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Abstract

Nanostructured Hematite for Photoelectrochemical Hydrogen Generation

By

Yichuan Ling

Solar water splitting is an environmentally friepdteaction of producing
hydrogen gas. Since Honda and Fujishima first destnated solar water
splitting in 1972 by using semiconductor titaniuroxide (TiO;) as photoanode
in a photoelectrochemical (PEC) cell, extensiventdfhave been invested into
improving the solar-to-hydrogen (STH) conversioficegncy and lower the
production cost of photoelectrochemical deviceghilast few years, hematite
(a-Fex0s3) nanostructures have been extensively studiedhet®anodes for PEC
water splitting. Although nanostructured hematitean ¢ improve its
photoelectrochemical water splitting performancedame extent, by increasing
active sites for water oxidation and shorteningtpgenerated hole path length
to semiconductor/electrolyte interface, the phdiwdyg of pristine hematite
nanostructures is still limited by a number of éast such as poor electrical
conductivities and slow oxygen evolution reactianekics. Previous studies
have shown that tin (Sn) as arype dopant can substantially enhance the
photoactivity of hematite photoanodes by modifythgir optical and electrical
properties. In this thesis, | will first demons&atn unintentional Sn-doping

method via high temperature annealing of hemat@®mowires grown on

vii



fluorine-doped tin oxide (FTO) substrate to enhative donor density. In
addition to introducing extrinsic dopants into seomductors, the carrier
densities of hematite can also be enhanced byirgeatrinsic defects. Oxygen
vacancies function as shallow donors for a numbé&ematite. In this regard, |
have investigated the influence of oxygen contenthermal decomposition of
FeOOH to induce oxygen vacancies in hematite. énetid, | have studied low

temperature activation of hematite nanostructures.
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Chapter 1

I ntroduction of Hematite Nanostr uctur esfor Photoel ectr ochemical Water

Splitting

Abstract

Seeking renewable and sustainable energy sourcasmies urgent problem
recently due to the rapid increase demand for gneith the ever-growing of
global population. Photoelectrochemical (PEC) wagglitting is a promising
environmentally benign method for direct solar ggyeconversion to storable
fuels such as hydrogen {1 offering an attractive way toward less reliamce
fossil fuels. Hematiteof Fe,0O3) nanostructures have been extensively studied as
photoanodes for PEC water splitting. However, tihetpactivity of pristine
hematite nanostructures is limited by a numberofdrs, such as poor electrical
conductivities and slow oxygen evolution reactianekics. Previous studies
have shown that tin (Sn) as arype dopant can substantially enhance the
photoactivity of hematite photoanodes by modifythgir optical and electrical
properties. In the part, | will give an overview tife basic mechanism of
photoelectrochemical water splitting, advances sing element-doped and
oxygen-deficient nanostructured hematite photoasiodad PEC performance

measurements.



I ntroduction

The ever-growing of global population and the staddof living has
resulted in a steadily increased energy demandioday, the energy crisis is
becoming one of the most urgent issues in humamglsesociety. Because of
this, seeking renewable and sustainable energycesus believed a potential
solution to solve the faced energy crisis of ooreti Among many varieties of
sustainable energy sources (such as solar, wirdtppgwer, and geothermal),
efficient conversion of solar energy into usefuinis has attracted a lot of
attentions due to the huge amount of energy avail&very year, the total solar
energy flux reaching the Earth's surface is ab@%,a00 TW* The successful
harvesting of 0.04% of the solar energy can prodic& W of energy, which is
sufficient to cover global energy needs. One of thest attractive means
proposed to fully utilize solar energy is to cortveolar energy into electrical
energy or provide access to chemical energy stiorddels such as hydrogen.
Hydrogen is potentially high-efficiency fuel withigh energy density of ~140
MJ/Kg.! Besides, hydrogen is a chemical fuel that cantreéb oxygen in a
hydrogen fuel cell to produce electricity, with erats a side product. Therefore,
production of hydrogen in an environment-friendtydeeffective way is highly

desirable.



1.1 ThePrinciple of Photoelectrochemical Water Splitting

Solar water splitting is an environmentally frigndeaction of producing
hydrogen gad? which is known to be an endothermic process:

H20g — Hag) + %O (AG = 237.2 kJ mot, E° = 1.23 Vvs. NHE)

This process can be achieved in a PEC cell usityp@&-semiconductor as
the photoanode in the presence of a metal cat(féidere 1a). For candidate
n-type semiconductor for photoanode like metal egjdonly large bandgap
metal oxides such as anatase JJi&TiO; and KTaQ can straddle the water
reduction and oxidation potentidi$iowever, due to their bandgaps, only small
amount of sunlight, especially in the UV region ¢eabsorbed and used. This
limitation combined with the overpotential and obnairop losses restrict the
energy conversion performance of PEC cell. To sthie problem, extensive
efforts have been invested into improving the stdanydrogen (STH)
conversion efficiency and lower the production coftphotoelectrochemical
devices. The *“Z-scheme” photoelectrochemical devicensisting of a
photoanode and a photocathode has been demonstmtbd a promising
approach to achieve direct water splitfing (Figure 1b). In this device,
photoexcited electrons in photocathode will diffteesemiconductor/electrolyte
interface to generate hydrogen, while photo-gerdrables in photoanode will
be used in water oxidation. In such a Z-schemecdewhe photocurrents of
photocathode and photoanode have to be matcheddér to get the optimal
performance. In the last few years, researchers hrade significant progress in

developing high performance photocathodes. For gl@nt has been reported



that Rh-modified single-crystal InP has achieve Sifficiency of 13%." *°
Besides, planar Pt/p-Si photocathodes show about 30 mA7gphotocurrent
under one sun, which is close to 10% STH conversfficiency®. On the other
hand, photoanodes still have lower photocurrensitigrwhich limits the overall

efficiency for direct water splitting ™%

a b
A
2 — e
‘_ 1
&1
|| CB ¢ €
T H.O e
s o(H, ho 2 o
TR s e il E°(H*/H,) H,
T
z Semiconductor
¢ 1 cathode
> ............ EQ(OZIHZO) H O
oh* | —Ho0 =
, VB ( o, o, VB
Semiconductor cathode Semiconductor
anode anode

v

Figure 1.1 (a) Scheme of photoelectrochemical water splittoell based
onn-type semiconductor photoanode. VB and CB are thiereaiations for
valence band and conduction band, respectivelyS@ematic illustration of a
Z-scheme photoelectrochemical device. Solid and tgngircles represent
photoexcited electrons and holes.

1.2 Advances of Using Hematite as Photoanode

A number of ntype semiconductors, such as ZO'"%® znoZz"3*
WO3,*** and BiVQ,* 3" ***3have been studied as photoanode materials for
water splitting. Among them, hematite is one of thest attractive materials for
photoanodé:  ***® Hematite has a favorable optical bandgap arouBe2 2
eV* for harvesting solar light, which correspondingatdigh theoretical STH

conversion efficiency of 14-179%.Iron is the fourth most abundant element in



the Earth's crust (6.3% by weightand hematite is a low cost material. In
addition, hematite is chemically stable in solusimf different pH* However,
the STH conversion efficiencies of reported heraatghotoanodes are
considerably lower than the theoretical value, @mMa its very short excited
state lifetime (<10 psY. short hole diffusion length (~2-4 nmYf* poor surface

oxygen evolution reaction kinetié3,and poor electrical conductivity (f@™

Cm—l) .5

1.3 Element-doped Nanostr uctured Hematite Photoanode

The recent development of hematite nanostructuréssluding
nanoparticles? % ° nanowire€® ¢ and nanonet® °® opens up new
opportunities in addressing the abovementionedtdiions. Nanostructured
photoanode offers increased semiconductor/eletérahyerfacial area for water
oxidation, as well as substantially reduced diffasiength for minority carriers.
Therefore, nanostructured hematite photoelectratesexpected to be more
efficient in charge carrier collection than theidlbcounterpart§® For example,
Lin et al. reported the growth of ultrathin hematite film @%) on a conductive
nanonet structure. The nanonet-based hematite gmode achieved an
excellent photocurrent of 1.6 mA/énat 1.23 VWvs. RHE, which is four times
higher than the value obtained from the planar $amh the same thickness.
The photocurrent enhancement was due to the irexteastivation sites for
water oxidatior??

The recent development of nanostructured hemalkitetredes improved



their performance by increasing the effective stefarea and decreasing the
diffusion length for minority carriers, howeverdbes not improve the intrinsic
optical and electronic properties of the electraugerials. To further improve
the photoactivity of hematite photoanode, elementirty has been extensively
studied to improve the structural, electronic aptioal properties of hematite.
The role of dopants, such as®§i®®7°S;j%8 679 | 7180 \g 8L 82 71y 1. 78 g 80
Mo,?® and Srf 6% 69 80. 81, 8498, the PEC performance of hematite have been
investigated. Recently, there is an increasingrésteof developing Sn-doped
hematite nanostructured photoanode due to thefisigmi effect of Sn doping

on the photoactivity of hematite. €nis a tetravalent dopant that can be
substitutionally doped into hematite at the®*Fsites®® ™ 8 The electrical
conductivity of Sn-doped hematite is enhanced ke dbcurrence of bivalent

ions, F&". The local pairs of F&-Sri* play a role as donor centers in the

hematite, causing enhanced electroconductiity.

1.4 Oxygen-deficient Hematite Photoanode

Although elemental doping has been proved to kectiie in manipulating
the properties of hematite, the incorporation opaits could be challenging,
due to the size discrepancy between the dopant atainthe element of host
crystal, especially for large sized metal atoms.alidition to introducing
extrinsic dopants into semiconductors, the cawmenmsities of metal oxide can
also be enhanced by creating intrinsic defects.g@ryvacancies function as
shallow donors for a number of metal oxides, initigchematite’® *° Several

approaches can be used to introduce oxygen vascaae example, Wang and



co-workers in our lab have demonstrated that oxygerancies can be created
in TiO, by a simple hydrogenation procé&sSamples with oxygen vacancies
yield substantially enhanced photocurrent densitiés anticipated that creating
oxygen vacancy (3 and thereby Fé sites in hematite could significantly
increase its conductivity via a polaron hopping hatsm>> However, the same
hydrogenation method is not appropriate for hemdigcause it is more easily
to be reduced in hydrogen to photo-inactive bladgnetite, which shows no
photocurrent. Alternatively, we prepared highly doative and photoactive
hematite through thermal decompositioneFeOOH in an oxygen-deficient
atmosphere (N+ air). The oxygen content during thermal activataffects
significantly the formation of ¥ and thereby the photoactivity of hematite
nanowires for water oxidation. This is the firstndmnstration of highly
photoactive hematite nanowire arrays at relatively activation temperature

without element dopant.

1.5 PEC Perfor mance M easurement

A three-electrode PEC cell was used to measuréH@ performance of
the hematite photoanodes (Figure 1.2a) Hematit®starcture samples were
the working electrodes. A coiled Pt wire was use@ a&ounter electrode and an
Ag/AgCI (1M KCI) electrode was used as a referesleetrode. The Electrolyte
was 1M NaOH aqueous solution (pH 13.6), deaerajedunging N gas into
electrolyte. The PEC measurements were recordedarbyelectrochemical
workstation (Model CHI 660D, CH instruments, In8ystin, TX); and a solar

simulator (Newport, Model 69907) coupled to a fill&M 1.5G) using a 150 W



Xenon lamp as the white light source (Figure 1.2b).

Solar Simulator
Counter Working Reference
‘electrode electrode electrode

Three-electrode
PEC cell

Electrochemical Workstation

Quartz cell

Figure 1.2 (a) Scheme of three-electrode PEC cell. (b) Schenllastration of
PEC measurement system.
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Chapter 2

Sn-doped Hematite Nanostructures for Photoelectr ochemical Water

Splitting

Abstract

We report the synthesis and characterization ofi@ed hematite nanowires
and nanocorals as well as their implementation d®tganodes for
photoelectrochemical water splitting. The hemata@owires were prepared on
a fluorine-doped tin oxide (FTO) substrate by arbgtiermal method, followed
by high temperature sintering in air to incorpor&te diffused from the FTO
substrate, as a dopant. Sn-doped hematite nanseeoead prepared by the same
method, except tin(IV) chloride (Snlwas added as the Sn precursor. X-ray
photoelectron spectroscopy (XPS) analysis confiSn® substitution at F&
sites in hematite, and Sn-dopant levels increagh sintering temperature.
Sn-dopant serves as an electron donor and increheesarrier density of
hematite nanostructures. The hematite nanowirdsreih at 800 °C yielded a
pronounced photocurrent density of 1.24 mAfan1.23 Vvs. RHE, which is
the highest value observed for one-dimensional h&mastructures. In

comparison to nanowires, Sn-doped hematite nanisca=zhibited smaller
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feature sizes and increased surface areas. Saymifjc they showed a
remarkable photocurrent density of 1.86 mAfcah 1.23 Vvs. RHE, which is

approximately 1.5 times higher than the nanowirdirafast spectroscopy
studies revealed that there is significant electrole recombination within the
first few picoseconds, while Sn-doping and surfam@phology have no major
effect on the ultrafast dynamics of the chargeieesron the picosecond time
scales. The enhanced photoactivity in Sn-doped tienmanostructures should

be due to the improved electrical conductivity armcteased surface area.

2.1 Introduction

Photoelectrochemical water splitting is a promisimgethod of
transforming solar energy into chemical energyestan the form of hydrogen
in an environmentally benign manrfe? In the past decades, metal oxide
semiconductors have been extensively studied aso@lectrodes for water
splitting *® Among different metal oxide materials, hematite-Ke,0s) has
attracted a lot of attentidr??* due to its favorable optical bandgap (2.2 eV),
extraordinary chemical stability in oxidative emnment, abundance, and
low-cost. However, the photoelectrochemical activif hematite is limited by
several key factors such as relatively poor abadtyt very short excited-state
lifetime (~10" s)2° poor oxygen evolution reaction kineti/sand a short hole

diffusion length (2-4 nmj°
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To address these limitations and improve solar emion efficiency,
enormous efforts have been focused on the develupnoé hematite
nanostructures and the modification of their etmutr structure via elemental

11, 13, 15, 20,

doping? %8 Hematite nanostructures with an increased

semiconductor/electrolyte interface and reducetusidn length for minority
carriers are expected to be more efficient in ahayrier collectiorf: ** 1% 2%t

has recently been reported that a cauliflower-tgpenatite nanostructure was
prepared by atmosphere pressure chemical vaporsitiepo(APCVD), which
showed improved photocurrefitOn the other hand, hematite structures have
been doped with different elements such a8 813! Tj,1% 18 29.32p] 32.33 g 13

16 7n3432Mo,** Cr3* and Snt> ** Dopants can play distinct roles in enhancing
PEC activity of semiconductor materials. For exampmlopants such as*Ti
have been reported as an electron donor by sufistially replacing F& and
reducing F& to Fé*.*> 32t can improve the electrical conductivity of heitea

via a polaron hopping mechaniéth.* Nevertheless, Si-doped hematite
nanocrystalline films prepared by APCVD produceldeachmark photocurrent
density of 2.7 mA/crhat 1.23 Vvs. RHE under a simulated solar light of 100
mW/cnf, which was substantially higher than that of uretbpematité> 23

Si as a dopant was believed to lead to the formaifohematite dendrites with

substantially increased surface area, which redtleetiole diffusion length and

thereby the electron-hole recombination. Recefliyula et al. have reported a
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mesoporous hematite structure with pronounced photent density’
Significantly, they observed that Sn diffused froime FTO substrate into the
mesoporous hematite film when the substrate wasrsith at a high temperature
(800 °C). The incorporation of Sn caused a two-faithancement in the optical
absorption coefficient as a result of the strudtaligtortion of the hematite
lattice. The unintentional Sn doping was believeglay an important role in
the enhanced photoactivity of hematite. Despité, tthe effect of Sn doping in
hematite nanostructures is still not well underdtda this work, we report for
the first time the growth of intentionally Sn-dopleeimatite nanostructures on a
conducting substrate. We independently confirmesl $n diffusion from the
FTO substrate reported in the Sividaal. paper, and further investigated the
effect of Sn doping on the morphology and electrgmioperties of hematite
nanostructures using photoelectrochemical measursmend ultrafast laser

spectroscopy.

2.2 Experimental Section

Synthesis of hematite nanostructures. Hematite nanowires were prepared
on a fluorine-doped tin oxide (FTO, TEC 15, Pikmgiglass) glass substrate by
a modified procedure based on Vayssietes.’s work*® A teflon-lined stainless
steel autoclave was filled with 20 ml aqueous sotutontaining 0.15 M of

ferric chloride (FeGl6H,O, Acros, 99+%) and 1 M sodium nitrate (NafO
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Fisher 99.4%) at pH 1.5 (adjusted by HCI). A pieté&TO glass slide, washed
with acetone, ethanol, and then deionized wates, pud into the autoclave and
heated at 95 °C for 4 hr. A uniform layer of iroxybydroxides (FeOOH) film
(yellow color) was formed on the FTO substrate. He®OH-coated substrate
was then washed with deionized water to remove wsidual salt, and
subsequently sintered in air at 550 °C for 2 hriluthe sintering process, the
FeOOH nanowires were converted into hematite namswi For
photoelectrochemical measurements, hematite naeswivere annealed at
various temperatures in a range from 550 to 850fdiCadditional 20 min.

Heating ramp rate was 100 °C /min.

Sn-doped hematite nanocorals were prepared byaime procedure for
undoped hematite nanowires, except 1 ml tin(IV)odde (SnCJ) ethanol

solution (10 mg/ml) was added as the tin precurgorthe solution mixture.

Structural characterization: The hematite nanostructured films on FTO
substrate were characterized by PXRD with a Rigakericas Miniflex Plus
powder diffractometer. Diffraction patterns wereaeled from 20 to 80°®

with a step size of 0.04° at 1°/min.

Fabrication and PEC measurement of hematite nanostructured

photoanodes. Hematite nanostructures were fashioned into phoes by
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securing a copper wire onto a bare portion of Fli@state by soldering. The
substrate was then sealed on all edges with epesin except for a working

area of 0.12 cf

All PEC measurements were carried out in a threetade
electrochemical cell utilizing a coiled Pt wire ascounter electrode and an
Ag/AgCI electrode as a reference. The Electrolytes an aqueous solution of
NaOH with a pH of 13.6, deaerated by purgingdds into electrolyte. All-V
measurements were recorded by an electrochemicdstation (Model CHI
660D, CH instruments, Inc., Austin, TX); and a sotmulator (Newport,
Model 69907) coupled to a filter (AM 1.5G) usind.da0 W Xenon lamp as the
white light source. The light power density of 1®®V/cn? was measured with
a power meter (Molectron, PM5100). IPCE charadiessvere measured with
a monochromator (Oriel Cornerstone 130 1/8m). Ebetemical impedance

data were measured at 10 kHz under the same comdil-V dark scan.

Ultrafast Studies of Photoexcited Electron Dynamics: The ultrafast laser
system is based on a Quantronix-designed femtodetas®er system, which
consists of an Er-doped fiber oscillator, a regatieg/multi-pass amplifier, and a
diode-pumped, Q-switched, second harmonic Nd:YLURplaser (527 nm, 10 W
capacity). Before injection into the amplifier, gied pulse amplification was

performed to temporally stretch, amplify, and repoess the initial short pulse,
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resulting in a pulse near its original duratiorn, wéh a vastly higher energy level.
After amplification, the as-generated fundamenf&5(nm) was beam-split to
generate both a white light continuum (WLC) proh#sp as well as feeding a
tunable optical parametric amplifier (OPA) that sisis of two delay stages: a
signal pre-amplification stage and a power amgitian stage. The output of the
OPA was passed through wavelength separators er ¢odachieve a tunable
pump wavelength. The system operates at 750 Hiitiepeate. The final output
was ~130 fs pulses, with a power output of ~10Quidé at the sample, centered
at 540 nm excitation wavelength which was atterdiateh neutral density
filters. The pump beam was overlapped spatially engporally with the WLC
probe beam at the sample. The time delay betweepump and probe beams
was controlled by a translation stage withut resolution. Each sample was

tested for six cycles to achieve a lower-noise ayeresponse.

2.3 Results and Discussion

Hematite nanowires were synthesized on a FTO glabstrate using a
modified hydrothermal method based on Vayssietes.'s work (Experimental
Sectionsy® A uniform layer of iron oxyhydroxides (FeOOH) navice film
(yellow color) was formed on a FTO substrate afteating the substrate in an
aqueous solution containing 0.15 M FegGit 95 °C for 4 hours. These

FeOOH-coated substrates were sequentially sintarant at 550 °C for 2 hours
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to obtain hematite nanowires. The film's color ofpaeh from yellow to red after
sintering, suggesting successful conversion fro@®H to a-Fe0s. Scanning

electron microscopy (SEM) image (Figure 2.1a) stibweat the red film was
covered by nanowires with a diameter of about 60 amd an average wire
length of 700 nm. Powder X-ray diffraction (XRD)tdeaobtained from these
nanowire films can be indexed to the characterigtiaks of hematite (JCPDS
33-0664) (Figure 2.1c), after subtracting the dition peaks originated from
the FTO substrate. The absence of FeOOH diffracpeaks indicates the
complete conversion of FeOOH teFe0s. Strong (110) diffraction implies
these hematite nanowires are highly oriented i@]#ilrection on the substrate,
which further suggested the growth axis of theseonéres should be along
[110]. Importantly, it has been reported that hemmaias a strong anisotropic
conductivity; four orders of magnitude higher alotige [110] direction than
orthogonal to thert: *° It facilitates the collection of photoexcited dhems

along the nanowire axis via hopping througti/Fe" mixed valence structurg.

To induce the diffusion of Sn from the FTO layewithe hematite, the nanowire
films were further sintered at 600, 650, 700, 800 850 °C for an additional 20
min. The SEM image (Figure 2.1b) together with XD results (Figure 2.1c)
revealed that neither the structure nor the crygtahse of the hematite
nanowires changed after high-temperature sintefihg.diameters of nanowires

were slightly increased to ~80 nm after sintering8@0 °C, possibly due to
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aggregation in the sintering process.
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Figure 2.1 SEM images of hematite nanowires sintered at §8) € and (b)
800 °C. Scale bars areuin. (c) XRD spectra collected for hematite nanowires
sintered at 650 and 800 °C. The blue and orangs lighlighted the diffraction
peaks ofa-Fe,0; (JCPDS 33-0664) and SpQICPDS 41-1445), respectively.
The SnQ diffraction peaks originated from the FTO substrat

To confirm the incorporation of Sn diffused from GTsubstrate into
hematite nanowires, X-ray photoelectron spectrogcfPS) analyses were
performed on each sample. The Sn 3d XPS data iféylsummarized in Table
2.1. While Sn was not detected in FeOOH or as-pegphematite nanowires,

the results confirmed the presence of Sn dopirgjlihematite samples sintered
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at temperatures at or above 650 °C (Figure 2.2@9.9n/(Sn+Fe) atomic ratios
(Sn%) of these unintentionally Sn-doped hematiteomare samples increased
with sintering temperature. Although the hemataeawires annealed at 850 °C
yielded the highest Sn% of 11.1%, the sintering880 °C caused severe
distortion of the glass substrate and the FTO lagecame insulating.
High-resolution Sn 3d XPS spectra of each uninbaatly Sn-doped hematite
nanowire sample exhibited two peaks centered at.14%d 486.4 eV,
corresponding to Sn 3dand Sn 3¢, peaks (Figure 2.2b). The binding energy
of Sn 3d (486.4 eV) is between the typical values for $1i@86.6 eV) and
metallic Sn (484.6 eV’ and indicates that the Srdopants are substitutionally

incorporated at the Besites in the hematite lattice.

Table 2.1 Summary of Sn 3d XPS data for FeOOH, undoped andofad
hematite samples

Sample FeOOH Undoped hematite nanowires Sn-doped hematite nanocorals
Temperature - 550 600 650 700 800 850 650 800
Sn % 0 0 0 1.1 0.9 9.9 111 5.516 9.412
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Figure 2.2 (a) XPS survey of hematite nanowires and nanceaiatered at 650
and 800 °C. (b) High-resolution Sn 3d XPS specttaematite nanowires

Photoelectrochemical measurements were performadhree-electrode
electrochemical cell using hematite nanostructoreETO as working electrode,
a platinum coil as counter electrode and a referent Ag/AgCl. The
photocurrent density-applied potential-\{) scans for hematite nanowire
photoanodes, sintered at various temperatures, me@sured in 1M NaOH

electrolyte (pH 13.6) deaerated by purging nitroges into electrolyte, in the
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dark and with the AM 1.5G simulated solar lightt@0 mW/cnf (Figure 3.3a).
The measured potentials. Ag/AgCIl were converted to the reversible hydrogen

electrode (RHE) scale according to the Nernst eguat

Erne= Eagiagel + 0.059 pH +E%Agiagei

whereEgrye is the converted potential vs. RHE agagci = 0.1976 V at 25 °C,
andEagagcl is the experimentally measured potential againgA§Cl reference.
The as-prepared hematite nanowires (sintered atGhQielded a relatively low
photocurrent density of 0.035 mA/émat 1.23 Vvs. RHE. Significantly, the
photocurrent densities of these hematite nanowdrestically increased with
sintering temperature (Figure 2.3a). The onset &atpre was 650 °C (Figure
2.3a, inset), which was consistent with the incgea$ Sn%. This result
suggested a strong correlation between Sn% andogimoént density of
hematite. The sudden drop of photocurrent for thedtite nanowires sintered
at 850 °C can be ascribed to the considerably ase@ resistivity of FTO
substrate. In addition, the onset of dark scansvehifted to more positive
potential, as the resistivity of FTO substrate éased with sintering temperature.
The hematite nanowires sintered at 800 °C exhilatedonounced photocurrent
density of 1.24 mA/cf at 1.23 Vvs. RHE, and reached a maximum
photocurrent density of 1.95 mA/érat 1.6 Vvs. RHE. To our knowledge, this

is the highest photocurrent density observed fomdige nanowires. All
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hematite nanowires sintered at various temperatah@sved similar turn-on
voltage around 0.6-0.7 Vs. RHE. This voltage is relatively low compared to
the typical values ranging from 0.8 to 1.0 V observin other hematite
structures without catalyst' ** ?° thus, improving the photocurrent at lower
bias voltage. Similar turn-on voltage was obtaimedhe previously reported
hematite nanowires prepared by the same method &si precursor®. The
shift might be related to the growth method andsjibg the morphology of

hematite structure, although further studies acesgary to elucidate the reason.
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Figure 2.3 (a)J-V scans collected for hematite nanowire photoansuigsred at
different temperatures, with a scan rate of 10 mX/ssamples were measured
in 1M NaOH electrolyte (pH 13.6) with the AM 1.5@Gmailated solar light at
100 mW/cri. Inset: photocurrent densities at 1.23/4/ RHE are plotted as a
function of sintering temperature. (b) IPCE speotfa hematite nanowire
samples sintered at 650 and 800 °C, collectedeainitident wavelength range
from 350 to 650 nm at a potential of 1.234%/ RHE.

Incident-photon-to-current-efficiencies  (IPCE) fomunintentionally
Sn-doped hematite nanowires sintered at 650 and@Q@@ere measured at 1.23
V vs. RHE as a function of incident light wavelengthgiiie 2.3b). IPCE is
expressed as IPCE = (1249{i*Jign:), Wherel is the photocurrent density
(mA/cn?), 4 the incident light wavelength (nm), arl (mWicnf) is the
power density of monochromatic light at specificvet@ngth. The hematite
nanowires sintered at 800 °C showed substantiatliyaeced IPCE values
compared to the sample annealed at 650 °C at alsuned wavelengths, which
are consistent with theid-V characteristics. Their IPCE dropped to zero at
wavelengths above 610 nm, which shows that thecalpttandgap of these
hematite nanowires is ca. 2 eV. The observed emtapbotocurrent density
could be ascribed to the improved absorption ccieffit of hematite as reported
in the Sivulaet al. work?° as well as the increased electrical conductivity a

substitutional Sn-doping is expected to act adectren donor.
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Figure 2.4 SEM images of hematite nanocorals sintered di)(650 °C and (c,
d) 800 °C. Scale bars arquth in (a, ¢) and 400 nm in (b, d).

Based on the above experiments, we confirmed theiffrsion from
FTO substrate, as first reported in Sivellal. paper, and substantially enhanced
the photoactivity of hematite nanowires for watepliting. Despite that
high-temperature sintering can introduce Sn from #IO substrate into
hematite, and the loss of Sn will considerably ddgrthe electrical conductivity
of the FTO substrate and it is certainly not idedimit the hematite growth on
the FTO substrate. Moreover, to understand thectefi® Sn doping on the

photoelectrochemical performance of hematite, &ebebntrol of Sn doping is
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necessary. Here we report for the first time thentlsgsis of hematite
nanostructures on a conducting substrate with otk Sn doping. The
Sn-doped hematite samples were prepared in conglisomilar to that of the
undoped samples (Experimental Sections), exceptatsd tin(IV) chloride
(SnCly-xH20) dissolved in ethanol solution (10 mg Sp®@ 1 ml ethanolwas
used as the Sn precursor. A control sample prepargéde same amount of
ethanol solution without Sngivas made for comparison. SEM image (Figure
2.4a and b) revealed the formation of coral-lik@osructures constituted by
small nanorods, with an average diameter of ~40antha length of ~100 nm,
in the Sn-doped sample. High-temperature sinteain§00 °C caused a small
increase in the size of rod-like structures in tr@nocorals as a result of
aggregation (Figure 2.4c and d). The control sarsptaved unique morphology
that is different from both the undoped hematiteaveires and Sn-doped
nanocorals (Figure 2.5a and b). It confirmed theg drastic morphological
change from nanowire to nanocoral was due to teegnce of ethanol solution
and Sn-doping. XRD data confirmed the ethanol smuand Sn-doping did not
change the hematite crystal structure, while tffifieadtion patterns changes due

to the morphological change of material, as expe(fegure 2.5c).
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Figure 2.5 SEM images of hematite nanostructures preparedeimpresence of
ethanol solution (without Sng}l These samples were sintered at (a) 650 °C and
(b) 800 °C. (c) XRD spectra collected for hematismowires, nanocorals and
control samples sintered at 650 and 800 °C. The ldnd orange lines
highlighted the diffraction peaks af-Fe,0; and SnQ@, respectively. Their
characteristic diffraction peaks were identifieddazan be indexed ta-Fe0s
structure (JCPDS 33-0664). The Sigaks are believed to be originating from
the FTO substrate.

XPS data collected from Sn-doped samples offeectevidence of Sn
incorporation in hematite nanocorals. As shownabl& 1, the Sn% of hematite
nanocoral sintered at 65C (5.5%) is five times higher compared to the
relevant hematite nanowire sample, confirming thecessful preparation of
intentionally Sn-doped hematite. On the other hahe, Sn-doped hematite

nanocoral film sintered at 800 °C has comparabié $4%) with the undoped
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sample (9.9%). In comparison to Sn-doped nanociraéred at 650 °C, the
additional ~4 % Sn-doping is expected due to thedBiusion from FTO

substrate. While the Sn precursor substantiallyem®es Sn% in hematite at
lower sintering temperature, the maximum level ah%S seems to be
intrinsically limited by the sintering temperatuaad hematite structure, even in

the presence of excess Sn precursor.

The J-V curves for Sn-doped hematite nanocorals, sintate6b0 and
800 °C, were measured under the same conditionsndeped samples. In
comparison to hematite nanowires, the Sn-doped tienmanocorals sintered at
650 °C showed a remarkable 8-fold enhancement atoghirrent density, up to
0.94 mA/cnf at 1.23 Ws. RHE (Figure 2.6a). The enhanced photocurrent can
be attributed to the increased Sn% as well as sidsea in Sn-doped hematite
nanocorals. This work demonstrated an importanthatetto significantly
enhance the photoelectrochemical performance oftiarunder relatively low
sintering temperatures. Significantly, the Sn-dopadocoral sample sintered at
800 °C showed an even higher photocurrent den$ify& mA/cnf at 1.23 V
vs. RHE, which is about 1.5 times higher than the temtionally doped
nanowire sample sintered at the same temperatematite nanocorals showed
a positive shift of photocurrent onset potentiainir 0.65 to 0.8 Ws. RHE,

compared to nanowire samples. This positive shdtcates the water oxidation
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kinetics is limited possibly due to the increasedace trapping states as a result
of increased surface area. Similar shift of photamnt onset potential has been
observed for other hematite structute$’ The shift can be addressed by
coupling the hematite nanocorals with an efficiexygen evolving catalyst, and
we anticipate that hematite nanocorals can achéen higher photocurrent

density at the same potential.

While the nanocorals and nanowires sintered at’80Bave comparable
Sn%, the considerable difference of photocurrensite observed in these two
samples indicates that Sn-doping is not the onbsaoa for the increased
photocurrent. In comparison to nanowires, nanosdnave smaller feature size
and an increased surface area that facilitatedlithesion of photoexcited holes
and thereby reduced the electron-hole recombinafibrs is consistent with the
recent report on an encapsulated hematite porootamode that showed a
significant increase in water oxidation photocutfetPCEs were collected at
1.23 Vvs. RHE for Sn-doped hematite nanocorals sinteredb@tahd 800 °C
(Figure 2.6b). In comparison to the undoped narmwamples sintered at the
same temperatures, Sn-doped hematite nanocoralgedhaniformly higher
IPCE values in the whole visible region. The reswte consistent with the
differences of photocurrent densities observedhm undoped and Sn-doped

samples. At comparable photocurrents, the IPCEegalut visible regione(g.
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500 nm) obtained from these hematite films aretixedly low compared to the
previously reported IPCE collected at the same 3i&sThis could be due to the

differences of the lamp power output at various el@ngths in each labs.
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Figure 2.6 (a) Comparison aod-V scans collected for hematite nanocorals (solid
lines) and nanowires (dashed lines) sintered ata®lD800 °C, with a scan rate
of 10 mV/s, in 1M NaOH electrolyte (pH 13.6) withet AM 1.5G simulated
solar light at 100 mW/cfn (b) Comparison of IPCEs for hematite nanocorals
(solid lines) and nanowires (dashed lines) sintate@50 and 800 °C, collected
at the incident wavelength range from 350 to 650atm potential of 1.23 Vs.
RHE.
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PEC measurements were performed to study the gbotahemical
properties of the photoanodes fabricated from dmshlled, CdS and CdSe
co-sensitized ZnO NW arrays. All PEC measuremergsevearried out in a
three-electrode electrochemical cell in a stirrelditson bubbled with nitrogen,
with a coiled Pt wire as a counter electrode andAgfAgCl electrode as a
reference. A mixture of 0.25 M Na and 0.35 M N&O; aqueous solution was
used as electrolyte and sacrificial reagent to taainthe stability of CdS and
CdSe. The electrolyte had a pH of ~9.5 and thetisolyotential was about
-0.56 V. I-V measurements were made on a SolartB80B potentiostat
coupled to an infrared water-filter (Oriel no. 6)2i5ing a 1000 W Xenon Arc
Lamp as the white light source. The CdS QD sersltzZnO NWs were faced
towards the incident light in all PEC measuremeirisorder to allow light
penetrates through the first layer, we intentiona#lduced the loading of CdS
QDs. The CdSe QD was in maximum loading for conepligiht absorption. For
comparison, double-sided ZnO NWs (denoted as ZnO}Z&8dS QD sensitized
ZnO NWs (denoted as CdS-ZnO-ZnO-CdS) and CdSe @Bitseeed ZnO NWs
(denoted as CdSe-ZnO-ZnO-CdSe) were prepared inlasirgrowth and
sensitization conditions, and used as control sasnfdr measurements. Figure
3.6 shows a set of linear sweep voltammagrams dedofrom these NW
photoanodes in dark and at illumination of 100 mW/AM 1.5). All

samples showed small dark current density, in tderoof 10* to 10° mA/cn?
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from -0.7 V to 0.4 V vs. Ag/AgCl. Only the dark smaof ZnO-ZnO and
CdS-Zn0O-Zn0O-CdSe samples are plotted in Figurdad?.6larity. While all NW
photoanode showed pronounced photoresponse urgler illumination, QD
sensitized NW samples exhibited substantially eoédmphotocurrent compared
to pristine ZnO NWs. This can be attributed to thgroved visible light
absorption by the QDs, as shown in UV-vis absompstudies (Figure 2.7). The
results confirmed efficient interfacial charge sBer between CdS, CdSe QDs
and ZnO NW. Significantly, the co-sensitized CdS9ZAnO-CdSe NW showed
a maximum photocurrent density of ~12 mAfcat 0.4 V, which is about two
times larger than that of single sensitized samp&3S-ZnO-ZnO-CdS and
CdSe-Zn0O-Zn0O-CdSe). The data indicate that thedémti light transmitted
through the CdS-ZnO layer to the CdSe-ZnO laydhatback of the substrate
and the light was absorbed by both layers. Moreomamtly, there was a
synergistic effect in the co-sensitized sample tleat to the photocurrent

enhancement.

To understand the role of Sn-doping on the eleatrgmoperties of
hematite in electrolyte solution, we performed #t®hemical impedance
measurements in the dark to determine the capaeitaof hematite
nanostructures (Analytical Methods, Supporting tnfation). The carrier

density and flatband potential at hematite/elegteointerface can be estimated
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by the Mott-Schottky equatidn
1IC? = (2feoseoNe)[(V-Vee)-KT/eg]

where C is the specific capacitance (FRme; is the electron charge, the
dielectric constant of hematitey the permittivity of vacuumNy the carrier
density,V the electrode applied potenti&kg the flatband potential, and /ey is
a temperature-dependent correction term. Reprdsantslott-Schottky plots,
collected from hematite nanowires and nanocoraésfeequency of 10 kHz are
presented in Figure 3.7. In contrast to planar $aspphey exhibit a nonlinear
behavior due to the cylindrical geometry of the owaines. By extrapolating the
X-intercepts of the linear region in Mott-Schottkiots (1/C vs. V), Vs of
hematite nanowires sintered at 650 and 800 °C fYeersd to be ~0.47 and 0.49
V vs. RHE (Figure 2.7). The/gs potentials are consistent with the values
reported for other hematités.The Ves of nanocorals was not able to be
measured due to the strong nonlinearity of MotteBily plots (Figure 2.7,
inset).

According to the Mott-Schottky equation, the slagethe plots has an
inverse relationship with the carrier density ahsmonductor film.

Ng = (2/eozeo)[d(1/C?)/aV] ™

The positive slopes indicated that hematite naresvénd nanocorals anetype
semiconductors. The slopes determined from theysisabf Mott-Schottky plot

were used to estimate the donor densities. Withvalue of 80 for hematit®,
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the electron densities of hematite nanowires sidtext 650 and 800 °C were
calculated to be 1.89xiDand 5.38x18 cm®. The carrier densities are
comparable to the reported values for Si-doped kiemnastructured’

Significantly, both nanowire and nanocoral samglesered at 800 °C showed
substantially increased donor density comparedh® samples sintered at
650 °C. These data provided direct evidence to aupihat the Sn-doping
served as an electron donor, and the donor densitgased with Sn% in

hematite.
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Figure 2.7 Mott-Schottky plots of hematite nanowires collecteth a scan rate
of 10 mV/s, in 1M NaOH electrolyte (pH 13.6), iretdark at a frequency of 10

kHz. Inset: Mott-Schottky plots of hematite nan@srcollected at the same
conditions.

Ultrafast spectroscopy studiés were carried out to probe the
fundamental charge carrier dynamics following pkeatitation and to

understand the possible effect of Sn-doping andasermorphology on the
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photoexcited electron dynamics in hematite. Theafdst transient absorption
profiles of hematite nanowires sintered at 650 &0@ °C are shown on three
different time scales in Figure 3.8a-c. A pulsetitimited rise of the signal is
followed by a decay that can only be fit to a npitiexponential. Two sets of
very good curve fits were obtained using a triplpamential. The time constants
for the 650 and 800 °C hematite nanowires are 0.36%1 and 73.37 ps and
0.351, 2.304 and 67.4 ps, respectively. These tiorestants were convolved
with a Gaussian (fwhm 130 fs) representing the ssousrelation of the pump
and probe pulses. Several important features wisatoded by comparing the
transient absorption decay profiles of the hematamples. First, the overall
charge carrier decays for hematite nanowires ang fast, without measurable
transient absorption beyond 200 ps. The very fastyl is likely due to a high
density of bandgap electronic states caused bynaitelefects and/or surface
defects. This is consistent with the decay profileported previously for
hematite nanoparticlé@.40 Second, hematite nanowires sintered at 650 °C
showed relatively slower decay than those sintete800 °C (Figure 2.8a-c).
The two hematite nanowire samples have similarcgiral morphology but
different Sn%. Their similar dynamics features ssgig Sn-doping has
insignificant effect on the photoexcited electropnamics, at least on the
picosecond time scale. Finally, it is known thatenial morphology and surface

area can affect the electron dynamics in semicaodticin this regard, the
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decay profiles of two hematite samples preparedoiation with and without
ethanol were investigated and compared. These antples were sintered at
650 °C have similar Sn%, but different morphologyl surface area. As shown
in Figure 6d, their decay profiles are essentitily same in both the 0-10 ps and
0-200 ps windows, indicating the effect of morplyit@l change on the electron
dynamics in hematite is negligible on the picosecdime scale. These
dynamics data confirm that the increase of Sn% aangdrface area in the
hematite nanostructures cannot reduce the rapgl dogphotoexcited electron
through different decay processes at very fast tsoale. Therefore, the
enhanced photoactivity observed in Sn-doped heeatianowires and
nanocorals is more likely due to the improved dodensity and electrical
conductivity. At the same Sn%, nanocorals with $endkature size and higher
surface area showed higher photocurrent density tha nanowires, possibly
due to reduced diffusion length for holes. It remsaa challenging problem to
improve intrinsic electronic structure or reducesley of trap states of hematite
materials, so that a longer photoexcited chargeecdifetime and thereby more

efficient charge separation can be achieved.
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Figure 2.8 Ultrafast transient absorption decay profiles afnhéte nanowires.
(@) the 0-10 ps, (b) the 0-40 ps, and (c) the O-pBOwindows are fit
simultaneously using a nonlinear least-squaresindittalgorithm to a
triple-exponential decay convolved with a Gaussiagpresenting the
cross-correlation of the 540 nm pump (100 nJ/(putsd, attenuated with
neutral density filters) and 620 nm probe pulsdwe Transient absorption has a
pulse width limited rise time and is best fit tdrgple exponential with 0.362,
2.451 and 73.37 ps and 0.351, 2.304 and 67.4 ps ¢onstants for 650 and
800 °C samples respectively. (d) Normalized ulstfeansient absorption decay
profiles (0-200 ps) of hematite nanowires sintea¢d®50 °C, prepared in the
solution with (red line) and without (green linghanol. Inset: the same decay
profiles in 0-10 ps window.

2.4 Conclusion

In summary, we have synthesized Sn-doped hemagit®wires and
nanocorals on FTO substrate using hydrothermal odethfollowed by

high-temperature sintering in air. In comparison tmdoped hematite
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nanostructures, these Sn-doped hematite nanosgacthowed remarkable
photocurrent densities as a result of improvedieamiensity and structural
morphology due to Sn-doping. Further improvemenipbbtoelectrochemical

performance of these hematite nanostructures quotiehtially be achieved by
optimizing the Sn dopant level at lower sinterimgnperatures and coupling
them with efficient oxygen evolving catalysts. Mover, ultrafast spectroscopy
studies revealed that there is significant electrole recombination within the
first few picoseconds, likely caused by a high dgnsf bandgap states due to
surface or internal defects, and there is a smaipligude, longer-lived

component that is likely responsible for the phatoent observed in

photoelectrochemical measurement. Sn-doping arfdcgumorphology have an
insignificant effect on early time dynamics of thkotoexcited charge carriers
but important influence on the photoelectrochemiealilts, indicating that their
effects are important mainly on the longer timdesc@he future research efforts
should focus on improving the intrinsic electromstructure of hematite

nanomaterials, in order to achieve longer photaedatharge carrier lifetime.
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Chapter 3

The Influence of Oxygen Content on Thermal Activation of Hematite

Nanowires

Abstract

We report the studies of the influence of oxygentent on thermal activation of
hematite nanowire-arrayed photoanodes for photteldwemical water
oxidation. Highly photoactive hematite nanowiresravgrepared by thermal
decomposition of akaganeit-FeOOH) naonawires at 550 °C in oxygen
deficient (N + air) atmosphere. In comparison to the hematitepde prepared
in air, they yielded a substantially enhanced ptwtent density of 3.37
mA/cn? at 1.50 Vvs. RHE, in 1 M NaOH electrolyte under front side
illumination of simulated solar light (100 mW/émAM 1.5G), which is the best
value reported for undoped hematite without oxygaolving catalyst. The
enhanced photoactivity is attributed to the imprbdenor density (one order of
magnitude) of hematite nanowires as a result oh&dion of oxygen vacancies
(FE"). X-ray photoelectron spectroscopy analysis cordithe existence of Fe

in the hematite prepared in oxygen deficient emuiment. Mechanistic studies

confirm that oxygen vacancies are formed via thenydeoxylation of
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chloride-containing akaganeite in oxygen deficiatthosphere during thermal

activation.

3.1 Introduction

Hematite ¢-FeOs) is a promising photoelectrode material for salaven
water splitting because its non-toxicity, abundartemical stability, low-cost,
and favorable bandgdp. In comparison to the most studied metal oxide
materials for photoeletrochemical (PEC) water 8plt including TiQ,°™*
ZnOM and WQ,***® hematite has a favorable bandgap of ~2.1 eV, which
accounts for a maximum theoretical solar-to-hydrod&TH) efficiency of
15%* However, the reported STH efficiencies of hemapit®toelectrodes are
substantially lower than the theoretical value, doeseveral limiting factors
such as poor conductivity, short excited-statetitife (<10 ps)® poor oxygen
evolution reaction kinetic¥, low absorption coefficien short diffusion length
for holes (2-4 nmj? and lower flat band potential in energy for waplitting.*

20 Enormous efforts have been made to overcome fioiations of hematite,
including the incorporation of oxygen evolving dgsés to reduce kinetic
barrier on hematite surface for water oxidatb®® development of
nanostructures to increase effective surface ardaeduce diffusion length for

4,5,24

carriers, as well as development of element-doped hematiténiproving

electrical conductivity and/or light absorptidn.
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Recently, we demonstrated that Fi@anowires thermally treated in
hydrogen showed increased donor density and PE@rpemce due to the
increased donor density as a result of formationoxfgen vacancies.We
anticipated that creating oxygen vacancy)(®hd thereby F& sites in hematite
could significantly increase its conductivity vigpalaron hopping mechanism.
%6 Although V4 can be created by sintering hematite in a redeicivnosphere
such as hydrogen, it may introduce H as a dopamtire structure. Additionally,
hematite can be easily reduced in hydrogen to niagn@-e0.), which is
photo-inactiveé?’” In this work, we report an alternative approachptepare
highly conductive and photoactive hematite throtiggrmal decomposition of
B-FeOOH in an oxygen-deficient atmospherg f\air). The as-grown hematite
sample showed substantially enhanced photoactogiympared to the pristine
hematite prepared in air. The oxygen content dutirggmal activation affects
significantly the formation of ¥ and thereby the photoactivity of hematite
nanowires for water oxidation. This is the firstmmnstration of highly
photoactive hematite nanowire arrays at relatively activation temperature

without element dopant.

3.2 Experimental section:

Preparation of Hematite nanowire arrays:

Hematite nanowire arrays were fabricated on a iifesdoped tin oxide
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(FTO, TEC 8, Hartford Glass Company Inc.) coateabglsubstrate based on a
previously method with slight modificatiGA. A Teflon-lined stainless steel
autoclave of 30 mL capacity was filled with 20 mfiugous solution containing
0.15 M of ferric chloride (FeGI6H,O, Acros, 99+%) and 1 M sodium nitrate
(NaNG;, Fisher 99.4%) at pH 1.5 (adjusted by HCI). A pie€ FTO glass slide,
washed with acetone, ethanol, and then deionizetérwavas put into the
autoclave and heated at 95 °C for 4 hr in an ovehraturally cool down to
ambient temperature. A uniform yellow layer of akagite f-FeOOH)
nanowire film was obtained on the FTO substratee Hkaganeite-coated
substrate was then washed with deionized wateb#ovan dry quickly with air,
and subsequently sintered in air at 550 °C for 2ha horizontal quartz-tube
furnace. During the sintering process, the akagamginowires were converted
into red hematite nanowires. For those samplesa@tien N atmosphere, the
tube furnace was first vacuumed to a pressure ofdth and then filled with
ultrahigh purity N (99.998%, Praxair). The sintering was carriedaus50 °C
for 2 hr at 740 Torr pressure with a flow rate of 50 sccm.

Material Char acterization:

The hematite nanowire films on FTO substrate whaegacterized by X-ray
diffraction (XRD) with a Rigaku Americas Miniflexli®s powder diffractometer.
Diffraction patterns were recorded from 10 to 8@h&ta with a step size of 0.02°

at 2° per minute. Scanning electron microscopy (pHivhges were collected
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with a field-emission SEM (Hitachi S-4800 Il). Ramapectra were collected
with a Nicolet Almega XR Dispersive Raman Spectranélaser wavelength
780 nm). X-ray photoelectron spectroscopy (XPS} wellected by a RBD
upgraded PHI-5000C ESCA system (Perkin-Elmer) udttgmonochromatic

X-ray at a power of 25 W with an X-ray-beam diameie10 mm, and a pass
energy of 29.35 eV. The pressure of analyzer chamias maintained below
5x10® Pa during the measurement. The binding energycatitsrated using the

C 1s photoelectron peak at 284.6 eV as the referenc

Photoel ectrochemical M easurements:

PEC measurements of the hematite samples as pdewarere carried out
in a three-electrode electrochemical cell usingo#ed Pt wire as a counter
electrode and an Ag/AgCl electrode as a refererleetrede. An aqueous
solution of 1 M NaOH with a pH 13.6 was used asdleetrolyte, deaerated by
purging N gas into electrolyte. The substrate was sealedlbedges with
epoxy resin except for an average working area.b$ @nf. All linear sweep
voltammograms were measured by a CHI 660D eleotroadal workstation
(CH instruments, Inc., Austin, TX), with front sidéumination using a solar
simulator (Newport 69920, 1000 W xenon lamp) codpléth an infrared water
filter (Oriel 6127) and an AM 1.5 global filter (Mg@ort 81094). The power
density of 100 mW/ch was measured with a power meter (Molectron,

PM5100). Incident-photo-to-current-efficiencies@QIP) were measured with the
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same xenon lamp coupled with a monochromator (@ueherstone 130 1/8m).

3.3 Results and Discussion

Akaganeite nanowires were prepared through hydsobfsFeC} (0.15 M)

in a high ionic strength (1 M NaN{) and low pH value (pH 1.5, adjusted by
HCI) environment at 95 °C for 4 At.The as-prepared yellow film on FTO
substrate was covered with nanowire arrays witmemesdiameter and length of
70 nm and 700 nm, respectively (Figure 3.1a). Xd#dfyaction (XRD) analysis
(Figure 3.2)confirms the nanowires afeFeOOH (akaganeite, JCPDS 75-1594).
The akaganeite-coated substrate was then washedeiopized water and
sintered in an oxygen-deficient atmosphere ¢Nair) at 550 °C for 2 hr to
convert akaganeite into hematite with, \(denoted as N-hematite). The
oxygen-deficient atmosphere was achieved by vacthensystem down to a
pressure of 15 Torr, and refilled with ultrahighripu N2 (99.998%, Praxair).
The initial oxygen content is estimated to be @430,/(0O.+N,), volume %).
Hematite nanowires samples (denoted as A-hematésd prepared by sintering
the akaganeite film in air at 550 °C for 2 hr, astcol. Thermal activation did
not change the nanowire morphology (Figure 3.1bX&D spectra collected
for both samples confirmed that the akaganeite wamee are completely
converted into hematite (JCPDS 33-0664) (Figure.3The strongest (110)

diffraction peak indicates that these hematite mameoarrays have a preferred
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[110] direction on the substrate, which impliest tteey were grown along [110]
axis. It has been reported that the conductivitherhatite along [110] direction
is four orders of magnitude higher [001] directure to a hopping mechanism

related with F&/Fe’* mixed valence statég.

Figure 3.1 SEM images of akaganeite nanowire arrays (a), timmaanowire
arrays annealed in air (b) andNair (c) at 550 °C. Scale bars argr.

H: Hematite
A: Akaganeite
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Figure 3.2 Corresponding XRD spectra collected for akaganeite¢ hematite
samples. Diffraction peaks for hematite (JCPDS 8840 and akaganeite



(JCPDS 75-1594) are labeled with H(hkl) and A(hk#spectively. The lines at
bottom highlight the diffraction peaks of ShQICPDS 41-1445) from FTO
substrate.

PEC performance of these hematite photoanodes wegsured in an
electrochemical cell with a coiled Pt wire coungectrode and an Ag/AgCl
reference electrode, using 1 M NaOH pH 13.6 elégaleaerated by purging
N> gas. The measured potentials Ag/AgCl are converted to reversible

hydrogen electrode (RHE) scale according to thendtexquation,

Erre = Eagiagel + 0.059 pH +E°agiagei

whereEgre is the converted potentigs. RHE, E°Agiagc = 0.1976 V at 25 °C,
andEagagcl is the experimentally measured potential againgA4Cl reference
electrode. As shown in Figure 3.3, A-hematite san{ptepared in air) yields a
minimal photocurrent density in the potential range studied under 100
mW/cn? illumination. It is consistent with previous retsulreported by our
group and others, in which a high temperature betw&50 and 800 °C is
typically required for activating these hematitenpées to achieve reasonable
photoactivity” > ?° In contrast, the N-hematite sample (prepared in+Nair)
shows pronounced photoactivity. It yields a photoent density of 1.82
mA/cn? at 1.23 Ws. RHE, and achieved a maximum value of 3.37 mA/am
1.50 Vvs. RHE (Figure 3.3). To our knowledge, this is thestbghotocurrent

density ever achieved by undoped hematite nandvased photoanode.

56



Furthermore, we have performed amperométtistudies, at an applied voltage
of 1.5 V vs. RHE at 100 mW/cinto examine the photoresponse of N-hematite
over time. The photocurrent density of N-hemaststable in NaOH electrolyte
solution (pH=13.6) at least for one hour. The oms®ential is about 1.0 Vs
RHE, which is similar to other hematite photoanodastered at similar
temperature without oxygen-evolving catalyst® The on-set potential of
N-hematite dark current is slightly shifted to héglpotential could be due to the
increased overpotential as a result of increasgdesxvacancies (Eesites) on
the surface of N-hematite photoanode compared @b dh A-hematite. It has
been reported that Fesites serve as recombination centers for phottekci

holes, which could increase the overpotential fatew oxidatiort™ %2

—— A-hematite
3 4 —— N-hematite

— -

dark scans

Current Density / mA cm2

0.6 0.8 1.0 1.2 14 1.6
Pontential / V vs. RHE

Figure 3.3 Linear sweep voltammograms collected for A-heradtilack lines)
and N-hematite (red lines), at a scan rate of 1@snii 1 M NaOH electrolyte
(pH 13.6) under illumination of simulated solariigpf 100 mW/crf (solid lines)
and in the dark (dashed lines).
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Incident-photon-to-current-conversion-efficienciggPCE) collected for
hematite photoanodes as a function of wavelengtlerubias at 1.23 and 1.50 V
vs. RHE are shown in Figure 3.4. IPCE were calculatechfthe photocurrent
densities obtained under different wavelengths rarge from 320 to 650 nm,
and expressed as the following equation:

IPCE = (1240Q)/(AJight)

wherel (mA/cn?) is the photocurrent density,(nm)is the incident wavelength,
and Jjgnt (mWi/cnf) is the power density of irradiance at a speaifavelength.
The IPCE for A-hematite measured at 1.50/3/ RHE is 0.57 % at 390 nm,
which is consistent with its minimal photocurrefithe N-hematite shows
significantly enhanced IPCE values over the entigelengths (320 to 650 nm).
The sample yields maximum IPCE values of 26 % aAd% at 360 nm,
measured at 1.23 V and 1.50V8 RHE, respectively. IPCE values gradually
drop to zero at the wavelength above 610 nm, inraamce with the bandgap of
hematite. To verify and correct the possible disarey in incident light profile
between our xenon lamp setup and the standard Igioler light (AM 1.5G,
100 mW/cni), we integrate the IPCE spectra of N-hematite &itandard AM
1.5G spectral irradiance (ASTM G-173-03). The phateent density measured

at 1.5 Vvs. RHE was calculated according to the following et

| 1 sovvsRHE = EZTIPCE(/I) E(2)dA = 31ImA/cm’
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where E(1) is the solar spectral irradiance at a specifiozelength f), and
IPCE@) is the obtained IPCE profile of hematite sampte aa function of
wavelengths /) at 1.50 Vvs. RHE. The calculated photocurrent, 3.11 mAicm
is only slightly smaller than the value of 3.37 rodv obtained experimentally
in PEC measurement (Figure 3.3) at 1.50v& RHE. It shows that the
discrepancy due to the mismatch between the sigdiléght used in the PEC
experiments and the standard AM 1.5G solar specisumnor. Importantly, the
PEC results unambiguously show that thermal adtimadf akaganeite nanowire
arrays in an oxygen-deficient atmospherg ¢Nair) at 550 °C is a simple and

effective strategy to prepare high performance hige@r water oxidation.

70
60 H : N-hematite 1.50 V
50 —s— N-hematite 1.23 V
5 . —e— A-hematite 1.50 V
< 40-
LLl E
£ 30-
b ...I.II\
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20 1 .""-.
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i III.-.'..
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Figure 3.4 Corresponding IPCE spectra for A-hematite (dat)linand
N-hematite (square/line), collected at potentidl$.23 and 1.50 Ws. RHE.

The understanding of mechanism in enhancing phowscis important

for design and fabrication of hematite photoan@&teuctural analysis confirms
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that there is no obvious difference in morphologycrystal phase for hematite
nanowires prepared in two environments (Figure .3.The enhanced
photocurrent in N-hematite (compared to A-hemaisepelieved to be due to
the improved conductivity as a result of the catof V, by annealing the
sample in an oxygen-deficient atmospherg.isvknown to be a shallow donor
for hematite’ To investigate the carrier densities of hematiengles, their
electrochemical impedance were measured at 10 kétuéncy in the dark.
Mott-Schottky plots are generated based on theoi@paes derived from the
electrochemical impedance obtained at each poléRigure 3.5), in which the
flatband potential\(rg) and the donor densitilf) can be estimated. Thgg for
A-hematite and N-hematite are found to be 0.41@B6 Vvs. RHE, which are
consistent with literature reported values for he®& Their Ny can be
determined from the Mott-Schottky equation

Ng = (2leoz)[d(1/C?)aV] ™
where ey is the electron charge (1.602%£0C), ¢ is the dielectric constant of
hematite (80¥2 ¢, is the permittivity of vacuum (8.854x10F m?), C is the
capacitance derived from the electrochemical impeelaobtained at each
potential §) with 10 kHz frequency in the dark. The donor dignsf the
N-hematite was calculated to be 3.65%1m?, which is an order of magnitude
higher than that of A-hematite (3.34*1@m?®). The increased donor density

improves the conductivity, and thereby the collattefficiency of photoexcited
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electrons.
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Figure 3.5 Mott-Schottky plots measured for A-hematite (sg@garand
N-hematite (circles) nanowire films. The x-intertepf the linear fitting best-fit
lines were used to estimate the flatband potern(tak). Inset: magnified
Mott-Schottky plot of N-hematite.

While the synthetic method of N-hematite does matoive dopant, the
enhanced donor density is expected to be due tacrbation of \f during
thermal activation in oxygen-deficient environment. verify this hypothesis,
we measured Fe 2p core-level X-ray photoelectrattspscopy (XPS) spectra
for N- and A-hematite as well as their differenpectrum (Figure 3.6). The Fe
2ps2 peaks of both samples are centered at the biretieggies of ~711.4 eV,
which is typical value observed for ¥én FeO; and Fg0..>** The binding
energy is not compatible with that of FEA satellite peak of the Fe gpmain
line is observed in both samples at approximatéy &V. This satellite is most

likely indicative of the presence of ¥especie$® Importantly, there is no
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evidence to support the presence of' e A-hematite, which should give rise
to a satellite peak located at 716%Vh contrast, N-hematite sample exhibits an
obvious satellite peak around 716 eV correspontbnge* > (Figure 3.6). The
results suggest that Eesites (\4) were created in N-hematite. ¥¢V,) act as a
shallow donor and therefore increase the donorigjeathematite?” which is
supported by the Mott-Schottky analysis. Furtheemeralence band spectra of
A- and N-hematite were measured by Mg KPS. An estimate of the valence
band maximum by linear extrapolation to the baselderives band edge
positions of ~1.60 eV and ~1.50 eV below the Feznergy for N-hematite and
A-hematite samples, respectively. The fact that eirtite sample exhibit
slightly increased band edge position (compared\4tematite) indicates an
increase of donor density. This result again stgpthe hypothesis of
increased donor density by creating oxygen vacatate and consistent with

the results of Mott-Schottky studies.
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Figure 3.6 Overlay of Fe 2p XPS spectra of A-hematite (bldekshed curve)
and N-hematite (red solid curve) films, togethettmtheir difference spectrum
(“N-hematite” minus “A-hematite”). The dashed lindgghlight the satellite
peaks for F& and Fé".

We managed to investigate the mechanism and ttheentde of oxygen
content in thermal treatment on the creation gfand eventually to control the
donor density of hematite. The thermal decompasitibakaganeite to hematite
is a critical step, which can be described asdheviing equation

2FeOO0H(s)— Fe0s(s) + HO(g)

B-FeOOH is a three-dimensional tunnel strucfirahich was commonly
formed via hydrolysis of Fegin an acidic (pH 1.5) environment. It has been
reported that the as-prepaifgdre OOH typically contains chloride ions {Gind
protons (H) in the inner space of tunnéfs°In an acidic mediump-FeOOH
will uptake protons from solution as illustratedfatiowing equatior®

FeOOH(s) + xH(aq) = FEOOH, *(s)

To balance the charge, a stoichiometric amounthtérde ions will be
captured by the crystal at the same time. Then diemical formula of
akageneite can be expressed as FeQ@H. The chloride concentration (x
value) varies based on the crystal size and syotleenditions, such as pH
value®**! It has been reported that the captured chlorids @n be released in
a form of hydrogen chloride by reaction with thetevamolecules produced by

dehydroxylation upon thermal treatment on or ak?@@ °C, producing oxygen
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as a side-product as shown in the following equatio®
2H,0O + 4CI =4HCI + Q + 4¢€

The oxygen-deficiency environment could facilitétte release of hydrogen
chloride by shifting the reaction balance to thghtihand side. We anticipate
that the released electrons were used to redutet&e€’. Therefore, the
thermal decomposition of chloride-contained akagane N, atmosphere can
be described as

2FeO0H.xCly(s) — FeOs4(s) + HO(g) + 2xHCI(g) + 0.5xQx(g)
whereas the ©molecule are formed as the result of dehyroxyhatbp-FeOOH
and removed by the Nyas flow. The formation of 8., species with Y and
dual-oxidation states (E&Fe*") supported by the XPS and Mott-Schottky
analysis. In contrast, an oxygen-rich atmosphere) &s air, hinders the release
of hydrogen chloride, and akaganeite could comiyletenvert intoa-FeO3 by
forming chlorine (CGJ) through chloride oxidation by oxygen.
2FeO0H.,Cly(s) + 0.5xQ(g) — Fe0s(s) + (0.5+x) HO(g) + xCh(g)

Based on the above hypothesis, there are two mpgwameters in
controlling the creation of ¥in hematite: the oxygen content during thermal
treatment and the presence of chloride ions. Tdirworthis hypothesis, we
carried out the thermal decomposition of akagaregite50 °C for 2 hr in three
different environments: oxygen-rich (air), oxygeefidient (N, + air) and

zero-oxygen (high-purity N atmosphere. Note that the oxygen-rich and
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deficient environments are the same conditions Usedpreparing A- and
N-hematite samples. To create zero-oxygen enviromntke tube furnace was
vacuumed to a pressure <20 mTorr and then refillgld N,. This vacuum-fill
process was repeated for at least three timessiwr@mo/minimal residual air in
the tube. Akaganeite samples thermally treatedanous environments lead to
films with different colors (Figure 3.7). The A-é&mMN-hematite samples are red,
while the sample prepared in zero-oxygen envirorinieehlack. Raman spectra
of the two red samples (Figure 3.8a) can be inddrethe six characteristic
Raman peaks of hematite in the range of 200-800.%¥rhloteworthy that the
intensity of characteristic Raman peaks for hematie completely disappeared
in the black sample obtained in high purity Btmosphere. XRD analysis
confirms the black sample is magnetite 3Bg (Figure 3.8b).
Akaganeite-to-magnetite conversion has been obderie the thermal
decomposition of akaganeite in vacufilo investigate the role of captured
chloride ion in the thermal decomposition of FeO@td hematite, we prepared
FeOOH without chloride ion as a negative contrelOBH without chloride was
synthesized in the same conditions but replacinglferecursor solution with
Fe(NQy)s solution. The pH value (1.5)is adjusted by HN@instead of HCI
solution as well. FeOOH samples prepared with FeCIFe(NQ)s; precursor
solutions thermal treated at 550 °C for 2 hr inhhgyrity N, atmosphere

showed distinct results. The sample without chiiigl orange instead of black
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in color after thermal treatment (Figure 3.7), @nid confirmed to be hematite
by Raman spectroscopy (Figure 3.8a). To furtheficurthe effect of chloride
ions in the thermal decomposition of akaganeite hase carried out additional
experiment. The as-prepared akaganeite samples pugranto 0.5 M or 1M
NaOH solution at 55 °C for 3 hr to exchange the @hion with OH .*° A
control experiment by soaking akaganeite into deashwater at 55 °C for 3 hr
was carried out in parallel. We thermally treatemthbanion-exchanged and
control samples at 550 °C in zero-oxygen atmosphsith continuous
high-purity N gas flow. The samples show different colors attezrmal
annealing. As expected the control sample turnedkblwhich indicates the
formation of magnetite. In contrast, the anion-exaied samples (with 0.5 M or
1 M NaOH) are red, which is the typical color fagnmatite. This experiment
again confirms that Cl anion remaining in the structure of akaganeite is
essential for the creation of Fesites (Vo), and supports the proposed

akaganeite-magnetite transformation mechanism.

Thermal decomposition of akaganeite in

as-prepared
FeOOH

a) typical ' \

system ‘ "
b) No-Cl B ‘

system -

Figure 3.7 Summary of digital pictures of FeOOH prepared &) (ypical

air N, +air N,
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system (with Ct) and (b) No-Cl system (without €); and the products of
thermal decomposition of akaganeite in three diffiér environments:
oxygen-rich (air), oxygen-deficient ¢N- air) and zero-oxygen (high-purity,N
atmosphere.
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Figure 3.8 (a) Raman spectra of akaganeite samples therrraliyed in air
(A-hematite), oxygen-deficient N+ air; N-hematite) and Nenvironments
(black film). The akaganeite sample, prepared biNBg)s; precursor solution,
thermally treated in N (No-Cl film). (b) XRD spectrum collected for the
akaganeite samples thermally treated $#alN550 °C. Diffraction peaks labeled
with M(hkl) can be indexed to magnetite (JCPDS $39). The lines at bottom
highlight the diffraction peaks of SAQICPDS 41-1445) from FTO substrate.

3.4 Conclusion

To summarize, thermal treatment of akaganeite narowrays in an
oxygen-deficient environment at 550 °C achievednificantly improved
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photoactivity for water oxidation, compared to teemples that thermally
activated in air. The hematite nanowire-arrayed tgdmoode yields a
photocurrent density of 3.37 mA/érat 1.50 Ws. RHE, which is the best value
reported for pristine hematite materials withow thcorporation of dopants or
oxygen-evolving catalysts. The enhancement in @uthaty is due to the

increased donor density as a result of the formatfo/, (F€"). The presence of
chloride ions and an oxygen-deficient environmeastessential for the creation
of Vo This work demonstrated a simple and effectiveatsgy for the

preparation of highly photoactive hematite for PlE&ter oxidation, without the

need of dopants and at a relatively low activatemperature.
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Chapter 4

Low Temperature Activation of Hematite Nanowiresfor

Photoelectr ochemical Water Oxidation

Abstract

Hematite ¢-FexOs) nanostructures have been extensively studiedha®anode
material for photoelectrochemical (PEC) water oti@a However, the
photoactivity of pristine hematite nanostructures fairly low and typically
requires thermal activation at temperature of 85@r above. Here we report a
new method for enhancing the photocurrent of hdmatianowires at
substantially lower temperature of 38C via a two-step annealing process
(activation process). Hydrothermally growliFeOOH nanowires were first
annealed in pure Nenvironment at 350C to form magnetite, followed by
partial oxidation in air to convert magnetite tonaite. During this process,
Fe’* sites (oxygen vacancies) were intentionally creédteincrease the donor
density and therefore the electrical conductivityf dematite. The
oxygen-deficient hematite nanowire photoanode erkat low temperature (350
°C) show considerably enhanced photoactivity compaecegristine hematite

sample that prepared by thermal annealinf-BEOOH nanowires at 55C in
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air. Moreover, this low temperature annealing métlvan be coupled with
element doping method to further increase the p@ubitaty of hematite
nanowire. Sn-doped hematite nanowires preparedhdwame low temperature
annealing method show at least three fold enhapbetbcurrent compared to
the undoped sample. Significantly, the highest tmajpre in the entire
annealing process was 350, which is thdowest activation temperature ever

reported for hematite nanowire photoanodes.

4.1 Introduction

Hematite ¢-Fe0O3) is a promising photoanode material for PEC water
oxidation because of its favorable band-gap ofe®/1* However, hematite also
has several key limitations, including poor elegthi conductivity,*! short
excited state lifetimé&!? slow oxygen evolution reaction kinetit5'° and short
diffusion length for hole$’™*° The recent development of hematite nanowire
photoanode holds great promise for addressing sufnikese limitationg:”*
For instance, nanowires provide considerably largarface area for water
oxidation compared to bulk materfdl’> The high aspect ratio of nanowire
structure not only enables efficient light absaptalong the nanowire growth
axis, but also offer substantially reduced distafme photogenerated holes
diffusing to the semiconductor/electrolyte intea@ number of methods have

been reported to synthesize high-density hematiieowires on conductive
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substrate$”#*%° Among them, hydrothermal synthesis is one of tlstrsimple,
low-cost, and scalable growth approdthHowever, the photoactivity of
hydrothermally grown pristine hematite nanowires &irly low and typically
requires thermal activation at temperature of 680or above. In previous
reports, the thermal activation has been used dititéde the incorporation of

&39333nd/or improve the optical properties

substitutional dopants into hematit
of hematite’*>® Furthermore, Warren and co-workers showed thapthsence
of grain boundaries in polycrystalline hematite @structures limits their
incident photon-to-current efficiency. Thermal aalmey can reorient adjacent
grains of hematite and passivate grawundaries to facilitate the electronic
transport among hematite netwdket, this high temperature activation step is
an energy intensive process and would certainlyease the cost of device
fabrication, which is not favorable for practicglpdication. Additionally, the
high temperature treatment can damage the growiktrsile €.g., transparent
conductive oxide coated glass substrifehus, to activate hematite photoanode
at low temperature is highly desirable.

Recently, we have demonstrated that highly phot@btematite nanowire
photoanode can be produced by annealing fiff&2OOH nanowires in an
oxygen-deficient environment at 55." The enhanced performance was

attributed to the increased donor density of hemalectrode as a result of

formation of F&" (oxygen vacancy), which serve as a shallow domor f

74



hematite’*® The increased electron density could improve @haeparation at
the semiconductor/electrolyte interface, reduceetiergy loss due tidR drop in
the semiconductor, and decrease the contact nmesistaat the
semiconductor/FTO interface. The capability of @asing the charge transfer
efficiency of hematite through controlled creatiohoxygen vacancies indeed
opens up a new opportunity to “activate” hematitatamials at lower
temperature. In this study, we demonstrate that gietoactivity of
hydrothermally grown hematite nanowires can be owed at as low as 35C
by creation of oxygen vacancies. To our knowledbis is the lowest activation

temperature ever reported for hematite nanowirégaimmde.

4.2 Experimental Section

Hematite nanowire arrays growth:

Hematite nanowire arrays were fabricated on a Fé@ed glass substrate
(TEC 8, Hartford Glass Company Inc.) based on sipusly reported method.
A Teflon-lined stainless steel autoclave of 30 mpacity was filled with 20 mL
aqueous solution containing 0.15 M of ferric ctderi(FeCi*6H,O, Acros,
99+%) and 1 M sodium nitrate (NaNCFisher 99.4%) at pH 1.5 (adjusted by
HCI). A piece of FTO substrate, washed with acetoethanol, and then
deionized water, was put into the autoclave andeldeia an oven at 95 °C for 4

hr and then let it naturally cool down to ambiesmperature. A uniform yellow
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layer of akaganeite nanowire film was obtained ba ETO substrate. The
akaganeite-coated substrate was then washed withizied water and blown
dry with air. Nitrogen treated samples were anreeale\, atmosphere in a tube
furnace. The tube furnace was first vacuumed toessore of 15 mTorr, and
then filled with ultrahigh purity N(99.998%, Praxair) to 100 Torr. This process
has been repeated for 3 times. The sintering wasedaout at temperatures
between 200 and 425 °C for 1 hr at 740 Torr pressuth a N flow rate of 50
standard cubic centimeters per minute (sccm). Tiwex magnetite to hematite,
the black samples were annealed on a hot plae at 350°C for 30 min.

Material characterization:

Scanning electron microscopy (SEM) images wereectdd with a
field-emission SEM (Hitachi S-4800ll). Transmissialectron microscopy
(TEM) images were collected in a FEI Monochomate2D RUT Technai
TEM/STEM operated at 200 kV. X-ray diffraction (XRRBpectra were collected
with a Rigaku Americas Miniflex Plus powder difftameter. Diffraction
spectra were recorded from a two-theta angle dbZ® degree with a step size
of 0.04 degree at a rate of 1 degree/min. Ramantreigeopy measurements
were carried out on a Nicolet Almega XR DisperdRaman spectrometer (laser
wavelength 780 nm). X-ray photoelectron Spectrogdof’S) was performed
on a RBD upgraded PHI-5000C ESCA system (PerkineEimusing

Mg-monochromatic X-ray at a power of 25 W with array-beam diameter of
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10 mm, and a pass energy of 29.35 eV. The presduanalyzer chamber was
maintained below 5x1®Pa during the measurement. The binding energy was
calibrated using the C 1s photoelectron peak at&284 as reference.
Photoel ectr ochemical measurement:

PEC measurements were carried out in a three-etixtelectrochemical
cell using hematite nanowire sample as workingtedde, a coiled Pt wire as
counter electrode and an Ag/AgCl electrode as eefar electrode. An aqueous
solution of 1 M NaOH with a pH 13.6 was used asdleetrolyte, deaerated by
purging N gas into electrolyte. The substrate was sealedlbedges with
epoxy resin except for an average working area.2® @nf. All linear sweep
voltammograms were measured by a CHI 660D eleotroatal workstation
(CH instruments, Inc., Austin, TX), with front siddumination using a solar
simulator (Newport 69920, 1000 W xenon lamp) codpléth an infrared water
filter (Oriel 6127) and an AM 1.5 global filter (Mg@ort 81094). The power
density of 100 mW/ch was measured with a power meter (Molectron,
PM5100). Incident-photo-to-current-efficienciesCIE) were measured with the
same xenon lamp coupled with a monochromator (@weherstone 130 1/8m).
EIS measurements were carried out in the sameretbeimical setup as PEC
measurement. A potential varying from 0 to 0.4 VAg/AgCl was applied, and
the system was allowed to equilibrate for 5 min. Ahernating-current

perturbation of the applied potential (with a magdée of 5 mV and frequencies
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changing from 100 kHz to 1 Hz) was then exertedl, e impedance changes

in response to the perturbation were measured.

4.3 Results and Discussion

Hematite nanowires were prepared on fluorine-ddpedxide (FTO) glass
substrate by a two-step growth process. Figure dlusirates the first growth
step, in whichB-FeOOH nanowire arrays were synthesized on a FTGtsie
through the hydrolysis of 0.15 M FeGh an aqueous solution with a high ionic
strength (1M NaNg) and low pH value (pH 1.5, adjusted by HCI) at°@5for
4 hr/?® The as-prepared yellow film @FeOOH was further annealed in pure
N, atmosphere to introduce oxygen vacancies. To dstuelyemperature effect,
B-FeOOH films were annealed at four different terapanes (200, 300, 350, and
425 °C) in pure N atmosphere for 1 hr. Samples are denoted as
“N-Temperature”, i.e. N200 refers to tBeFeOOH sample annealed at 2UD
in N2. Upon thermal annealing, obvious color changegetbw -FeOOH films
were observed. As shown in Figure 4.1b, the cotdwamples N200 and N300
are red, while samples N350 and N425 are blackar8og electron microscopy
(SEM) analysis revealed that there was no obviowsphology difference
among these samples (Figure 4.1c). These resggested the N300 and N350
samples could have different crystal structurephAse change occurred at the

temperature between 300 and 380
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a 0.5M FeCl,

1M NaNO, pure N,
pH 15 740 Torr

—— ——
95°C 4hr 350 °C 1hr
Hydrothermal Synthesis Thermal Decomposition
FTO p-FeCOH N350

Figure 4.1 (a) A scheme illustration of the preparationfeFeOOH nanowire
arrays on FTO substrate, followed by the thermabdgosition of3-FeOOH in
pure nitrogen at 350C. (b) Digital pictures and (c) SEM images BFeOOH
and its thermal decomposition products obtaineddifferent temperatures
between 200 and 42%& in a pure N environment.

X-ray diffraction (XRD) and Raman spectroscopy meesients were
carried out to characterize these nitrogen-anne@EdOOH samples (Figure
4.2). XRD studies revealed that the two red filMi&00 and N300, exhibit
characteristic diffraction peaks of hematiteHg,O3; JCPDS 33-0664), while the
black films, N350 and N425, contained characterigtiffraction peaks of

magnetite (F¢O4; JCPDS 19-0629).
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Figure 4.2 XRD spectra collected for N200, N300, N350, N42amples, and
FTO substrate. Diffraction peaks for hematite (JSPE3-0664) and magnetite
(JCPDS 19-0629) are labelled with H(hkl), and M{hkéspectively.

N200 and N300 exhibited six characteristic Ramaakp®f hematite in the
wavenumber range between 200 and 800 ¢Rigure 4.3). Raman spectra of
N350 and N425 showed three broad peaks around5800),and 663 crhthat
can be indexed to the characteristic peaks of nmiagrieThe XRD and Raman
spectroscopy results elucidate the phase transifrom akaganeite to hematite,

and then magnetite in nitrogen atmosphere (oxygsitidnt environment) as
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the increase of annealing temperature. In contreshatite is the only product

of thermal annealing of akaganeite in air in thmsaange of temperatures.

Intensity

v T T T T T T T v T T
200 300 400 500 600 700 800
Raman Shift (cm™)

Figure 4.3 Raman spectra of N200, N300, N350, and N425 sample

The previous study has demonstrated that the fasmatf magnetite is
related to the oxygen content during the anneapngcess as well as the
presence of adsorbed chloride ions in akagdritee thermal decomposition of
chloride-containing akaganeite in & Mtmosphere can be described by the
following equation:

2FeOO0H.»Clx(s) — Fe:0s.x(s) + Q(9) + HO(g) + 2xHCI(g)
where FeOOH.Cly represents akaganeite with adsorbed chloride bhesause
FeCk was used as Fe precursor for the growth of FeO@hbwires. The
creation of oxygen deficient iron oxide ¢BB.,) could be attributed to the

partial reduction of F& site by the electrons created from the followirgax
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reactior®

2H,0 + 4CI 5 4HCl + G, + 4€
in which adsorbed water and chloride ions reacfoton hydrogen chloride,
oxygen and electrons. With sufficient supply of geg, the forward reaction is
not favorable. Yet, in aoxygen-deficient environment, the reaction willfsko
favor the formation of oxygen and create electrfmsreduction of F&. The
reaction is expected to be an uphill reaction thgtires activation energy. The
formation of magnetitéwith large amount of F& sites) in nitrogen at annealing
temperature at 35T or abovesuggesthe activation barrier for the equilibrium
reaction is around 35TC. Importantly, it also indicates that the lowesgrthal
annealing temperature for conversion of akaganeiteagnetite is 35€C.

Since magnetite is not a photoelectrochemicallyivactmaterial, the
magnetite samples were further annealed in abrim hematite, as illustrated in
Figure 4.4a. The black N350 sample was annealediat plate at 350C in air
for 30 min. The black film slowly turned into redlor, suggesting formation of
hematite. This sample is denoted as NA350. Dutiigydir annealing process, a
portion of Fé" sites in magnetite are believed to be re-oxidizack to F&". A
control hematite sample was prepared by directheahng of-FeOOH at 550
°C in air (denoted as A550) for comparison. XRD sgecbllected from NA350
and A550 samples showed two sharp peaks that camdéred to the (110) and

(300) diffraction peaks of hematite (JCPDS 33-0664Qure 4.4b). Additionally,
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they also exhibited characteristic Raman peakseofidtite (Figure 4.4c). The
NA350 sample has broader diffraction peaks thanOA&&mple, suggesting it
has relatively lower crystallinity. This is congst with the existence of defects

(oxygen vacancies) in the structdfe.

a
350°C 30 min
on hot plate
annealing in air

N350 NA350

H: hematite H(110)

Intensity

. . — .
10 20 30 40 50 60 70
2 Theta (degree)

Intensity

T T v T T T T T T T T
200 300 400 500 600 700 800
Raman Shift (cm™)

Figure 4.4 (a) A schematic illustration of thermal re-oxideti of magnetite
(sample N350) to hematite (sample NA350). (b) XRiedra collected for
NA350, A550 samples, and FTO substrate. Diffracteaks for hematite
(JCPDS 33-0664) are labelled with H(hkl). (c) Ranspectra for NA350 and
A550 samples.

83



To probe the variation of oxidation state of Feimfyisynthesis and support
the presence of Eein NA350 sample, we collected Fe 2p X-ray photoitn
spectroscopy (XPS) spectra for NA350, and A550 $asnf-igure 4.5). The Fe
2pz2 peaks of both samples are centered at the birethieggies of ~711.4 eV,
which is typical value observed for ¥én FeO; and Fg0,.>***° Noteworthy
that the XPS spectrum for NA350 sample as weltsslifference spectrum to
A550 sample exhibit an extra satellite peak locas#d716.4 eV, which
corresponding to Pé species“.o These results confirm the successfully creation

of Fé* in NA350 sample.

Normalized Intensity

higher in NA350

e

1 ' I M 1 4 I M 1 4 I ' 1 '
740 735 730 725 720 715 710 705 700
Binding Energy (eV)

Figure 4.5 Overlay of Fe 2p XPS spectra of A550 (black), &350 (red)
samples, together with their difference spectraA38H0” minus “A550"). The
vertical dashed lines highlight the satellite pefaks=e** and F&" species.

Furthermore, electrochemical impedance spectros{Bl8) measurements

were carried out to reveal the influence of formioxygen vacancies on the
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electronic properties of NA350 and A550 hematitengie@s. The system was
allowed to equilibrate for 5 min. An alternatingrent perturbation of the
applied potential (0.4V vs Ag/AgCl with a magnitude5 mV and frequencies
changing from 100 kHz to 1 Hz) was then exerted e impedance changes
in response to the perturbation were meastir€igure 4.6 shows the Nyquist
diagrams collected from NA350 and A550 samplesfiBing the semicircular
arcs in the Nyquist plot to an equivalent Randieuit'® the charge transfer
resistancesR) for A550 and NA350 samples are calculated to®&dnd 23.1
kQ, respectively.This result supports our hypothesis that the intotidn of
oxygen vacancies into hematite at low temperatae improve the charge
transfer efficiency. The enhanced charge transfdrelieved to be due to the

electrical conductivity as a result of formationasfygen vacancies.

10

m A550 =
® NA350 ]

-Z" (X10*Q))

Z' (X10% Q)

Figure 4.6 Nyquist plots of the impedance of A550 and NA3%llected at

0.4V vs. Ag/AgCl under 1 sun illumination. The fresncy varied from 100 kHz
to 1 Hz. Z and Z" are the real and imaginary gadf the impedance,
respectively. Inset: A diagram of the equivalenh&as circuit model used to fit
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the impedance data between 1 and 100 Rslis the solution resistanc€s. is
the space charge capacitance, Bads the charge transfer resistance across the
interface of electrode/electrolyte.

The hematite films (NA350 and A550) were fabricateth photoanode
and tested for photoelectrochemical performanca three electrode system in
1M KOH solution (pH 13.6) under 1 sun illuminationsing a Pt counter
electrode and a Ag/AgCl (1M KCI) reference elecaods shown irFigure 6.7,
A550 sample yielded a tiny photocurrent densitg lsgn 5 pA/crhat potential
of 0.45 V vs. Ag/AgCI or below. This is consistemith the previous results
obtained from hydrothermally grown hematite nanesif®** High
temperature annealing (higher than 6%0) was required to activate these
hematite nanowires for PEC water oxidatfgfi®334In contrast, NA350 sample
showed pronounced photoactivity in the same pakntinge we studied, and
achieved a photocurrent density of 0.10 mA7@n0.4 V vs. Ag/AgCl. This is
the first demonstration of photoactive hematiteavare obtained at such a low

annealing temperature (350).

0.164

0.14]  (1)light NA550
£ 71 (3)light A550
S 0104 (4) dark A550
g0.0B—

-0.2 0.0
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Figure 4.7 Linear sweep voltammograms colle cted for A550tpanode and
NA350 photoanode, at a scan rate of 10msV, in a KOH electrolyte solution
(10M, pH 13.6) under illumination by simulated solaghk of 100 mW cm 2
and in the dark (dashed lines).

Figure 4.8 shows the incident photo-to-current ession efficiency (IPCE)
profiles of NA350 and A550 collected at 0.4 V vsg/AgCl. IPCE values at
specific wavelengths were calculated based on theatieq reported
elsewheréd® Their IPCE values gradually decrease to zero @rat 580 nm,
which is consistent with the bandgap of hematiepdrtantly, NA350 sample
exhibits significantly enhanced IPCE compared ® #550 sample, over the
entire wavelength range between 300 and 650 nm.IHGE& data also suggest
that the creation of oxygen vacancies did not chahg bandgap of hematite,
and the enhanced IPCE of NA350 should be attributedhe improved

efficiency of charge collection.

4 - NA350

0.4 V vs. Ag/AgCl

T T T T T T T |
300 400 500 600 700
Wavelength (nm)

Figure 4.8 IPCE spectra of A550 (square) and NA350 (cirate)lected at 0.4
V vs. Ag/AgCL.
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In previous studies, element-doped hematite strestuhave shown
noticeably improved PEC performance compared tstipe hematit&® We
seek to further improve the photoactivity of oxygeeficient hematite sample
by incorporating extrinsic dopants in the growtlogass. We prepared the
Sn-doped FeOOH sample by mixing the Sn precursbm@/mL SnCJ ethanol
solution) in 0.15M FeGlsolution with 1M NaNQ (pH 1.5, adjusted by HCI).
The as-prepared Sn-doppd-eOOH film was annealed in pure &t 350°C for
1 hour, followed by annealing in air at the sammpgerature for extra 30
minutes. The highest annealing temperature in titgeegrowth process was
still 350 °C. This sample is denoted as Sn-NA350. We also aedeabn-doped
FeOOH sample directly in air at 55 as a control sample, denoted as
Sn-A550. The XPS analysis results confirmed theegmess of Sn doping in both
Sn-550 and Sn-NA350 samples (data not shown). Lis@aep voltammogram
shows that the Sn-A550 photoanode exhibits neddigghotocurrentFigure
6.9). In contrast, the Sn-NA350 achieved a sigarftcphotocurrent density of
0.35 mA/cnf at 0.4 V vs. Ag/AgCl. This current density is trémes higher

than that of the undoped sample (NA350) obtainddeasame potential.
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Figure 49 Linear sweep voltammograms collected for Sn-Apb0toanode,
Sn-NA350 photoanode, and NA350 photoanode at arstarof 10 mV S, in a

NaOH electrolyte solution (1 M, pH 13.6) under ifitnation (AM1.5G, 100
mW cmi?) and in the dark (dashed lines).

The IPCE also showed an enhancement over the evdivelength region
(300 to 650 nm) (Figure 4.10), which is consisteith the |-V data. Nyquist
diagrams were also collected from Sn-NA350, Sn-A&B668 NA350 samples to
compare the charge transfer kinetics on these wgr&lectrodes (Figure 4.11).
Charge transfer resistance of Sn-A550 and Sn-NAB&@ calculated to be 74.3
and 5.54 R, confirming the enhanced photoactivity is mainlyedo the better

charge transfer.
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Figure 4.10 IPCE spectra for Sn-A550, Sn-NA350, and NA350exi#d at 0.4

V vs. Ag/AgCI.
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Figure 4.11 Nyquist plots of the impedance of Sn-A550, Sn-NA3Hd NA350
collected at 0.4 V vs. Ag/AgCI under illuminationhe frequency varied from

100 kHz to 1 Hz

To investigate the stability of hematite nanowiedsctrodes prepared by

this low temperature annealing method, we measineghotocurrent densities

of Sn-NA350 and NA350 samples at 0.4 V vs. Ag/AgGt 24 hr under

illumination (AM 1.5G, 100 mWcr). As shown in Figure 4.12, both
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Sn-NA350 and NA350 samples exhibit stable phot@nirin a KOH electrolyte

solution (pH 13.6) for at least one day.

0.4
Sn-NA350
;g\ 0.3
= 0.2
NA350
01_#\.“ A o hd ke " M
0.4 vs. Ag/AgCl
0 4
T T T T T T T T T T T T T
0 4 8 12 16 20 24
Time (hour)

Figure 4.12 Amperometric I-t curve of NA350 and Sn-NA350 meaasuat 0.4
V vs. Ag/AgCl for 24 hr.

4.4 Conclusion

In conclusion, we have demonstrated that highly tgéctive hematite
nanowire photoanode can be prepared by a low terhperannealing process.
The annealing temperature can be as low as’@5@vhichis the so far lowest
activation temperature reported for hematite namowphotoanode. This
temperature is mainly determined by the annealergperature for creating
oxygen vacancies in hematite structure. The fownabf oxygen vacancies
increase the donor density of hematite, and thmpraved the charge transfer
efficiency of the electrodeSignificantly, this low temperature annealing

approach can also be coupled with Sn doping tohdéartimprove the
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photoactivity of hematite. Sn-doped hematite nanesviannealed by this
two-step process at 35C achieved a photocurrent ®35 mA/cnf at 0.4 V vs.

Ag/AgCl. The capability of activating hematite navices at lower temperature
is practically important for the fabrication of hig photoactive hematite

electrodes.

References

1. Y. Li, J. Z Zhangl.aser Photonics Rev. 2010, 4, 517-528.

n

D. A. Wheeler, G. Wang, Y. Ling, Y. Li, J. Z. &hg,Energy Environ. <ci.

2012, 5, 6682-6702.

3. B. C. Fitzmorris, J. M. Patete, J. Smith, X. B@so, S. Adams, S. S. Wong,
J. Z. ZhangChemSusChem 2013, DOI: 10.1002/cssc.201300571

4. K. Sivula, F. Le Formal, M. Gratz&ThemSusChem 2011, 4, 432-449.

5. G.Wang, Y. Ling, D. A. Wheeler, K. E. N. Geaort¢fe Horsley, C. Heske, J.
Z. Zhang, Y. Li,Nano Lett. 2011, 11, 3503-3509.

6. Y. Ling, G. Wang, D. A. Wheeler, J. Z. Zhang,LY, Nano Lett. 2011, 11,
2119-2125.

7. Y. Ling, G. Wang, J. Reddy, C. Wang, J. Z. Zhand.i, Angew. Chem. Int.

Ed. 2012, 51, 4074-4079.

8. S. C. Warren, K. Voatchovsky, H. Dotan, C. Merday, M. Cornuz, F.

92



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Stellacci, C. Habert, A. Rothschild, M. Gratz&lat. Mater. 2013, 12,
842-849.

D. Benjelloun, J.-P. Bonnet, J.-P. Doumerc, .J-:&@nay, M. Onillon, P.
HagenmullerMater. Chem. Phys.1984, 10, 503-518.

F. J. MorinPhysical Review 1954, 93, 1195-1199.

F. J. MorinPhysical Review 1951, 83, 1005-1010.

A. G. Joly, J. R. Williams, S. A. Chambers,>@ong, W. P. Hess, D. M.
Laman,J. Appl. Phys. 2006, 99, 053521.

H. Dotan, K. Sivula, M. Gratzel, A. Rothschil8, C. WarrenEnergy
Environ. Sci. 2011, 4, 958-964.

G. Wang, Y. Ling, X. Lu, T. Zhai, F. Qian, Yorg, Y. Li, Nanoscale 2013,
5, 4129-4133.

Y. Lin, G. Yuan, S. Sheehan, S. Zhou, D. Wdaggrgy Environ. Sci.
2011, 4, 4862-4869.

I. Cesar, K. Sivula, A. Kay, R. Zboril, M. Gzéat, J. Phys. Chem. C 2009,
113, 772-782.

N. J. Cherepy, D. B. Liston, J. A. Lovejoy, M. Deng, J. Z. Zhang).
Phys. Chem. B 1998, 102, 770-776.

O. Khaselev, J. A. Turnéience 1998, 280, 425-427.

A. Kay, I. Cesar, M. Gréatzel, Amer. Chem. Soc. 2006, 128, 15714-15721.

L. Li, Y. Yu, F. Meng, Y. Tan, R. J. Hamers, Jh, Nano Lett. 2012, 12,

93



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

724-731.

R. van de Krol, Y. Q. Liang, J. SchoonmdnMater. Chem. 2008, 18,
2311-2320.

F. Meng, S. A. Morin, S. Jid, Amer. Chem. Soc. 2011, 133, 8408-8411.
K. Sun, W. Wei, Y. Jing, Y. Ding, Z. L. Wang, Wang, ChemCommun
2011, 47, 7776 - 7778.

P. M. Rao, X. Zhend\ano Lett. 2009, 9, 3001-3006.

L. Vayssieres, J. H. Guo, J. Nordgréournal of Nanosci. Nanotechnal.
2001, 1, 385-388.

L. Vayssieres, N. Beermann, S. E. Lindquist,Hagfeldt, Chem. Mater.
2001, 13, 233-235.

R. Franking, L. Li, M. A. Lukowski, F. Meng, Yan, R. J. Hamers, S. Jin,
Energy Environ. ci. 2013, 6, 500-512.

H. Wu, M. Xu, Y. Wang, G. Zhenlano Research 2013, 6, 167-173.

J. J. Wu, Y. L. Lee, H. H. Chiang, D. K. P. Wpa. Phys. Chem. B 2006,
110, 18108-18111.

J. Frydrych, L. Machala, J. Tucek, K. Siska¥aFilip, J. Pechousek, K.
Safarova, M. Vondracek, J. H. Seo, O. Schneewkis§ratzel, K. Sivula,
R. Zboril,J. Mater. Chem. 2012, 22, 23232-23239.

T. Lindgren, H. L. Wang, N. Beermann, L. Vagsss, A. Hagfeldt, S. E.

Lindquist,Sol. Energy Mater. Sol. Cells 2002, 71, 231-243.

94



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

L. Xi, S. Y. Chiam, W. F. Mak, P. D. Tran, JarBer, S. C. J. Loo, L. H.
Wong,Chem. ci. 2012. 4, 164-169.

R. H. Goncalves, B. H. R. Lima, E. R. LeiteAmer. Chem. Soc. 2011, 133,
6012-6019.

K. Sivula, R. Zboril, F. Le Formal, R. Robe#t, Weidenkaff, J. Tucek, J.
Frydrych, M. Gratzel). Amer. Chem. Soc. 2010, 132, 7436-7444.

J. Brillet, M. Gratzel, K. Sivulayano Lett. 2010, 10, 4155-4160.

V. M. Aroutiounian, V. M. Arakelyan, G. E. Shadraryan, H. R.
Hovhannisyan, H. Wang, J. A. Turn&glar Energy 2007, 81, 1369-1376.
D. L. A. de Faria, S. Venancio Silva, M. T.@kveira, J. Raman Spectrosc.
1997, 28, 873-878.

E. Paterson, R. Swaffield, D. R. ClafKhermochim. Acta 1982, 54,
201-211.

K. WandeltSurf. Sci. Rep. 1982, 2, 1-121.

T. Fujii, F. M. F. de Groot, G. A. Sawatzky, @ Voogt, T. Hibma, K.
Okada,Phys. Review B 1999, 59, 3195-3195.

Y. Lin, S. Zhou, S. W. Sheehan, D. WadgAm. Chem. Soc. 2011, 133,
2398-2401.

B. Klahr, S. Gimenez, F. Fabregat-Santiagéjamann, J. Bisquerd, Am.
Chem. Soc. 2012, 134, 4294-4302.

Y. C. Pu, G. Wang, K. D. Chang, Y. Ling, Y.ldn, R. C. Fitzmorris, C. M.

95



Liu, X. Lu, Y. Tong, Y. J. Hsu, Y. LiNano Lett. 2013, 13, 3817-3823.

96



Chapter 5

Final Conclusions and Outlook

5.1 Final conclusions of the thesis

The work presented in this thesis aims at improvimg photoelectrochemical
performance of using hematite as the photoandedter splitting. In chapter 1,
a general introduction and review of basic mechani$é PEC water splitting,

the usage of nanostructured hematite, and the pbintdy measurement system

in our lab is introduced.

The following three chapters of this thesis focus modifying the
electronic properties of hematite to enhance it€ PErformance. The chapter 2
is about unintentional Sn-doping method. As a saad foundation, hematite
nanowires were grown on FTO substrate by an aquebesnical growth
method. The as-prepared samples were further athé@ala home-made CVD
system at temperature between 550 and 850 °C. Tampe-dependent XPS
analysis confirms the incorporation of Sn diffusikdm FTO substrate into
hematite nanowires when the annealing temperasua¢ or above 650 °C. The
Sn atomic ratios (Sn%) of samples increased witkesng temperature. The
as-prepared hematite nanowires (sintered at 550yfé&ded a relatively low

photocurrent density of 0.035 mA/émt 1.23 Vvs RHE. Significantly, the
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photocurrent densities of these hematite nanowdrastically increased with
sintering temperature. The onset temperature was®5which was consistent
with the increase of Sn%. This result suggestettoag correlation between Sn%
and photocurrent density of hematite. The suddep df photocurrent for the
hematite nanowires sintered at 850 °C can be a&strib the considerably
increased resistivity of FTO substrate. The doremsities of hematite can be
estimated from the Mott-Schottky plots via eleclremical impedance
measurements. The result suggested that donortidensi hematite increased
with increased Sn%, from 1.89x2@m? (650 °C) to 5.38x1cm? (800 °C),
due to that SH dopant acted as an electronic domod improves charge

transport in hematite nanostructure.

The above work confirms Sn-doping significantly moyes the PEC
performance of hematite nanostructures by incrgasiveir donor density.
However, there are still some issues bothering Fiest, high temperature
heating and the loss of Sn degrades the electicaluctivity of FTO layer. And,
it is certainly not ideal to limit the hematite grh on the FTO substrate. So In
chapter 3, an alternative approach, creating oxygeancies, has been reported
for the enhancement of the carrier density of hémathe aqueous chemical
grown B-FeOOH nanowires were still used as the start saflest Oxygen

vacancies had been introduced into hematite viarthleannealing-FeOOH in
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an oxygen deficient condition at a relatively loswiperature (550 °C). The 2P
XPS spectra from hematite achieved in such an oxydgficient condition
exhibited obvious satellite peak around 716 eV,ctgorresponds to Ee As
we expected, the creation of oxygen vacancies aasedhallow donors and
therefore increased the donor density of hematitech was confirmed by the
Mott-Schottky analysis. The mechanism of Fermation was also studied and
discussed in that chapter. Based on the contrarergnts, it was found that the
existence of chloride ions in channel @FeOOH and the oxygen-deficient
atmosphere were essential for creating oxygen waEsnOver all, highly
photoactived hematite photoanode can be achiewstdojua simple change in

the thermal decomposition conditionf3FeOOH.

Although these two approaches can give us sigmifigeenhanced PEC
performance of hematite, one issue really botherssuthe high activation
temperature. It is certainly beneficial if we camweér the activation temperature
from practical point of view. In chapter 4, a loantperature activation method
is demonstrated. The first step used here was cimy$-FeOOH to magnetite
(Fes04) at a low temperature in pure Btmosphere. Therefore, it had a number
of oxygen vacancies in magnetite. Temperatures detv200 and 425 °C had
been tried. Base on the XRD and Raman spectrdowest temperature for the

formation of magnetite was around 350 °C. Next,sthp achieved magnetite
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was converted to hematite at a relatively low terapge (350 °C) in air. In this
process, it was expected that some of the oxygerances would be
re-oxidized. But certain amount of oxygen vacancséi presented in the
hematite, confirmed by XPS spectra. This oxygerncagft hematite appealed a
noticeably improved photoactivity. It was the fidgmonstration of photoactive
hematite nanowires obtained at such a low annetdimperature (358C). This
low temperature annealing approach can also beledupith Sn doping to
further improve the photoactivity of hematite. Thapability of activating
hematite nanowires at lower temperature is pragticenportant for the

fabrication of highly photoactive hematite eleceed

5.2 Outlook

Although both extrinsic impurities and intrinsicfdets have substantially
enhanced charge carrier transport in hematite aadedd to improve the PEC
performance of hematite, an outstanding challelgeh&matite photoanode is
the large onset voltage, due to the slow wateraiiad kinetics and low lying
conduction band.? It still needs a large applied bias typically e range of 0.8
to 1.0 Vvs. RHE to obtain photocurrent onset due to the shater oxidation
kinetics® 2 It is critical to reduce the over potential of hatite photoanode.
Recent advancement in the development of oxygeluwo reaction (OER)

catalysts and heterojunction photoelectrode coutérgially address this issue,
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and further increase the STH efficiency of hematftetoanodes.>*®

Various OER catalysts such as CoxPi, IrO,,% ° and NiQ '° have been
used to modify hematite photoanodes. For examlendet al. reported Co-Pi
catalyst modified hematite photoanode for PEC watédation>” The Co-Pi
catalyst was deposited on the surface of hemailite Wia electrochemical
deposition method, by which the thickness of Cce®ialyst layer could be
easily controlled. The presence of Co-Pi catalgdticed the onset potential for
PEC water oxidation by >350 mV. Therefore, the pbotrent density of Co-Pi
modified hematite was significantly enhanced in linger applied potentialS.
These results proved that OER catalyst modificationld suppress the water

oxidation overpotential of hematite.

The formation of heterojunctions can enable newanehhanced function
of semiconductor photoelectrodes. Various heteatjan photoelectrode
structures such as Sid&, ™ WOy/Fe0;2and FeOs/BiVO,4™ have shown
enhanced performance for PEC hydrogen generationeXample, Mayer and
co-workers have reported a hematite/Si nanowireserbstructure as
photoanodé.l In this structure, hematite and Si can be indepetigl excited by
photons in the solar spectrum having different giesr working as a
dual-absorber system. A cathodic shift in the pbotent onset potential was

observed, as a result of enhanced photopotent@élslaped within these two
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materials contributing to enhanced water splittpgyformance. This device
achieved the lowest onset potential (0.6 V vs. RIftif)hematite photoanode
without the use of surface catalysts or elemerdpirdy. This results points out a
promising direction for improving the efficiency ofiematite by using

heterojunction to enhance the photovoltages attéeniay a single photoanode

device and to utilize the solar energy more effitlie
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