doped metal oxide$® In the following section, hematite @-Fe,Os)

will be introduced as the focused material of this project.



1.1.3 Hematite Photoanode Overview

Hematite has remained an attractive photoanode candidate of the numerous semi-
conductors. In this section, the promising properties, early e orts and current issues
of hematite as photoanode will be introduced.

As shown inFigure 1.3 , hematite has a band gap between 1.9 and 2.2 eV, which
enables use of a signi cant part of solar radiationKigure 1.2 ). The coverage of
yellow to ultraviolet light radiation and transmission of orange to infrared gives
the crystal an orange to purple range of color. The conduction band position of
hematite is located at a more positive potential than the redox potential of JH ™,
requiring an external bias for overall PEC reaction. The relatively low absorption
coe cient ( a) of hematite, which is on the order of 1® cm, requiring relatively
thick coatings of 400-500 nm layer to absorb solar energy.

Hematite has faced challenges as a photoanode material regarding charge carrier
transportation, separation and recombination procességrirst, hematite shows rel-
atively low electrical conductivity. A conductivity lower than 10°® W'cm? has been
reported for single-crystal hematite’® which is on the low end of the typical semicon-
ducting material range of 16 to 10* W*cmt. The conductivity of a semiconductor
depends on the e cient transportation of the majority charge carrier, which is the
electron for n-type materials like hematite. Introduction of dopants or oxygen va-
cancies are common strategies for generating free electrons in the hematite system
to increase charge carrier densit}*®

Hematite shows a photogenerated carrier lifetime on the order of picoseconds due
to charge carrier recombination. Transient absorption spectroscopy using an ultra-
fast systems have studied charge carrier dynamics. Using hematite nanoparticle as
specimen, 70% of the transient absorption vanished after 8 ps and could not be
measured after 100 p& The main reason for the short carrier lifetime appears to
be the presence of intraband states or called trap states within the band gap of
hematite. These trap states accumulate holes and charge carrier recombination.
The dominant charge carrier trapping is believed to occur at mid-gap Fe d states
0.5-0.7 eV below the conduction banét These states can be observed as an optical

transition near 1.5 eV?223 Fast sweep using cyclic voltammetry has also con rmed



the hole accumulation in these intraband state$! It has been reported that high
temperature (800°C) annealing can remove the intraband states, thereby improving
the photocurrent density in the system.

Di erent strategies have been applied to improve the photoelectrocatalyis perfor-
mance and to understand the underlying chemistry of photoanodes. Regarding
material design, introducing dopant elements, controlling nanostructure, tuning fab-
rication protocols and adding co-catalysis or under/overlayers are common method-
ologies. External doping can increase the charge carrier density and improve the
conductivity of hematite photoanodes as previously stated. Designing nanostruc-
tures like synthesizing nanorods, nanowires and nano akes structures can facilitate
hole transportation and overcome the short lifetime of charge carrief3?® Fab-
rication protocol modi cation especially post-heating”?® and alkali/acidic treat-
ment?® is simple in operation and e cient in material modi cation. Since hematite

Is often fabricated through thermal treatment from other iron oxide or hydroxide
phases, the heating process can be important for the nal product (details iGec-
tion 1.2.2 ). Oxygen-de cient annealing and Ar plasma treatment establish oxygen
vacancy sites Section 1.3.1) and increase the number of charge carriefé3%:3?
Adding cocatalyst like cobalt-phosphate (CoPi) has been widely used to enhance
the poor (photo)electrocatalysis performance of hematite as wéH?832 It has been
reported that CoPi catalysts can suppress the charge carrier recombination loss
through the withdrawal of electrons from hematite to the associated PP Sec-
tion 1.1.3 lists examples of hematite photoanode structuring methods that have

yielded remarkable PEC performance in the recent four years.



Table 1.1: Recent reports on hematite photoanode material design and
performance.

Material fabrication J at 1.23V vs.
RHE

chemical vapor deposition followed by plasma etching then anneald1.30 mA cm?

ing3

hydrothermal method with alkali treatment?® 0.6 mA cn? @

hydrothermal method with facile surfactant assistance +CoP? 1.6 mA cnt?

hydrothermal method with protonation+CoPi?8 2.4 mA cm?

hydrothermal method with short time hybrid microwave anneal- 0.74 mA cm? @
ing35

thermal oxidation with direct heat Fe/steel, nanowire and| 0.2 mA cm? 2

nano ake?®
chemical vapor deposition with grey hematité& 1.43 mA cm?
thermal oxidation with Ar plasma+Fe-Pi®’ 1.2 mA cnv?

hydrothermal method with Fe foil substrate+fast ame annealing,

hematite/Fe;O, heterojunction® 2 mA cm?

thermal oxidation with direct annealing into preheated furnac® | 2.35 mA cnm?

a:Part of approximated photocurrent density values are obtained from published

gures directly.

1.2 Iron Oxide and Hydroxide Phases

1.2.1 Crystal Structure

X-ray di raction and neutron di raction techniques have been employed to deter-
mine the crystal structures of iron (hydro)oxides.Table 1.2 summarises the crys-
tallographic information for the iron oxides used in this work. Since the © and

OH- ions are signi cantly larger than F&* and Fe* ions, the arrangement of those
anions can determine the crystal structure. The crystal structure of iron oxide or

hydroxides can be represented by either the traditional stacking of close-packed

10



anions or the linkage between octahedra or/and tetrahedra. The frequent polyhe-
dron types in iron oxides are octahedral Fefor FeO;(OH)3; and tetrahedral FeQ,.
The basic units link together to form extended structures, with linkages includ-
ing corner-sharing, edge-sharing and face-sharing. From X-ray di raction data or
X-ray absorption spectroscopy data, the Fe-Fe distance between polyhedra can be
extracted. As shown inFigure 1.4 , corner-sharing motifs give the longest Fe-Fe
distances while face-sharing motifs have the shortest Fe-Fe distances. In this section,
the linkage of FeQ(OH)3.,« polyhedra will be used to describe the six iron oxide
structures: hematite @-Fe,O3), maghemite @-Fe,O3), magnetite (Fe;O4), goethite
(a-FeOOH), lepidocrocite g-FeOOH) and akaganeite I§-FeOOH).

Table 1.2: Crystallographic information for common iron oxides.

Compound Structural type Space group ICSD #
Hematite Corundum R3c 15840
Magnetite Inverse spinel Fd3m 65339
Maghemite Defective spinel P4,;2,2 87121
Goethite Diaspore Pbnm 245057

Lepidocrocite Boehmite Cmcm 93948

Akaganeite Hollandite 12/m 69606

Figure 1.4: Three dierent linkages of FeQ octahedra, face-sharing, edge-sharing
and corner-sharing octahedra.
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Hematite

Hematite has the corundum crystal structure, where Fé& ions locate in two-thirds

of the octahedral sites with hexagonally close-packed oxide ions. The crystalline
c-axis is characterized by columns of alternating dimers of face-sharing®*Feoc-
tahedra and vacant octahedral sites, with and edge-sharing linkages between the
columns Figure 1.5 A). Inside the FeQ; octahedron there exist two di erent Fe-O
distances: those facing the vacant octahedral site (1.949 are shorter than these
Fe-O distance facing the face-sharing linked octahedron (2.12$.%° Some G ions
can be substituted by OH with the occurrence of Fe ions to keep charge balance.
This so-calledprotohematite structure can result from incomplete dehydroxylation
with residual hydrogen in the crystalline structure during FeOOH to hematite phase
transition.**3 The details of protohematite and iron vacancy in uence on hematite

will be introduced in Section 1.3.1 , Chapter 3 and Chapter 4 .

Figure 1.5: Crystal structure of common iron oxide and hydroxide phases.
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Magnetite

Magnetite (FesO4) remains one special phase among the iron oxides because it con-
tains both divalent and trivalent iron in a stable phase. Magnetite has an inverse
spinel structure of Fé* (Fe?* Fe**)0,. Half of the F&* |l 1/8 of tetrahedral sites
while the other Fe* and all Fe?* occupy 1/2 of octahedral sites in the face-centred
cubic unit cell with 32 O* ions. Since F&" has ¢ con guration, its crystal eld
stabilization energy is zero in either octahedral sites or tetrahedral sites. ¥ein
magnetite with d® high spin con guration prefers octahedral arrangement. There-
fore, the F&* ion and one Fé* occupy octahedral sites whereas the other ¥eion

occupies the tetrahedral site.

Maghemite

Maghemite (g-Fe,O3) has a similar structure to magnetite structure and is called
defective spinel. With all iron ions in trivalent states, cation vacancies are gener-
ated to keep charge balance. The cubic cell contains 32 Qons still, and eight
cations |l tetrahedral sites while the other cations randomly occupy the octa-
hedral sites. Consequently, some octahedral sites are left vacant represented as
Feg(Feiss 267)032. However, maghemite especially commercial maghemite, has
been reported as a tetragonal unit cell because large crystals can permit complete
ordering of the vacancies. It has also been discovered that protons can be trapped in
vacant octahedral sites due to the dehydroxylation process from FeOOH precursors.

The phase transition will be introduced in the followingSection 1.2.2 .

Goethite

Goethite (a-FeOOH) is isostructural with disapore 6-AIOOH) with an orthorhombic
unit cell as shown inFigure 1.5 E. Fe®* ions occupy half of the octahedra sites within
one layer. FeQ(OH); octahedra double chains with edge-sharing along treeaxis
are followed by double rows of empty octahedra sites. The double chains are linked

by corner-sharing to form one-dimensional tunnels within the structure. There are
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two types of oxygen atoms in the goethite structure. One is the oxygen atoms shared
between octahedra of two di erent chains. The other is the oxygen within the same
chain and linked to protons. Consequently, those two di erent oxygen environments

make the double chains twist slightly, not linearly arranged.

Lepidocrocite

Lepidocrocite @-FeOOH) is isostructural with boehmite @-AIOOH) and consists
of a layered structure unlike the tunnel structure of lepidocrocite and akaganeite.
Lepidocrocite has an orthorhombic unit cell with cubic-closed packing of?Oor OH-
lons along [150] direction with iron ions lling in the octahedral sites. Similar to
goethite, lepidocrocite also contains double chains of FeO/QHalong c-axis. The
double chains linked by edge-sharing contain a displacement of one half to form
corrugated sheets of octahedra, then the sheets are stacked perpendiculaa-txis
with double rows of vacant octahedral sites. Hydrogen bonds exist between the

layers and link the oxygen atoms.

Akaganeite

Akaganeite (0-FeOOH) is isostructural with hollandite (b-AIOOH) with a monoclinic

unit cell. Unlike aor g-FeOOH, b-FeOOH has no hexagonal closed packing or cubic
closed packing arrangement of anions, only body-centred cubic instead with®Fe
occupying octahedral sites. As a consequence, akaganeite phase has a less compact
structure than the other phases. Similarly, akageneite has double chains of edge-
sharing motifs parallel tob-axis and corner-sharing linked double chains. In this case,

a tunnel structure as shown inFigure 1.5 F along b-axis is established by double
rows of octahedra. It should be notable that Clions are essential in akageneite

to stabilize the tunnels. Chloride anions usually come from Fegprecursor with

1.23 CI per unit cell. If the chloride ions are forced to be washed from the crystal,

akaganeite can be transformed into goethite or hematite phase.

14



1.2.2 Phase transition

All the iron oxide and hydroxide phase transition to hematite when exposed to high
temperature. One common transformation is the dehydroxylation from FeOOH
phases to hematite under high temperature. During this process, hydroxo-bonds
are replaced by oxo-bonds and face-sharing motifs form into a more compact struc-
ture. Here we focus on the phase conversion in a dry state not in solution because
thermal treatment is the widely used approach to fabricating hematite from other
phases.

Figure 1.6 illuminates some representative phase transformation. Both akageneite
and goethite go through dehydroxylation and are converted into hematite. Goethite
to hematite phase transformation has been reported to happen across a wide tem-
perature range of 250 to 500C.* Lepidocrocite is a unique case because it will
decompose into maghemite rst as an intermediate phase at approximately 300
and then be converted into hematite at a higher temperatured00°C).*° During the
conversion from lepidocrocite to maghemite, the [150] direction in the orthorhombic
cell of lepidocrocite will develop into the [111] direction of the distorted cubic cell
in the defective spinel phase. The decomposition of the akaganeite phase can start
at 150°C and nish at 500 °C. Due to the existence of chloride in tunnels, Gl(un-

der oxygen environment) or HCI (under nitrogen environment) will be releasé§’
Consequently, this reaction is quite sensitive to the gas environment. The dehydrox-

ylation is usually considered as a two-step reaction:

FeOOH xH,O! FeOOH + xH,0 (1.5)

2FeOOH! Fe,03+H ,0 (1.6)

The rst step Equation (1.5) is the loss of surface water molecules, which are
loosely bonded through intermolecular force. The second st&muation (1.6) is
the chemical dehydroxylation process where oxygen and hydrogen are removed. It
should be notable that the terminologydehydroxylation (loss of -OH) di ers from
dehydration (loss of HO) process.

The conversion between O, and aor g-Fe,O; phases belongs to oxidative and
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reductive transformations:

4Fe;0,+ 0O, 6Fe,05 (17)

Figure 1.6: Schematic representation of major formation and transformation
pathways of common iron oxide4?

Magnetite can be oxidized by air at relatively low temperatures, even at room
temperature, over a time frame of years. Higher temperature3Q0 °C) can further

convert it into hematite.*® As previously stated, maghemite structure can be con-
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sidered as a defective spinel structure with cation vacancies, so the oxidation to
maghemite reduces the 24 iron atoms in magnetite to gln maghemite. For the re-

verse reduction reaction, heating under an oxygen-de cient environment can reduce
the Fe** state to Fe&** state and create oxygen vacancies meanwhile by removing
oxygen as molecular oxygen gas. Oxygen vacancy defect will be introduced in the

following Section 1.3.1 .

1.3 Defects in Hematite

1.3.1 Point Defects

Point defects are structural defects that occur in zero dimension. Common native
point defects include ion vacancy defects, interstitial defects and antisite defects.
In hematite crystals, antisites refer to iron ion on oxygen sites, and vice versa.
Antisites are not energetically favorable due to high formation energies, as indicated
by DFT+ U calculations®® Therefore, it is usually excluded in hematite point defect
discussion. Point vacancies and interstitial defects will be introduced here.
Point defects in hematite include oxygen vacancies and iron vacancies. Vacancies
are formed when the ions are taken from the original sites. It can be represented as
Kroger-Vink notation:

Oo0* Vo + %02+2e' (1.8)

In Kroger-Vink notation, M ¢ represents thatM occupies on lattice siteS with
electronic charge ofC relative to S. M can be atom, vacancy V), interstitial ( 1),
electron or hole.X, and Ostand for null, positive charges and negative charges. As
stated in Equation (1.8), oxygen vacancies can generate the majority charge carrier
in hematite n-type semiconductors, electrons. Consequently, oxygen vacancies are
often considered a bene cial defect for hematite. However, it has also been reported
that high concentration of oxygen vacancies lead to serious charge carrier recom-
bination by inducing surface states at the SCL3’ The role of surface state defect
will be introduced in following Section 1.3.2 . Oxygen vacancies, especially with

high concentration, can also induce & species and even lead to decomposition to
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magnetite phase to maintain charge balance.

Oxygen vacancies can be created from post-treatment of hematite. One method is to
heat hematite or iron hydroxide phases in an oxygen-de cient environment like nitro-
gen gas’! Another method is to apply oxygen-plasma treatment on as-synthesized
hematite3” A combination of oxygen-plasma treatment followed by short-annealing
was also used to investigate the function of post-treatment on PEC properties and
oxygen vacancy formatior’*>! X-ray photoelectron spectroscopy is widely used to
determine the oxidation state of ions and quantify the concentration of oxygen va-
cancies. Oxygen vacancies from both methods are generated by removing lattice
oxygen and adding -OH at the surface of materiafs:3

Iron vacancies draw less attention compared with oxygen vacancies because of the
di culty in synthetic control, quantitative measurement, and a relatively high for-
mation energy. Formation energy for iron vacancies varies from 55.0 to 55.2 eV, but
it is as low as 20.3-23.8 eV for oxygen vacancy formatiéh® It is reported that
trapping protons in hematite generates iron vacancies by protonation of oxygen ions
on iron vacancy site!42 Chapter 3 and Chapter 4 further explain the identi ca-
tion of protohematite and iron vacancies. Calculation-based research have provided
theoretical proof that iron vacancies are stable in hematite. First-principles meth-
ods based on DFT calculation show that oxygen-rich condition can induce charged
iron vacancy sites* DFT+ U calculation supported that iron vacancies can locate at
the surface and be potentially related to the suppression of surface state defeéts.
Both theoretical and experimental studies agreed that iron vacancies and oxygen

vacancies can occur together as shown below:

null I 2Ve%% 3V g (1.9)

With the relationship between electron concentratiom and hole concentrationp:

n+3[Ve"P= p+2[Vo | (1.10)

The Schottky defect requires a discontinuity in lattice, such as the grain boundary

in Leite etal: work and dislocation or a free surface®
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Figure 1.7: Concentration of native point defects in hematite at T=1100 K in
panel (a) and at T=700 K in panel (b). Reproduced from Ref. 50 with permission
from the PCCP Owner Societies?

If interstitial defects are included, the system becomes more complicated. As
shown inFigure 1.7 , two typical annealing temperature 1100 K and 700 K are cho-
sen to investigate the native point defect concentration change with oxygen partial
pressurepO,. Using 1100 K condition as examples, DFT calculations suggest that
iron interstitials with two positive charges Fe and small electron polarone, are
the major defects at low oxygen partial pressure. However, iron interstitials with
three charges Fe and one charges Fecoexist, and at extremely low oxygen partial
pressure Fe is the dominate defect.

Dopants, especially cation dopants, in hematite-based materials can induce oxygen
and iron vacancies. Using uranium as dopantsb initio molecular dynamics sim-
ulations accompanied with U l;-edge X-ray absorption spectrum con rm that *
ions replace F&" with two partially protonated iron vacancies at opposing corner-
sharing sites>’ Energy dispersive spectroscopy characterizes elemental analysis for
Pt(1V) doped hematite and shows total cations are lower than two atoms per unit

cell > with iron vacancy formation:

AFe* = 3Pt +V "% (1.112)

The coexistence of dopants and point defects in hematite causes di culty in identify-
ing those defects. Cesaat al. reported that silicon doping increases the intensity of

the peak at approximately 660 crit in Raman spectra2® However, previous reports
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claim this Raman peak as symmetry breaking induced native defects in hematf®!

1.3.2 Surface State Defects

Surface state defects refer to the intraband states at the SCLJ, also known as trap-
ping states where trap electrons and holes as recombination sites as showFig:

ure 1.8 . The nature of surface state defect can be assigned tgFeV . Simulation
results show that oxygen vacancies can work as faster recombination sites than direct
VB-CB recombination.?? Rapid cathodic sweep voltammetric protocol shows that
high temperature annealing can remove the peaks between 0.7 and 1.4 V vs RHE
assigned to surface states, enhancing the photocurrent density from around 0.2 mA
cm? to 0.7 mA cm? and shifting the onset potential by 300 m\24 High temperature
annealing post-treatment can heal surface states by oxidizing #especies, and also
improve crystallinity of hematite. This rapid sweep experiment further proves that
surface state defects in band structure may arise from oxygen vacancy defects in the
crystal structure.

Transient absorption spectroscopy suggests that those states lie hundreds of milli-
volts below conduction band of hematite photoanode<® With low bias applied,

the recombination between trapped electrons and holes from the valence band takes
place in ps to ns timescale, which is faster than further trapping ims timescale.
As bias increases anodically, band bending leads to depletion of surface states while
electron trapping in ps to ns will dominate rather than hole trapping inns to ms.
Electrochemical impedance spectroscopy (EISpéction 2.4.2 ) helps with the elec-
trochemical and photoelectrochemical investigation of OER mechanism by simulat-
ing trapping process as part of the equivalent circuit& Di erent equivalent models
focus on if surface states play as an intermediate where charge transfer and OER
take place. Klahretal: believed that both charge transfer and recombination happen
at the same surface states due to the evidence of charge transfer resistance chihge.
Zhangetal:, however, state that surface states are responsible for recombination and
charge transfer!® We exclude the possibility that those surface states are reaction

intermediates because of the location of onset peakShapter 3 ).
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Figure 1.8: Schematic illustration of surface states at the interface between
semiconducting photoanode and electrolyte.

1.4 Structure-Property Analysis

Structure-property analysis utilizes the correlation between structural parameters
and property descriptors to analyse property-determining structure features. Elec-
trochemistry and photoelectrochemistry have been using structure-property analysis
to investigate reaction mechanisni®> The correlation is usually described as linear
relationship due to the easy extraction from data. However, volcano shape plots
have been observed in hydrogen evolution reactions and other electrocatalysis reac-
tions as well%®

Correlational analysis can involve more than structure-property analysis and also
comparisons between structural descriptors or between properties. While simple in
theory, some important factors impede an e ective and convincing application of
correlation analysis. The rst is the ability to synthesize series of materials with a
systematic variation of the desired parameter. For example, it is relatively straight-
forward to introduce secondary elements in hematite materials, but it is signi cantly
more complex to control the concentration of point defects. A second issue is that

no single property can be adjusted in a truly independent fashion. Taking the com-
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positional tuning of metal oxides as an example, the substitution of transition metal
ions leads to changes in electronic structures, lattice distortions, oxidation states,
and more. Correlations identi ed between individual parameters must be weighed
in relative importance against other correlations, which may or may not be visible.

A third complicated factor is the di culty in determining type of the relationship
between factors. It is possible that a linear correlation is one part of a volcano shape
relationship or an exponential correlation.

In this work, we established enough data points to avoid the issues stated above.
Besides, software is used to calculate and judge all possible comparisons and then

Iter the best correlations.

1.5 Thesis Objective and Overview

Combining fabrication protocols and structure-property analysis, we establish a
deeper understanding of multiple intrinsic defects and their in uence in both photo-
electrocatalysis performance and structure of hematite photoanodes. In this work,
we highlighted how Raman spectra analysis can assist in identifying point defects
in hematite accompanied with structural information from other characterization
technique.

Chapter 2 summarizes fabrication techniques to synthesize hematite with various
concentration of multiple types of defects, and the characterization measurements
used in this work for structure featrues and PEC performance.

Chapter 3 performs structure{property analysis on a series of hematite Ims fab-
ricated by annealing lepidocrocite Ims with varied temperatures, annealing times
and atmospheres and nd a gradient in the magnitude of a crystal lattice distortion
by tracking the relative intensity of a formally Raman inactive vibrational mode.
Analysis of the nature of the key Raman vibrations, X-ray di raction patterns, and
the synthetic conditions leads us to assign the distortion to iron vacancies that are
induced by the trapping of protons within the crystal lattice.

Chapter 4 expands how iron and oxygen defects leads to the di erences in struc-

tural distortion in hematite by X-ray absorption spectroscopy. Correlations between
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short-range structural parameters and long-range structural parameters, structure-
PEC property parameters have been observed.

Chapter 5 explores the usage of Raman spectroscopy in identifying coexistent de-
fect types. A straightforward approach to detecting defects in photoelectrodes and
identifying their in uence on photoelectrode properties and behavior is provided.
Chapter 6 describes the mechanism during lepidocrocite to hematite phase con-
version under di erent gaseous environments. Variable temperature Raman spec-
troscopy tracksin situ spectrum change in phase transition process accompanied

with thermal analysis including DSC and TGA.
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Chapter 2

Characterization Methods and

Techniques

2.1 Precursor Synthesis

Hematite often can be fabricated by phase conversion from other iron (hydro)oxide
phases®® Figure 1.6 summarizes possible phase conversion routes to synthesize
hematite. Atomic layer deposition®”:58 hydrothermal method2°31-¢° chemical vapour
deposition>%¢ thermal oxidation,?®3%7° and other techniques have been actively
applied in hematite photoanode synthesis. Here, lepidocrocitg-FeOOH) and aka-
ganeite -FeOOH) are selected as precursor phases to study the in uence of di erent

post-annealing environments on the distortion in hematite products.

2.1.1 Electrodeposition Method for Lepidocrocite Film ( g-
FeOOH)

Electrodeposition method can provide homogeneous iron (hydro)oxide phases by
tuning the electrodeposition potential’* Both anodic and cathodic electrodeposition
methods have been used to fabricate FeOOH then followed by annealing to prepare

hematite.”?
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Cathodic deposition of FeOOH uses Fé ions as electrolyte for electrodeposition.

The common reaction also contains Fo generate FeF* and H,O, to provide OH

ions:
H,0, +2e | 20H (2.1)
F+Fe3 | FeF* (2.2)
3H,0, + 2FeF?" +6e | 2FeOOH + 2F + 2H,0 (2.3)

During this process, the concentration of FeFdecreases with increased OHon-
centration and then induces the deposition of FeOOH. In Schrebler et al. work,
the as-synthesized FeOOH was annealed at 580 for 20 min in air to convert into
hematite photoanode

Anodic deposition applies a solution with F&" as precursor. The reaction requests
acidic condition because F& is soluble in acidic solution but Fé" is not, which

allows FeOOH to precipitate on the substrate (FTO glass):
Fe** | Fe* +eE°=0:771V (2.4)

Fe** +2H,0! FeOOH +3H" (2.5)

It has been reported that the as-deposited FeOOH turns out to bg-FeOOH phase’?
This project adopts anodic electrodeposition because a speci c iron hydroxide phase
will be ideal for the following phase transformation investigation. The fabrication
method is used inChapter 3 , Chapter 4 and Chapter 6 , and the details of

experiment will be described in those chapters.

2.1.2 Precipitation Method for Lepidocrocite Powder ( g-
FeOOH)

Fabrication of lepidocrocite powder form is accomplished by oxidation of ¥e as
shown in Figure 1.6 .”* Precipitation method uses condition-dependent solubility
of a speci c compound/phase to deposit the required material. The solubility of a

compound usually relies on the ionic strength of the solution, pH and temperature.
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The reaction can be written as:
4Fe* +6H,0+0,! 4FeOOH + 8H" (2.6)

It should be notable that pH environment, temperature and rate of oxidation all
in uence on the nal product. Consequently, those conditions should be carefully
controlled during fabrication, including weakly acidic condition and slow oxidation
rate. A pH of 6.5 is maintained by adding KOH solution with the purging of nitrogen

gas.

2.1.3 Hydrolysis Method for Akaganeite Film ( b-FeOOH)

Hydrolysis or hydrothermal method can be the most frequently used synthesis
method for hematite photoanode Ims because of its simple operation and con-
trollable product orientation. Hydrolysis method only requires keeping F& in a
certain solution under heated environment in an autoclave or even in a beaker. It
has been reported that hematite nanoparticles can be fabricated directly by hy-
drothermal method using FeC} solution and ammonium hydroxide at room tem-
perature. The particle size and growth rate can be adjusted by iron concentration,
hydroxide concentration and reaction temperaturé®’® The other common approach
is to synthesize akageneithe phase rst then fabricate hematite by heatiri§.Doped
hematite can also be fabricated by adding a secondary element solution into the
iron precursor®®’” Since akaganeite has a tunnel structure with Clocated inside,
the decomposition reaction ob-FeOOH can be accompanied by a potential release
of hydrogen chloride and oxygen. The reaction can di er between oxygen condition
and nitrogen condition due to oxygen as a product.

Nitrogen environment:
4FeOOH,. Cly ! 2Fe,034 + 2H,0 + 4xXHCI + xO, (2.7)
Oxygen environment:

4FeOOH.x Cly + XO, ! 2F8,05 + 2(1 + X)H,0 + 2xCl, (2.8)
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Therefore, both the oxygen concentration in annealing environment and chloride

can in uence the generation and concentration of oxygen vacanciés.

2.2 Hematite Fabrication

Hematite can be fabricated from other iron hydroxides or oxides by annealing process
as described inSection 1.2.2 and Figure 1.6 . To investigate how the fabrication
environment a ects the nal hematite photoanode, FeOOH samples are annealed
under various conditions, including dry or humid, oxygen or inert, and di erent
temperatures. By adjusting the fabrication condition, hematite with di erent types
and concentrations of distortion can be prepared. It should be notable that we
do not control the nal defect concentration but rather establish various defects in

hematite.

2.3 Material Characterization

Multiple spectroscopic techniques are widely applied in inorganic material charac-
terization eld. The core of spectroscopy is that under certain conditions, materials
will absorb or emit energy usually in the form of light. Light can be described in
terms of both particles and waves while light waves consist of perpendicular, oscil-
lating electric and magnetic elds.

The relationship between energy, frequency and wavelength can be shown as:

E =nh :E:

(2.9)
whereh is Planck's constant (6.6 103* J s), cis the velocity of light (2.998

10° cm s?), f is frequency and is wavelength.

It should be notable that waves from di erent wavelength ranges contain di erent

energy which can interact di erently with the molecules. For instance, infrared

waves with relatively higher wavelength (700 nm - 1mm) and lower energy (1.7 eV -
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1.24 meV) simulated vibrations. Visible (400 nm - 700nm) and ultraviolet (10 nm -
400 nm) radiation can promote electrons to higher energy orbitals. Higher frequency
radiation like X-rays can break chemical bonds and ionize molecules.

In this chapter, two vibration spectroscopy techniques, RamanSgction 2.3.1)
and Infrared spectroscopy $ection 2.3.2 ) will be introduced, among which Raman
spectrum is not merely used to identify material but also to analyze defects. Variable
temperature Raman spectroscopic technique is speci cally introduced to study the
mechanisms of thermally-induced phase transition. Ultraviolet-visible spectroscopy
(Section 2.3.3 ) would be used to measure the band gap values and determine the
bang structure. X-ray absorption spectroscopySection 2.3.4 ) and X-ray di rac-
tion technique (Section 2.3.5 ) are used to measure structural parameters like bond
length, bond angles and determine local geometry. Di erential scanning calorime-
try (DSC) and thermogravimetric analysis (TGA) (Section 2.3.7 ) are two thermal

analysis techniques used to track phase transition regarding temperature change.

2.3.1 Raman Spectroscopy

The fundamental of Raman spectroscopy is based on Raman scattering. Scatter-
ing happens when an incident beam hits the target in a certain direction, then the
direction and even energy change. The change of energy during light scattering
can be classi ed into three types: Rayleigh scattering (0-10cmt), Brillouin scat-
tering (10°-1 cnt!) and Raman scatteringé 1 cnit).[ref] In Raman scattering, the
frequency of Raman scattered beam { can be larger or smaller than the incident
light (! o), which are called the Anti-Stokes Was) and the Stokes frequencyws) re-
spectively. If we setl ; as 0 on the axis of frequency, we should see that the absolute

values of those two frequencies are equal to each other: frequency and wavelength

I''sl = j! as] (2.10)

However, as shown ifrigure 2.1 , the Stokes scattering is generated from the ground
state while the Anti-Stokes scattering happens only when atoms or molecules are in

the excited state, and both form virtual energy states. The Anti-Stokes scattering is
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much weaker than the Stokes scattering because there are fewer atoms or molecules
in the excited state than the ground state. The possibility of the Anti-Stokes scat-
tering occurrence is much less. However, it should be notable that Raman scattering
is still very weak compared with Rayleigh scattering. The intensity of Raman scat-

tering is only 10812 of the incident light.

Figure 2.1: Schematic representation of Rayleigh, Stokes and Anti-Stokes
scattering.

When we talk about spectroscopy, we refer to the interaction between the sys-
tem (or sample) and electromagnetic radiation. Electromagnetic radiation can be
considered as two perpendicular elds: electric eld and magnetic eld. Both are
perpendicular to the direction of the radiation propagation. In this case, the spec-
troscopic observations can be the interaction with the either or both elds, which are
called electric dipole allowed Tx; Ty; T,) or magnetic dipole allowed Ry; Ry; R;).
Here we only consider x, y and z axes as three independent directions where charge
separation occurs. Raman scattering arises from the change in polarizability in
molecules, where the wavelength of incident light and the wavelength of the emitted
light are di erent ( x?;y?; 22, Xy; yz; zX).

The most common and important usage of Raman spectroscopy is to identify known
compounds with reported Raman spectrum results according to the observed peak
locations and relative intensities. One approach is considering the contribution of
individual functional groups separately and the whole spectrum as the sum of all
di erent regions, which is called the fragmentation approach. The other approach,
the whole molecule approach, uses the whole system movement within a symmetric
entity. Compared with the fragmentation approach, the whole molecule approach is

more comprehensive and complete, especially for crystalline solids. By factor group
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analysis, we can obtain the vibration modes from the crystallographic point group.
It should be notable that the point group considers the symmetry inside one unit cell
on the scale of 10A while the electromagnetic radiation in vibration spectroscopy

interacts with the crystal at 100 nm up to 1 m scale.

Figure 2.2: Raman spectra of common iron oxides and hydroxides

Raman spectroscopy can not merely be used as a ngerprint in material identi -
cation but also be applied in material defect analysis by quantitative study. Raman
spectrum has been used in perovskite-type material BaT#3® Two Raman vibra-
tion modes| 55 and | 713 are sensitive to both the cation ratio (Ba/Ti) and the
oxygen nonstoichiometry. The ratio ofl 55/ | 713 has been proved to measure the
intrinsic oxygen vacancy content and cation ratio. Raman spectroscopy has also
be applied in quantifying defects in single layer MoS™® The intensity ratio of the
longitudinal acoustic (LA) and A;3 mode can be considered as an indicator of the
degree of crystallinity% =
the inter-defect distance. Quantitative Raman spectroscopic analysis often uses the

—2, Where is the correlation constant andLp is
D

ratios of Raman intensities and widths, or the peak locations of certain peaks. High-
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quality spectra are required to obtain accurate values in the Raman spectroscopic

analysis.

2.3.2 Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is another type of vibrational spec-

troscopy widely used in material science study. The fundamental theory of IR spec-
troscopy is when the frequency of incident infrared radiation is the same as the
vibrational frequency of the chemical bonds, the bonds or functional groups will
be promoted to a higher vibrational level by absorption of energy. Unlike Raman
active vibrational modes, vibrational modes with changes in the dipole moment are

IR active.

2.3.3 Ultraviolet-visible Spectroscopy (UV-vis)

UV-vis spectroscopy refers to absorption spectroscopy or re ectance spectroscopy
in the ultraviolet and visible range of light. The absorbed photon can excite the
electron in the ground state to higher energy orbitals called the excited state. For
electronic transitions in a solid, usually four types of transitions would be consid-

ered®

1. The excitation of an electron to a higher energy orbitabn the same atom

2. The excitation of an electron from a localized orbital on an atom to a higher

energy orbital on an adjacent atom

3. The excitation of an electron from a localized orbital on an atom to a delocal-

ized band, which is called theconduction band

4. The excitation of an electron fromvalence band to conduction band

UV-vis spectroscopy has a large variety of applications. For transition metal com-

pounds, UV-vis spectra in thed d transition can be used to determine the local
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environment of the ions.ref In analytical chemistry, UV-vis is usually carried out
to measure the concentration of speci c molecules, ions or functional groups. The
Beer-Lambert Law states that the absorbanceA, should be proportional to the
concentration of measured sampleA = "cl = log(l o=I), wherel is the path length

of the sample,l ; is the intensity of the incident light and | is the intensity of the
transmitted light.

For semiconducting materials, UV-vis spectrum is used to determine the band gap
values like transition type 4. The band gap energyHjy) is the energy required by a
semiconductor to excite an electron from the valence band to the conduction band.

The Tauc method is developed to extracE 4 from absorption UV-vis spectrumd!
( h)Y9=B(h Ey (2.11)

where is the absorption coe cient, h is the Plank constant, is the photon's
frequency, andB is a constant. The value of depends on whether it is a direct
( =1/2) or indirect ( =2) transition band gap. By plotting (  h )Y9 versush ,
we should get a linear relationship, and the intercept at the x-axis will be the band

gap value.

2.3.4 X-ray Absorption Spectroscopy (XAS)

As the name suggests, X-ray absorption spectroscopy has the nature of absorption
spectroscopy. X-rays are absorbed by all matters through the photoelectric e €&.
As shown inFigure 2.3 A, X-rays are absorbed by the atom when the energy of the
x-rays is transferred to the electron orK, L or M shell ejected from the atom. The
atom is left in an excited state with an empty electronic level, and excess energy from
the X-ray will be given to the ejected photoelectron. The excited core hole will relax
back to the ground state of the atom. Meanwhile, a higher level core electron will
drop back into the core hole, during which X-ray uorescence occurs. X-ray photon
has the feature of absorption edge, a sharp rise above 7100 eVFigure 2.3B .
Only X-ray photons above the edge have enough energy to excite the electron from

a certain orbital. XAS measures the uorescence (or transmission) of X-rays as a
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function of the energy close to the absorption edge. In our example, it takes around
7125 eV to excite an electron from the sl orbital of iron, which is known as the
iron K-edge. In XAS experiments, the X-ray absorption coe cient (E) can be
measured in both transmission and uorescence methods. For transmission setup,

the absorption is directly measured by the transmission after the sample:
| = | oe™EN (2.12)

(E)t= In(I=lo) = In(lo=l) (2.13)

wherel ¢ is the incident X-ray intensity, | is the transmission intensity through the
sample, andt is the sample thickness. In X-ray uorescence mode, it should be
represented as (E) / 1¢=lg, wherel; is the intensity of uorescence. It should be
notable that XAS requires a broad energy range and high-intensity energy. There-
fore, XAS experiments usually demand the access to a synchrotron facility. In
Chapter 4 , XAS experiments were carried out in collaboration with Brookhaven
National Laboratory in NY, USA.

Figure 2.3: Normalized X-ray absorption spectrum of hematite

X-ray absorption near edge spectrum
As shown in Figure 2.3 B, X-ray absorption ne structure (XAFS) is separated
into two regions: the X-ray near edge spectrum (XANES) and the extended X-ray

ne structure (EXAFS). As introduced before, the K -edge transition refers to the
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photo-excitation of a Is electron. The excitation of electrons involves the symmetry
selection rule for spectroscopy, which is the electron transition is more likely to
occur when the angular quantum number changes byl. In this case, theK -edge
transition of electrons from 1s to p orbital will be allowed. The most important
and most common usage of XANES is to use the shift of the-edge position to
determine the oxidation state of elements. In this thesis, thK -edge location of iron
has been known to show a linear relationship with a shift of 4.6 eV per change in
the oxidation state 8384

Extended X-ray absorption ne structure

EXAFS focuses on the oscillations caused by photoelectrons ejected from the central
atom by incident X-rays. For those ejected photoelectrons, there is a possibility that
they are elastically scattered from the neighbouring atoms. There is also a possibility
that they are redirected back to the central atom. The oscillation is the net sum
generated by the constructive and destructive interference which is dependent on
the incident wavelength. For EXAFS experiments, the energy range is 40-1000
eV above the absorption edge while the mean free path of a photoelectron is 5-10
A. Therefore, the distance scale of 5-18 around the central atom should be the
interference patterns generated from EXAFS experiment.

The core of EXAFS can be represented as the EXAFS equation kaspace

= 2X fi(k) 2D/ | (K) 52k2si2 o
()= So*  Nip eI 0e = sin[KD; + (K)] (2.14)
i

where (k) is the oscillation intensity, f ;(k) is scattering amplitude, Sy? is the am-
plitude reduction factor, (k) is the phase shift, (k) is the mean free path,N; is
the coordination number , D; is the distance to the neighbouring atom, ;2 is
the mean square relative displacement or callddebye-Waller factor . N;, D; and
i2 are commonly used parameters in subshell modelling in EXAFS data analysis.

Se? is typically taken as a constant between 0.7 and 1.0.;(k) and (k) are highly
depend on atomic number of the neighbouring atom.

To create structural models for EXAFS data, the key is to identify critical coordina-
tion shells and use them to t EXAFS data. fi(k), i(k) and (k) can be calculated

using the program FEFF. To generate FEFF les, we require crystallographic data
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converted into a list of atomic coordinates and a selected central atom (the studied
element). Each FEFF le containsf(k), i(k) and (k) for a particular shell or
scattering path from the cluster of atoms.N;, D; and ;? will be determined to t

the EXAFS curve, especially the peaks within 2-1@.. According to the position of
the peaks, shells from the absorber (the central atom) can be selected. The specic
shell should be considered to make the bond length and coordination number rea-
sonable values. Also, restrictions may be applied between the shells. For example,
with doping example, the coordination number of dopant and host atoms should

keep the samé>

2.3.5 Powder X-Ray Di raction (XRD)

Powder X-ray di raction is a rapid and common analytical technique used for not
merely phase identi cation of crystalline materials and also structure information on
unit cell dimensions by Rietveld re nement. When the incident beam of monochro-
matic X-rays interacts with the target crystal, the scattered X-rays The laboratory
X-rays are produced by a cathode ray tube by heating a lament to generate and
accelerate the electrons toward the target material. One of the most common tar-
get material can be copper with Cuk radiation (I =1.5418 A). The wavelength of
X-rays should be comparable in scale with the spacingl)(between atoms in the
crystal lattice to achieve X-ray diraction. Bragg's law describes the relationship
between the incident X-ray beams with a wavelength of to the di raction angle

and the lattice spacing of the crystald:

n =2d sin (2.15)
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Figure 2.4: Schematic representation of Bragg's law.

As shown inFigure 2.4 , the distance di erenced sin must equal an integer
number of wavelengths to make the X-ray beams in phase. If the relationship does
not t Bragg's law, the re ected beams are out-of-phase and destructive interference,
cancelling occurrence. When Bragg's law is satis ed, the re ected beams are in phase
and constructive interference. Then we can obtain peaks at the angle 2 is used
as the x-axis in XRD pattern because of the rotation of the X-ray detector. The
intensities of XRD peaks rely on the elements if both X-ray wavelength and angle
of incidence are kept the same, since X-rays are scattered by the electrons around
the atom nucleus. The intensity () can be presented as a function of the structure
factor (F (hkl)):

| / F(hkl)? (2.16)

X .
F(hkl) = fePihxitkyitizi) (2.17)

where (hkl) are the Miller indices of the plane, (X, y, z) are the coordinates of the
atom, f is the atomic scattering factor. From the XRD pattern, d-spacing from the

crystal can be extracted.

2.3.6 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy, also called electron spectroscopy for chemical
analysis, is a surface-sensitive spectroscopic technique that can identify and quantify

the elements and their chemical state and electronic structure. Each element has
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a unique elemental spectrum, and the XPS peaks from a chemical compound can
be considered as the sum of elemental peaks from each individual. Typical analysis
depth of XPS is only 3 to 10 nm because of the small mean path of the electrons.
Quantitative analysis can be obtained from the peak intensity and areas while the

chemical state of the elements can be extracted from the peak position. The principle

of XPS technique is based on the photoelectric e ect:[ref:handbook of xps]
Ex=nh (Ep + spec) (2.18)

whereh is the energy of the photonE and E, are the kinetic energy and binding
energy of ejected electrons respectively,pec is the work function of the spectrom-
eter. The kinetic energies ) of emitted electrons are measured by the detector.
The binding energy of each element can be calculated based on equatiyua-
tion (2.18) and plotted in X-ray photoelectron spectrum. Spin-orbital splitting
occurs in the XPS peaks according to the electron con guration. Chemical shift
leads to a change in the binding energy of electrons due to the surrounding neigh-

bours of elements.

2.3.7 Thermal Analysis

Thermal analysis is the technique which tracks the enthalpy, mass or heat capacity
change of a solid sample with temperature. Thermal analysis contains two parts,
thermogravimetric analysis (TGA) and di erential scanning calorimetry (DSC) or

di erential thermal analysis (DTA). Thermal analysis usually performs in an inert
gaseous environment like argon gas. With temperature increasing or decreasing at
a certain ramp rate, the property change of material can re ect the occurrence tem-
perature of decomposition, melting, or crystal reconstruction.

Thermogravimetric analysis measures the mass of a sample as a function of tem-
perature or time. When decomposition takes place, the mass will drop signi cantly
and then plateau, marking the completion of the reaction. In this case, TGA can
only observe reaction or physical change with a change in mass like decomposition

or boiling point measurement.
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Both the atmosphere and the sample's nature will in uence the temperature range.
DTA and DSC are similar in functions and experimental setup. Both techniques
heat the sample and a reference at the same time. DTA records the temperature
di erence between those two while DSC measures the heat ow directly. Therefore,
we can get a plot of T versus temperature or time from DTA but a plot of heat

( Q) versus temperature from DSC. Compared with TGA, DTA and DSC can also
record the heat change like recrystallization or phase change without weight loss in

addition.

2.4 (Photo)Electrochemical Techniques

2.4.1 Photoelectrocatalytic Measurement

A homemade polyethylene three-electrode cell is used in the photoelectrochemical
measurement as shown ifigure 2.5 . Sample-coated uorine-doped tin oxide glass
(FTO) working electrodes (WE) are mounted as windows in the cell with the area
of the electrode exposed to electrolyte solution masked to 1.54 Ty a silicone
O-ring with back-side illumination. The blue Im as FTO glass piece and red Im

as deposited hematite are shown iRigure 2.5 . Copper papers are used to connect
the Ims to the potentiostat as shown in grey sticks inFigure 2.5 . A Gaskatel
HydroFlex Reversible Hydrogen Electrode serves as the reference electrode and a
piece of clean FTO as the counter electrode (CE). RHE works as a standard reference
electrode with H, gas slowly bubbled over a Pt mesh. 1 M KOH is usually used as
the electrolyte. The photocurrent density at 1.23V vs.RHE|(; 23v) is de ned as the
measure of the photocurrent density of OER. The same cell is used in electrochemical

impedance spectroscopy measurement.
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Figure 2.5: The scheme of the photoelectrochemical cell used in the project.

2.4.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique to
measure the impedance of the system under AC potential. EIS is based on the per-
turbation of either an equilibrium state or at least a steady state situation, while the
standard techniques are dynamic or are based on the change from an initial equi-
librium state to a di erent and nal state. Impedance is used instead of resistance
because circuit elements in the real world exhibit much more complex behaviour. A
resistor (R) follows Ohm's Law, R = E, and the resistance value should be inde-
pendent of frequency. Similar to resistance, impedance is a measure of the ability
of a circuit to resist the ow of electrical current. The AC voltage and responding
current can be expressed as functions of time, and the impedance can be presented

as the quotient of AC voltage and current which is similar to Ohm's Law:
E: = Eo sin(wm) (2.19)

I, = 1o sin(wt+ f) (2.20)

Z =

E¢ Eo sin(wm) _ 7 sin(wt) (2.21)
¢ |

" Tosinwt+ f) - “Osin(wer 1)

whereE; and |, are the potential at time t and the corresponding currentk
and | o are the amplitude of the voltage and current! is the radial frequency, is

the phase shift. As shown irFigure 2.6 A, a pure resistor has no phase shift, then
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the impedanceZ only has the real part as expected as resistance values. For a pure

capacitor, the phase shift is 9®etween the AC voltage and AC.

Figure 2.6: Electrochemical impedance spectroscopy Nyquist plot (A) of the
Randles cell and corresponding equivalent circuit (B)

Nyquist plot (Figure 2.6 A) represents the real and imaginary part of vector
as the x and y-axis respectively. The angle between the vector and x-axis is phase
angle . From the Nyquist plot, the length of z can be seen directly, but we can
not tell the frequency for data points. From the left side to the right side of the
semicircle, the frequency rises from zero to in nity.
Figure 2.6 A shows the Nyquist plot of the simplest and most common circuit: the
Randles cell with a corresponding equivalent circuit ifrigure 2.6 B. The Randles
cell consists of a solution resistanceR(y), a double layer capacitor C4) and a charge
transfer resistance R¢). The double layer capacitor and charge transfer resistance
are in parallel connection and then in series connection with the solution resistance.
In the Nyquist plot, the rst intercept at the x-axis is equal to the solution resistance
value. The second intercept of the semicircle is the sum of solution resistance and
charge transfer resistance because at this point phase angle is zero. Consequently,
the diameter of the semicircle equals the charge transfer resistance of the system.
The Randles cell is used as the equivalent circuit in this project supported by pre-
viously reported PEC investigation of OER with hematite elctrode$?
Mott-Schottky plot can be plotted using the capacitor dataCy from EIS versus

the potential di erence between bulk semiconductor and electrolyte. In experiment
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setup, EIS is performed under a speci ¢ range of potential to obtain the potential-
dependent capacitor value. The at band potential Ef,) and charge carrier density
(N 4) can be calculated from Mott-Schottky analysis. Here is the equation:

2
Cc?= (V + Ep) (2.22)
d

qA? | oN

where | is the relative permittivity of the semiconductor material, ¢ is the vacuum
permittivity, A is the surface area, andj is the elementary charge. The plot o€
and potential V should be linear. A positive slope refers to an-type semiconductor
while a negative slope value refers tomtype semiconductor. Charge carrier density
can be calculated as:

(2.23)
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Chapter 3

Revealing Interstitial Protons
Through Structure-property

Analysis

3.1 Introduction

As one of the most attractive photoanode materials, hematite has a maximum theo-
retical photocurrent of 12.6 mA cn.'” However, the PEC performance records for
hematite photoanodes remain far below the theoretical values. An understanding of
the chemical nature of structural defects in hematite and their speci c impacts on
material structures and properties is the key to improving PEC performance. The
performance metrics and fundamental physical properties reported for nominally
a-Fe;O3; Ims are persistently variable across the literature. Examples of variability
include properties such as the optical band gap, commonly reported between 1.9 to
2.2 eV 14868 the |ocation of the conduction band, which ranges from 0.3 to 0.6
V vs. RHE,”#%8 and performance parameters such as the current density at 1.23
V, which varies betweenca. 1 A cm? to 3 mA cm™. The conclusion must thus be
drawn that synthetic a-Fe,O; Ims are rarely identical. Techniques developed to
identify and locate intraband trap state$® and to probe associated photophysical

processes provide powerful tools to guide development, but without a semblance of
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consistency across the literature it is di cult to judge exactly how meaningful any
single dataset is. Con dent identi cation of speci ¢ structural anomalies or defects
responsible for variation in properties and an understanding of how they in uence
these properties is an important component in advancing the eld.

Oxygen vacancies have been identi ed as a structural defect of interest in hematite
and gained experimental control over the concentratiot?.?”-3%31 X-ray photoelectron
spectroscopy and X-ray absorption spectroscopy have been successfully employed to
conrm and quantify these vacancies*®! and to show that complete removal of
oxygen vacancies from the photoanode surface can result in suppression of PEC
performance345! The details of oxygen vacancy impacts on hematite has been dis-
cussed inSection 1.3.1 . It must be noted, however, that performance metrics for
a-Fe,O3; photoanodes annealed under air or pure oxygen atmospheres have been
reported that meet or exceed the performance generally acquired through oxygen
vacancy engineering*°? The picture is thus not complete and there is continued
need to establish correlations between fabrication conditions, structural properties
and performance parameters.

In this chapter, we employ structure-property analysis to obtain insight into the
speci ¢ chemical nature of one such structural defect. We obtain hematite photoan-
odes capable of driving OER between 1A cm? and 0.48 mA cn¥ at 1.23 Vrue

by annealing electrodeposited lepidocrocite Ims with varied protocols. The Ims
exhibit negligible di erences in X-ray diraction patterns but all samples exhibit

a formally Raman-inactive absorbance band that signi es a crystal lattice defect.
The intensity of the peak for this vibrational mode varies with fabrication protocols
and is found to correlate with the band structure descriptors and overall PEC per-
formance. Analysis of the results leads us to propose that the trapping of protons

induces iron de ciency in the lattice that is responsible for the observed behavior.
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3.2 Results

3.2.1 Characterization of a-Fe,O3; Powders

The ability to fabricate a-Fe,O3 with varied structural integrity by annealing g-
FeOOH under varied atmospheres was explored in the powder form due to ease of
fabrication and structural characterization. Powder X-ray di raction experiments
conrm that g-FeOOH is the predominant iron phase obtained through controlled
oxidation of aqueous F& solutions (Figure 3.1 A).”* The transition of g-FeOOH

to a-Fe, O3 is a dehydroxylation reaction that proceeds througly-Fe,O3 as an inter-
mediate phase, where both hydrogen and oxygen are removed from the structtire.
The initial transition occurs above 300°C;* the powders here yield the characteris-
tic re ections for g-Fe;,O; and complete loss of re ections attributable tog-FeOOH
when annealed at 350C. Annealing at 600°C yields the diraction pattern of a-
Fe,O; for all four annealing atmospheres, albeit with substantially broadened peaks
that indicate signi cant structural disorder and a peak atca. 27° suggesting residual
g-FeOOH (Figure 3.1 ). Fully region and selectively enlarged regions are shown in
Figure 3.1 B and C for comparison. The vertical purple and orange lines at the bot-
tom of each panel depict-Fe,O; (COD#9000139) andg-FeOOH (COD#9015231),
respectively. Increasing the temperature to 808C decreases the XRD peak widths
but no di erences in the location or width of peaks are detectable between samples
annealed at 80C°C under any of the four di erent atmospheres. Small peaks at 29.7
and 30.7 that persist in the powder samples are due to ¥SO, trapped during the
fabrication process. Raman spectroscopy supports this assignment and con rms its
absence in thin Im samples Figure 3.2 D and E). The XRD results suggest that,
irrespective of the reaction atmosphereg-FeOOH undergoes complete conversion to
g-Fe;O3 at 350 °C, to a disordered form ofa-Fe,O3 at 600 °C, and nally to a more
crystalline form of a-Fe,O3 at 800 °C.
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Figure 3.1: Powder X-ray di raction patterns obtained from (A) -FeOOH and
following annealing of (B and C)g-FeOOH at 600°C and 800°C for two hours

Raman spectroscopy on powder samples provides evidence that the integrity
of the a-Fe,O3 crystal lattice is in fact a ected by atmospheric conditions during
annealing. Figure 3.2 shows Raman spectra acquired og-FeOOH powder and
samples annealed at various temperatures for 2h under a dry, @mosphere. Ra-
man spectra on as-prepared-FeOOH powders contain the expected vibrations at
247, 379, 525 and 645 cin(Figure 3.2 A).®® These features are replaced by the
characteristic peaks forg-Fe,O; at ca. 348, 498 and 707 crh after annealing at
350°C for 2 hours, con rming XRD indications of complete structural conversion at
these temperature$® Annealing at 600 or 800°C results in the emergence of seven
intense peaks in the Raman spectrunfgure 3.2 A). These well-documented peaks
are assigned to the twoA 14 (226 and 499 crit) and ve E, (246, 293, 412, 497 and
612 cm') Raman active vibrational modes fora-Fe,03.%%7 It is notable that these
a-Fe, O3 peaks are orders of magnitude more intense than those fpeOOH and
g-Fe;O3, which means that if g-FeOOH or g-Fe,O; would be very hard to observe
in Raman spectra if there are residuals in the samples. This care must be taken
in selecting laser intensity as these phases readily transition into defectiag~e,03
under laser irradiation (Figure 3.2 B). The intensity of the lower three spectra are
increased 10-fold to compensate for the weak scattering cross sectiog-6&,0s. In

addition to the seven expected-Fe,O3 vibrational modes, spectra on powders an-
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nealed at 600 and 806C contain weak peaks at 660 and 710 ctn The relative inten-
sity of each of these two features is sensitive to annealing protocolgure 3.2 C).
Comparisons across the 12 di erent spectra show that both peaks diminish in size
when annealed at higher temperatures or for longer timeBigure 3.2 E and F). Two
extra small peaks are assigned as,BO, impurity from precursor(Figure 3.2 D).
Accordingly, samples annealed at 808C for 2 hours show the smallest 660 ctn
peak in each series and no discernible peak at 710-tmAll iron oxide crystal struc-
tures exhibit vibrations in the 600{700 cm' region?® making it plausible that the
two unexpected features signify phase impurities. The identity of the 660 chpeak
has been discussed in the literature, with consensus being that this feature is an
infrared active (i.e. Raman inactive)E, vibrational mode that becomes observable
in Raman spectra due to distortions in the crystal lattice®®®%4 An infrared-active
vibration is observed in the thin Im samples here using FTIR re ection-absorption
spectroscopy Figure 3.3 ), leading us to follow literature precedent and assign the
660 cm! to the formally Raman inactive Eu vibrational mode and attribute the 710
cm! feature to g-Fe;,Os. Raman spectroscopy thus provides a means to track struc-
tural distortions in a-Fe,O3; and con rm that structural integrity is systematically

dependent on annealing conditions.
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Figure 3.2: Raman spectra acquired on iron oxide powders. (A)-FeOOH

powder and samples annealed at various temperatures. (B) Spectra as a function
of laser power on a powder annealed at 35Q. (C) Magni ed view. (D) K ,SO,
impurity. (E) Powders annealed for all 12 samples and (F) magni ed view.

Figure 3.3: Infrared spectra for hematite thin Im samples annealed at 800C
for 10 min and 2h.

3.2.2 Raman spectroscopy of photoanode Ims

Films prepared by annealing electrodepositeg-FeOOH under varied environments

show behavior analogous to the powder samples. A series of 12 Ims prepared
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with annealing conditions identical to the powder samples were analyzed by spec-
troscopic mapping to ensure that Raman spectra are representative of the entire
surface. Spectra were acquired in 1-micron steps across three distin€ 2 micron
grids for each of the 12 Ims; each set of 27 spectra was averaged and normal-
ized (Figure 3.4 A). These 12 spectra are dominated by the characteristic peaks
for a-Fe,03, with secondary peaks once again present aa. 660 and 710 cm
(Figure 3.4 B). The presence of a 710 cthpeak in all four Ims annealed at 600

°C reveals that an incomplete reaction yieldg-Fe,O5; contamination. The 660 cnmt

is again observed to decrease as temperature or annealing time are increased. Only
the eight 800°C samples were selected for detailed analysis as phase contamination
in the 600 °C samples would impede clean comparisons between the spectroscopic
and electrochemical behavior. The spectra were tted with 8 component curves (7
Raman active and 1 inactive) to obtain component peak locations, intensities and
widths for comparison with electrochemical behaviorTable 3.1 ).

Spectroscopic maps acquired over large areas on select samples provide con dence
that samples prepared at 800C are homogeneous and yield consistent spectra. All
eight samples show the same qualitative behavior; the sample annealed at 8G0

for 2 hours under humidi ed O, provided the highest photoelectrocatalytic activity
(see below) and will be discussed. Visual inspection under magni cation shows a
polycrystalline orange surface with a small number of green streaks that were iden-
tied as bare FTO (Figure 3.4 E). A region containing an exposed FTO streak
was selected for analysis and a series of Raman spectra were collected in 1-micron
steps across a 2® 24 micron grid (Figure 3.4 C). The reproducibility of spectra
acquired by the mapping protocol is con rmed by the superimposition of the aver-

age of these 600 spectra with that from the smaller@ 2 micron grid (Figure 3.4 F).
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Table 3.1: Location, intensity and width of peak components for the 806C

a-Fe,03 Ims.

Sample Ag Eg (= Eqg = A1g (= =Y
No+H O | Centre | 228.02 | 247.04| 294.19| 301.02| 412.40| 497.64 | 612.93| 661.95
10min | Width | 4.65 | 525 | 6.98 | 7.34 | 10.54 | 19.28 | 16.94 | 39.52
Height | 0.80 | 0.14 | 093 | 034 | 050 | 0.08 | 0.26 | 0.15
N> Centre | 227.38| 246.65| 293.60| 300.33 | 412.26| 497.24| 612.98| 660.36
10min | Width 4.42 4.90 6.34 7.14 | 10.35 | 21.72 | 16.04 | 36.55
Height | 0.81 | 0.17 | 091 | 040 | 057 | 0.08 | 0.29 | 0.10
O,+H 0 | Centre | 228.43| 247.60 | 294.56| 301.28 | 413.25| 498.10| 613.69| 662.70
10min | Width | 4.00 | 443 | 549 | 6.34 | 948 | 1857 | 1291 | 38.66
Height | 0.85 | 0.16 | 093 | 0.39 | 0.47 | 0.07 | 0.23 | 0.04
o)) Centre | 228.06 | 247.23| 294.27| 301.07 | 413.09| 497.79| 613.71| 661.69
10min | Width 4.04 4.54 5.59 6.45 9.48 | 18.44 | 13.12 | 34.31
Height | 0.83 | 0.16 | 095 | 040 | 0.48 | 0.07 | 0.24 | 0.06
No+H O | Centre | 227.96 | 247.06| 294.04| 300.86| 412.65| 498.11| 613.05| 661.73
2h Width | 423 | 464 | 582 | 651 | 9.90 | 17.97 | 13.55 | 32.29
Height | 0.88 | 0.14 | 096 | 0.38 | 0.44 | 0.08 | 0.23 | 0.05
N> Centre | 227.51| 246.75| 293.67| 300.35| 412.28| 496.59 | 612.62 | 663.06
2h Width 4.04 4.51 5.57 6.34 9.59 | 18.98 | 13.07 | 48.11
Height | 0.81 | 0.17 | 092 | 040 | 051 | 0.06 | 0.25 | 0.03
O,+H 0 | Centre | 228.26| 247.39| 294.32| 301.09| 412.93| 498.15| 613.29| 660.97
2h Width | 4.06 | 4.48 | 568 | 6.54 | 10.03 | 18.40 | 13.34 | 32.48
Height | 0.85 | 0.16 | 095 | 0.38 | 0.44 | 0.07 | 0.23 | 0.03
o)) Centre | 228.44| 247.60| 294.54| 301.31| 413.18| 498.22| 613.52| 662.74
2h Width | 3.99 | 440 | 551 | 6.26 | 9.64 | 18.53 | 13.11 | 38.80
Height | 0.85 | 0.15 | 094 | 039 | 046 | 0.07 | 0.23 | 0.03

Spectroscopic maps showing the location, intensity and width of each individual

peak failed to reveal any irregularities in thea-Fe,O3 spectra. The ratio of inten-

sities of the 499 and 612 crh components to that of the Raman inactive peak at

660 cm* (I 490/ | 650 and | g21/ | 660, respectively) were identi ed to be of importance

and are discussed below. Histograms for each of these terms show a Gaussian dis-

tribution with ca. 80% of the total spectral variation residing within 15% of the

distribution maxima (Figure 3.4 D). Black curves are a tted Gaussian distribu-

tion and gray shaded areas denote 15% variation from the peak in either direction

across a larger 23 24 nm region (Figure 3.4 C) of a Im annealed at 800°C for

2 hours under humidi ed O, atmosphere. Faded histogram at low ratios represents

the distributions observed for a sample heated at 60T for 2 hours under dry Q

atmosphere. We therefore adopt 15% of the maximum as an error estimate for the

structure{property correlations below. Pixels on a surface image that fall outside of

49



this 15% range are randomly scattered on spectroscopic mapsgure 3.4 C). This
visual con rmation provides further con dence in the uniformity of the surfaces and
the viability of using the acquired spectra to represent the overall structure in struc-

ture{property analyses.

Figure 3.4: Raman spectra acquired oma-Fe, O3 Ims. (A) The full spectral

range, (B) magni cation of key peaks, (C) A Raman spectroscopic map of the 23
O 24 nm region, (D) Histograms showing intensity ratios of the 490 and | 12
vibrational modes to thel g5 for Raman spectra. (E) White image of sample, (F)
Comparison of the averaged spectrum from two scales.
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3.2.3 Parametrizing photoelectrocatalysis

The eight di erent samples prepared at 800C yield markedly di erent photoelec-
trochemical behavior. Voltammetric sweeps while under illumination with arti cial
sunlight in 1M KOH as electrolyte reveal pronounced changes in the onset of pho-
toelectrocatalysis, maximum current densities attained, and even curve shape for
each of thesex-Fe,O3; Ims ( Figure 3.5 A and B). Rapid cathodic sweeps performed
in the dark after equilibration at 2 Vgye under illumination for Ims. Hematite
photoanodes annealed at 350{60T are typically found to exhibit low crystallinity
and/or incomplete phase transitions’® The samples annealed at 608 here su er
from this issue, resulting in unmeasurable PEC performance. The current density
at 1.23 V (j1.23v), or zero overpotential for OER, is a performance metric widely
reported in the literature; values for the samples annealed at 80C are provided

in Table 3.2 .9°1% The onset of PEC Epec) Was selected as a second performance
metric. The voltage at which derivative d/d E plots reaches 0.2 mA cm V™ has
been reported as a means of systematically extracting a numeric value Bggc .10t
This approach works well for samples exhibiting good PEC performance, but fails to
capture the onset for poorly performing samples. The rst positive peak in second
derivative d?j /d E? plots was therefore chosen as a means to systematically represent
Epec (Figure 3.6 ). This approach captures the foot of the catalytic wave, thereby

generalizing the metric such that it is not coupled to speci c performance values.
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Figure 3.5: Photoelectrochemical behavior and characterization @Fe,O; Ims.
(A), (B) Voltammetric behavior under illumination (C) Mott{Schottky plots of
Ims prepared at 800 °C for 2h. (D), (E) Rapid cathodic sweep results. (F)
UV-visible absorption spectra for the eight Ims annealed at 800C

Figure 3.6: Method for determining photoelectrocatalytic onset. Samples shown
are (A) 800 °C for 2 hours under dry N and (B) 800 °C for 2 hours under dry Q,
and (C) 800°C for 10 min under dry G,
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Table 3.2: Behavioral parameters fora-Fe,O; Ims prepared at 800 °C

Condition J1.23v E pec Ew Eqg log
(mA-cm?) (Vvs.RHE) (Vvs.RHE) (eV) (N 4/cm3)

N,+H 0O, 10 min | 0.08 1.293 0.601 2.06 22.30
N>, 10 min 0.04 1.390 0.310 2.07 22.18
0O,+H 0, 10 min. | 0.18 1.012 0.420 2.06 20.56
0O,, 10 min 0.02 1.004 0.390 2.07 20.32
N,+H 0, 2 h 0.16 1.215 0.392 205 21.69
N,, 2 h 0.36 1.095 0.410 2.08 21.06
0O,+H,0, 2 h 0.41 0.878 0.575 2.06 20.50
0,,2h 0.48 1.029 0.591 2.05 20.48

3.2.4 Band Structure Measurements

The composition of the annealing atmosphere systematically a ects the electronic
band structure. Electrochemical impedance spectroscopy performed between 0.5 to
1.5 Vruye ON each hematite Im provides both capacitance and resistance values
(Figure 3.7 ). Mott{Schottky analysis using the capacitance valuesKigure 3.5 C)
indicates that the at band potentials (Ey) for the a-Fe,O3; conduction band vary
between 0.31 and 0.60 M;e (Table 3.2 ). Free charge carrier concentrationsN 4)
calculated from the slope of the Mott{Schottky plots Table 3.2 ). Peaks observed
during rapid cathodic sweeps (performed in the dark) after holding photoelectrodes
at catalytic potentials while under illumination have been shown to reveal the lo-
cation of intraband states'192 Transient absorbance spectroscopy, EIS, and X-ray
absorption studies provide support for such an assignmetit467:192{104 Rapid sweep
experiments on the thin Ims here yield cathodic peaks at voltages that correspond
to photoelectrocatalytic onset Figure 3.5 D, E and Figure A.1 ). The weak inten-
sity and width of these features make it di cult to systematically extract meaningful
numeric values for comparison. Following the mentioned relationship between these
states and the onset of photoelectrocatalysis, we uS@gc as a proxy for the location

of these intraband states as it can be clearly de ned and systematically extracted.
We note that while examiningE pgc behavior as a function of other material param-
eters grants insight into the intraband states, the term should not be viewed as a

guantitatively accurate measure for the location of these states. UV-visible spectra
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yield optical band gaps between 2.05 and 2.08 eWigure 3.5 F and Table 3.2),

with an average of 2.06 0.02 eV across all eight samples.

Figure 3.7: Bulk resistance obtained from tting EIS data on the -Fe O3 sample
series. (A) Resistance as a function of voltage. Resistance at 1.9V as a
function of Raman intensity ratios (B) 1499/l 650 @and (C) | g12/ | 660

3.2.5 Correlating structure and behavior

Comparisons of the comprehensive Raman spectroscopy dataset with the extracted
metrics show that thel 499/ | 660 @and | 512/ | 550 ratios have special signi cance. A pos-
itive correlation exists between the catalytic metricj 1 .3y and both | 494/ | 650 and

| 612/ | 660 (Figure 3.8 A). Similar correlations are not observed for other peak inten-
sities (Table 3.1 ). The lattice distortion that makes the E, vibrational mode at 660
cm! visible in a Raman spectrum must therefore uniquely a ect the high energy
A1y and E4 vibrations; the magnitude of these distortions, in turn, inhibits pho-
toelectrocatalytic performance. Comparison of 499/ | g50 @and | g1o/ | g0 With other
component peak parameters reveals exponential relationships with the full-width at
half mass of 5 Raman active vibrationsKigure A.2 ), but no clear correlations with
peak positions. Thel 499/ | 650 ratio correlates positively to measuredE ¢, values for
the a-Fe,O3; conduction band, with an anodic shift ofca. 145 mV per ratio unit,
but negatively to the Epgc values that serve as a proxy for the location of intra-
band states Figure 3.8 B). The optical band-gap is essentially unchanged across
the sample seriesKigure 3.8 C). No clear correlation is observed betweeN 4 val-
ues and either 123y, Em Or | 490/ | 660 (Figure 3.8 D{F). The Epgc values, however,

shift anodically with increasedN 4.
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Figure 3.8: Correlations observed between Raman spectra and properties across
the sample series. Correlations are shown for the relative intensity of key Raman
vibrations and (A) photocurrent density, (B) the onset of photoelectrocatalysis

and the at-band potential, and (C) optical band gap. Correlations between

charge carrier concentration, and (D) photocurrent density, (E) at band potential
and onset of photoelectrocatalysis, and (F) Raman intensity ratio.

X-ray photoelectron spectroscopy was performed on a subset of samples, with
three selected to span the range of measurgghsy values and one being the apparent
outlier. The O 1s region shows components aa. 531.7 and 530.0 eV that are
attributable to OH - and O* species, respectivelyRigure 3.9 A). Panels A and B
show thick black lines for raw data, component peaks used to t the data as shaded
peaks and the sum of all component peaks as thin red lines. The introduction of
oxygen vacancies int@a-Fe,O3; has been shown to increase the relative intensity of the
high energy component by a factor of 3t The relative intensity of the high energy
O 1s component here does not exhibit signi cant changes for the three samples that
lie on structure{property trend lines in Figure 3.8 ; the relative intensity of the
feature does decrease for the sample that was annealed for 10 min at 8D@nder
humidi ed N ,, which is an outlier in structure{property trends. The existence of a
low energy shoulder on the Fe 2 peak has been previously used to support the
presence of oxygen vacancies by observation of associate Rsithin a-Fe,O3,%!

but detailed XPS studies show that electronic structure of ¢ based materials
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typically yield such features!®® The energy spacing between the primary Fe 2p
peak and the shake-up satellite peak provides a more reliable means to di erentiate
between Fé* and F&*, with spacing for the former beingca. 8 eV and the latter ca.
5.5 eV for iron oxidest® A consistent 7.8 eV spacing is observed here for the three
samples that fall on the structure{property trend lines while the outlier exhibits a
strong satellite peak located 5.2 eV above the Fe Zp peak (Figure 3.9 B). High
resolution spectra show that the valence band edge location shifts frora. 1.331
eV for the sampled heated in @ for 10 min to 1.471 eV for that heated in Q for

2 hours Figure 3.9 C and D; C 1s calibrated to 285.0 eV). Comparison of these
values with respective 494/ | 660 ratios suggests that the valence band shifts towards
higher potential at a rate ofca. 116 meV per ratio unit. These results suggest that
the annealing yields negligible changes in the average Fe oxidation state for samples
that lie on the trend line, but a measurable amount of F& ions in the sample that

is an outlier in all structure{property trends.

Figure 3.9: High resolution X-ray photoelectron spectroscopy results in the (A)

O 1s and (B) Fe 2p and (C) valence band regions for selected samples annealed at
800°C. (D) A magni cation of the valence band edge region highlighting

di erences between samples annealed in,@or 2 h and 10 min.

56



3.3 Discussion

3.3.1 Control over structural integrity

A series of twelvea-Fe,O3; powders prepared by annealing-FeOOH under varied
conditions con rm that the integrity of the crystal lattice is a ected by the tempera-
ture, heating time and annealing atmosphere. Powder X-ray di raction experiments
reveal a-Fe,O3 in all samples, but samples annealed at 60T exhibit broad XRD
peaks Figure 3.1 ). All samples prepared at 80CC yield well-de ned di raction
patterns with no clear variations arising due to changes in annealing time or at-
mospheric composition. Raman spectra from all 12 samples contain the 7 Raman
active vibrational modes expected foa-Fe,O3 plus two unexpected peaks: a peak
at 710 cm? attributed to an incomplete decomposition product ¢-Fe,O3) and a
peak at 660 cm'. This latter feature has been previously assigned to an infrared
active E vibrational mode for a-Fe,O3 that becomes observable in Raman spectra
when structural distortions break lattice symmetry?496.196.107 ETIR measurements
here support such an assignment{gure 3.3 ). The exact nature of the distortion,
however, remains unclear. Annealing conditions that are expected to improve the
guality of the a-Fe,O3 lattice. For example, increased temperatures, longer reaction
times and the absence of atmospheric,® all decrease the intensity of the 660 crh
peak (Figure 3.2 ). The intensity of this distortion-induced vibration thus pro-
vides a numeric indicator of structural quality by describing the extent of an as-yet
unidenti ed lattice distortion in a-Fe;O3;. This peak grants the ability to extract
insights into the nature of the lattice distortion and its e ect on PEC performance
through structure{property analyses.

An analogous series of twelva-Fe,O3 Ims prepared from electrodeposited-FeOOH
served as the samples for structure{property analysis. Spectra acquired on the Im
samples mirror those from powder samples, with the exception of the 710 tm
peak being unobservable for Im samples annealed at 800. The otherwise similar
trends and intensities between the powder and Im samples suggest that inadvertent

doping of a-Fe, O3, for example via leeching from the transparent conducting oxide
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substrates?? is not occurring here. Further evidence to support this claim comes
from previous reports indicating concerted increases In 3y and the intensity of
the 660 cm! Raman vibration as the concentration of silicon dopant ima-Fe,Os
Ims is increased®® which is opposite to the trends observed here. This suggests
that cation dopants should not be the reason behind structure-property correlations
in this work. The 1 490/ | 660 @and | 612/ | 660 pPe@k intensity ratios from spectroscopic
maps of the Im samples can con dently be taken as numeric indicators of structural

quality for the Im samples.

3.3.2 Inuence on PEC

A linear correlation between Raman intensity ratios andl, >3y Signi es that progres-
sive distortion of the hematite lattice directly inhibits photoelectrocatalytic OER
in the sample seriesKigure 3.8 A). The remaining correlations inFigure 3.8 pro-
vide insight into the fundamental causes for this relationship. The measurdsl,
for the conduction band shifts anodically from 0.31 to 0.59 Mg as | 499/ | 660 IN-
creases Figure 3.8 B), which spans the range of values commonly reported in the
literature. 8889 This shift implies that the observed lattice distortion induces a shift
cathodic shift in the Fermi level. Asa-Fe,Os is an intrinsic n-type semiconductor,
the direction and systematic nature of this shift could be the result of

(i) an increased concentration of donor sites (i.e. an increase in Im doping),

(i) a broadened energy distribution of donor states,

(ii) a shift in the energy level of the donor sites and/or semiconductor band edges.
A lling or broadening of donor states may be expected to shifEg cathodically
while simultaneously increasingN 4 values. IncreasedN 4 values resulting from the
introduction of oxygen vacancies have been reported to increase current densities for
a-Fe, O3 photoanodes by providing catalytically active sites for OER, but shifE pgc
values anodically due to increased recombination ratd5A correlation is observed
here betweenN 4 values andEpgc, but a failure to observe a clear relationships
betweenNy and j1,3y or Eg (Figure 3.8 E) suggests that a simple broadening
or lling of donor sites is unlikely. A temperature-induced decrease in crystallinity

has been demonstrated for zinc ferrite photoanodes, where higher temperatures in-
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creased structural disorder that induced a 10-fold increase in bulk resistance and
increased the rate of bulk recombinatiod? Electron transfer resistance values ob-
tained from EIS results on thea-Fe,O; Ims studied here show some variation in
resistance across the sample series, and again show no discernible relationship to
Raman intensity ratios (Figure 3.7 ) or j1.3y Vvalues. A convolution of multiple

e ects cannot be decisively ruled out, but the linear correlation betweehsgo/ | 560
and j ; o3 suggests that there is a single factor that dominates PEC behavior across
this sample series. The lack of de nitive trends between Nd and important mate-
rial properties suggests that a broadening or lling of donor states is unlikely to be
responsible for the behavior observed here.

Shifting of band edge locations and/or the location if intraband states would change
the thermodynamics for electron transfer reactions and alter the kinetics of all pro-
cesses, including photoelectrochemical OER and recombination. A constant optical
band gap ofca. 2.06 eV across the sample series necessitates that any shift in the
conduction band location be mirrored by a shift in the valence band location. Mea-
suredE g, values shift at a rate ofca. 145 mV per unit of | 494/ | 660 (Figure 3.8 B);
XPS results suggest that an increased lattice distortion magnitude causes the valence
band to shift anodically at a comparable 116 mV per unit. The rapid voltammetric
sweep protocol employed here previously revealed peaks between 0.7 and k.3 V
in a-Fe,O3 photoanodes that were assigned to defect states that were either (i) cat-
alytic intermediates for OER or (ii) catalytically inactive defects that pin the Fermi
level until depletion by a su cient voltage. 246467103104 Taking Epgc as a proxy for
the location of the intraband states, as has been previously argué&ef*©7.103.104 the
defect states can be viewed as shifting cathodically frooa. 1.38 Vrye in the most
distorted and worst performing samples to 0.88 Afe in the best performing sam-
ples Figure 3.8 B). The location of these peaks allows us to rule out the possibility
that the species observed here are reaction intermediates, or otherwise directly re-
sponsible for catalyzing OER, on thermodynamic grounds. We propose instead that
the observedEpec values approximate the location of intraband defects that act
as recombination sites. The correlations dfsge¢/ | 660 With both E g and E pgc thus
indicate a concurrent anodic shift in the defect states and cathodic shift in the semi-

conductor band edges. These opposing shifts would have two e ects on catalysis:
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1. Relaxation of photoexcited electrons would be facilitated by the movement of

recombination sites towards the midpoint in energy of the two bands.

2. The cathodic shift in the valence band location would decrease the thermo-
dynamic driving force to use photoexcited holes in the valence band to drive
OER.

3.3.3 Nature of the defect

Oxygen vacancies within the lattice are unlikely to be responsible for the behavior
observed here. Annealing under Nenvironments has been widely reported as a
means to generate oxygen vacancies @&Fe,O; photoanodes, which increases the
charge carrier density and improves photocatalytic performanéé331:3451 Here, we
observe consistently improved performance for samples annealed under oxygen en-
vironments and no clear correlations between photocurrents and measured charge
carrier densities Figure 3.8 D; Table 3.2 ). XPS measurements yield evidence for
oxygen vacancies and the associated Zresites only for the sample that does not
match all observed structure{property trends Figure 3.8 ). The inversion of ex-
pected behavior here compared to the trends consistently reported in the literature,
and XPS results, lead us to rule out oxygen vacancies as the structural defect of
interest here.

Analysis of the nature of Raman vibrations leads us to propose that the perfor-
mance altering distortion observed here is induced by the trapping of protons in the
a-Fe,0O5 lattice. Hematite adopts the corundum crystal structure, where F& ions
reside in two-thirds of the octahedral sites in a lattice of hexagonally close-packed
oxide ions. The crystalline c-axis is characterized by columns of alternating dimers
of face-sharing F&" octahedra and vacant octahedral sites, with edge-sharing motifs
linking columns together Figure 3.10 B). The thermal transformation of goethite

to a-Fe;,O3 is known to progress through an intermediate phase termed \protohe-
matite", 414> where incomplete dehydroxylation results in residual hydrogen con-
tent within the solid-state structure. Synchrotron-based XRD on protohematite

revealed it to be an Fe-de cient form ofa-Fe,O; where Fé* vacancies are charge-

60



balanced by protonation of oxygen ions (i.e. substitution of oxide with hydroxide;
a-Fey3 (OH),O3).41*2 Protons within the lattice alter the two unique Fe{O dis-
tances in the structure, with those involved the face sharing motifs expanding from
2.11 to 2.15A as the concentration of protons increases, and those adjacent to oc-
tahedral vacancies contracting from 1.95 to 1.9A.4! In terms of Fe{Fe distances,
protonation (1) contracts face-sharing motifs by 0.06A or 2.7%, (2) contracts edge-
sharing motifs by 0.025A or 0.8%, and (3) expands the distance across octahedral
vacancies by 0.03A or 0.6%. The Ay, E4 and E, vibrational modes whose in-
tensities correlate to the physical properties and PEC performance measured here
involve the simultaneous movement of F& ions linked by the face-sharing motifs
(Figure 3.10 C), while the remaining 5 Raman vibrations that do not correlate with
the measured properties involve the simultaneous movements ofFdinked through
edge-sharing motifs, or the movement of oxide ion$igure A.2 ). The observed
distortion must therefore involve pronounced changes in the face-sharing motifs, but
be largely insensitive to edge sharing motifs. This is consistent with the structural
changes betweer-Fe,0O3; and a-Fe, ;3 (OH),O3 . The exponential relationship be-
tween our metric for structural distortion, | 499/ | 650, @and all vibrations involving
movement of oxygen ions can be attributed to protonation of oxide ions, reinforcing
this comparison. Con dence in the assignment is further bolstered by the need to
decrease the O:Fe ratio on transitioning frong-FeOOH to g-Fe,O3, the observation
that humidi ed atmospheres produce highet 494/ | 660 ratios, and previous reports of
a Raman vibration at 665 cm' in protohematite.*® We therefore conclude that the
distortion of interest in the present sample series involves the trapping of protons
within the crystal lattice, which induces iron de ciency and displaces face-sharing

Fe3* ions away from each other.
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Figure 3.10: Possible changes in band structure induced by lattice distortion and
the identity of critical vibrations for a-Fe;O3;. (A) The in uence of an increase in
the concentration of donor states and the broadening of donor states. (B) The

in uence of a cathodic shift in conduction and valence band edges and an anodic
shift in intraband states. (C) Unit cell for a-Fe,O3; denoting the connectivity and
key structural features, and the identity of Raman vibrations that are found to
correlate with photoanode properties.

The highly variable performance ofa-Fe,O3; photoanodes for PEC water ox-
idation is mirrored by signi cant dispersion in experimentally measured proper-
ties.119111 Structural defects are often cited to explain the experimental variability as
they are known to exert signi cant in uence over band structure and photophysics.
A lack of information regarding the speci ¢ chemical nature of these defects inhibits
attempts to remove or avoid them. Here, we establish the trapping of protons within
the crystal lattice as a structural defect of interest. This defect is challenging to de-
tect by laboratory XRD but is known to induce iron vacancies within the lattice
and to distort the bonding framework ofa-Fe,03.41%° We nd that the presence of
H,O or the exclusion of Q from the atmosphere duringa-Fe,O3; Im preparation
has a signi cant impact on the extent of protonation ina-Fe,O;. The measured
at band potentials, PEC onset potentials, and optical band gaps for the sample
series analyzed here span the range commonly found in the literature; this distor-
tion may therefore be a factor that contributes to the reported variability. We note
that the trend reported here is opposite to that observed by Gratzel and co-workers
for Si-dopeda-Fe,O3; photoanodes fabricated by atmospheric pressure chemical va-
por deposition, where increased intensity of a 660 chRaman vibration correlated

to increased silicon dopant concentrations and increased photocurrent densifigs.
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The inversion of trends suggests that multiple defects may induce appearance of
the E, vibration in Raman spectra, necessitating further e orts to deconvolute the

e ects of relevant structural defects. Our nding that the | 499/ | 650 ratio tracks
changes in properties fola-Fe,O3; nonetheless identi es Raman spectroscopy as a
convenient means to both diagnose a speci ¢ structural defect and parametrize it
for structure{property analyses. We anticipate that this will greatly facilitate e orts

to optimize fabrication protocols for defect-freea-Fe,O3; photoanodes.

3.4 Conclusions

We fabricated a series oh-Fe,O3; Ims by annealing g-FeOOH with varied protocols
and analyzed the series through structure{property analysis. Raman spectroscopy
was found to be particularly useful in acquiring information regarding bonding
within the crystals and a spectroscopic mapping technique was established to ob-
tain quality, reproducible spectra for each sample. A Raman inactive Evibrational
mode observed at 660 crhin all samples con rmed a varying degree of crystal lat-
tice distortion across the sample series. The ratios of they (499 cm') and E4 (612
cm?) vibrational modes to the E, vibration were found to correlate to a number of
important properties across the sample series, including the photocurrent density at
1.23 VkuEe, the location of intraband trap states, band gap and at band potential.
Analysis of the nature of these three vibrational modes and the annealing conditions
that lead to the smallest distortion and best PEC performance leads us to propose
that the PEC-inhibiting distortion is the generation of Fe** vacancies induced by
the trapping of protons within the crystal lattice. These defects inhibit PEC re-
actions by facilitating charge recombination. Our nding of these correlations and
trends provides a rapid, simple way in which the community can employ Raman
spectroscopy to rationally guide catalyst development or pre-screen the structural

integrity of a-Fe,O3; photoelectrocatalysts.
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3.5 Experimental Details

3.5.1 Material fabrication

Lepidocrocite Film Deposition

Thin Ims of lepidocrocite (g-FeOOH) were electrodeposited on uorine-doped tin
oxide coated glass (FTO) substrates using a literature procedure under neutral con-
ditions.?® Samples annealed at 606C and below, and those heated at 80€C for
10 minutes, were deposited on TEC-7 grade FTO (Hartford Glass) while FTO us-
ing aluminum borosilicate glass (Solaronix S.A.) was used for samples annealed at
800 °C for 2 hours. All FTO substrates were cleaned by sequential ultrasonica-
tion in a detergent solution, milli-Q H,O (18.2 M), and then isopropanol. The
substrates were dried under a stream of Nand placed in UV-irradiation cham-
ber (GHO18T5VH lamp, Atlantic Ultraviolet) for 15 minutes. An electrodeposition
solution containing 0.02 M ferrous ammonium sulfate hexahydrate (ACS reagent
grade, Fisher Chemicals) and 3 M ammonium chloride (ACS reagent grade, EMD
Chemicals Inc.) was deaerated with Nfor 30 min and then adjusted to pH 7.5 by
addition of 0.1 M KOH solution (>85%, Sigma-Aldrich). Application of a constant
0.0 V vs. Ag/AgCI (saturated) to FTO substrates submerged in this solution for 7

min at room temperature yielded -FeOOH Ims.

Lepidocrocite Powder Fabrication

Fabrication of g-FeOOH in powder form was accomplished by oxidation of Fe(Nt(SO,),-6H,0
in air.”* A 200 mL aliquot of milli-Q H,O in a round bottom ask was acidi ed by

addition of a few drops of 1 M HSO4(aq) (pH 2.4). The solution was purged with

N, in an ice bath and a 10.0 g portion of Fe(Ni),(SO,),-6H,O was then dissolved

in the ask. Air was bubbled into the solution while continually adding 1 M KOH

to maintain a solution pH of 6.5. After 90 minutes the pH of the yellow suspension

stabilized at 6.94. The temperature was then increased to 46 and bubbled with
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air. The orange precipitate was collected by vacuum Itration and thoroughly rinsed
with milli-Q H ,0O then dried in an oven at 105°C.

Hematite Fabrication

series ofa-Fe,O; powders and Ims were prepared by heating thg-FeOOH samples

in a tube furnace. Two temperatures chosen, 600 and 8%, match those commonly
utilized in the eld. 2411214 Four di erent gaseous atmospheres (N O,, N,+H ,0,
0O,+H ,0) were employed to probe the role of oxidizing atmosphere and,® on
phase transitions. Humidi cation of gas streams was accomplished by bubbling the
selected purge gas through #D at room temperature immediately before entering
the tube furnace. Each of the 8 combinations of temperature and atmosphere was
executed with a 2-hour heating period and an additional set of 4 samples was created
by heating at 800°C for 10 minutes. In total, 12 powder and 12 Im samples of
a-Fe, O3 were prepared. An additional set of samples prepared by heatiggFe OOH

at 350 °C for 2 hours to obtain Raman spectra for comparison and con rm-Fe,O;

as an intermediate in the transition from -FeOOH to a-Fe,Os.

3.5.2 Raman Spectroscopy

Measurements were carried out on a Renishaw inVia Re ex system in which a mi-
croscope is equipped with an encoded sample stage. Measurements were performed
using 532 (Renishaw DPSSL laser, 50 mW) and 633 nm (Renishaw HeNe laser, 17
mW) excitation. Data shown in the manuscript was acquired using 633 nm ltered

to 5% of maximum intensity in conjunction with an 1800 lines/mm grating, un-
less otherwise stated. Raman spectra were analyzed using the Renishaw WIRE 5.2
software package. Data processing included baseline subtraction (sample shown in

Figure 3.11 below) and spectrum normalization.
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Figure 3.11: Sample of processing protocol used for Raman spectra showing the
sampled annealed at 800C for 10 min. under humidi ed N, environment. (A)

The raw spectrum and baseline to be subtracted. (B) Normalized form of the
baseline subtracted data.

3.5.3 Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopic measurements were performed on
a Nicolet 6700 FTIR equipped with a Pike Technologies VeeMAX Il variable-angle
re ection accessory and a DTGS detector with an infrared light source. Spectra
were collected with an incident angle of 50 Cleaned FTO and FTO/ABS were used

as the baseline for Ims deposited on two di erent types of FTO glass substrates

respectively. All spectra are shown irFigure 3.3

3.5.4 X-ray Diraction
Powder X-ray di raction experiments were carried out using Cu K radiation on a

PANalytical Empyrean di ractometer. Experiments scanned 2 from 10°to 90°at a

rate of 5°mint.
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3.5.5 UV-vis Spectroscopy

Ultraviolet{visible absorption of the samples was recorded on a Perkin-Elmer Lambda
1050 UV-Vis Spectrophotometer equipped with an integrating sphere. Data was col-

lected in a wavelength range of 200 nm to 1100 nm.

3.5.6 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy measurements were performed on a Thermo-VG
Scienti c ESCALab 250 microprobe using an aluminum X-ray source. Survey scans
were performed using a pass energy of 50 eV and high-resolution scans with 30
eV. The X-ray beam was performed at the current of 7.5 mA and the accelerating
potential of 15 kV. All measurements were performed on Ims deposited on FTO
glass with a small strip of conductive carbon tape to make electrical contact. Films
were thoroughly rinsed with isopropanol and dried with N gas before loading into
the sample chamber. Quantitative analysis of high-resolution scans of Fesgpand

O 1s region was operated by CasaXPS 2.3.19. Spectra were calibrated by shifting
the C 1s signal of adventitious hydrocarbons to 285.0 eV binding energy.

3.5.7 PEC analysis

Experiments were carried out using a Bio-logic SP 300 potentiostat and a Sciencetech
Al Lightline solar simulator equipped with an AM1.5G lter. Hematite-coated FTO
working electrodes were mounted as windows in a polyethylene cell with the area
of the electrode exposed to electrolyte solution masked to 1.54 iy a silicone
O-ring. A Gaskatel HydroFlex Reversible Hydrogen Electrode (RHE) served as the
reference electrode, a piece of clean FTO as the counter electrode, and 1 M KOH
as the electrolyte. Photoelectrocatalytic tests utilized back-side illumination and

current densities represent the geometric surface area.
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Chapter 4

Di erentiate Iron and Oxygen

Vacancies

4.1 Introduction

Hematite natively accommodates several types of defeéts,including vacancies

in iron®>11 or oxygen sites*>* interstitial iron ions,>? and even interstitial pro-
tons %116 Such defects are challenging to diagnose, and even more challenging to
quantify. Techniques that facilitate the diagnosis and quanti cation of all possible
defects would enable major advances in the eld. Although evidence suggests that
oxygen vacancies can be accompanied by iron vacanéfeson vacancies have re-
ceived less attention than oxygen vacancies due to the challenges of experimental
characterization.

In Chapter 3 we have utilized key vibration modes in Raman spectra and other
characterization techniques to reveal potential structural defects in hematite pho-
toanodes. We assigned the distortion to iron vacancies that are induced by the trap-
ping of protons within the crystal lattice. However, the structural information from
Raman spectroscopy is indirect and requires more direct structural information. X-
ray absorption spectroscopy $ection 2.3.4 ) is uniquely capable of simultaneously
providing information pertaining to both electronic and bonding structures, making

it an ideal candidate for comparison with Raman spectra.

68



Herein, we combine X-ray absorption spectroscopy, Raman spectroscopy and pho-
toelectrochemical measurements to demonstrate that fabrication conditions yield a
transition in dominance between two unique defects in hematite electrodes. Structure-
property analysis across a series of hematite photoanodes prepared by annealing
lepidocrocite shows that N annealing environments favor oxygen vacancies, while
O, annealing environments favor iron vacancies. The absolute and relative gains
in current density at 1.23 V are greater for samples annealed undep @an those
under N,, suggesting that removal of iron vacancies is critical to enhancing PEC
performance. We propose that peaks observed in Raman spectra can serve to iden-

tify defects in hematite.

4.2 Results and Discussion

4.2.1 Sample Fabrication

A series of 12 photoanodes with varied structural integrities were synthesized by
systematic tuning of the conditions under which lepidocrocite precursor Ims were
converted to hematite. Precursor Ims were anodically electrodeposited on FTO-
coated glass substrates using a previously published approdthThese precursor
Ims were heated at 800°C using combinations of six di erent annealing times (0.2,
0.5, 1, 2, 4, and 8 h) and two di erent gaseous environments ¢@&nd N,). Anneal-

ing of these Ims at temperatures above 55€C is known to induce a phase transi-
tion to hematite,*'8119 but previous results indicate that the consistent synthesis of
hematite that is free of phase contaminations requires higher temperaturés'3117
The synthesis of this photoanode series was strategically targeted to prepare the
same nominal crystal structure with varied concentrations and possibly identities of
structural defects. Each of these 12 photoanodes was comprehensively analyzed by
XAS and Raman microscopy to obtain parameters describing their structure and
by PEC experiments to obtain parameters describing their properties and behav-
ior. The application of all techniques to each individual sample provides a robust

sample-speci ¢ data set that enables structure{property correlations to circumvent
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the sample-to-sample variability that is expected following wet-chemical syntheses
such as that employed here. High temperatures are known to a ect the crystallinity
and conductivity of FTO.*2%121 Uncompensated resistance values measured by EIS
were between 10 and 3Wfor most electrodes, but three increased tca.300 and

the sample annealed under Nfor 8 h uniquely yielded a cloudy glass substrate
and measured uncompensated resistance values of Y6 KTable 4.1 ). The sample

prepared under N for 8 h was therefore not used in correlational analysis.

Table 4.1: Photoelectrochemical properties used in correlation analysis.

Condition | j1.23v J15v Eprec =F N g Ru
(mMAcm?) (mMAcm? (VvsRHE) (VvsRHE) (10 cm?®) W
N2-0.2h 0.06 0.15 1.11 0.30 52.7 367.87
N»-0.5h 0.06 0.29 1.09 0.24 20.8 10.56
No-1h 0.20 0.68 1.15 0.37 92.9 13.83
N2-2h 0.12 0.27 1.03 0.53 48.3 13.23
N2-4h 0.17 0.62 1.18 0.30 24.1 19.19
N»-8h / / / / / 76000
0,-0.2h 0.20 0.38 0.89 0.53 6.70 16.36
0,-0.5h 0.16 0.26 0.85 0.44 7.01 22.46
0O,-1h 0.40 0.70 0.96 0.67 20.8 32.26
05-2h 0.19 0.39 0.87 0.65 10.2 22.29
0O5-4h 0.26 0.49 0.94 0.70 27.3 241.94
0,-8h 0.10 0.19 0.83 0.54 7.87 295.36

4.2.2 X-ray Absorption Spectroscopy

X-ray absorption spectra con rm similarity in the overall structure for all but one

of the hematite photoanodes, with subtle variations between the samples prepared
under N, and O,. The consistency of the structure across 11 members of the sam-
ple series is visible in comparisons of their XAFS spectr&igure 4.1 A{C). The
consistency in these spectra enables an average to be calculated from them, with
the sample heated under Nfor 1 h left out. The XANES region for these averaged
data exhibits the characteristic structure for hematitet?2123 with a minor pre-edge
peak giving way to a strong white line with a distinct shoulder on the low energy
side (Figure 4.1 D). The associated EXAFS data contain strong oscillations that
yield peaks rising above the noise level untta. 8 A in the Fourier transformed

(FT) data (Figure 4.1 E). The most prominent features in the FT data are three
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peaks, which lie near 1.6, 2.7, and 3A&. The identities of these peaks are discussed
in detail below. The XANES region for the sample heated under Nor 1 h reveals a
shift in the K -edge location to lower energy and a loss of the shoulder on the white
line (Figure 4.1 D). The EXAFS oscillations for this sample are clearly shifted rel-
ative to the other samples Figure 4.1 E); the FT data indicate substantial changes
in bonding in the sample, with the shortest coordination shell shiftinga. 0.15A
higher and the third shell shiftingca. 0.3 A shorter. The sample annealed under
N, for 1 h is clearly contaminated with a second iron oxide phase. It is included

in all subsequent analysis but is distinctively marked to indicate this contamination.

Figure 4.1: X-ray absorption ne-structure spectroscopy on hematite photoanode
series.(A) lronK -edge XANES, (B) EXAFS in k-space, and (C) FT-EXAFS
spectra. Comparison of (D) XANES and (E) FT-EXAFS results for the 1 h N
sample. (F) lron K -edge location as a function of annealing time for Nand O,
environment.

The Fe K -edge locations for samples prepared under, Mre at lower energies

than the overall average, while those synthesized under, Qe above the average.
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The K -edge locations Figure 4.1 F; Table 4.2 ) were determined by applying the
half-height method to the fully processed, averaged spectrum for each sampfe'2®
The precision of each measurement is represented by the standard deviation across
six individual scans that were acquired per sample. These values lie below 0.04
eV for all samples Table 4.2). The six individual spectra for each sample were
acquired in two batches of three, with measurements of each batch separated by
approximately 24 h. The low variability between these batched~{gure 4.2 ), and

the low overall standard deviation values, attest to the temporal stability of the
energy calibration of the incident X-ray beam. TheK -edge location is known to be
linearly correlated to the oxidation state of the ions, with a shift of 4.6 eV per change
in the oxidation state expected for irorf®84 The K -edge values for samples annealed
under G, lie between 7125.13 and 7125.17 eV, making them indistinguishable within
the uncertainty of individual measurements Figure 4.1 F). Samples annealed under
N, di er, showing a K -edge shift from 7125.13 to 7124.88 eV between 12 min and
4 h annealing times (with the 1 h N sample left out). This range corresponds to a
0.06 unit change in the average oxidation state of iron ions in the Ims, or one in
ca. 15 ions changing oxidation state. The 1 h Nsample exhibits an edge position

of 7124.39 eV, which would suggest a 0.17 unit change if 1 h dbnsidered.

Figure 4.2: Comparison of the edge positions for individual XANES spectra to
gauge the stability of energy calibration and precision of measurements. The six
spectra acquired for four samples are shown for comparison. Each sample is broken
into two batches: three collected in a rst batch, then three collected

approximately 24 hours later
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Table 4.2: Raw parameters extracted from X-ray absorption ne structure
spectroscopy.

Condition | Fe K-edge FeK-edge Peak Height Peak Height Peak Height
location error bar  1.6A 2.7A 3.3A
N,-0.2h 7125.11 0.0091 6.86 8.81 6.03
N,-0.5h 7125.13 0.0126 6.26 8.89 6.68
N,-1h 7124.39 0.0203 5.36 6.06 4.22
N,-2h 7125.06 0.0186 6.02 7.54 6.71
N,-4h 7124.88 0.0176 5.34 6.49 4.74
0,-0.2h 7125.15 0.0121 6.27 9.68 8.95
0,-0.5h | 7125.17 0.0089 6.21 9.65 8.54
O,-1h 7125.16 0.0147 7.61 9.69 7.33
0,-2h 7125.14 0.0121 6.47 8.19 7.11
O,-4h 7125.16 0.0109 8.53 9.47 7.31
0,-8h 7125.13 0.0136 8.15 9.12 6.92

4.2.3 Structural Model Development

A total of six coordination shells were selected for the development of structural
models from EXAFS data, which exhibit major features between 1.5 and 38
(Figure 4.1 C). The hematite crystal structure contains FeQ polyhedra arranged

in a lled- lled-empty pattern along the crystal c-axis (Figure 4.3 ). Polyhedra are
connected along this axis through face-sharing linkages, with each column linked
to neighboring columns through edge-sharing and corner-sharing polyhedral mo-
tifs. This arrangement yields a single unique iron site with six coordination shells
within 3.8 A. Two unique Fe{O shells with coordination numbers of three exist,
with 1.944 A distances (labeled Fe{Q) facing the empty interstitial sites and 2.116

A distances (Fe{O,) for the oxygen ions involved in face-sharing polyhedral motifs
(Figure 4.3 ). The coordination shell for face-sharing polyhedral Fé ions has a
coordination number of one and a distance of 2.898 (Fe{Fe,), and edge-sharing
motifs have a coordination number of three and a distance of 2.989 (Fe{Fe,).
Two unique distances to corner-sharing iron ions in neighboring shells fall in this
range, with a coordination number of three at 3.362 (Fe{Fe3) and of six at 3.703

A (Fe{Fe,). All distances indicated above are from neutron di raction data (ICSD
16128310
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Figure 4.3: Structure of a-Fe,O; and key features for analysis. (A) Unit cell of
hematite with EXAFS distances Fe{Fe and Fe{Fe, marked. (B) Face-sharing and
edge-sharing motifs in hematite with EXAFS distances Fe{Q Fe{O,, Fe{Fe;, and
Fe{Fe, marked. Raman vibrations used in structure{structure analysis ata.(C)
227, (D) 293, and (E) 411 cm. Graphics prepared using VESTAL?®

Two di erent approaches were employed to develop models for quantitative anal-
ysis of the iron coordination environments using the six shells indicated above. To
enable consideration of structural information that is not dependent on model devel-
opment, the total intensity of each of the three observed peaks in the FT data was
recorded for all samplesTable 4.2 ). The rst simulation approach conservatively
focused on tting only 2 {2, the mean standard deviation values. This approach
xed all N; at theoretical values and used xedR; values. Di erent R; values were
necessary for samples prepared undep ldnd O,, with each set of values obtained
by tting an EXAFS spectrum of the average of all six samples in each respective
data set. The 2 ;2 values were then tted to provide an e ective measure of relative
disorder in each of the six coordination shellsTéble B.1 ). A second approach
allowed both R; and 2 ;2 values to be tted while maintaining theoretical N; val-
ues. It was necessary to X 2reres 2 during this approach due to overlap of features
and a substantial defect-induced change iRge.re1 NOted in previous reports®® This
second tting process provides an insight into structural expansion or contraction,

along with relative disorder in each of the shellsTable B.2 ).
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4.2.4 Photoelectrochemical Properties

A series of three parameters describing PEC behavior were extracted to capture
variations observed in the onset of photoelectrocatalytic oxygen evolution, the shape
of the PEC curves, and the maximum current densities attained. The photocurrent
density at 1.23 V vs RHE {123v) is @ commonly reported performanceparameter
for OER on photoanodes that broadly captures photophysical and electrocatalytic
properties (Figure 4.4 A). The photocurrent density at 1.5 V vs RHE (j15/) was
selected to capture the plateau in photocurrent density for each sample. The onset
potential of photoelectrocatatlyic OER Epgc) is a third term that showed clear
trends with structural variation in a previous analysis. This value was calculated
using a second derivative approach that was previously discusséd/alues for each

of these three parameters are compiled ifable 4.1 .

Figure 4.4: Photoelectrochemical behavior and electrochemical impedance
spectroscopy results. (A) Voltammetric behavior under illumination for Ims
annealed under di erent environments. (B) Nyquist plots of the Im annealed in
N, for 12 min at select voltages to show in uence of voltage. (C) Mott{Schottky
plots of Ims prepared by annealing in di erent conditions.

Band structure properties were measured using Mott{Schottky analysis. Potential-
dependent EIS spectra acquired on samples in the dark contain a semicircle in
Nyquist representations that changes its radius with applied potential (Figure 3B).
Simulations of the data using solution resistanceR;) in series with parallel charge
transfer resistance R;) and space-charge capacitanc&(;) circuit components en-
able measurement of these metrics for all samples. Flat band potentialg )
and charge carrier concentrationsN 4) for all samples were determined through

Mott{Schottky analysis on the C. values Figure 4.4 C; Table 4.1).
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4.2.5 Raman Spectroscopy

High quality Raman spectra were acquired for each of the photoanodes through a
microscopic mapping protocol. The nal spectra were acquired by averaging a total
of 75 spectra per sample, with three sets of 25 spectra acquired in evenly spaced
grids at three dierent 4 4 nm areas on the electrode surface. All 75 spectra are
plotted for the sample annealed under ©for 4 h to show the consistency of the
spectra (Figure 4.5 A). This approach was shown to yield consistent results that
are representative of the overall Im, where individual spectra showed a Gaussian
distribution of peak intensity ratios with > 85% of the spectra lying within 15%
of the Gaussian maximunf? The data acquired here were at least as precise: the
| 593/ | 411 ratio similarly captured >85% of spectra within 15% of the maxima, but
the 1411/ 1 612 yielded much sharper distribution with >85% of spectra within 3%
of the maximum (Figure 4.5 B). The averaged spectra all contain the seven char-
acteristic Raman vibrations of hematite Figure 4.5 C), with four oxygen-based
vibrations at 227, 246, 293, and 300 cthand three iron-based vibrations at 411,
496, and 612 cm. In addition, a symmetry-forbiddenE, vibration appears at 660
cm®. The distortion-driven lowering of symmetry responsible for this feature has
been discussed in the literaturé° and the intensity of the Raman peak was criti-
cal in previous identi cation of defects in hematite®® This previous analysis showed
that annealing lepidocrocite Ims at 800°C led to a decrease in intensity of thds,
vibration. Leaching of Sn(IV) from the FTO substrate was ruled out by this decrease
in intensity, based on previous reports of extrinsic quadrivalent dopants increasing
this E, vibration by an order of magnitude® In agreement with the XAS analysis,
the sample annealed under Nfor 1 h shows unique di erences that suggest phase
impurity. The peaks at 246, 300, 411, and 612 chare substantially decreased in
intensity or are completely missing. This sample provides a useful demonstration
of the e ect of phase impurities, but is excluded from correlational analysis. The
location, width, and intensity of peaks are in uenced by the structural integrity of
the hematite photoanodes. Curve tting of the spectra was performed to determine

these three parametersTable B.3 , Table B.5 , Table B.4 ).
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Figure 4.5: Raman spectra for hematite sample series. (A) All 75 spectra
acquired over three 40 4 nm grids on the a-Fe,O; sample annealed under ©for 4

h and (B) histogram showing the distribution of selected peak ratios. The solid
line shows a Gaussian distribution t of each histogram. Vertical shading denoting
85% of all spectra, captured by the ranges noted. (C) Spectra acquired by
averaging all 75 individual spectra for each sample. Solid lines represent samples
annealed under Q@ and dashed lines under N

4.2.6 Correlational Analysis

Systematic comparisons of the structural and the behavioral parameters identify
relationships in the photoanode series. Samples were clustered into groups of pho-
toanodes that were synthesized under £and N,. Each parameter in the data set
was then iteratively compared to all others in the data set. The PEC behavior
parameters g, Em, j123v, J15v, and Epgc), the XAFS parameters (FeK -edge
location FT peak intensities, 2 2, and R;), and the widths and locations of Raman
peaks were used as is. The intensities of Raman vibrations are dependent on exper-
imental parameters such that absolute intensities can be misleading; these values
were therefore taken as the peak intensity ratio for all possible combinations of two
peaks. Linear regression analysis was performed for each comparison, and the resul-
tant R? values were tabulated. Analysis of the results revealed correlations between
structure and behavior (structure{property correlations) and between various struc-

tural parameters (structure{structure correlations). The relationship across the two
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data clusters, discussed below, leads us to conclude that oxygen vacancies are the
dominant form of defect when the synthesis is performed under,Nwhile iron va-

cancies become dominant under-O

4.2.7 Structure{Property Correlations

Distinct relationships are observed between the iroK -edge location and ; 23y for
sample clusters prepared under Nand O,. The j;,3y value for the O, cluster in-
creases from 0.09 to 0.40 mA ci while the K -edge location remains within the ca.
0.04 eV standard deviation values for individual edge measuremenidure 4.6 A).
The N, cluster is markedly di erent, with K -edge values decreasing by 0.29 eV, while
j 123v increases from 0.06 to 0.17 mA ci(Figure 4.6 A). The j1.3v values show
signs of reaching a limiting plateau, a feature that is likely related to a tendency
for hematite to transition to magnetite as Fé* accumulates?’-%"12” The K -edge lo-
cation of transition metal oxides is known to exhibit a linear correlation with the
element's average oxidation state for small changes, with calibration curves from
crystalline iron oxide standards estimating a shift of 4.6 eV per oxidation state for
iron.8384 The 0.31 mA cm? increase observed in performance across the Guster
thus occurs without a measurable change in the iron oxidation state, while the aver-
age oxidation state of iron decreases by ca. 0.06 units for the 0.11 mA&imcrease

in j 123v for the N, cluster.
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Figure 4.6: Correlations observed between XANES data and PEC properties
across the sample series. (A) Correlation between the Re-edge location and

j 1.23v and (B) between charge carrier densit\N 4 and j 1,3y across the entire series.
(C) Comparison of change in oxidation states calculated by XANES with the
oxidation state calculated fromN 4. Error bars represent the standard deviation
across six individual spectra for each sample.

The measured charge carrier densities exhibit a linear correlation to iréh-edge
locations (Figure 4.6 ), providing a secondary measure that supports the trends seen
in the XANES data. Electrons are the majority charge carrier in hematite, gener-
ated by native defects reducing the average iron oxidation stat.The O, cluster of
samples exhibits a negligible change iIN4 asj 1,3y increases figure 4.7 B). The
N, cluster instead shows a 12-fold increase My from 2.080 10° to 2.41 0O 10**
cm® asj 1,3y increases. The paired observations of increasing charge carrier density
and a negative shift in the XANESK -edge location con rm that Fe** is associated
with performance metrics across the Nannealed series, consistent with the forma-
tion of oxygen vacancieg!*?8 The absence of such changes in the;@nnealed series
provides evidence that a defect that is not associated with Fe within the lattice
controls photoelectrocatalytic performance. Crystallographic analysis of hematite

shows a unit cell volume of 3023,%5122 yielding an iron ion concentration of 3.97
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O 1022 cm?. Assuming that charge carriers represent one electron per iron center
(i.e., one Fé" converts to one Fé"), the ratio of Nd to total iron ion concentra-
tion yields the proportion of F&* in each sample. Subtracting this ratio from 3
thus yields an estimate of the average oxidation state for iron ions. The relative
oxidation state change across the series can be obtained from the XANES data by
dividing the edge shift relative to a reference point, selected here to be the highest
energy K -edge measured, by the expected shift of 4.6 eV per oxidation st&t&*
The average oxidation state calculated through these two techniques show excel-
lent linear correlation (Figure 4.6 C), with a slope of unity and an intercept on
the XANES-derived axis of 3.04, both of which are exactly what is predicted. The
sample annealed under ©thus yield a stable average oxidation state for iron ions
near 3, while the samples annealed under,xperience a decrease in the oxidation
state by up to 0.06 units.

Trends involving EXAFS structural parameters show that the unique changes in
j 1.23v for the two sample clusters are associated with distinct distortions of the av-
erage structure. The Q cluster of samples is primarily characterized by an increase
In j 103y as the distance across face-sharing iron ionR. re1) increases from 2.854
to 2.900A (Figure 4.7 A); the Fe{O shells remain essentially constantTable B.2 ).
The N, cluster of samples instead show ea. 0.060A contraction in Ree.o, With
increasingj 1.23v (Figure 4.7 A). An overall increase in structural disorder of the
N, cluster of samples is captured by a decrease in intensity of FT peaks with in-
creasingj 123v (Table 4.1 and Table 4.2 ). The increase in disorder is captured in
structural models as an increase in 2 for all shells ag ; »3y increases Table B.1 ).
The structural distortion within the O , cluster of samples is therefore limited to
iron{iron linkages, while the N, cluster experiences an overall contraction of Fe{O

distances that disrupts all Fe{Fe distances in a seemingly nonsystematic fashion.
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Figure 4.7: Correlations involving XAS-derived parameters for hematite Ims
annealed in N and O,. (A) Trends in photocurrent density j 1 23y and Reegre1
distances for samples annealed under,(and Re.o, distances for those annealed
under N,. (B) Iron-oxygen bond length increases with F& -edge values for
samples annealed in N (C) Location of the E,, vibration as a function of Ree(res ,
and (D) Intensity of the FT-EXAFS peak near 2.7A against the Raman intensity
ratio | 411/ 1 293 for hematite annealed in Q. Correlation between mean standard
relative deviation (2 geqre2 2) with Raman intensity ratios of (E) | 411/ | 293 for O,
samples and (F)I 411/ | 227 for hematite annealed in N and O, environments.

The structural and behavioral parameters obtained for photoanodes prepared
by annealing lepidocrocite Ims under N provide clear evidence for oxygen vacan-
cies being the dominant structural defect. Oxide vacancies are native defects in
hematite that are accompanied by reduction of F& to Fe?* within the lattice.
Thermal treatment of hematite under oxygen de cient environments has been re-
ported to improve photoelectrocatalytic performance by increasinly 4 by altering
the equilibria involving oxygen vacancy formatior?* The observed correlations here

are well aligned with these reports: the photoelectrocatalytic parametgn 3y In-

81



creases as the average oxidation state of iron decreasegijre 4.6 A) and as N4
increases [Figure 4.6 B). Structure{property correlations suggest thatRg..0, de-
creases ag; 3y increases, implying that oxide vacancies decrease Fe-O bond lengths
(Figure 4.7 A). Direct comparisons of oxide vacancy concentration and Fe-O bond
lengths for hematite could not be found in the literature. The oxide vacancy-induced
decrease in the radius of iron ions observed is nonetheless consistent with estab-
lished trends in ionic radii, where ionic radius decreases as coordination numbers
decreasé?® Further, a correlation between the location of the ironK -edge and
the Fe{O bond distances measured by EXAFSHigure 4.7 B) provides direct ex-
perimental support. Oxide vacancies are therefore the dominant defect present in
hematite Ims prepared by thermal conversion of lepidocrocite under Nenviron-
ments. These vacancies boost photoelectrocatalytic performance by increadihg

as previously reported.

The observed structural features and their correlations for photoanodes prepared by
annealing lepidocrocite under @are consistent with protohematite a-Fe,.,;3 O3.4(OH),, 4142
being the dominant structural defect. This structure involves the trapping of pos-
itively charged protons within the crystal lattice, which is charge balanced by the
formation of Fe** vacancies. This defect explains the stability of both measured
N4 values and XANESK -edge locations across the 2annealed series. Previous
variable-temperature synchrotron XRD analysis showed that the trapping of protons
and associated iron vacancies in protohematite induces overall compression relative
to the hematite unit cell, distorting bonding (Table 4.3 ).4*2 The largest magnitude
change in bonding in that XRD analysis was a compression of face-sharing motifs
(Rre-re1), With smaller expansion of corner-sharing motifsRre.re3). The Fe-O shells,

in contrast, showed very little change. Structure{property analysis here shows that

J 1.23v Values decrease with compression Bf..re1 (Figure 4.7 A), while Ree.01 and
Rre.02 remain static (Table B.2 ). The 660 cm* Raman peak is known to be art,
lattice vibration that is formally symmetry forbidden but emerges following lattice
distortions;%®124 it has been proposed that protohematite induces such distortiort3.
The relationship between theE, vibration, which is a shearing motion of Fe ions
across face-sharing motifs, is further strengthened here by observation of a 3'amd

shift as Ree.re1 IS compressedKigure 4.7 C). The results here are therefore consis-
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tent with the presence of varied concentrations of interstitial protons and associated
iron vacancies being the dominant structural defect for the Ocluster. These defects
induce structural distortions, readily seen inTable 4.3 and Figure 4.7 , that will
alter bonding interactions within the material to a ect semiconductor properties.
Improvements to photoelectrocatalytic OER across the Oseries are attributed to
the removal of these lattice distortions, which yield performance gains that surpass

those obtained for annealing under a Nenvironment.

Table 4.3: Structural Parameters of Hematite and Protohematite.

protosis? protos;;2  proto;ze® hematite®
Rre.o1 | 1.925 1.908 1.929 1.944
Ree.o2 | 2.122 2.158 2.137 2.116
Rre-Fe1 | 2.823 2.843 2.882 2.898
Rre-Fe2 | 2.945 2.955 2.971 2.969
Rrere3 | 3.378 3.376 3.367 3.362

Rre.res | 3.686 3.688 3.702 3.703
a: Values from ref4!

b: Values from neutron di raction experiments in ref#0

Additional correlations observed between features in the Raman spectra and
structural parameters derived from EXAFS models may provide value in guiding
synthetic e orts. Underlying the decrease in magnitude of Fe{Fe peaks in the EX-
AFS results (Figure 4.7 D) is an increase in disorder in the Fe crystallographic sites.
This disorder is captured by the mean standard relative displacement factor (%)
in EXAFS models. The Fe{Fe coordination shell yields the strongest peak in the
FT-EXAFS data (Figure 4.1 ), making it the most reliable to analyze. The above-
mentioned discussion on the defect-induced compression of the crystalline c-axis
suggests that the 411 cm should be important because it is the only Raman active
vibration that involves movement of cations along the crystalline c-axi&%3! The
2 refre2? values do indeed yield strong negative correlations to the intensity of the
411 cm® peak relative to those at 293 Figure 4.7 E) and 227 cm'® (Figure 4.7 F),
which involve synchronous movement of oxygen ions in the;@nd O, sites. The

observation of di erent structure{structure and structure{property correlations for
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the two clusters of samples provides evidence that each defect type has a unique
in uence on individual Raman vibrations, indicating that successful observation of
correlations was reliant upon the ability to synthesize two series of samples where
changes in the concentration of a single defect dominated the observed changes in
behavior. Variable-temperature Raman spectroscopic analysis of phase transitions
that occur when synthesizing hematite by annealing lepidocrocite suggests that pro-
tohematite forms between ca. 200 and 40C.*3? The performance gains attained by
removal of protohematite marks an understanding of their formation in, and elimi-
nation from, photoanodes as an important target for the community. This approach
may enable deconvolution, and potentially the quanti cation, of all defects within

a photoelectrode sample using only Raman spectroscopy. A substantial amount of
work is clearly necessary to realize this capability, but systematic correlation of Ra-
man spectra to structural information will yield a powerful tool for optimization of

fabrication protocols and quality control.

4.3 Conclusions

Parameters describing the structure and PEC properties of a series of hematite pho-
toanodes were compared to each other to identify the prevalence of individual defects
as a function of synthetic conditions. A series of 12 samples were synthesized by
annealing lepidocrocite for varied times under either Nor O, environments. The
interatomic distances and extent of disorder for short-range coordination shells was
measured for each using X-ray absorption ne-structure spectroscopy, and the in-
tegrity of longer-range order was measured through Raman microscopy. Correlations
between these structural descriptors with performance descriptors for photoelectro-
catalytic OER leads us to conclude that the behavior of samples synthesized under
N, is dictated by oxygen vacancies, while that for samples synthesized undey i©
dictated by iron vacancies. Performance gains were achieved by either the removal
of iron vacancies (Q) or the introduction of oxygen vacancies (B). Comparison of
the X-ray absorption results with Raman spectra reveals correlations that suggest

it may be possible to calibrate the width, energy, and intensity of peaks in Raman
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spectra to enable direct analysis of defects in hematite photoanodes.

4.4 Experimental Details

4.4.1 Hematite Fabrication

Lepidocrocite (@-FeOOH) thin Ims were electrodeposited on uorine-doped tin
oxide-coated aluminum borosilicate glass (FTO/ABS; Solaronix S.A.). FTO/ABS
glass substrate pieces were cleaned by sequential ultrasonication in a detergent so-
lution, milli-Q H ,0, and then isopropanol. The surface was dried under a stream of
N, and placed in a custom UV-irradiation chamber (GHO18T5VH lamp, Atlantic
Ultraviolet) for 15 min. A solution containing 0.02 M ferrous chloride tetrahydrate
(ACS reagent grade, Alfa Aesar) and 1 M ammonium chloride (ACS reagent grade,
EMD Chemicals Inc.) was purged with N for 30 min before electrodeposition. A
0.1 M KOH (>85%, Sigma-Aldrich) solution was added to adjust solution pH to
7.0. Freshly cleaned FTO/ABS electrodes were held at 0.0 V vs Ag/AgCI (sat'd
KCI) for 7 min at room temperature with continuous N, purging. A series of 12
such electrodeposited-FeOOH Ims were converted to hematite by heating at 800

°C under varied conditions. These 12 conditions consisted of combinations of either
N, or O, atmosphere with selected reaction times (0.2, 0.5, 1, 2, 4, and 8 h). Each
photoanode was then cut into two pieces and rinsed with isopropanol. Each of the
two halves was analyzed by Raman microscopy to ensure consistency (see below).
One half of each sample was then used for PEC measurement. The second half was

used for analysis by XAS.

4.4.2 Raman Microscopy

Raman microscopic measurements were performed using a Renishaw inVia Re ex
system. Raman microscopic mapping of each hematite Im was performed using
1 nm steps across three dierent 4 4 mm grids. This approach was previously

shown to o er consistent, representative spectra of each photoanotfeSpectra were
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acquired using a 100 objective, 633 nm excitation (Renishaw HeNe laser, 17 mW)
ltered to 5% of maximum intensity, and an 1800 lines/mm diraction grating.
The Renishaw WIRE 5.3 software package was used for spectrum processing, which

included baseline subtraction, normalization, and curve tting.

4.4.3 PEC Measurements

Photoanode properties and performance were measured using a Biologic SP-300
potentiostat and a Sciencetech Al Lightline solar simulator equipped with an AM
1.5G lIter. Hematite-coated FTO working electrodes were mounted as windows in

a custom-made polyethylene cell. The cell contains a 1.54 cm2 circular hole sur-
rounded by a silicone O-ring. The hematite-coated FTO electrodes were clamped
against the O-ring such that the cell could be operated using back-side illumina-
tion. Aqueous 1 M KOH electrolyte solutions were prepared using milli-Q H20 and
KOH (>85%, Sigma-Aldrich). A Gaskatel HydroFlex reversible hydrogen electrode
(Gaskatel GmbH, Kassel, Germany) served as the reference electrode and a freshly
cleaned piece of FTO as the counter electrode. The PEC properties were measured
by cyclic voltammetric sweeps, both in the dark and under illumination, from 0.4

to 1.7 V vs RHE at 20 mV st. Electrochemical impedance spectroscopy was per-
formed in the dark at 100 mV intervals between 0.5 and 1.3 V vs RHE using a 10

mV amplitude.

4.4.4 X-ray Absorption Fine-Structure Spectroscopy

XAS was performed at beamline 6-BM (BMM) at the National Synchrotron Light
Source Il (Brookhaven National Laboratory, NY, USA) using a Si(111) monochro-
mator. The incident energy calibration was performed by beamline sta prior to the
experiments. This was accomplished by determining the monochromator's angular
position for the K -edge location of 10 transition metal elements. These values were
then tted to the Bragg equation using standardized values to obtain an angular

o set and lattice constant for the monochromator. The FeK -edge spectra were
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recorded between 6910 and 7960 eV in uorescence mode for all 12 hematite sam-
ples. Data were acquired at intervals of 10 eV from 6910 to 7080 eV, 2 to 7100 eV,
and then 0.25 to 7135 eV. After this point, the data were acquired with a regular
spacing of 0.05 A" in k-space. The detector was positioned 90 degrees relative to the
incident beam. The samples were mounted on a motorized polycarbonate sample
wheel. The wheel was positioned 45 degrees relative to the incident beam and ro-
tated to change samples. Six spectra were acquired per sample using a four-element
Si-drift detector. Real-time energy calibration was not possible due to the X-ray ab-
sorption of FTO glass substrates. The experimental protocol was therefore designed
to enable estimation of the temporal stability of the energy calibration and enable
comparison of relative changes in X-ray absorption near edge structure data. The
six spectra for each sample were split into two batches of three spectra, with mea-
surements of each batch separated by approximately 24 h. Comparison of the two
batches of measurements show standard deviations of less than 0.04 e hedge
locations over the beamtime. X-ray adsorption spectra were prepared for analysis
by averaging all relevant spectra, subtraction of a linear baseline determined from
the pre-edge region, and subsequent normalization of the post-edge region. The
K -edge locations were de ned as the point where the normalized data reached 0.5
units, using linear interpolation where necessary. The scattering amplitude, phase
correction, and mean free path for photoelectrons were calculated by ab initio calcu-
lations on a model crystalline hematite cluster using FEFF 8.%3 Structure models
were then developed using the extended X-ray absorption ne-structure (EXAFS)
equation with coordination number (N;), bond length (R;), and the mean standard
deviation (2 ;?) for each relevant iron coordination shell. Errors in tted parameters

were estimated as previously described, using a useful R-space range of 146{#*
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Chapter 5

|dentify Coexistent Defects

5.1 Introduction

Structure-property analysis provides a means to use correlations between specic
structural features and behavioral parameters to study individual components of
a system as stated $ection 1.4 ). Relationships between chemical structure and
properties can be explored through multi-variate analyses; analysis of individual
peaks in Raman spectra has proven useful in analyzing the density and crystallinity
of polymer systems2® the crystallization of organic moleculed® and in measur-
ing non-stoichiometry®” and defect$® in solid state materials. This approach is
applied in both predictive and interpretive ways in modern heterogeneous electro-
catalysis, where linear scaling relations between the adsorption strength of reactants
on a surface and overall electrocatalytic performance are exploit€3813° From

a structural analysis perspective, structure-property relationships have assisted in
identifying previously unobserved coordination environments in layered transition
metal hydroxides and relating them to secondary mechanisms for electrocatalytic
OER.83’85

We have used Raman spectroscopy based structure-property analysis of a series of
a-Fe,O3; samples prepared by thermal treatment of lepidocrocite revealed that the
intensity of select peaks in the Raman spectra were highly correlated to band struc-

ture and overall PEC performance inChapter 3 , and further combined with X-ray
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absorption spectroscopy to directly show the role of point defects in structures and
PEC performance inChapter 4 . Such a capability of Raman spectroscopy would
signi cantly improve our ability to understand the lack of consistency across the
literature and open paths for rational improvement of photoanodes. Much more
information is required, however, before Raman spectroscopy can be used in such a
broad sense.

Both Chapter 3 and Chapter 4 use lepidocrocite as precursors and analyze the
defects through phase conversion from lepidocrocite to maghemite and then to
hematite. Section 1.2.2 introduces that hematite can be prepared through dif-
ferent iron (hydro)oxide precursors, and the di erent routes can fabricate hematite
with di erent defects. Herein, we expanded synthetic approach to expand defect
analysis in this chapter. We parametrize the structure and photoelectrochemical
properties of a series 0&-Fe,O; Ims prepared by sintering akaganeite f-FeOOH)
Ims under varied conditions. The structure and property datasets are compared
to identify correlations, which are then interpreted to identify likely structural de-
fects. Raman spectroscopy serves as the source of structural information, with the
location, width and intensity of peaks considered. The properties dataset includes
the at band potential and the charge carrier density of the photoanodes, measured
by electrochemical impedance spectroscopy, along with the onset of photoelectro-
catalytic OER and the current densities at 1.23 V vs RHE, each measured by linear
sweep voltammetry under illumination. Observed structure-property correlations
indicate coexistence of three distinct defects are present in the sample series, with

fabrication conditions dictating which has most in uence over PEC behavior.

5.2 Results and Discussion

5.2.1 Synthesis

Films of a-Fe,O3 with varying degrees of structural integrity were fabricated by sys-
tematic variation of experimental protocols. The sintering ob-FeOOH was selected

as the synthetic route, withb-FeOOH being deposited as thin Ims on an FTO sur-
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face by hydrolysis of Fe(d following a published protocof! The identity of the thin
iron oxide Ims was con rmed by observation of the expected-FeOOH phonons
at 118, 141, 250, 312, 387, 420, 500, 543, 610 and 714 @mRaman microscopy
measurementsfigure 5.1 ).%8140.141 These precursor Ims were then sintered under
varied gaseous environments, namely ambient air,,@r N, in an e ort to in uence
the oxygen stoichiometry in the nal material.

The O, and N, environments were used in either their dry state, or humidi ed by
bubbling the selected purge gas through 40 to in uence the residual proton/H,O
content within the Ims. Two di erent sintering temperatures, 600 and 800 °C,
were paired with these ve di erent atmospheres to yield ten samples to yield 10
distinct a-Fe,O3; samples. Five sets of conditions were repeated to obtain a total of

15 samples as listed ifable 5.1

Figure 5.1: Akaganeite (-FeOOH) Im Raman spectrum used as precursors for
hematite synthesis
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Table 5.1: Parameters describing the photoelectrochemical behavior afFe,O3
sample series.

Sample| Conditions E pec J PEC log(Ng) Eg
Vvs. RHE mAcm? cm?® V vs. RHE

1 dry air, 800°C 0.891 0.150 19.59 0.492
2 dry air, 800°C 0.996 0.144 19.97 0.333
3 dry O,, 80CC 0.856 0.088 19.87 0.273
4 dry O,, 80C°C 0.98 0.189 19.90 0.464
5 humid O,, 80C0°C | 0.995 0.123 19.77 0.342
6 dry N,, 80CC 0.788 0.056 20.25 0.195
7 humid N,, 80C°C | 0.972 0.029 20.10 0.224
8 dry air, 600°C 0.983 0.001 20.12 0.157
9 dry air, 600°C 1.63 0.003 20.12 0.117
10 dry O,, 60C°C 0.933 0.001 20.21 0.325
11 dry O,, 60CC 1.61 0.005 20.19 0.267
12 humid O,, 60C°C | 1.150 0.003 19.48 0.506
13 dry N,, 60CC 0.747 0.009 19.46 0.473
14 dry N,, 600°C 1.62 0.002 20.09 0.299
15 humid N,, 60C°C | 0.764 0.064 20.09 0.201

5.2.2 Behavioral Parameters

Each of the fteen Ims was analyzed by linear sweep voltammetry and electrochem-
ical impedance spectroscopy to extract parameters for structure-property analysis.
Linear sweep experiments identify the photoelectrochemical response, with OER
clearly visible (Figure 5.2 A, Table 5.1 ). The onset of photoelectrocatalysis, the
maximum current densities, and even the shape of the current-potential response
are variable across the sample seriefigure 5.2 B), as anticipated. Samples in
upper portion of Figure 5.2 B and E were sintered at 600°C, while those in the
lower portion were sintered at 800C. The photoelectrocatalytic performance was
parametrized using the two values depicted ifrigure 5.2 A: the photocurrent den-
sity at zero overpotential for OER, labelledj 1,3y, and the onset of photoelectro-
catalysis, labelledE pec . The former is readily extract from the data by reading the
current density at 1.23 V vs. RHE. The onset of photoelectrocatalysis is more chal-
lenging to de ne. It has previously been de ned in a number of ways, including the
potential where a given current density is attained, the potential where rst deriva-

tive plots, dj/d E, reach 0.2 mA cn? V1,191 and the potential where the rst positive
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peak occurs in second derivative plots,2fl/d E2.** The two former approaches fail
to capture any value for poorly performing samples; the need to analyze samples
across the performance spectrum in this work therefore leads to adoption of the
second derivative de nition (Figure 5.2 A). This enables a systematic mathemati-
cal de nition to be applied across all samples, even when signi cant resistive e ects
distort the j-E response, or samples have very poor performance. We note that the
performance parameters can be a ected by variations in both the bulk and inter-
facial structures. Two semiconductor properties, the at band potential E,) and
charge carrier density N4), were measured as additional parameters using Mott-
Schottky analysis Figure 5.2 C). The capacitance of the space-charge laye€ §c)
was determined through EIS experimentsHigure 5.2 D and F). The numeric values
measured forlE s, and N 4 vary with fabrication conditions (Figure 5.2 E, Table 5.1 )

but fall within the ranges found in literature. The fabrication protocol thus exerts

a clear inuence on the properties and photoelectrochemical behavior across the

a-Fe; O3 Im series (Table 5.1 ), but no clear trends emerge in this dataset alone.
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Figure 5.2: Photoelectrochemical properties od-Fe,O; sample series. (A)
Systematically determination of the onset of photoelectrocatalysiSpegc for an
electrode sintered at 808 under humidi ed O,. (B) Comparison of
photoelectrochemical behavior for 10 samples prepared using unique conditions.
(C) Extraction of the charge carrier density,N 4, and the at band potential, E,,
using Mott-Schottky plots. (D) The Nyquist impedance representation of data
acquired at a subset of the 100 mV voltage steps. (E) Comparison of
Mott-Schottky plots for these 10 samples. (F) Mott-Schottky plot for the sample
sintered at 800C under dry O,.

5.2.3 Structural Information

The normal vibrational modes probed by Raman spectroscopy involve the motion

of speci c atoms within the crystal lattice. The size, shape and location of each
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peak observed in a spectrum is therefore uniquely a ected by each type of defect,
providing valuable but convoluted structural information. Eacha-Fe,O3; sample was
analyzed using a Raman microscopic mapping protocol with 16 individual spectra
acquired over a3 3 nmm? grid. Parameters describing individual peaks, such as full-
width at half mass and maximum intensity, were previously shown to reside within
a Gaussian distribution over large-scale mag$.A window spanning 15% above and
below the average peak parameter value captures35% of all individual spectra®3
The average of all 16 spectra acquired for 10 samples prepared using unique fabrica-
tion conditions show the twoA4 peaks €a. 226 and 499 cnt) and 5 E 4 peaks ¢a.
246, 293, 299, 412 and 613 chh expected fora-Fe,O; (Figure 5.3 A). An addi-
tional peak observed near 660 ctis a formally Raman inactiveE , vibration that

is visible due to symmetry lowering distortions in the crystal lattice’®61% Curve
tting was performed to measure the peak locationl{,), maximum intensity (I ),
full-width at half maximum (W), and peak area A,) for each of the 8 observed
peaks.

Preliminary structure-property trends indicate that the photoelectrochemical be-
havior across thea-Fe,O3; sample series is dependent on multiple factors. Growth in
the intensity of this E, mode was previously correlated with improved performance
in heteroatom-dopeda-Fe,03,>° but degraded performance in pure-Fe,03.4 A
positive linear correlation ofl 499/ | 650 With both |13y and E, in undopeda-Fe,O3
Ims prepared by sintering lepidocrocite §-FeOOH) previously demonstrated the
utility of the Raman forbidden E, vibration at 660 cn! for diagnosis of trapped
protons and associated iron vacancies. Similar handling of the data acquired here
reveals separation of the samples into two clear branches far,sy, with humid-

I ed sintering environments yielding one branch and dry environments a second
(Figure 5.3 B). Correlation plots for E¢, show similar separation into two apparent
branches, but seemingly scattered distribution of fabrication parameters across both
branches indicates that the underlying reasons are non-triviaF{gure 5.3 C). These
correlations con rm that information can be extracted through structure-property
correlations, but that at least two dominant types of defect contribute to observed

trends.
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Figure 5.3: Raman spectra acquired for thea-Fe,O3; sample series. (A) Raman
spectra acquired by microscopic mapping of 10 samples prepared with unique
conditions, with each normalized to the 227 crh peak. The upper section of the
panel contains samples sintered at 60, and the lower section at 800C.
Non-trivial correlations observed between the intensity ratid 499/ | s50 and (B)
j1.23v and (C) Eq. The dashed trend lines highlight the grouping of samples
sintered under dry or humid conditions; no such grouping is obvious in panel (C).

5.2.4 Structure-Property Correlations Detection

A systematic approach was designed to facilitate the search for viable structure-
property correlations across the entire dataset. The widths, intensities, and loca-
tions of all 8 Raman peaks were considered; the ratios of maximum intensities of
the 8 normal vibrational modes,| /1, showed the strongest correlations and were
selected as the structural parameters of interest. The four behavior parameters,
namely Epec, jpec, 10g(N4) and E¢,, then serve as numeric properties of interest.

All possiblel x/ Iy combinations were calculated and plotted against each of the four
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behavior parameters. The coe cient of determination, R, was then obtained for a
linear regression analysis on each structure-property pair. This enables the number
of viable structure-property candidates to be visualized as a function minimum?R
cuto values. The highest quality candidate found when the entire dataset is used
as the basis for calculations is one betweéngs/ | 50 and j pec, Which appears at a
very low cuto of R?2> 0.71 Figure 5.4 A). It is thus clear that no straight forward
structure-property correlations span the entire dataset, which is to be expected given
the results inFigure 5.3 B and C. Systematic segmentation of the dataset enables an
iterative analysis to deconvolute the dominant linkages between structural features
and photoelectrochemical behavior. Viable structure-property correlations appear
when the data is split into sets containing those sintered under N Figure 5.4 B;
selection inTable 5.2 ). An R2 cuto of > 0.95 identi es 4 correlations for these
samples, and 17 correlations for a cuto> 0.80. In contrast, samples sintered under
O, environments produce 2 candidates for correlation with at a cuto of 0.95,
and only 4 candidates larger than 0.8. The addition of data from samples sintered
under air to either the N, or the O, segments of the data dramatically decreases the
number of viable candidates in both cases$-(gure 5.4 B). Segmentation of the data
into samples sintered under dry and humidi ed environments reveals 9 and 0 viable
correlations for the segments, respectively, for a cuto ot 0.95 (Figure 5.4 C).
Segmentation by sintering temperature yields no correlations with a cuto of R>
0.95 (Figure 5.4 D). A total of two candidates arise for the 600C samples when the
cuto is lowered to 0.90. These numbers make it clear that the use of,Nintering
environments and the humidi cation of the atmosphere yield the strongest direct

impact on photoelectrochemical behavior.
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Figure 5.4: Number of structure-property correlation candidates as a function of
statistical cuto value. Linear regression analysis was performed on (A) the entire
dataset and after the dataset was broken into segments according to (B) gaseous
sintering environment, (C) presence of humidity in the sintering environment, and

(D) sintering temperature. An R? cuto of 0.95 is marked for reference.

5.2.5 Correlation Identities

The top 40 correlation candidates for samples sintered in an,dnvironment involve
the four lowest energy vibrational modes. Further, the modes at 226, 246, 293,
299 and 412 cm are fully responsible for 8 of the top 11 correlation candidates
(Table 5.2 ). The viable correlations almost exclusively involve the band structure
parameters logN 4) and E: an R? cuto of > 0.85 yields 17 possible correlations,
with only 2 involving j 1,3y and none involvingEpec. A lack of meaningful corre-
lations for samples sintered in @ stand in stark contrast to the N, results. These
results together indicate that the absence of Oexerts a very strong in uence on
band structure, but that the presence of Qitself in the sintering atmosphere a ects

little change in the lattice.
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Table 5.2: Top structure-property correlation candidates identi ed for each
dataset segment.

Segment Correlation R Segment Correlation R
N, I 246/| 299 VS. Ep 0.998 | humid I 226/| 660 VS. Eqp 0.992
I 246/| 299 VS. |Og(N d) 0.911 I 226/| 660 VS. |Og(N d) 0.961
I 246/ | 410 VS. Eqp 0.975 I 613/| 293 VS Efp 0.968
I 245/ | 410 VS. |Og(N d) 0.950 I 613/| 203 VS. |Og(N d) 0.986
I 246/| 293 VS. |Og(Nd) 0.886 | 410/ 1 203 VS. |Og(N d) 0.984
O, I 293/| 299 VS. |Og(Nd) 0.957 | 410/ | 203 VS. Eq 0.940
| 546/ | 660 VS. J 1.23 0.905 | 409/ | 660 VS. ] 1.23 0.949
dry I 499/| 660 VS. J 1.23 0.938 I 660/| 299 VS. J 1.23 0.945
I 293/ [ 660 VS. J 1.23 0.918| 800°C I 246/| 660 VS. J 1.23 0.748
[ 226/| 660 VS. J 1.23 0.907 I 293/ | 410 VS. |Og(N d) 0.762
| 299/| 660 VS. J 1.23 0.903| 600°C I 246/ | 410 VS. Egp 0.942

The higher energy normal vibrational modes become important when the data is
segmented based on humidity. Samples sintered in humidi ed environments exhibit
correlations largely based on combinations of the oxygen-based normal modes at 226
and 293 with those at 499, 613 and 660 clmwhich are based on the movement iron
ions in adjacent face sharing polyhedral motifsTable 5.2 ). The top correlations
in the humid segment of the data are again those that describe tleeFe,O; band
structure, but j,,3 does begin to factor in much earlier than seen in the ;Ndata
segment. Correlations withj ; »3 are the strongest observed in the dry segment of
the data, where all candidates with an Rcuto > 0.75 involvej;,;. The dry and
humid segments of the data are related in that the formally Raman inactive Eu

vibration at 660 cnt! becomes prominent in correlations.

5.2.6 Correlation Interpretations

The identity of Raman peaks and the photoelectrochemical properties involved in
each structure-property correlation provides insight into the underlying chemical
relationship. The number and quality of correlations show that Bl and humidity
are the two environmental parameters that exert the most signi cant in uence over
the nal structure and photoelectrochemical behavior ob-Fe,O3; photoanodes fab-

ricated by sintering b-FeOOH. The four low energy vibrational modes, which are
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strongly correlated with the band structure for samples sintered under Nenviron-
ments (Figure 5.5 A and B), involve vibrations of oxide ions within the lattice 3!
This relationship disappears for samples prepared under,Oand when samples
sintered in air are combined with N samples. Annealinga-Fe;O3 in O, de cient
atmospheres is known to generate oxygen vacancies within the lattie! which
increases Nd by necessitating reduction of Feto Fe?* within the structure. The
relationships observed across the  Nsegment of data here can therefore be con -
dently attributed to the presence of varied concentrations of oxygen vacancies in the
a-Fe,O3; samples. The number and quality of structure-property correlations indi-
cate that Raman spectroscopy provides a means to approximate the concentration
of oxygen vacancies ira-Fe,O3, at least within a contiguous series of materials, by

measuring their structural impact.

Figure 5.5: Prominent correlations between Raman spectroscopic data and
photoelectrochemical data for segments of the dataset. Correlations between (A)
at band potential and (B) charge carrier density for samples sintered under N
Correlations between (C) at band potential and (D) charge carrier density for
samples sintered in humidi ed environments. Comparison of correlations between
jpec and (E) I 499/ | 650 fOr photoanodes prepared under humid and dry conditions,
and for (F) 1 293/ | 660 Under dry sintering conditions.

99



The role of humidity is less obvious because its presence during synthesis yields
correlations involving band structure figure 5.5 C and D) and photoelectrocat-
alytic performance, while the absence of humidity yields correlations only for pho-
toelectrocatalytic performance Figure 5.5 E and F). A previous study showed that
environmental humidity increased iron vacancies by trapping residual proton con-
tent in a-Fe,O3; Ims. *® These vacancies induce growth of the Raman inactive 660
cm! peak, a vibrational mode that involves a shearing movement of iron ions that
share polyhedral faces, by lowering local symmetry. The behavior is observed here
as a linear increase i 1,3y With respect to | 490/ | 50 fOr samples prepared under
dry conditions (Figure 5.5 E). This correlation identi es a second defect, namely
protohematite domains and their associated iron vacancies, 8Fe,O3 prepared by
sintering b-FeOOH under dry conditions. A similar correlation appears to exist
betweenj 1,3y and | 499/ | 660 for humid conditions (Figure 5.5 E), but these sam-
ples exhibit little variation in |g. In fact, j 1.3y attains levels comparable to the
best \dry" sample while maintaining a very large . Further evidence of di erences
between the dry and humid segments is in the vibrational modes involved in correla-
tions: the dry segment of the data relies entirely upon combinations involvinigseo,
while the humid segment of the data rely upon combinations of vibrational modes
at 412, 499, 613 and 660 cth Each of these vibrational modes that are relevant to
humid conditions involves the movement of iron ions in the latticé®93% revealing
a third defect that is critically dependent on iron sites in the lattice. We tentatively
assign this third defect as iron ions residing in interstitial sites, based on this being

the second major iron-based defect known to exist natively ia-Fe,04.11%142

5.3 Conclusion

A series of Ims fabricated by sinteringb-FeOOH Ims with varied gaseous environ-
ment, humidity and temperature were analyzed by Raman microscopy, linear sweep
voltammetry and electrochemical impedance spectroscopy. The intensity, width,
and location of the eight peaks present in the Raman spectra were systematically

compared to the at band potential, charge carrier density, onset of photoelectrocat-
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alytic oxygen evolution and overall photoelectrocatalytic performance. Not a single
structure-property correlation was found to span the entire dataset, but numerous
correlations appeared in speci ¢ segments of the data. Oxide vacancies were revealed
by strong correlations of all vibrations involving the oxygen ions with charge carrier
density and at band potential for samples synthesized in an Nenvironment. In-
terstitial protons, with associated iron vacancies, were revealed by correlation of a
formally Raman forbiddenE vibrational mode with photoelectrocatalytic perfor-
mance under dry environments. A third defect, tentatively assigned as interstitial
iron ions, was revealed by correlations between all iron-based vibrational modes with
charge carrier density and at band potential in samples prepared under humid envi-
ronments. The coexistence of three di erent defects reveals a situation that is much
more complex than that reported fora-Fe, O3 prepared by sintering of lepidocrocite,
where evidence only exists for interstitial protons with paired iron vacancies. These
results highlight the challenge in directly comparing the performance of photoan-
odes fabricated by di erent approaches and demonstrate Raman spectroscopy to be
a powerful tool to address these challenges by using structure-property analysis to

analyze structural defects.

5.4 Experimental Details

5.4.1 Material fabrication

Akaganeite Fabrication

Fluorine-doped tin oxide coated glass (FTO; TCO10-10, Solaronix SA) was cleaned
immediately prior to use by sequential ultrasonication in a detergent solution, milli-
Q H,0, then isopropanol. The surface was dried under a stream of ldnd placed

in a custom UV-irradiation chamber (GHO18T5VH lamp, Atlantic Ultraviolet) for

15 minutes. Aqueous 0.15 M Feg@lsolutions were prepared using milli-Q kO (18.2
MW and FeCk-6H,0 (99+%, Acros). Aqueous 1 M KNQsolutions were prepared
using milli-Q H,O and KNO3; (>99.0%, EMD Chemicals). Aqueous 1 M KOH
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solutions were prepared using milli-Q BO and KOH (85%, Sigma-Aldrich). Thin
Ims of b-FeOOH were deposited onto a series of FTO substrates by hydrolysis of
aqueous Fe( at elevated temperatures. In a typical synthesis, a 100 mL beaker
was lled with 20 mL of aqueous solution with a pH below 1.5 that contained 0.15 M
of FeCk and 1 M KNOj3. This beaker was covered with a watch glass and preheated
to 95°C in a furnace. Freshly cleaned FTO was then placed into the solution and
held at 95°C for 4 hours, then allowed to naturally cool to ambient temperature.
The b-FeOOH modi ed FTO glass was washed with milli-Q water and dried under

a stream of air.

Hematite Fabrication

A series of fteen a-Fe,O3; Ims were prepared by sinteringb-FeOOH samples in

a tube furnace with systematically varied protocols. The annealing temperature
(600 °C, 800 °C) and gaseous atmosphere (air, dry N dry O,, humidied N ,,
humidi ed O ;) were selected as variables for the sintering process. Dry gases were
used directly from high purity compressed gas cylinders. Humidi cation of the
gaseous environment was achieved by passing the relevant purge gas through a
porous glass frit submerged in room temperature deionized® immediately prior

to entry into the tube furnace. A separate piece ob-FeOOH modied FTO was
held for 2-hours under each selected temperature-atmosphere combinations to yield

the series ofa-Fe;O3; Ims used for analysis.

5.4.2 Raman Spectroscopy

A Renishaw inVia Re ex was used for Raman microscopic analysis of each sample.
A 633 nm (Renishaw HeNe laser, 17 mW) laser was paired with an 1800 lines thm
grating. Spectra were recorded by mapping a 3 3 nm area in 1nm steps to yield

16 spectra. Each individual spectrum was acquired with a 75 second acquisition
time, then all spectra were averaged to yield a nal spectrum with 1200 second
acquisition time. The spectra were then analyzed using the Renishaw WIRE 5.3

software package, where typical processing included a baseline subtract using a 5th
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order polynomial and curve tting.

5.4.3 Photoelectrochemical Analysis

A Bio-logic SP300 potentiostat and a Sciencetech Al Lightline solar simulator
equipped with an AM 1.5G Iter were used for photoelectrochemical a nalysis.
Hematite-coated FTO working electrodes were mounted as windows in a custom-
made polyethylene cell. A silicone O-ring seals the electrode to the cell and masks
the portion of electrode exposed to the electrolyte solution to 1.54 émA Gaskatel
HydroFlex Reversible Hydrogen Electrode (Gaskatel GmbH, Kassel, Germany) was
used as the reference electrode and a freshly cleaned piece of FTO served as the
counter electrode. Experiments were carried using back-side illumination ina 1 M
KOH electrolyte solution. Cyclic voltammetry experiments were limited between
0.4 and 1.7 V vs.RHE with a scan rate of 20 mVs Electrochemical impedance

spectroscopy was carried out in 100 mV steps from 0.5 to 1.5 V.
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Chapter 6

Mechanistic Insights into
Lepidocrocite to Hematite Phase
Conversion from Variable

Temperature Raman Spectroscopy

6.1 Introduction

Heterogeneous electrocatalysis and photoelectrocatalysis are at the center of mod-
ern e orts to increase the sustainability of industrial elds ranging from energy
storage®*3 to waste water treatment!4414° to the synthesis of ne chemicald6:14
Much e ort is focused on the identi cation of structural features or reaction sites
that are either bene cial or harmful to catalytic performance; this information may
lead to the ability to strategically maximize the number of bene cial features, or
minimize the number of harmful ones.

This presents a distinct challenge, however, because the rate limiting step in hetero-
geneous electrocatalytic reactions are generally minor equilibria that are believed to
take place at a minority of sites on the solid-state surfacé®14° It is well-accepted
that the reaction mechanism of OERthe formation and transformation of OH, O, and

OOH intermediates at a catalytic active site, with the formation of OOH as the rate
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limiting step. Besides, any structural defect risks shutting down photoelectrocatal-
ysis on semiconductor surface$:34% Techniques that facilitate the identi cation,
quanti cation, and removal or circumvention of speci c structural features or defects
are critical in advancing research in the eld.

Being earth-abundant, low cost and the most thermodynamically stable phase of iron
oxides, hematite é-Fe,05) is widely studied for catalysist®?*°! electrocatalysig®153
and photoelectrocatalysig:*1>*15 multitude of techniques have been employed to
synthesize hematite, including the thermal treatment of other iron oxide phases such
as lepidocrocite'®®157 goethite /1% magnetite'®®1°° and akageneite’>*® The precur-
sor selected, the atmosphere used, and the thermal treatment protocol in uence the
structural quality and properties of the a-Fe,O3 product,314311° including the per-
formance towards photoelectrocatalytic oxygen evolution reaction. It has further
been shown that the kinetics for processes on the surface of iron oxides are altered
by exposure to alkali cation solutiong®® Variability in the structure of a-Fe,O; is
su ciently high to introduce major inconsistencies in reported photoelectrocatalytic
OER performance metrics and physical properties faa-Fe,03.41%%161 These met-
rics are sensitive to the quality of the bulk structure, electron transport properties,
and the surface structure. Research e orts have, for example, demonstrated that
oxygen vacancies im-Fe,O3 can have a bene cial e ect on photoelectrocatalytic
OER,?73067 jdenti ed phase segregation in dopea-Fe,05 that improves photoan-
ode performancé®%4 revealed the detrimental in uence of iron vacancie$ and
elucidated the role of surface states at the hematite{electrolyte interfacé!®> Es-
tablishing a detailed understanding of the nature of any potential structural defects,
whether in the bulk or on the surface, and their e ect on photoelectrocatalytic be-
havior, would provide a means to rationally optimize synthetic protocols. From a
di erent perspective, which we are particularly interested in, the sensitivity of pho-
toelectrochemical performance of-Fe,O3 to minute structural variations provides

a useful measure of structural quality that can be correlated to spectroscopic results
to acquire high quality structural information.

We demonstrated in previousChapter 3 and Chapter 4 that the environmen-
tal conditions and heating protocol utilized to convertg-FeOOH to a-Fe,O3 have

signi cant impact on both structure and photoelectrocatalytic behavior. The cor-
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relation of features within Raman spectra froma-Fe,Os; Ims with the band edge
positions, photoelectrocatalytic onset and overall performance as a photoanode for
OER were proposed to be caused by the trapping of protons and associated creation
of Fe** vacancies within the bulk lattice. These defects persisted to 800, the max-
imum temperature examined. Electrodeposition provides a facile, accessible means
to fabricate uniform thin Ims of g-FeOOH, making it a common starting point
for a-Fe,O5 synthesis for photoelectrocatalysié>1®® Lepidocrocite is di erent from
other iron oxides in that it passes through an intermediate phase, maghemite, before
being converted to hematite!®157:167:168 Doyble-chain edge-sharing Fe(O,0H)octa-
hedra running parallel to crystal c-axis are the characteristic structure fag-FeOOH,
with edge-sharing motifs linking the chains to form two-dimensional layers that are
hydrogen-bonded to each othef?®1%° The intermediate g-Fe,O; phase presents a
spinel structure similar to that of Fe;0,, but with exclusively Fe** the material be-
comes a defective spinel with cation vacancies in the octahedral sifé$iematite has
the corundum type crystal structure in hexagonally close packing, where ¥eoccu-
pies two-thirds of the octahedral sited® The phase transformation fromg-FeOOH

to a-Fe, O3 has been investigated by a range of techniques, including x-ray di rac-
tion,®” electron paramagnetic resonance spectt& di erential scanning calorimetry
and thermal gravimetric analysist’® and in situ infrared spectroscopy® The classic
mechanism for this reaction is viewed as starting from a hydrated form giFeOOH
and proceeding via a two-step process, with a dehydration reaction a&: 140 °C
followed by dehydroxylation to g-Fe,O3 at ca. 260°C and conversion toa-Fe,O3 at

ca. 500°C.4>48.158.167.171 The reported temperatures for each phase transition vary
depending on the technique employed, the nature of the precursors, and the heating
protocol. The particle morphology and size of lepidocrocite, for example, have been
shown to in uence the transition temperatures fromg-Fe,O; to a-Fe,03,*>1"2 but
have little in uence on transition of g-FeOOH to g-Fe,03.% Recentin situ Fourier-
transform infrared spectroscopy studies combined FTIR-temperature programmed
desorption (TPD) indicate a mechanism that is more intricate than the classical one,
with the possibility of multiple reaction paths.'®® Resolution of vibrational bands for
bulk OH and surface Fe-OH, FerOH and Fem-OH species ing-FeOOH enabled

the authors to show that ca. 50% of monodentate hydroxyl ligands at the surface
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are preferentially lost between 50C and 120°C, after which all hydroxyl ligands
are removed between 254C and 266°C. TPD results con rmed H,O releaseca:
20 °C above the temperature where the bulk OH vibrations were removée The
authors proposed the creation of vacant anion sites at the surface was necessary for
the phase transition to proceed, that creation of these vacancies could be facilitated
by H-bonding, but that hydroxide migration or water adsorption could Il these
vacancies and result in persistence of hydroxyl groups in material. They further
showed that simultaneous conversion a@j-FeOOH to g-Fe,O; and a-Fe,O3 is pos-
sible, rather than the traditional linear series of reaction$®® It is clear that there
remains much to learn regarding the structural evolution of iron oxides upon heat-
ing, and on developing more direct paths to the synthesis of high qualig-Fe,O3
through simple and accessible processes.

Herein, we performin situ variable temperature Raman spectroscopy under var-
led atmospheres for the rst time to study the mechanisms of thermally induced
conversion ofg-FeOOH to a-Fe,O;. We track the growth and decay of all phases
between room temperature and 80€C under inert or oxidizing conditions, with or
without humidi cation. Curve tting of each series of spectra enables analysis of
peak location, width and size as a function of temperature and environment. We
compare this information to that obtained via the more traditional DSC and ther-
mal gravimetric analysis. The combined results are used to interpret the observed
photoelectrocatalytic behavior of a series ai-Fe,O; photoanodes fabricated by a

systematically varied three-stage annealing protocol.

6.2 Results and discussion

6.2.1 Variable temperature Raman spectrum

Variable temperature Raman spectroscopy measurements demonstrate the sensitiv-
ity of the mechanism for conversion of-FeOOH to a-Fe,O3; to atmospheric condi-
tions. Variable temperature Raman spectra show three distinct spectra for iron oxide

under both dry and humid conditions Figure 6.1 ). The average spectrum between
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28 and 100°C contains the series of peaks expected fgrFeOOH (Figure 6.2 ),
denoted here from lowest energy to highest ds;{L,.%3'"® The average spectrum
between 220°C and 320°C contains weak peaks at ca. 350\ ;) and 500 cm! (M 5)
and one strong, broad peak at 670 cth(M 3), indicative of g-Fe,Os. A subsequent
transition to a-Fe,O3 is seen in the average spectrum between 580 and 600°C,
with peaks at ca. 220, 280, 390, 490 and 600 ¢énabeledH ; through H5.9%172 A
total of seven Raman-active vibrations are expected f@a-Fe,0O3;. These seven vi-
brations, and a formally symmetry-forbiddenE , peak observed at ca. 660 ci are
resolved upon cooling to room temperature. The symmetry forbidden peak arises
due a structural distortion; this vibrational mode has been shown to grow upon
Si-doping of hematite, resulting in improved PEC performance®®19% or to grow
when iron vacancies form, resulting in a decrease in PEC performarfée.

The known thermal phase transitions, where-FeOOH is reported to convert to
g-Fe,O5 near 260°C and to a-Fe,O3 near 500°C in the air,*® are present in the data
acquired under all conditions Figure 6.1 ). Clear di erences are observed, however,
in the transition temperatures, the temperature-induced shifting of peak locations

and the relative peak intensities.
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