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Abstract

Chemically Modified Metal Oxide Nanostructures for Photoelectrochemical
Hydrogen Generation
By

Gongming Wang

Hydrogen gas is chemical fuel with high energy density, and represents a clean,
renewable and carbon-free burning fuel, which has the potential to solve the
more and more urgent energy crisis in today’s society. Inspired by natural
photosynthesis, artificial photosynthesis to generate hydrogen energy has
attracted a lot of attentions in the field of chemistry, physics and material.
Photoelectrochemical water splitting based on semiconductors represents a
green and low cost method to generate hydrogen fuel. However, the current
overall efficiency of solar to hydrogen is quite low, due to some intrinsic
limitations such as bandgap, diffusion distance, carrier lifetime and
photostability of semiconductors. Although nanostructured semiconductors can
improve their photoelectrochemical water splitting performance to some extent,
by increasing electrolyte accessible area and shortening minority carrier
diffusion distance, nanostructure engineering cannot change their intrinsic

electronic  properties. Recent development in chemically modified

Xiv



nanostructures such as surface catalyst decoration, element doping, plasmonic
modification and interfacial hetero-junction design have led to significant
advancement in the photoelectrochemical water splitting, by improving surface
reaction kinetics and charge separation, transportation and collection efficiency.

In this thesis, | will give a detailed discussion on the chemically modified metal
oxide nanostructures for photoelectrocemical hydrogen generation, with a focus
on the elemenet doping, hydrogen treatment and catalyst modification. | have
demonstrated nitrogen doping on ZnO and Ti doping on hematite can improve
their photoelectrochemical performance. In addition, we found hydrogen
treatment is a general and effective method to improve the photocatalytic
performance, by increasing their carrier desnties. Hydrogen treatment has been
demonstrated on TiO,;, WO; and BiVO, In the end, we also used
electrochemical catalyt to modify these metal oxide photoelectrode for waste

water treatment and chemical fuel generation.
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Chapter 1

Introduction of Chemically Modified Nanostructures for

Photoelectrochemical Water Splitting

Abstract

Hydrogen energy with high energy density represents a clean, renewable and
carbon-free burning fuel, which has the potential to solve the more and more
urgent energy crisis in today’s society. Inspired by natural photosynthesis,
artificial photosynthesis to generate hydrogen energy has attracted a lot of
attentions in the field of chemistry, physics and material. Photoelectrochemical
water splitting based on semiconductors represents a green and low cost method
to generate hydrogen fuel. However, the current overall efficiency of solar to
hydrogen is quite low, due to some intrinsic limitations such as bandgap,
diffusion distance, carrier lifetime and photostability of semiconductors.
Although nanostructured semiconductors can improve their
photoelectrochemical water splitting performance to some extent, by increasing
electrolyte accessible area and shortening minority carrier diffusion distance,
nanostructure engineering cannot change their intrinsic electronic properties.

Recent development in chemically modified nanostructures such as surface



catalyst decoration, element doping, plasmonic modification and interfacial
hetero-junction design have led to significant advancement in the
photoelectrochemical water splitting, by improving surface reaction kinetics and
charge separation, transportation and collection efficiency. In the part, we will
give an overview of the basic mechanism of photoelectrochemical water
splitting, the semiconductor material selection criteria, with an emphasis of the
recent advancement of chemically modified nanostructure  for
photoelectrochemical water splitting. Finally, we will briefly discuss the current
challenges and future opportunities in the area of photoelectrochemical water

splitting.

Introduction

With the ever-growing of global population and the standard of living, the
steadily increased energy demanding and the faced energy crisis is becoming
one of the most urgent issues in today’s society. The renewable solar energy is
believed a potential solution to solve the faced energy crisis. A lot of efforts
have been devoted into the studies of solar energy, especially solar cells, and
significant advancements have been achieved in the past years. However, before
large scale deployment of solar energy system, the intermittent solar irradiation
raises new problems. In order to obtain continuous and stable power supply

during day and night, it requires efficient and cost effective energy storage



devices to store the excess energy for later utilization. One of the most attractive
means proposed is to store solar energy into the chemical bonding of fuels, such
as carbohydrates and hydrogen. Inspire the nature photosynthesis in plants
which fix solar energy into carbohydrates, researcher tried to mimic this process
using man-made materials and artificial solar hydrogen generation from water
splitting has been proposed. Hydrogen is clean and carbon-free, especially with
high enegy density of ~140 MJ/Kg and natural abundant water source on earth,
which could be beneficial to address the issue of energy storage and energy

crisis.

1.1 The Principle of Photoelectrochemical Water Splitting

Water cannot be directly decomposed by light, because it is transparent to
visible light, but only with the irradiation wavelength shorter than 190nm (deep
ultraviolet light). * For electrochemical water electrolysis, a potential of at least
1.23 V is necessary to drive water splitting. This driving voltage is equivalent to
the energy irradiance with a wavelength of ~1000 nm. If light can be effectively
used in the electrochemical system, it should be possible that water splitting can
be achieved under visible light. The first artificial photosynthesis of H, by water
splitting was demonstrated by Honda and Fujishima in 1972, using
semiconductor TiO, in a photoelectrochemical (PEC) cell. > The schematic

diagram of PEC water splitting cell is shown in figure 1.1. The PEC water



splitting cells typically is composed of a photoanode of n type TiO;
semicondutor and a Pt counter electrode. When the semiconductor is contacted
with the electrolyte; the charge transfer at the interface between semiconductor
and electrolyte, results in charging of the surface layer of the semiconductor.
The charge transfer from the n type semiconductor to the electrolyte leads to the
formation of a surface charge and results in upwards band bending. The
potential barrier at the upward band bending is known as Helmholtz barrier,
which depends on the nature of the aqueous electrolyte and the properties of the
semiconductors. 3 The potential barrier at the interface could drive electron-hole
separation and facilitate charger’s transportation at the band bending layers.
When TiO, photoelectrode is exposed under light illumination, the UV light will
be absorbed by TiO, and generate electron-hole pairs in TiO,. The photoexcited
electrons transfer to Pt counter electrode and reduce water to generate Hy, while
holes diffuse to the surface of TiO, and oxidize water to form O,. **The reaction

equations on each electrode are shown in the following:

Photanode: H,0 + 2h™ — 2H"+ 1/20, E°,, =-1.23V
Cathode: 2H™ +2e” — H, E°y =0V

According to the Nernst equation, it requires at least 1.23V to drive water
electrolysis. To compensate the required electrochemical energy, the
semiconductor electrode must absorb radiant light with photon energies larger

than 1.23 eV to drive solar water splitting. However, for sustainable water



splitting without external bias, the bandgap larger than 1.23 eV is necessary but
not enough. In many cases, extern bias is needed to drive the water splitting
reaction, even if the bandgap of the photoelectrodes such as WOz and Fe;Os is
much larger than 1.23 eV. To a large extent, the external bias is related to the

electronic band structure of the photoelectrodes.

=
cB + H J
e 25 o
I UV 2
3.0eV (A<415 nm)
O,
___/’ HZO
VB h* Electrolyte
TiO, n-type semiconductor Pt counter electrode

photoelectrode

Figure 1.1 Photoelectrochemical water splitting cell based on n type

semiconductor TiO, photoelectrode. ’

1.2 Common Materials for PEC Water Splitting and Their Limitations

In order to achieve efficient solar water splitting, there are some basic
requirements for the semiconductors. In an ideal perspective, the conduction
band and valence band of semiconductors should straddle the electrochemical
potentials of E°(H*/H,) and E°(O,/H,0). ® 8In such ways, the photo-excited
electrons and holes can have enough electrochemical potential to drive water
splitting without external bias. Besides, the semiconductors should also own

efficient solar light absorption properties and excellent chemical stability during



water splitting. The solar light absorption is related to the semiconductor band
gap and the solar to hydrogen conversion efficiency. Figure 1.2 shows the solar
energy spectrum in terms of number of photons and radiation energy. As we can
see, the photon numbers and energy portion for UV region is very small in the
whole solar spectrum. > * ®Theoretically, the lowest bandgap for PEC water
splitting is 1.23 eV. However, in practice, the used photon energy is relatively
larger than the theoretical limits of 1.23 eV and actual energy conversion
efficiency is much smaller than the expectation, due to the energy loss during
PEC water splitting. The energy loss can be attributed to the electron-hole
recombination, polarization within PEC and the potential loss due to the
resistance of electrode and contact. ® The estimated energy loss is around 0.8 eV;
therefore, the practical limitation of photons used for PEC water splitting is ~2.0
eV. This is also why researchers try to develop materials to utilize visible light

for PEC water splitting.
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Figure 1.2 (a) Number of photons in solar spectrum, versus photon energy. (b)




The radiation energy in solar spectrum as a function of wavelength.  **°

Inspired by the first demonstration of PEC water splitting on TiO», a lot of
efforts have been devoted to develop TiO, and other semiconductor materials for
PEC water splitting. Up to now, the most common used materials for PEC water
splitting in literature are metal oxides such as TiO,, ' ZnO, 3! Fe,03, BiVO,
3248 \WO5; *"** metal nitrides and phosphides such as TasNs *>>%and GaP *°
metal oxynitrides such as TaON ®*and silicon such as n type and p type silicon.
Based on the reaction on the semiconductor surface, these material
photoelectrodes can be divided into photoanodes and photocathodes. PEC water
splitting typically undergoes three steps: light harvesting process; charge
separation and transportation process; and catalytic reaction process. °°

Importantly, these processes are close related the properties of materials, such as

band structure, bandgap and electronic conductivity.

Figure 1.3 shows the band structure potential of typical semiconductors
versus vacuum potential and normal hydrogen electrode potential and their
corresponded bandgaps. ®® For metal oxides, only large bandgap metal oxides
such as TiO,, SrTiO; and ZnO can cover the water reduction and water
oxidation potentials. *However, the large bandgap limits their light absorption
and photoelectrochemical water splitting. For those metal oxides with small

bandgap such as Fe,Os; and WOs3;, their conduction band potentials are not



negative enough and external bias is needed to drive water splitting. Besides, the
conductivity of Fe O3 is bad and its carrier diffusion distance is very short,
which usually results in significant recombination during PEC water splitting. °
In the perspective of band structure, those metal sulfides such as CdS and CdSe
can satisfy this requirement; but the stability is a big issue, because it can be
easily oxidized to metal oxides and loses the benefits of band structure. *© 265768
For metal nitrides or metal oxynitrides, the nitride materials also suffer
photocorrosion and gradually lose their photoactivity, although nitrogen
incorporation can modify electronic property and band structure of materials. *®
Silicon with a very small bandgap of 1.1 eV, can absorb a large portion of solar
spectrum, although the valence band of silicon is not positive enough to oxidize
water and external bias is needed. “The external bias can be compensated by
forming hybrid devices such as dye sensitized solar cell-PEC hybrid devices. *
72However, the issues for silicon are also the photo-stability, due to the surface
oxidation and large surface overpotentials.” Nanostructure and chemical
modification such as element doping, surface heterojunciton design and surface

catalyst modification could potentially address light absorption, electronic

property, band structures and chemical stability of semiconductors.
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Figure 1.3 The bandgap and band structure potentials of typical semiconductors;
the potentials are versus normal hydrogen electrode (NHE) at pH=0 and vacuum

potential. ®

1.3 Nanostructure and Chemical Modification

Nanostructure and chemical modification could provide new opportunities to
address the current challenges in the PEC water splitting, such as photostability,
electronic conductivity, light absorption efficiency and band structures.
Nanostructure could provide large interfacial area with electrolyte and short
minority carrier diffusion distance, which can increase the charge separation and
collection efficiency at the interface and thus decrease electron-hole
recombination.® " ™ Nanostructure also increase light absorption efficiency, via
increasing light scattering in the nanostructured matrix. Besides, quantum

confinement could further modify the band structure of semiconductors; for



instance, the tunable conduction band potential of CdSe and CdSe has been
demonstrated via the control of the quantum dot sizes. ° Besides nanostructure
engineering, chemically modification is another important approach to improve
PEC performance of semiconductors. Up to now, chemical modification
including element doping, surface electrochemical catalyst modification such as
oxygen evolution catalyst and hydrogen evolution catalyst, surface plasmonic
effect modification, and heterojunction design, has been extensively used to

increase the PEC water splitting performance.

Element doping has been demonstrated effective in the modification of
electronic and optical properties of semiconductors. '’ For instance, nitrogen
doped TiO; has shown visible light absorption and visible light photoactivity, by

introduction of nitrogen dopant energy states into TiO, band structure. ** 277

Pristine hematite Fe,O3 has a notorious conductivity and PEC performance; ™ 8"
82 Silicon, titanium and tin doped hematite exhibits substantially increased
conductivity and PEC performance.?" ¥ |n addition, self-doping of oxygen
vacancies has been demonstrated a general method to increase the conductivity

and PEC performance of metal oxides semiconductors. > > 174/

Surface modification is another important strategy to stabilize and increase
PEC performance of photoelectrodes. For example, metal oxide coating such as

TiO, and Fe,O3; on silicon has shown stabilized photoactivity of silicon,
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suggesting metal oxide coating could prevent silicon surface oxidation. " Some
semiconductors have large surface reaction over-potentials, which increase the
energy loss of photo-excited carriers and result in a needed large external bias.
Electrochemical catalysts have been used to reduce the overpotential for water
oxidation or reduction. Oxygen evolution catalysts (OER) such as Co-Pi, CoOy
and RuOy modified n type photoanodes and hydrogen evolution catalyst (HER)
such as Ni, Pt and MoS;, modified p type photocathode, have been extensively
studies for PEC water splitting, recently.” 892 For example, Gamelin et al.
reported that Co-Pi modification shows a substantial photocurrent onset shift of
hematite (Fe,O3) for photoelectrochemical water oxidation, indicating the
surface oxygen evolution catalyst modification is effective to improve PEC
performance.®® % Besides suppression of the overpotentials of chemical
reactions, oxygen evolution catalyst modification also exhibits its advantage in
the prevent self-oxidation/reduction of photoelectrode and stabilization of
photoelectrochemical performance. For example, the photocatalytic instability is
an issue for TasNs due to self-oxidation during water oxidation, although it owns
suitable bandgap and band edge positions. Co-Pi OER catalyst shows the
capability in stabilizing PEC performance of TagNs, compared to bared TasNs
photoanode. **Plasmonic metal nanoparticles such as Au and Ag nanoparticles
have been used to increase visible light absorption of large bandgap

semiconductors such as ZnO and TiO,, via Plasmon induced visible light

11



absorption. *°" Heterojunction (type Il junction) formed by surface coating of
another semiconductor can facilitate charge separation at interface and increase
PEC performance. For example, WOs/BiVO, heterojunction photoelectrode
shows enhanced photoelectrochemical performance, compared to the

photoactivity of both WOz and BiVO,. % %%

Combining the both benefits of nanostructure and chemical modification,
chemically modified nanostructure recently has attracted a lot of attentions in
the area of photoelectrochemical water splitting. Substantial efforts have been
devoted to improve PEC performance of nanostructured semiconductors via
chemical modifications. Recent development in chemical modification such as
surface catalyst decoration, element doping, plasmonic modification and
interfacial hetero-junction design have led to significant advancement in the
photoelectrochemical water splitting of nanostructure. In this review, we will
focus on these chemical modification methods and their application in PEC
water splitting. Finally, we give an overview of the current challenges and future

opportunities in the area of photoelectrochemical water splitting
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Chapter 2

Nitrogen-doped ZnO Nanowire Arrays for Photo-electrochemical Water

Splitting

Abstract

We report the rational synthesis of nitrogen-doped zinc oxide (N:ZnO) nanowire
arrays, and their implementation as photoanodes in photoelectrochemical (PEC)
cells for water splitting. Dense and vertically aligned ZnO nanowires were first
prepared from a hydrothermal method, and then annealed in ammonia to
incorporate N as dopant. X-ray photoelectron spectroscopy (XPS) studies reveal
N incorporates substitutionally at O site in ZnO nanowires. Nanowires with N
concentration (atomic ratio of Zn to N) up to ~ 4 % can be prepared depending
on the annealing time. Incident-photon-to-current-efficiency (IPCE)
measurements carried out on PEC cell with N:ZnO nanowire arrays as
photoanodes demonstrate a significant increase of photoresponse in the visible
region compared to undoped ZnO nanowires. Mott-Schottky measurements on a
representative 3.7 at% N:ZnO sample give a flat-band potential of -0.97 V, a
carrier density of 1.65 x 10" cm™, and a space-charge layer of 6.3 nm. Upon
illumination at a power density of 100 mW/cm? (AM 1.5), water splitting is

observed in both ZnO and 3.7 at% N:ZnO nanowires. In comparison to ZnO

22



nanowires, N:ZnO nanowires show an order of magnitude increase in
photocurrent density, with photo-to-hydrogen efficiency of 0.15 % at an applied
potential of +0.5 V (versus Ag/AgCl). These results suggest that aligned 1D
metal oxide nanostructures with controlled doping are promising for PEC water

splitting applications.

Introduction

Hydrogen is an energy carrier, which combines oxygen in a fuel cell to
produce electricity and water without producing pollutants, represents an
environmentally benign fuel of the future.”® However, most of the hydrogen
generated currently comes from steam reforming of natural gas, and the process
produces carbon dioxide as an undesired byproduct.* Central to the success of
hydrogen technology is the efficient generation of hydrogen from a renewable

energy source.> °

A promising approach for hydrogen generation is
light-driven splitting of water into hydrogen and oxygen, H,O + light — H, +

150,, using PEC cells.”*

To serve as high performance photoanodes of PEC cells, semiconductors
toned to satisfy several criteria such as appropriate band-gap and flat band
potential, low electrical resistance and good corrosion resistance in aqueous

solution.” To date, metal oxides have been recognized as most promising
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photoanode materials due to their excellent corrosion resistance in aqueous
solution.10 Moreover, it has been recently reported that nanostructured metal

1234 such as nanocrystals®®, nanosheets'®, nanotubes!’ and nanorods®®

oxides
offer advantages over their bulk counterparts for photoelectrodes due to their
large surface area, short diffusion length and low reflectivity. Despite this
progress, the enhancement of photo-to-hydrogen efficiency remains challenge as

a result of limited light absorption efficiency in the visible region of interest due

to the large band-gap of metal oxides.

To overcome this issue, we have explored the potential use of doped
metal oxide nanowires for PEC water splitting. This work has been motivated by
studies of n-type N-doped ZnO film that have been shown a significant
reduction of band-gap.'* % ZnO is a direct band-gap semiconductor with similar
band-gap and band edge positions as TiO,. Furthermore, ZnO (~ 100 cm?/Vs)*
has even a higher electron mobility than TiO, (~1-10 cm?Vs)?, which could
improve the electron transfer efficiency. Despite ZnO nanowires have been

studying for many years,* %

there is a no report of doped ZnO nanowires for
PEC water splitting yet. Here we report the rational synthesis of N:ZnO
nanowire arrays showing significant photoresponse in the visible region of the

electromagnetic spectrum, and the implementation of these nanowires as

photoanodes of PEC cells. To our best knowledge, this is the first demonstration
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of PEC water splitting based on aligned 1D metal oxide nanowire arrays doped

with N.

Experimental Section

Synthesis: ZnO nanowire arrays were grown on ITO glass using a simple two
step synthesis. In the first step, ZnO nanocrystal film were deposited on the
conducting side of ITO glass by thermal decompoisiton of zinc acetate ethanol
solution at 350 °C for 30 min. In the second step, hydrothermal ZnO growth was
carried out by suspending the ITO glass in a beaker filled with an aqueous
solution of 0.025 M zinc nitrate and 0.025 M hexamethylenetetramine at 90 °C
for 4 hours. Then, the ITO glass was taken out from the solution, rinsed with

deionized water, and dried.

Device Fabrication and Measurement: Nanowires were fashioned into
photoanodes by the placement of a copper wire onto a bare portion of the ITO
substrate and secured with high-purity silver conducting paint. Cells were then
sealed on all edges with epoxy resin except for a working electrode surface area
of 0.25-0.50 cm?. Electrolyte solutions of 0.5 M NaClO, were prepared and
then buffered to pH of 7.0 with phosphate buffer solution. Prior to PEC
experiments, all solutions were deaerated with nitrogen, and during
experimentation a constant positive pressure of nitrogen also flowed through a
three-neck vessel at all times. An Ag/AgCl reference electrode (+0.198 V versus

25



NHE) was employed along with a coiled Pt wire counter electrode during all
runs. All PEC and impedance measurements were carried out on a Solartron
1280B and was coupled to an infrared water-filled filter (Oriel #6127), and then
aligned into a monochromator (Oriel Cornerstone 130 1/8m). A 1000W Xe lamp
was utilized as a white-light source and irradiance were measured with power

meter.

Material Characterization: XPS data were collected in a Kratos Axis Ultra
XPS system operated under charge compensation and with monochromated Al
as X-ray source. Peak positions were calibrated by setting the true position of
the Cls line to 285.0 eV. The survey scan and high-resolution scan were
collected using pass energy of 80 and 40 eV, respectively. Peak fitting is
performed by assuming the observed peak as a convolution of a Gaussian and
Lorentzian function. We restricted the FWHM of the deconvoluted peak to a
maximum 1.9 eV, and then vary the peak shape to match the experimental data.
SEM images were collected in a Hitachi 2700 SEM. NWs were dispersed in
ethanol solution and then transferred onto Cu/lacey-carbon TEM grids. TEM
images were collected in a FEI monochromated F20 UT Technai TEM/STEM
operated with a 200 kV electron beam. The NW films on ITO substrate were
characterized by PXRD with a Rigaku Americas Miniflex Plus powder

diffractometer. Diffraction patterns were recorded from 20 to 80° 26 with a step
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size of 0.04° at 1°/min.

Results and Discussions

The synthesis of N:ZnO nanowire arrays involves two steps. First, we grow ZnO
nanowires on a ZnO nanoparticle seeded indium-tin oxide (ITO) substrate using
hydrothermal method reported elsewhere.?® Scanning electron microscopy
(SEM) image (Figure 2.1a) of as prepared ZnO nanowires shows that nanowires
are dense (~3 x 109 wires/cm?) and vertically well aligned on the substrate.
Homogeneous growth of these nanowire arrays can be obtained over a large area
(2 cm x 2.5 c¢cm), as shown in the optical image of nanowires on substrate
(Figure 2.1b). Transmission electron microscopy (TEM) image (Figure 2.1c) of
ZnO nanowires reveal that they are uniform in diameter (80-130 nm) with
typical nanowire lengths, which depend on the growth time, of 1-2 pum.
High-resolution TEM analysis (Figure 2.1d) further showed that ZnO nanowires
are single-crystal structures. Electron diffraction data recorded along the [2-1-10]
zone axis (inset, Figure 2.1d) can be indexed to the ZnO wurtzite structure and
enable assignment of the nanowire growth direction to be <0002>. Second, ZnO
nanowires were annealed in ammonia at 530 °C for N incorporation and then in
nitrogen for 30 minutes. The annealing was performed in a two-zone tube
furnace (with zone | at upstream and zone Il at downstream). The substrate was

placed in zone | of 530 °C and the temperature of zone Il was set to be 900 °C
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for pre-activation of ammonia.

Figure 2.1. (a) SEM image of ZnO nanowire arrays on ITO substrate. Scale bar
is 2 um. (b) Optical micrograph of ITO substrate after ZnO nanowire growth.
Scale bar is 1 cm. (c) Bright-field TEM image of ZnO nanowires. Scale bar is
500 nm. (d) High-resolution TEM image of single crystalline ZnO nanowire

28



taken along the [2-1-10] zone axis. The white arrow highlights the <0002>
growth direction for the nanowire. Scale bar is 5 nm. Inset: corresponding
electron diffraction pattern indexed for the [2-1-10] zone axis.

After the annealing process, we observed the color of as grown ZnO nanowires
changed from white to yellowish grey. UV-vis absorption spectra collected from
these nanowires indicate a red shift of absorption peak, from ZnO band edge
absorption of 376 nm (3.3 eV)? to visible region (Figure 2.2). These results

suggest the band-gap of ZnO is narrowed due to possible incorporation of N.

Absorbance

undoped ZnO
0.0 , , —

400 500 600 700 800
Wavelength (nm)

Figure 2.2. UV-vis spectra of undoped ZnO and ZnO:N nanowires showing a
red shift of absorption wavelength to the visible region of interest in ZnO:N
sample.

To enable control the N concentration of N:ZnO nanowires, it is

necessary to understand how N incorporation interplays with annealing
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conditions. We performed systematic XPS surveys®’ to quantitatively determine
the N concentration of N:ZnO nanowires. In this presentation, the N
concentration refers to the atomic ratio of Zn to N in nanowires, since it is not
viable to obtain accurate oxygen concentration of ZnO nanowires on ITO
substrate. Figure 2.3a shows the N concentration of N:ZnO nanowires versus the
time of ammonia annealing. N concentration increases with the increase of
annealing time and then reaches a plateau of ~ 4 at.%. To this point, efforts to
further increase N concentration by increasing the annealing time have met little
success. Electron microscopy studies showed that a prolonged ammonia
annealing process (e.g. > 1 hours) will etch the nanowires, probably due to the
presence of atomic hydrogen originating from ammonia decomposition.?® A
more detail study on optimizing the nitrogen concentration is currently in

progress.

It is well known that the N can be incorporated into ZnO lattice in at
least two chemical states, either a N2- molecule (Onz2) or a N atom (ON)
occupying an O site, depending on the synthetic methods.”® The chemical
environments of these two types of N dopant are different and we performed
high-resolution XPS studies to identify the chemical states on N dopant in
N:ZnO nanowires. The core level spectrum of the N 1s region shows an

asymmetric broad peak centered at 398.5 eV with full-width-half-maximum
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(FWHM) of ~ 4 eV (Figure 2.3b), which suggests more than one chemical states
of N are present. By fitting the experimental line profile*’, two deconvoluted
peaks centered respectively at 399.6 eV and 398.3 eV were identified. First, this
data suggests the chemical state of Oy, does not exist in these ZnO nanowires
because no peak was observed in the reported binding energy of Oy, of 404
eV.? % Second, the peak of 399.6 eV is a typical N 1s binding energy of
amines®’. Given that the ammonia was used as N precursor, it is reasonable to
expect the presence of N-H compounds on nanowire surface due to the
incomplete decomposition of ammonia. Last, the peak of 398.3 eV, is a
intermediate between the typical binding energy found for zinc nitride
(~396-397 eV)* and NO type species (above 400 eV), can be attributed to the
N1s of oxynitride (O-zZn-N).***® This data indicates the N dopant incorporates
substitutionally at O site in ZnO nanowire, and ammonia as N precursor favors
the formation of ON. Powder X-ray diffraction patterns of undoped ZnO and a
3.7 at.% N:ZnO nanowire are presented in Figure 2.3c. The results reveal that
both ZnO nanowires are in wurtzite structure and there is no significant shift in

the lattice constants and phase change due to N doping.?®
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Figure 2.3. (a) The plot of N concentration (at.%) of ZnO nanowires versus time
of ammonia annealing. (b) High-resolution XPS spectrum of N 1s peak of
N:ZnO nanowires on ITO substrate. The red curve is the experimental result.
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The brown curve is the summation of the synthetic peaks 399.6 eV (blue curve)
eand 398.3 eV (purple curve). (c) Powder X-ray diffraction patterns of undoped
and N-doped ZnO nanowires.

The chemical state of the N dopant affects the electronic properties of ZnO
nanowires.?® In order to understand the intrinsic electronic properties of ZnO
nanowires in electrolyte solution, we performed electrochemical impedance
measurements® in the dark to determine the capacitance of nanowires.
Nanowire dopant density and flatband potential at nanowire/electrolyte interface
can be quantified by the Mott-Schottky equation® 1/C? = (2/epeeoNg)[(V - VEs)
— kT/eo], wherein eq is the electron charge, ¢ the dielectric constant of ZnO, ¢
the permittivity of vacuum, Ny the dopant density, V the electrode applied
potential, Vg the flatband potential, and kT/ey is a temperature-dependent
correction term. The Mott-Schottky plot collected from a 3.7 at.% N:ZnO
nanowires is presented in Figure 2.4. In contrast to planar samples, they exhibit
a non-linear behavior due to the cylindrical geometery of nanowires.*® Veg of
nanowires was determined from the extrapolation of X intercepts in Mott—
Schottky plots (1/C? versus V) at varies frequencies, which was found to be
-0.97 V (versus SHE). The Vg required for a water splitting reaction to proceed
should be more cathodic than the reduction potential of hydrogen (Ey), which
varies as a function of pH value and can be quantified by the equation E;, = 0 —
0.059(pH). In our case, the electrochemical impedance measurements were

conducted at pH = 7, the observed Veg of N:ZnO nanowire is more cathodic
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than the calculated minimum of Vgg of -0.42 V, as expected. In addition, the
slopes determined from the analysis of Mott-Schottky plot were used to
estimate the carrier density using the equation, Ng = -(2/eogeo)[d(1/C)/dV]*2.
The negative slope indicates N:ZnO nanowires are n-type material with electron
conduction. With an //value of 10 for ZnO,* the electron density of N:ZnO
nanowires was then calculated to be 1.7 x 10%° cm™. The carrier density is
comparable to the value of 6.2 x 10* cm™ has been reported in ZnO nanowires

grown by electrodeoposition method.*
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Figure 2.4. Mott-Schottky plots of a 3.7 at.% N:ZnO nanowire in the dark at
frequencies of 5000 (black line), 7000 (red line) and 10000 Hz (blue line) and an
AC current of 7 mV with a three-electrode system. The potential was measured
against a Ag/AgCI reference and converted to SHE potentials by using
E(Ag/AgCl) = E(SHE) + 0.197 V. Dash lines represent the extrapolated lines
from the linear portion of the Mott-Schottky plots.

Our goal is to address the limited absorption and conversion efficiency

of ZnO nanowires as photoanodes by reducing the band-gap of ZnO through
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controlled N doping. So it is important to understand how the N dopant affects
the absorption efficiency of ZnO nanowires. UV-vis spectroscopy studies,
however, cannot provide a quantitative result on absorption properties of
nanowires due to the strong scattering effect of nanowires on substrate.
Therefore, we performed incident-photon-to-current-conversion efficiency
(IPCE) measurements to study the photoactive wavelength regime for undoped
and N-doped ZnO nanowires (Figure 2.5). IPCE can be expressed as: IPCE =
(1240 x 1) / (Ax Jiigm),>” where | is the photocurrent density, (] the incident lig
wavelength and Jjgne iS the measured irradiance. Undoped ZnO nanowires
showed a minimal photoresponse below the band-gap energy (~3.3 eV, 376
nm)®. In contrast, IPCE data collected from the N:ZnO nanowires showed a
significant red shift towards lower energy compare to the undoped nanowires. At
below band-gap illumination, for example, the IPCE of ZnO and N:ZnO
nanowires at the incident wavelength of 400 nm are 3.3 % and 14.6 %,
respectively. This data is a direct evidence of N dopant narrows the band-gap of
ZnO and improves the light collection and conversion efficiency in visible

region of interest.
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Figure 2.5. Measured IPCE spectra of undoped ZnO nanowires (square) and 3.7
at% N:ZnO nanowires (circle) in the region of 360 nm to 580 nm at a potential
of +0.8 V and +0.5 V, respectively.

Systematic electrochemical measurements®* were carried out to evaluate the
PEC properties of photoanodes fabricated from ZnO and N:ZnO nanowires.
Figure 2.6a shows a set of linear sweep voltammagrams recorded on these
nanowires in the dark and at illumination of 100 mW/cm? (AM 1.5). Dark scan
linear sweep from -0.5 V to +1.3 V showed a small current in the range of 10”
A/cm?. Upon illumination, undoped ZnO nanowires showed a pronounced
photocurrent starting at ~ -0.4 V and continues to increase to 17 pA/cm? at +1.0
V. In comparison to undoped nanowires, N:ZnO nanowires showed a significant
enhancement in photoresponse with a photocurrent density of 400 pA/cm? at
+1.0 V. Significantly, there is no saturation of photocurrent has been observed in
all studied nanowires at more positive potential, which indicates a good charge

separation occurs in nanowires upon illumination and the depletion layer is not
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fully optimized yet. The width of the space-charge layer (W) at the
semiconductor/solution interface can be derived from the Mott-Schottky plot
relationship and be expressed as W = [2ze0(V-Veg) / eoNg] 2.8 At a potential of
+1.0 V, W has been calculated to be 6.2 nm, which is much smaller than the

radius of ZnO nanowires.
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Figure 2.6. (a) Linear sweep voltammagrams, collected at a scan rate of 10
mV/s at applied potentials from -0.5 V to +1.3 V, from undoped ZnO nanowires
in the dark (black line), undoped ZnO nanowires (blue line) and 3.7 at.% N:ZnO
nanowires (red line) at 100 mW/cm?. (b) Linear sweep voltammagrams of the
N:ZnO nanowires in the dark (black line), at 100 mW/cm? (red line), 200
mW/cm? (blue line) and 300 mW/cm? (green line). (c) Amperometric I-t curves
of the N:ZnO nanowires at an applied voltage of +0.5 V at 100 mW/cm? with
180 s light on/off cycles. (d) Photoconversion efficiency of the PEC cell with
N:ZnO nanowire electrode as a function of applied potential.
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Power-dependence linear sweep voltammagrams (Figure 2.6b) collected from
the N:ZnO nanowire photoanode showed the photocurrent density increases
almost proportionally with the increase of the incident white light power and the
photocurrent is not saturated even at 300 mW/cm® This is of practical
importance for the development of solar concentrated PEC cells. In addition, we
performed amperometric I-t studies to examine the photoresponse of nanowires
over time. I-t curves collected from the N:ZnO sample with light on/off cycles at
100, 200 and 300 mW/cm? at +0.5 V are presented in Figure 2.6¢c. The data
shows a very low dark current of < 107 A/cm?. Upon illumination, we observed
a spike in photoresponse at all power densities due to the transient effect in
power excitation, and then the photocurrent quickly decrease to a steady state.
We only observed a small decay of photocurrent density after addition runs (~10
pA in 5000s), which indicates N:ZnO nanowires as photoanodes are stable in the
photo-oxidation process.(Figure 2.7) We carried out systematic amperometric 1-t
studies on N:ZnO nanowire as a function of applied overpotential at 100
mW/cm?. The efficiency of photon-to-hydrogen (n) generation was used the
question, n =1 (1.23-V) / J.igm.3g The plot of efficiency versus applied potential
(Figure 2.6d) showed the maximum value of efficiency is 0.11%, which is
obtained at an applied potential of +0.5 V. To determine the intrinsic n of ZnO
nanowires, the optical losses due to measurement set up (~25 %) should be

corrected. The effective photonconversion efficiency of a 3.7 at.% N:ZnO
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nanowires is then calculated to be 0.15%, which is higher than the recent
reported values for undoped TiO, nanorods™ and N:ZnO film*® as photoanodes.
Significantly, N:ZnO nanowires showed a 15 times enhancement in efficiency
compare to undoped ZnO nanowires with typical photonconversion efficiencies
of ~0.01 %. Given that the overlap between the absorption spectrum of the 3.7
at.% N:ZnO nanowires and the solar spectrum (~ 5%) is still limited, these PEC

results are very encouraging.
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Figure 2.7. Amperometric I-t curvs of the ZnO:N nanowires collected at applied
potential of 0.5V vs. Ag/AgCl for 5000 s.

Conclusion

In summary, we have synthesized N:ZnO nanowire arrays with well controlled
of N dopant. IPCE studies of N:ZnO nanowires show a significant enhancement
in conversion efficiency in the visible region. In comparison to undoped ZnO

nanowires, 3.7 at.% N:ZnO nanowires demonstrate a order of magnitude
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increase in photoresponse with a overall efficiency of 0.15 %. The overall
efficiency is still somewhat low since the system has not been optimized.
However, the advantage afforded by N-doping is clearly demonstrated in terms
of enhancing visible absorption and photocurrent conversion. Further
improvement of conversion efficiency of these nanowires might be achieved by
optimizing the N concentration to further increase the light absorption efficiency;,
reducing the wire diameter to increase active surface area and optimize the
width of depletion layer, and minimizing the resistance between nanowires and
ITO substrate. These N:ZnO nanowire arrays offer substantial promise as

reliable photoanodes of PEC cells for water splitting.
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Chapter 3

Double-sided CdS and CdSe Quantum Dot Co-sensitized ZnO Nanowire

Arrays for Photoelectrochemical Hydrogen Generation

Abstract

We report the design and characterization of a novel double-sided CdS
and CdSe quantum dot co-sensitized ZnO nanowire arrayed photoanode for
photoelectrochemical (PEC) hydrogen generation. The double-sided design
represents a simple analog of tandem cell structure, in which the dense ZnO
nanowire arrays were grown on an indium-tin oxide substrate followed by
respective sensitization of CdS and CdSe quantum dots on each side.
As-fabricated photoanode exhibited strong absorption in nearly the entire visible
spectrum up to 650 nm, with a high incident-photon-to-current-conversion
efficiency (IPCE) of ~45 % at OV vs. Ag/AgCl. Based on a single white light
illumination of 100 mW/cm?, the photoanode yielded a significant photocurrent
density of ~12 mA/cm? at 0.4 V vs. Ag/AgCl. The photocurrent and IPCE were
enhanced compared to single quantum dot sensitized structures as a result of the
band alignment of CdS and CdSe in electrolyte. Moreover, in comparison to
single-sided co-sensitized layered structures, this double-sided architecture that

enables direct interaction between quantum dot and nanowire showed improved
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charge collection efficiency. Our result represents the first double-sided
nanowire photoanode that integrates uniquely two semiconductor quantum dots
of distinct bandgaps for PEC hydrogen generation, and can be possibly applied

to other applications such as nanostructured tandem photovoltaic cells.

Introduction

Metal oxide nanowire (NW) arrays with large surface area and short
diffusion length for minority carriers represent a new class of photoelectrode
materials that hold great promise for photoelectrochemical (PEC) hydrogen
generation applications.® However, both bulk and nanostructured wide
bandgap metal oxide photoelectrodes, such as ZnO and TiO,, face the major
limitation of poor visible light absorption. Considerable efforts have been made
to improve their visible light absorption, including elemental doping,* > dye or

quantum dot (QD) sensitization,®*!, and constructing hybrid structures,****

yet
the complete absorption of solar light have not been realized. Photovoltaic (PV)
studies have demonstrated that tandem structure made of a combination of
semiconductors with optimal bandgap energies can maximize the absorption of

solar light.** *® However, rational synthesis of the multi-junction nanostructures

for photovoltaic or PEC devices has been technically challenging.

Double-sided structure serves as an analog of tandem cell, offering new

opportunities for design and fabrication of PV and PEC devices. Several
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17, 18 and

double-sided PV or PEC structures based on metal oxide nanotube
nanowire'® arrays have recently been reported. For example, Grimes reported
the self-biased heterojunction PEC diodes with n-type TiO, on the front and
p-type Cu-Ti-O nanotubes on the back side of a substrate.*” Although this work
combined a photoanode and a photocathode on the same substrate, the device
was not targeted at increasing visible light absorption. In addition, Wang
developed a double-sided nanowire structured hybrid cell for concurrently
scavenging solar and mechanical energies,”® and Misra demonstrated the
double-sided illuminated TiO, nanotubes for hydrogen generation.'® Yet these
devices required the two sides operated separately and therefore two energy
sources. Here we report a novel double-sided CdS and CdSe QD co-sensitized
ZnO NW arrayed photoanode (denoted as CdS-ZnO-ZnO-CdSe) that exhibits
strong absorption in the wavelength region up to 650 nm and can be operated
using a single white light source (Figure 3.1). This unique structure integrates
the motif of QD sensitization and tandem cell to provide a simple approach to
enhance simultaneously the visible light absorption and carrier collection of
nanostructured metal oxide photoelectrodes. In comparison to double-sided
single-sensitized structures and single-sided co-sensitized structures, the

double-sided co-sensitized sample showed substantially enhanced photocurrent

density and IPCE due to the improved carrier transfer and collection efficiency.
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Figure 3.1. Schematic diagrams illustrating (a) the architecture and (b) the
corresponding energy diagram of double-sided CdS-ZnO-ZnO-CdSe NW
arrayed photoanode. Dashed square highlight the CdS-ZnO and CdSe-ZnO
interfaces.

Experimental Section

Synthesis of ZnO NW arrays: we grew ZnO nanowires on a ZnO nanoparticle

seeded ITO substrate using hydrothermal method.

ZnO seed coating -- both sides of ITO glass were deposited with zinc acetate
ethanol solution, then rinsed by ethanol solution and blew dry. This coating step
was repeated five times. Then, the sample was annealed at 350 °C for 30 min.
The zinc acetate deposition and annealing processes were carried out twice to

ensure a uniform coating of ZnO nanocrystal seeds on ITO glass.

Hydrothermal synthesis -- ITO glass coated with ZnO seeds was vertically put
into a rubber holder. The substrate with holder was placed into a Telfon-lined
stainless steel autoclave, filled with 20 ml 0.05 M zinc nitrate and 0.05 M
hexamethylenetetramine aqueous solution. The sealed autoclave was heated in

an electric oven at 90 °C for 6 hours. ITO glass coated with uniform white film
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on both sides was rinsed with deionized water and air dried.

CdS and CdSe QD sensitization: ZnO NW arrays were sensitized with CdS
and CdSe QDs sequentially, using chemical bath deposition (CBD).{Lokhande,
2005 #20; Spoerke, 2009 #21} For double-sided samples, we first sensitized
ZnO NW arrays with CdS QD on one side of the substrate, while the other side
was protected by a parafilm foil and all edges were sealed with adhesive tape.
Then the other side of the substrate was sensitized with CdSe QDs using the
same approach. For single-sided co-sensitized samples, we sensitized ZnO NW

sequentially with CdS and CdSe QDs.

CdS QDs were deposited on ZnO NWs with a modified CBD method. As
prepared double-sided ZnO NW array with one side protected was incubated in
an aqueous solution of 10 mM Cd(NOs), and 10 mM thioacetamide at 40 °C for
10 min. White ZnO NW film became yellow. The substrate was washed with

deionized water and air dried.

CdSe QDs were deposited on ZnO NWs using a reported CBD method.
Cadmium nitrate (Cd(NO3),) was used as Cd source and sodium selenosulphate
(Na,SeSO3) as Se source. The Na,SeSO; aqueous solution was prepared by
refluxing Se powder in an aqueous Na,SO3 solution at 80 °C overnight. Freshly
prepared 0.1 M Na,SeSO; (8 ml) was mixed with the same volume 0.02 M

Cd(NOs), and 0.5 M sodium citrate in a 20 ml glass vial. CdS QD sensitized
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ZnO NW sample with CdS side protected was placed into the vial, and heated in
water bath at 60 °C for 15 min. The process above was termed as a CBD cycle.
We carried out two CBD cycles, the color of ZnO NW arrays were changed

from white to deep red.

Electron microscopy: SEM images were collected in a Hitachi 2700 SEM.
NWs were dispersed in ethanol solution and then transferred onto
Cu/lacey-carbon TEM grids. TEM images were collected in a FEI
monochromated F20 UT Technai TEM/STEM operated with an 200 kV electron

beam.

Powder X-ray diffraction: The NW films on ITO substrate were characterized
by PXRD with a Rigaku Americas Miniflex Plus powder diffractometer.
Diffraction patterns were recorded from 20 to 80° 20 with a step size of 0.04° at
1°/min.

UV-vis spectroscopy: The UV-vis absorption spectra of NW films were taken
on a Hewlett-Packard 8452A diode array spectrophotometer at room

temperature.

Fabrication and PEC measurement of NW photoanodes: NW arrays were
fashioned into photoanodes by securing a copper wire onto a bare portion of
ITO substrate with silver conducting paint. Both sides of the substrate were

connected to the same copper wire by soldering. The substrate was then sealed
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on all edges with epoxy resin except for a working area of 0.18 cm? on both
sides. All PEC measurements were carried out in a three-electrode
electrochemical cell in a stirred solution bubbled with nitrogen, with a coiled Pt
wire as a counter electrode and an Ag/AgCI electrode as a reference. The
electrolyte was a mixture of 0.25 M Na,S and 0.35 M Na,SOj3 aqueous solution
with a pH of ~9.5, which were used as sacrificial reagents to maintain the
stability of CdS and CdSe. I-V measurements were made on a Solartron 1280B
potentiostat coupled to an infrared water-filter (Oriel no. 6127) using a 1000 W
Xenon Arc Lamp as the white light source. The light power of 100 mW/cm? was
measured with a power meter (Molectron, PM5100). IPCE characteristics were

measured with a monochromator (Oriel Cornerstone 130 1/8m).

Results and Discussion

ZnO NW arrays were first synthesized to cover the entire surface of both
sides of a double-sided indium-tin-oxide (ITO) glass substrate using
hydrothermal method.®® The double-sided ZnO NWs were then sequentially
sensitized with CdS and CdSe QDs by chemical bath deposition.”> ?* The
detailed synthetic strategy is illustrated in Figure 3.2. At equilibrium, the Fermi
levels of the three semiconductors will be aligned with electrolyte solution as
shown in the simplified energy diagram (Figure 3.1b). Importantly, the

conduction band edges (CBEs) of CdS and CdSe are higher than that of ZnO,
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allowing efficient transfer of photoexcited electrons from CdS and CdSe QDs to
ZnO NWs. While the electrons are transported to cathode for hydrogen
generation in a PEC device, the holes will be consumed for an oxidation

reaction at the anode/electrolyte interface.

double-sided ZnO NW array 3 QHS QDS -

ITTITTITTITTI N et
ITTTTTTTTTT gmrrmm\

double-sided ITO coated glass

surface protected

P
TEFEFFEFSFERT

° CdSe QDs

Figure 3.2 The schematic shows the fabrication of double sided CdS and CdSe
quantum dots sensitized ZnO nanowire arrays.

To investigate the structural properties of these QD-coupled nanowires, we
carried out electron microscopy and powder X-ray diffraction (PXRD) studies.
Scanning electron microscopy (SEM) images revealed the growth of dense and
vertically aligned ZnO NWs on both sides of the ITO substrate, with typical
wire diameter of ~100-150 nm and wire length of ~ 2 um. High-resolution
transmission electron microscopy (TEM) image showed that ZnO nanowires

were single crystal wurtzite structures with growth direction of <0001> (Figure
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Figure 3.3 (a-b) SEM images of ZnO nanowires on ITO glass. (c-d) low
resolution and high resolution TEM images of ZnO nanowire.

After QD sensitization, TEM images verified that individual ZnO NWs were
covered with nanoparticle aggregates with diameters about 10 — 30 nm (Figure
3.4). Each aggregate consisted of a number of QDs with average diameter of 3 —

10 nm and the measured lattice spacings was consistent with the d-spacings of

53



CdS or CdSe. Importantly, the QD/NW and QD/QD interfaces were clean
without noticeable contamination from organic solvent residues, which could

reduce the interfacial carrier loss.

X
&

d(002)=0. 330a
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Figure 3.4 TEM images of CdS and CdSe sensitized ZnO nanowire.

Powder X-ray diffraction (PXRD) studies further confirmed that the
nanoparticle aggregates were CdS and CdSe based on their characteristic
diffraction peaks (Figure 3.5). These peaks were identified and can be indexed
to CdSe cubic and CdS hexagonal structure respectively. In addition, no
observable change in the ZnO crystal phase was observed after QD

sensitization.
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Figure 3.5 XRD patterns of ITO glass, ZnO, CdS/ZnO, CdSe/ZnO. The insets
are the magnified XRD pattern highlighted by the dashed boxes.

PEC measurements were performed to study the photoelectrochemical
properties of the photoanodes fabricated from double-sided, CdS and CdSe
co-sensitized ZnO NW arrays. All PEC measurements were carried out in a
three-electrode electrochemical cell in a stirred solution bubbled with nitrogen,
with a coiled Pt wire as a counter electrode and an Ag/AgCl electrode as a
reference. A mixture of 0.25 M Na,S and 0.35 M Na,SO3 aqueous solution was
used as electrolyte and sacrificial reagent to maintain the stability of CdS and
CdSe. The electrolyte had a pH of ~9.5 and the solution potential was about
-0.56 V. I-V measurements were made on a Solartron 1280B potentiostat

coupled to an infrared water-filter (Oriel no. 6127) using a 1000 W Xenon Arc
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Lamp as the white light source. The CdS QD sensitized ZnO NWs were faced
towards the incident light in all PEC measurements. In order to allow light
penetrates through the first layer, we intentionally reduced the loading of CdS
QDs. The CdSe QD was in maximum loading for complete light absorption. For
comparison, double-sided ZnO NWs (denoted as ZnO-ZnO), CdS QD sensitized
ZnO NWs (denoted as CdS-ZnO-Zn0O-CdS) and CdSe QD sensitized ZnO NWs
(denoted as CdSe-ZnO-ZnO-CdSe) were prepared in similar growth and
sensitization conditions, and used as control samples for measurements. Figure
3.6 shows a set of linear sweep voltammagrams recorded from these NW
photoanodes in dark and at illumination of 100 mW/cm? (AM 1.5). All
samples showed small dark current density, in the order of 10 to 10 mA/cm?
from -0.7 V to 0.4 V vs. Ag/AgCl. Only the dark scans of ZnO-ZnO and
CdS-Zn0-Zn0O-CdSe samples are plotted in Figure 3.6 for clarity. While all NW
photoanode showed pronounced photoresponse under light illumination, QD
sensitized NW samples exhibited substantially enhanced photocurrent compared
to pristine ZnO NWSs. This can be attributed to the improved visible light
absorption by the QDs, as shown in UV-vis absorption studies (Figure 3.7). The
results confirmed efficient interfacial charge transfer between CdS, CdSe QDs
and ZnO NW. Significantly, the co-sensitized CdS-ZnO-ZnO-CdSe NW showed
a maximum photocurrent density of ~12 mA/cm? at 0.4 V, which is about two

times larger than that of single sensitized samples (CdS-ZnO-ZnO-CdS and
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CdSe-Zn0-ZnO-CdSe). The data indicate that the incident light transmitted
through the CdS-ZnO layer to the CdSe-ZnO layer at the back of the substrate
and the light was absorbed by both layers. More importantly, there was a
synergistic effect in the co-sensitized sample that led to the photocurrent

enhancement.
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Figure 3.6 PEC performances of double sided ZnO nanowire arrays, CdS
sensitized ZnO nanowires, CdSe sensitized ZnO and CdS and CdSe
co-sensitized ZnO nanowire arrays.
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Figure 3.7 Digital images of ITO glass, ZnO nanowire arrays, CdS sensitized
Zn0O, CdSe sensitized ZnO and CdS and CdSe cosensitized ZnO, and their
corresponding UV-vis spectra.

To quantitatively address the photoactivity of QD sensitized NW
photoanodes, we performed incident-photon-to-current-conversion efficiency
(IPCE) measurements to study their photoresponse as a function of incident light
wavelength (Figure 3.8). IPCE is expressed as: IPCE = (1240 x 1) / (AX Jiight),
where | is the photocurrent density, A is the incident light wavelength and Jiign: is
the incident light power density. In comparison to pristine ZnO NWs, sensitized
ZnO NWs showed substantially enhanced IPCE in both the visible and UV
regions due primarily to increased light absorption by the QDs. Lower IPCE are
registered in UV region than visible region could be attributed to two possible

reasons, 1) saturation of absorption due to the large absorption cross section for
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most materials in the UV region than in the visible, which leads to apparently
lower effective IPCE; and 2) insufficient UV penetration as UV light is more
strongly scattered and absorbed than visible light, and a substantial absorption of
UV light by ITO substrate. The CdS-Zn0O-ZnO-CdS sample had a pronounced
IPCE of ~35 - 45% at the wavelength up to 500 nm and then the IPCE dropped
to a minimal level at wavelength below the CdS bandgap energy of ~550 nm
(bandgap of bulk CdS: 2.3 eV). On the other hand, the CdS-ZnO-ZnO-CdSe
sample showed photoactivity at a broader range of wavelength from 400 nm to
650 nm due to the smaller bandgap of CdSe (bandgap of bulk CdSe: 1.7 eV),
with a lower IPCE value of ~25%. At the same incident wavelength (400 — 500
nm), the higher IPCE revealed that the CdS-ZnO composite was more efficient
than CdSe-ZnO in separating and/or collecting photoexcited electrons, which is
in agreement with the larger potential difference between the CBEs of CdS and
Zn0. The photoactivity related to the QD excitonic absorption was not obvious
due to the relatively broad size distribution of CdS and CdSe QDs. It is worth
noting that the co-sensitized CdS-ZnO-ZnO-CdSe NW photoanode showed a
nearly constant IPCE of ~45 % in the whole visible region from 400 nm to 650
nm, clearly demonstrating the advantage of this tandem structure. The high
photoactivity at the incident wavelength from 400 nm to 500 nm is expected as
both CdS and CdSe layers have substantial absorption in this region. More

importantly, the IPCE of CdS-ZnO-ZnO-CdSe photoanode is about two times
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higher than that of CdSe-ZnO-ZnO-CdSe at the incident wavelength of 550 nm -
650 nm, where the CdS layer in the co-sensitized sample has minimal light
absorption. We attributed the enhanced IPCE to the Fermi level alignment
between CdS and CdSe. It has been reported that the CBE of CdSe is elevated
when its Fermi level is aligned with CdS in a CdSe/CdS/TiO, film.® 2* Similarly,
we believe that the potential difference between the CBE of CdSe and ZnO in
the co-sensitized sample was increased as the Fermi levels of CdS and CdSe
were aligned in the electrolyte solution. The increased potential difference
would facilitate the electron separation and transfer from CdSe QD to ZnO NW
in the co-sensitized sample, and thereby improves the IPCE. Overall, the IPCE
CdS-Zn0O-ZnO-CdSe was enhanced by a factor of two compared to
CdSe-ZnO-ZnO-CdSe, which is consistent with the observed enhancement of

photocurrent density (Figure 3.6).
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Figure 3.8 Measured IPCE spectra of double-sided NW samples collected at the
incident wavelength range from 310 nm to 650 nm at a potential of 0 V vs.
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Ag/AgCI.

To understand the potential advantages of double-sided tandem structure
over single-sided structure for solar hydrogen generation, we also carried out
PEC studies on single-sided QD sensitized and co-sensitized ZnO nanowire
samples for comparison. Two sensitized samples (denoted as CdS-ZnO and
CdSe-ZnO) and two co-sensitized ZnO NW samples (denoted as
CdSe-CdS-ZnO and CdS-CdSe-ZnO) were prepared for PEC measurements.
Single-sided NW samples were illuminated from the backside of the substrate in
all PEC measurements. The IPCE spectra of these single-sided NW samples are
depicted in Figure 3.9a. We observed several important features. First,
CdS-CdSe-ZnO and CdS-ZnO had similar IPCE characteristics, indicating the
intermediate CdSe layer in CdS-CdSe-ZnO sample had little or no contribution
to the photocurrent. This can be understood by the band alignment between CdS
and CdSe, where the photoexcited holes in CdSe cannot be transferred to
electrolyte due to the large potential difference between the valence band edges
of CdSe and CdS (Figure 3.9b). Second, CdSe-ZnO showed higher photocurrent
density than CdS-ZnO and CdS-CdSe-ZnO samples as a result of strong visible
light absorption (figure 3.10). CdSe-ZnO exhibited almost constant IPCE of 25 %
in the wavelength range from 400 nm to 650 nm, suggesting efficient electron
transfer from CdSe QD to ZnO NW (Figure 3.9a). In addition, the IPCE was

almost the same as double-sided CdSe-ZnO-ZnO-CdSe sample, indicating the
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maximum loading of CdSe QD. Finally, CdSe-CdS-ZnO sample presented the
most pronounced photocurrent among all single-sided samples. As shown in
Figure 3.9b, the band alignment allows transportation of both electrons and
holes in this composite structure. The enhanced IPCE observed in
CdSe-CdS-ZnO sample compared to CdSe-ZnO can be attributed to the
elevation of CBE of CdSe via band alignment between CdS and CdSe, and the
incorporation of CdS middle layer that leads to the enhancement in light

absorption below the wavelength of 550 nm.
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Figure 3.9 (a) Measured IPCE spectra of single-sided NW samples in the
wavelength region of 310 nm to 650 nm at a potential of 0 V vs. Ag/AgCl; (b)
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Energy band diagram of CdS-CdSe-ZnO and CdSe-CdS-ZnO NW photoanodes.
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Figure 3.10. Linear sweep voltammagrams, collected at a scan rate of 10 mV/s
at applied potentials from -0.7 V to +0.4 V, from photoanodes fabricated from (a)
CdS-ZnO; (b) CdS-CdSe-ZnO; (c) CdSe-ZnO; and (d) CdSe-CdS-znO

nanowire samples at incident light of 100 mW/cm?® Dashed line is the linear
sweep voltammagram of CdS-ZnO in the dark.

The comparison of PEC performance between CdS-CdSe-ZnO and
CdS-Zn0O-ZnO-CdSe NW samples clearly reveal the advantages of a
double-sided photoanode structure. As shown in Figure 3.11a, they had similar
current-voltage profile at a bias below -0.1 V. While the photocurrent of
CdS-CdSe-ZnO saturated quickly with a maximum current density of ~6
mA/cm? there was no current saturation for the double-sided
CdS-Zn0-Zn0O-CdSe sample at large bias. The data suggests that electron
transfer in the CdSe-CdS-ZnO is less efficient compared to
CdS-Zn0-Zn0O-CdSe. As the Fermi levels of CdS, CdSe and ZnO are aligned,

the CBEs of CdS and CdSe are similar that allows electrons to delocalize
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between the conduction bands (Figure 3.10b).%?" Although the electrons created
in CdSe can be transferred to ZnO through the CdS layer, the presence of this
intermediate layer would increase the chance of electron-hole recombination and
limit electron collection efficiency and thereby the maximum photocurrent. The
limited electron transfer efficiency from CdSe QD to ZnO NW was also
reflected in the IPCE data. The IPCE of CdSe-CdS-ZnO sample at the
wavelength above 500 nm was smaller compared to CdS-ZnO-ZnO-CdSe
sample (Figure 3.11b), indicative of relatively low collection efficiency of
electrons created in CdSe. Importantly, the double-sided co-sensitized sample,
with CdS and CdSe QDs directly contact with ZnO NWs that facilitates the

electron transfer from QD to NW, addressed this limitation.
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Figure 3.11. Comparison of PEC performance of double-sided
CdS-Zn0O-ZnO-CdSe NWs and single-sided CdSe-CdS-ZnO NWs. (a) Linear
sweep voltammagrams, collected at a scan rate of 10 mV/s at applied potentials
from -0.7 V to +0.4 V vs. Ag/AgCl at 100 mW/cm?; red and black dashed line
are the dark scan of CdS-ZnO-ZnO-CdSe and CdSe-CdS-ZnO sample
respectively; and (b) Measured IPCE spectra at the incident wavelength from
310 nm to 650 nm at a potential of 0 V vs. Ag/AgCI.

Conclusion

In summary, we have successfully developed a double-sided CdS and
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CdSe QD co-sensitized ZnO NW arrayed photoanode for PEC hydrogen
generation. This unique photoanode exhibits strong light absorption in almost
the entire visible region using a single light source. The band alignment between
CdS and CdSe in electrolyte improves the electron transfer from CdSe QD to
ZnO NW and thereby the IPCE. In comparison to single-sided co-sensitized
NWs, the double-sided sample showed substantially improved charge collection
efficiency. This work has demonstrated the potential advantages of double-sided
NW photoanode for hydrogen generation and possibly other applications such as
PV cells and provided important insights into the design and fabrication of

composite nanostructures.
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Chapter 4

Facile Synthesis of Highly Photoactive a-Fe,O3-based Films for Water

Oxidation

Abstract

This work reports the synthesis and characterization of a-Fe,O3 films as well as
their implementation as photoanodes for photoelectrochemical water splitting.
High-quality, transparent a-Fe,O3 films were prepared on a fluorine-doped tin
oxide substrate by a facile deposition-annealing process using non-toxic iron(l11)
chloride as the Fe precursor, followed by annealing at 550 °C in air. In addition,
Ti-doped o-Fe,O3 films were prepared by the same method, adding titanium
butoxide as the Ti precursor. X-ray photoelectron spectroscopy confirms the
incorporation of Ti atoms in an oxidized chemical environment. Impedance
measurements show that the Ti-dopant serves as an electron donor and causes an
increase of two orders of magnitude in the charge carrier density of the a-Fe;O3
film. The photoelectrochemical performance of undoped and Ti-doped a-Fe;O3
films was characterized and optimized through controlled variation of the Fe and

Ti precursor concentration, annealing conditions, and the number of
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deposition-annealing cycles. Undoped and Ti-doped a-Fe,O3 films yield high
photocurrent densities of 0.91 and 2.80 mA/cm? at 1.23 V vs. RHE, respectively.
The photocurrent density of the Ti-doped a-Fe,O3 film is comparable to the
benchmark value previously reported for Si-doped a-Fe,O3z under the same bias.
Compared to the undoped sample, the photocurrent onset potential of Ti-doped
a-Fe;O3 is shifted about 0.1-0.2 V to lower potential, thus improving the
photocurrent and incident-photon-to-current-conversion-efficiency (IPCE) at
lower bias voltage. Significantly, the optimized Ti-doped a-Fe,O3 film achieved
a photocurrent density of 1.64 mA/cm? at 1.0 V vs. RHE, which is the highest
value obtained for a-Fe,O3 at this bias. The enhanced photocurrent is attributed
to the improved donor density and electrical conductivity, as a result of
Ti-doping. Ultrafast laser spectroscopy studies have been used to probe the
fundamental charge carrier dynamics and reveal that, compared to the undoped
sample, the excited charge carriers in the Ti-doped o-Fe,O3 film decay slightly
slower on the timescale beyond a few picoseconds, suggesting a reduced

electron-hole recombination on that time scale.

Introduction

Since the direct photoelectrolysis of water into oxygen and hydrogen
was reported by Honda and Fujishima in 1972,' a number of metal oxide

semiconductors such as TiO,, ZnO, WOs3;, and a-Fe,O3; have been investigated
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for photoelectrochemical (PEC) water splitting. Significant progress has been

achieved in enhancing the efficiency of hydrogen generation.?™*®

Among these
metal oxide semiconductors, a-Fe,O3; (hematite) has received much attention
due to its favorable optical bandgap (~2.2 eV),%® excellent chemical stability,
natural abundance, and low cost. It has been theoretically predicted that a
semiconductor with this bandgap can achieve a solar-to-hydrogen efficiency of
16.8 %.%* However, the reported solar-to-hydrogen efficiencies of a-Fe,O3 are
notoriously lower than the predicted value, mainly due to its very short lifetime

of photogenerated charge carriers (< 10 ps)®* %

and short hole diffusion length
(~ 2—4 nm)***. The majority of photoexcited electrons in a-Fe,Os is typically
lost via different recombination processes within the first few picoseconds, and
only holes created close enough to the semiconductor/electrolyte interface can
be used for water oxidation. In this regard, very thin a-Fe,O3 films should be
used for facilitating transport/collection of electrons and holes. However,
a-Fe;O3 is an indirect bandgap semiconductor, and thus it requires a relatively
thick layer of active material for the complete absorption of solar light. Besides,
the band positions of a-Fe,O; do not necessarily straddle the H, and O,
evolution potentials. Therefore, a relatively large external bias (0.8-1.0 V) is
typically required for water splitting using a-Fe,O3 materials as photoanodes.* 2"

28

To address these limitations, a number of unique element-doped,
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nanostructured a-Fe,O3 materials have been designed and fabricated. First, both

28, 39-52

nonmetal® * % and metal elements have been extensively investigated

as dopants for a-Fe,O; materials. These dopants have been shown to play
important roles in improving the optical absorption coefficient, the donor density,
electrical conductivity, and the flat band potential of a-Fe,Oz. For example,
Ti-doping was reported to increase the conductivity of a-Fe,O3 by several orders
of magnitude.®® Second, nanostructured materials with very large interfacial area
between electrolyte and semiconductor would facilitate the charge collection by
reducing the diffusion length for photoexcited holes. Nanostructured o-Fe;O3

materials have thus been synthesized by numerous approaches, including

19, 54-56 10, 20, 39-41, 45, 48-50, 57, 58 DC

hydrothermal methods, spray pyrolysis,

42,59-61

magnetron sputtering,* electrochemical deposition, atmospheric pressure

2,3,16,32,34,36

chemical vapor deposition (APCVD), colloidal solution assembly,?

30, 66

% sol-gel,%? anodization,” ®*% flame oxidation of iron foils, and atomic

layer deposition (ALD)®. Among these methods, the nanostructured o-Fe,Os
films prepared by spray pyrolysis, APCVD, and ALD have shown excellent PEC
performance. However, these techniques require special instruments such as

20, 67, 68

atomizers or chemical vapor deposition and ALD® systems that use toxic

and flammable metal-organics as precursors® * 3% 343¢

It is highly desirable to develop a facile, safe, and cost-effective method to

72



fabricate high-quality, element-doped nanostructured a-Fe,O3; films with good
PEC performance at low external bias. In this work, we report a simple
deposition-annealing (DA) method for the fabrication of transparent,
mesoporous a-Fe;O3 films on a conducting glass substrate, using non-toxic
iron(111) chloride (FeCls) as the Fe precursor. This is also a versatile method that
allows dopants such as Ti to be easily incorporated into a-Fe,O3 structures. The
size of a-Fe,O3 nanoparticles, film thickness, as well as the doping level can be
tailored by tuning the growth conditions. In comparison to the spray pyrolysis
and APCVD methods, this growth approach avoids the use of specialized
equipment and the very toxic and highly flammable iron pentacarbonyl
(Fe(CO)s) as the Fe precursor.® > 3% 34 3 gjgnificantly, the undoped and
Ti-doped a-Fe,O3 films prepared by this method show excellent PEC
performance. In particular, the photocurrent onset potential of Ti-doped a-Fe,O3
is shifted about 0.1-0.2 V to lower potential and achieves the best photocurrent
density of 1.64 mA/cm? at relatively low bias, 1.0 V vs. RHE. To shed light on
the origins of the improvement induced by Ti-doping, a-Fe,O3 films were
investigated by X-ray photoelectron  spectroscopy, electrochemical

measurements, and ultrafast laser spectroscopy.

Experimental Section

Preparation of a-Fe,O3; Nanoparticle Films: A series of ethanol solutions with
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various FeClz concentrations, ranging from 5 to 80 mM, were prepared by
dissolving FeCl3-6H,0 (99 %, Fisher Scientific) in ethanol. Fluorine-doped tin
oxide (FTO) coated glass substrates (TEC 15, Hartford Glass Co.) were
pre-cleaned with acetone, followed by ethanol and water. The ethanol-based
FeCl; solution was drop-deposited onto the FTO-coated glass and blow-dried
with compressed air after 30 seconds. The dried FTO-coated glass was
subsequently heated on a hotplate in air at 350 °C for 5 min. This
deposition-annealing procedure is denoted as one “DA cycle”. The film
thickness was controlled by the number of DA cycles as well as the FeCl;
precursor concentration. The as-prepared films were then further annealed in air
at 550 °C for 4 hours. Ti-doped a-Fe,O3 films were prepared under similar
conditions as for undoped a-Fe,03, adding titanium butoxide (99 % Aldrich) as
the Ti precursor. Titanium butoxide and 70 pL concentrated HCl (37.2 wt %,
Aldrich) were added into 20 ml of 10 mM FeCl; solution, and Ti-doped a-Fe;03
samples with nominal Ti:Fe atomic ratios of 1, 5, 10, 15, and 20 % were
prepared by varying the amount of titanium butoxide. We note that the Ti
concentration levels are higher than those generally referred to as “doping” in
semiconductor physics. Nevertheless, to be consistent with the common usage
of the term “doping” in the PEC community, we will continue to refer to these
samples as “Ti-doped”.

Structural Characterization: Scanning electron microscopy images were
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collected with a field-emission SEM (Hitachi S-4800 Il). Raman spectra were
collected with a Nicolet Almega XR Dispersive Raman Spectrometer (laser
wavelength 780 nm).

X-ray Photoelectron Spectroscopy (XPS): Survey and detail XPS spectra were
collected using non-monochromatized Mg K, excitation and a SPECS
PHOIBOS 150 MCD electron analyzer in a modified Vacuum Generators
ESCALab MKII at a pressure of 3 x 10™° mbar. To minimize surface
contamination during sample handling, the samples were sealed in a dry
nitrogen environment immediately after the 4 hour air-annealing step, shipped
from Santa Cruz to Las Vegas, and introduced into ultra-high vacuum without
further air exposure.

Ultrafast Studies of Photoexcited Electron Dynamics: The ultrafast
Quantronix-designed femtosecond laser system consists of an Er-doped fiber
oscillator, a regenerative/multi-pass amplifier, and a diode-pumped, Q-switched,
second harmonic Nd:YLF pump laser (527 nm, 10 W capacity). Before injection
into the amplifier, chirped pulse amplification was performed to temporally
stretch, amplify, and recompress the initial short pulse, resulting in a pulse near
its original duration, yet with a vastly higher energy. After amplification, the
as-generated fundamental (795 nm) was beam-split to generate both a white
light continuum (WLC) probe pulse as well as feed a tunable optical parametric

amplifier (OPA) that consists of two delay stages: a signal pre-amplification
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stage and a power amplification stage. The output of the OPA was passed
through wavelength separators in order to achieve a tunable pump wavelength.
The system operates at 750 Hz repetition rate. The final output consisted of
~130 fs pulses, with a power output of ~100 nJ/pulse at the sample, centered at
440 nm excitation wavelength, and was attenuated with neutral density filters.
The pump beam was overlapped spatially and temporally with the WLC probe
beam at the sample. The time delay between the pump and probe beam was
controlled by a translation stage with 1 pm resolution. Each sample was tested
for six cycles to achieve an average response with reduced noise.

PEC Measurements: a-Fe,O3; films were fashioned into photoanodes by
soldering a copper wire onto a bare portion of the FTO substrate. The
photoanodes were sealed on the edges with epoxy resin, except for a
well-defined working electrode surface area in the range of 0.15-0.25 cm®. An
aqueous solution of 1.0 M NaOH with a pH of 13.6, deaerated with nitrogen
flow, was used as an electrolyte. Linear sweeps were measured in a
three-electrode electrochemical cell with a Ag/AgCI reference electrode and a Pt
foil counter electrode, using an electrochemical station (CHI 660D). Sunlight
was simulated with a 150W xenon lamp (Newport 6255) with an AM 1.5 global
filter (Newport 81094). IPCE spectra were measured by a Solartron 1280B
electrochemical station with a solar simulator (Newport 69920 1000W xenon

lamp), coupled to an infrared water filter (Oriel No. 6127) and an aligned
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monochromator (Oriel Cornerstone 130 1/8m). Electrochemical impedance
spectroscopy (EIS) measurements were performed in a three-electrode
configuration using the CHI 660D electrochemical station. A sinusoidal voltage
perturbation with 5 mV amplitude and frequencies ranging from 100,000 to 1
Hz was superimposed on a bias of 1.0 V vs. RHE in the dark and under
illumination (AM 1.5G; 100 mW/cm?). Mott-Schottky plots were generated
using the obtained electrochemical impedance in the dark to derive capacitance

at each potential with 10 kHz frequency.

Results and Discussion

[ a-Fe,O3 films were prepared on FTO-coated glass substrates by a facile DA
method. Upon heating at 350 °C in air, the color of the FeCls-covered FTO
substrate turned pale yellow, which is believed to be due to the conversion of
FeCls into a thin B-FeOOH film. This film was subsequently converted into a
red film by further sintering at 550 °C for 4 hours. X-ray diffraction (XRD) data
collected from the yellow and red films were indexed to the characteristic peaks
of B-FeOOH (JCPDS 34-1266) and a-Fe,O; (JCPDS 33-0664), respectively
(Figure 4.1). These data confirm the successful fabrication of the a-Fe,O3 phase

and indicate that the B-FeOOH phase was the process intermediate.
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Figure 4.1 XRD spectra of the as prepared B-FeOOH (yellow) film and the
a-Fe,03 (red) film with 80 mM FeCls as precursor sintered at 550 °C.

Figure 4.2a shows the schematic flow of the facile deposition method to
preparea-Fe,O3 films. Figure 4.2b displays the a-Fe,Oz films prepared with
different concentrations of FeCls precursor solution and various numbers of DA
cycles. The films appear to be very uniform. The film transparency, related to
the film thickness and/or the size of individual a-Fe,O3; nanoparticles (i.e., the
density of the film), decreases with increasing number of DA cycles and

concentration of the FeCls solution.
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Figure 4. 2. (a) A scheme showing the DA procedure for the growth of a-Fe,O3
films. (b) Digital pictures of a-Fe,O3; films on FTO substrates, prepared with
different numbers of DA cycles and concentrations of FeClz precursor solutions.

Scanning electron microscopy (SEM) images were collected for the a-Fe,O3
films prepared with increasing precursor concentration and number of DA
cycles in order to understand the correlation of these key growth parameters to
the material morphology. Figure 4.3 shows the SEM images of the a-Fe;O3
films prepared with FeCls precursor concentrations in a range from 5 to 80 mM.
These images reveal that the size of a-Fe,O3 nanoparticles in the films decreases
with precursor concentration. The films appear densely packed when precursor
concentrations of 10 and 5 mM were used, possibly due to the reduced size of

the nanoparticles.
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Figure 4.3. SEM images collected for a-Fe,O3 films prepared with 80, 50, 30,
10, and 5 mM FeCl; precursor solutions. All scale bars are 500 nm.

Raman spectra were collected for these samples to shed further light on the
correlation between concentration and particle size (Figure 4.4). The Raman
spectrum of the a-Fe,O3 film prepared at the highest precursor concentration of
80 mM exhibits all six characteristic Raman peaks of a-Fe;03.%° These peaks
become broader and featureless as the precursor concentration is decreased. This
can be understood based on a phonon confinement effect in the a-Fe,O; lattice.
In a finite crystal, phonons are confined in a space defined by the crystal
boundaries or defects. This causes uncertainty in the phonon momentum,
allowing phonons not at the center of the Brillouin Zone to contribute to the
Raman scattering. This uncertainty increases with decreasing grain size in the

70,71

material and leads to broadening of the Raman peaks, thus supporting the

hypothesis that the film morphology is correlated with a size reduction of the
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a-Fe;O3 nanoparticles.
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Figure 4.4. Raman spectra of a-Fe,O3; films prepared with different FeCl;
precursor concentrations. The dashed lines highlight the characteristic Raman
peaks of a-Fe;0s.

PEC performance of a-Fe,O3 films was measured in a 1.0 M NaOH electrolyte
solution using a three-electrode electrochemical cell coupled with a solar
simulator. The measured potentials vs. Ag/AgCl were converted to the reversible
hydrogen electrode (RHE) scale according to the Nernst equation,

Erne= Eagagel + 0.059 pH + E°agiagal

where Egrye is the converted potential vs. RHE, E°agiagcl = 0.1976 V at 25 °C,
and Eagiagal is the experimentally measured potential against Ag/AgCl reference.
The reference electrode has been calibrated. Figure 4.5 shows plots of the
photocurrent densities of _ a+Fe,O3 films, prepared with various FeCls precursor
concentrations, as a function of the number of DA cycles. For each precursor
concentration and with increasing number of DA cycles, the photocurrent

densities of _a+Fe O3 films initially increase to a maximal value and then
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decrease again. This suggests that the photocurrent is strongly correlated with
the thickness and density of the a-Fe,O3; film. The initial increase of
photocurrent can be ascribed to the increased amount of photoactive material,
which enhances the light absorption as well as the total number of photoexcited
carriers. Once the a-Fe,O3 film thickness reaches a certain threshold, charge
carrier recombination becomes increasingly important, since the very short
carrier diffusion length effectively limits the ability to remove charges from the

semiconductor.
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Figure 4.5. Plots of the photocurrent density of a-Fe,O3 films prepared with
different precursor concentrations as a function of the number of DA cycles. All
photocurrent densities were measured at 1.47 V vs. RHE.

We further studied the correlation between film thickness and the photocurrent
density of the prepared Fe,O3 with different precursor concentrations. We used
scanning electron microscopy (SEM) to measure the cross sectional film

thickness of the optimized Fe,O3 with 10, 30, 50 and 80 mM FeCl; as precursors,

82



shown in figure 4.6. With the concentration increase, the film thickness and
particle size increase. Based on the maximal photocurrent densities obtained at
each precursor concentration, the optimal hematite thickness is estimated to be

in a range of 80-160 nm.

Figure 4.6. Cross-sectional SEM images collected for optimized a-Fe,O3 films
prepared with different FeCl; precursor concentrations. All a-Fe,O3 films were
annealed at 550 °C for 4 hours. Scale bar is 100 nm.

Moreover, the maximal photocurrent densities of a-Fe,O3 films increase with
decreasing precursor concentration (Figure 4.7). The film prepared with the
lowest precursor concentration of 5 mM achieved the highest peak photocurrent
density of 1.78 mA/cm? at 1.47 V vs. RHE. The improved PEC activity of this

a-Fe,03 film is due to the reduced size of a-Fe,O3; nanoparticles, although an
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increased number of DA cycles (24) was required to achieve the optimal film

thickness when using such a diluted precursor solution.
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Figure 4.7. Plots of the photocurrent density of a-Fe,O3 films prepared with
different precursor concentrations as a function of the FeCl; precursor
concentration. All photocurrent densities were measured at 1.47 V vs. RHE.

The effect of particle size on the PEC performance of a-Fe,O; can be
understood in terms of the charge separation and transport at the
semiconductor/electrolyte interface. In small particles, the average distance
between the photoexcited holes and the semiconductor/electrolyte interface is
reduced, which improves the hole collection efficiency. Furthermore, the
decrease of particle size can enhance the charge separation by depleting the
a-Fe;O3 nanoparticle. When a semiconductor nanoparticle is brought into
contact with the electrolyte, a space-charge layer "> and an interface dipole will
be formed at the semiconductor/electrolyte interface, replacing the surface band

bending and surface dipole at the former semiconductor surface. In contrast, the
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particle core (of sufficiently large particles) can be regarded as a diffusion
region (Figure 4.8). Photoexcited electrons and holes are more effectively
separated by the electric field in the space-charge layer than in the diffusion
region. For a-Fe;O3, most of the electron-hole pairs that are created beyond the
depletion layer are very likely lost via recombination, due to the very short
electron and hole diffusion lengths. Therefore, the increased contribution of the
depletion layer in small a-Fe,Os; particles can reduce the electron-hole

recombination loss.
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Figure 4.8. Schematic diagram of the diffusion region and the depletion region
of a-Fe,O3 nanoparticles with different particle size (surface dipoles are
omitted). As the particle size decreases, a significant portion of the a-Fe,O3
particles will be depleted.

The PEC performance of a-Fe,Os; films was also analyzed by varying the
annealing temperature and time. Here, we used a-Fe,;O3 films prepared with 10

mM FeCl; solution as an example to elucidate the effects of the annealing
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process. Figure 4.9 shows the linear sweep curves of a-Fe,O3 films annealed at
different temperatures. The photocurrent densities of these films are enhanced as
the annealing temperature is increased from 400 to 600 C, and then decrease

with further increase of annealing temperature.
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Figure 4.9. Linear sweeps collected for a-Fe,O3 films prepared with 10 mM
FeCls precursor solution at different annealing temperatures for 4 hours.

The PEC performance of a-Fe,Os; films was also analyzed by varying the
annealing temperature and time. Here, we use a-Fe;O3 films prepared with 10
mM FeCl; solution as an example to elucidate the effects of the annealing
process. Figure 4.10a shows the linear sweep curves of a-Fe,O3 films annealed
at different temperatures. The photocurrent densities of these films are enhanced
as the annealing temperature is increased from 400 to 600 "C, and then decrease
with further increase of annealing temperature (the photocurrent densities at

0.45 V vs. Ag/AgCl are shown in Figure 4.10b). The enhanced photocurrent at

86



lower annealing temperatures is attributed to the reduced defect density in
annealed a-Fe;O3 samples, while the decrease of photocurrent after annealing at
temperatures higher than 600 'C is ascribed to an increased resistance of the
FTO substrate (from 22 to 167  after 4 hours annealing at 700 "C). In addition,
a prolonged annealing at temperature above 550 C causes glass distortion.
Therefore, 550 'C was chose as optimal annealing temperature. The
photocurrent densities of the a-Fe,O3 films were also measured as a function of
annealing time. Figure 4.10c shows that the photocurrent densities achieved a
maximal level after 3-4 hours annealing. The resistance of the substrate was

slightly increased from 22 to 32Q after 4 hours annealing at 550 C.
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Figure 4.10. (a) Linear sweeps collected for a-Fe,O3 films prepared with 10
mM FeCl; precursor solution at different annealing temperatures for 4 hours. (b)
Photocurrent densities of these a-Fe,O3 films measured at 0.45 V vs. Ag/AgCI
as a function of annealing temperature. (c) Photocurrent densities of the a-Fe,O3
films at 0.45 V vs. Ag/AgCl as a function of annealing time at 550 °C.
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To study the impact of annealing, Raman spectra were collected for a-Fe,O3
films prepared at different annealing temperatures (Figure 4.11). Upon annealing,
the as-prepared B-FeOOH film is converted into a-Fe;O3, which is consistent
with the XRD results discussed earlier. All six characteristic Raman peaks® of
o-Fe,0; are observed after annealing up to 600 C. Importantly, the
full-width-half-maximum of the Raman peaks decreases as the annealing
temperature is increased, suggesting an enhancement of a-Fe,O3 crystallinity.”
™ Therefore, photocurrent increases with annealing temperature from 400 to
600 °C is believed to be the result of reduced defect density in annealed a-Fe,O3
samples. Furthermore, the high-temperature annealing could also increase
inter-particle connections and/or improve the contact at the interface of a-Fe;Os
film and substrate. On the other hand, the prolonged annealing at temperature of
550 'C or above causes glass distortion. The decrease of photocurrent after
annealing at temperatures higher than 600 C is ascribed to an increased
resistance of the FTO substrate (from 22 to 167 Q after 4 hours annealing at

700 "C). Therefore, 550 "C was chosen as the optimal annealing temperature.
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Figure 4.11. Raman spectra collected for an as-prepared 3-FeOOH film and the
a-Fe;03 films prepared with 80 mM FeCl3 precursor solution, annealed at 450,
550, and 600 °C. The dashed lines highlight the peak position for the 3-FeOOH

film. All six characteristic Raman shifts of a-Fe,O3 are labeled.

Based on the precursor concentration (10 mM), the number of DA cycles (10)
and hence the film thickness (ca. 140 nm), annealing temperature (550 "C), and
annealing time (4 hours), an optimized photocurrent density of 0.96 mA/cm? at
0.23 V vs. Ag/AgClI (1.23 V vs. RHE) was achieved. To our knowledge, this
photocurrent density is considerably higher than the undoped a-Fe;O3 films
prepared by hydrothermal methods using the same FeCls precursor {Beermann,
2000 #52; Lindgren, 2002 #54}. The enhanced photocurrent density can be
attributed to the small size of the a-Fe,O3 particles, which reduces the impact of
unfavorably short diffusion lengths for photoexcited holes and facilitates the

charge separation due to a large contribution of the depletion region in these
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a-Fe,O3 particles. Moreover, the unique consecutive deposition-annealing
process might lead to an improved semiconductor/substrate interface. A good

interfacial contact would reduce the loss of charge carriers in transportation.

To further enhance the PEC performance, we have studied the impact of
deliberate doping of the a-Fe,O3 films. Despite the fact that a-Fe,O3; has a
favorable optical bandgap for light absorption, its potential use as a photoanode
for water splitting is limited by the relatively poor electronic properties, as
discussed above, as well as the large potential difference between flatband
position and H'/H, reduction potential. Elemental doping is known to be a
promising approach to alter the electronic properties of semiconductors. In this
work, we report the synthesis of Ti-doped a-Fe,O3; films and investigate the
Ti-doping effect on donor density, electronic structure, and excited state lifetime
of a-Fe 03 films. Ti was introduced into a-Fe,O3; films by mixing titanium
butoxide into the FeCl; precursor solution. In comparison to undoped samples,
a-Fe;O3 films prepared in the presence of titanium butoxide have less densely

packed structure with relatively large a-Fe,O3 particles (Figure 4.12).
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Figure 4.12. SEM image of Ti-doped a-Fe,O3 film prepared with 10 mM FeCl;
solution and 10 % Ti precursor concentration.

X-ray photoelectron spectroscopy (XPS) survey spectra of a Ti-doped
a-Fe,03 film with 10 mM FeCl; precursor concentration confirm the presence of
Ti (Figure 4.13a), while no Ti signal is found for the undoped sample, as
expected. We note that the Ti signal at the surface of the Ti-doped a-Fe,O3 film
is substantial, indicating that Ti concentration levels are higher than traditional
“doping” levels, as discussed in the experimental section. The Ti-doped sample
shows significant Na and C signals at the surface, while the Na signal and, to
some degree, the C signal is reduced for the undoped sample. Both samples
show small CI peaks, while only the undoped sample exhibits a Sn signal. Sn
and Na most likely originate from the FTO layer and the glass substrate,
respectively. The presence of Cl is presumably due to the use of FeCl; solutions
as the Fe precursor. Carbon is believed to be included during sample preparation
(in air) and subsequent handling. Note that the ratio between the Fe signals (e.g.,

the Fe 2p) and the O 1s signal is much lower for the Ti-doped sample than for
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the undoped sample. This indicates that the Ti atoms present at the surface of the
Ti-doped sample very likely are bound in an oxide environment, as will be
discussed in the following.

The Ti 2p detail spectrum of the Ti-doped sample is shown in Fig. 4.13b,
together with a metallic Ti reference spectrum. From the peak position and line
shape, it is evident that the Ti atoms in the Ti-doped sample are not in a metallic
environment. The Ti 2ps;, binding energy of 458.6 eV is fully consistent with
typical values reported for TiO, (458.7 eV™ and ca. 458.6 to 459.3 eV'").
Furthermore, the peaks of the Ti-doped sample exhibit a symmetric line shape,
which is generally found when a band gap inhibits low-energy excitations in the
photoemission process; the metallic Ti peaks, in contrast, show the well-known
asymmetry towards higher binding energy (Figure 4.13b). Note that the Ti 2p1,
peak is significantly broader than the Ti 2ps, peak due to presence of a
Coster-Kronig decay channel of the Ti 2py, core hole, leading to lifetime
broadening of the photoemission line. The Fe 2ps; line of the Ti-doped a-Fe,03
film in Fig. 4.13c is found at a binding energy of ~711.2 eV. Within the common
variations of binding energy determination of band-gap materials, this value is
consistent with typical values observed for Fe,O; (Fe**, 710.9 eV or 711.2
eV’ FeOOH (Fe*, ~711.2 eV"™ and 711.3 to 711.9 eV"¥), and Fe3O, (a mix of
Fe?*/Fe**, 709.5/711.2 eV™ and 711.6 eV'®. The binding energy is not

compatible with that of FeO (Fe®*, 709.6 eV" and 709.1 to 709.5 eV™). A
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satellite peak of the Fe 2ps;, main line is observed at approximately 719.3 eV,
i.e., approximately 8.1 eV below the main line. This satellite is most likely
indicative of the presence of Fe* species.”” Again, there is no evidence to
support the presence of Fe?*, which should give rise to a satellite peak located at
6.0 eV from the main peak (as indicated by the vertical dashed line in Fig.
4.13c). In comparison to the undoped a-Fe,O3 film, the Ti-doped sample shows
evidence for an additional Fe species at a binding energy of ~708 eV (figure
4.144a). This shoulder does not match the binding energy of metallic Fe (706.7 to
707.1 eV ™), FeOOH, or any of the other oxides discussed above. We
speculate that it might be due to the presence of Fe—-C or Fe-Ti bonds in the
Ti-doped sample — Peng et al. reported 706.9 eV as the Fe 2ps; binding energy
in Fe-Ti and Fe-Ti-N thin films,”® and the Fe 2ps binding energy for FesC is
reported to be 708.1 eV.” Figure 4.13d shows the O 1s XPS spectra collected
from the doped and undoped a-Fe,O3 films. The binding energy of the main line
(530.1 eV for the undoped and 530.3 eV for the Ti-doped sample) is consistent
with the reported value for Fe,Os (530.0 eV, ”" and 529.9 eV’®) and FesO,
(530.0 eV"® and 530.3 eV"®). Both samples show a shoulder at higher binding
energy (more pronounced for the undoped sample), which could be attributed to

O-H and/or O-C bonds.” &
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Figure 4.13. (a) XPS survey spectrum; and high resolution (b) Ti 2p; (c) Fe 2p;
and (d) O 1s XPS spectra collected for the Ti-doped a-Fe,O3 film (10 mM FeCls
precursor). The Ti 2p spectrum of a metallic Ti reference is also included in (b),
and the O 1s spectrum of the undoped o-Fe,O; film was added in (d) for

comparison.

Finally, the valence band region of the two a-Fe,Os; films was also
measured by Mg K, XPS (Figure 4.14b). The two valence band spectra are
similar, and an estimate of the valence band maximum by linear extrapolation to
the baseline derives a band edge position of ~1.70 (£ 0.20) eV below the Fermi

energy in each case. Assuming that the optical band gap of (bulk) a-Fe,O3 of
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~2.2 eV is preserved at the surface, this would place the surface conduction
band minimum of the a-Fe,O3 films approximately 0.5 eV above the Fermi
energy (note that the assumption of identical bulk and surface band gaps has
been shown to be incorrect for a variety of compound semiconductors.®# The
fact that both films exhibit the same position of the valence band maximum
indicates a negligible effect of Ti-doping on the valence band position at the

surface (most likely due to Fermi level pinning at the surface).
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Figure 4.14. (a) The overlay of Fe 2p XPS spectra of undoped and Ti-doped

a-Fe;03 films. (b) Valence band spectra of undoped and Ti-doped a-Fe,O3 films.

The PEC performance of Ti-doped a-Fe,O3 films was investigated and
optimized as a function of Ti precursor concentration and the number of DA
cycles (Figure 4.15). As shown in Figure 4.15a, photocurrent densities of
a-Fe;0O3 films (prepared with 10 mM FeCl; solution and 10 DA cycles) increase
drastically with the addition of a small amount of Ti precursor. The photocurrent
reaches a maximal value at 10 % (atomic ratio of Ti:Fe) Ti precursor
concentration, and decreases gradually for higher precursor concentration. By
fixing the Ti precursor concentration at 10 %, the PEC performance of the
a-Fe;0O3 films was further optimized by varying the number of DA cycles. The
highest photocurrent density was achieved at 14 DA cycles (Figure 4.15b),

which is equivalent to a film thickness of ca. 160 nm.
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Figure 4.15. Photocurrent densities of a-Fe O3 films prepared from a 10 mM
FeCl; solution and using 10 DA cycles, measured at 0.45 V vs. Ag/AgCl as a
function of (a) Ti precursor concentration; and (b) the number of DA cycles (10 %
Ti precursor concentration).

Figure 4.16a compares the linear sweeps of optimized undoped and Ti-doped
a-Fe;O3 films. Both current-bias curves can be discerned into three regions with
the increase of applied bias. At small bias, the photocurrent density increases
slowly and non-linearly, being indicative of a limited separation rate for the

photogenerated electron-hole pairs in a-Fe,O3 under a low electric field. As the
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applied bias is increased, the electron-hole pairs are separated more efficiently
and the charge transport in the o-Fe O3 film becomes the rate-limiting step.
Therefore, the photocurrent density shows a linear variation with the applied
bias. The Ti-doped a-Fe,O3 film shows an earlier photocurrent onset (i.e., at a
lower voltage) than the undoped sample, suggesting that the carrier transport in
the Ti-doped sample is more efficient. Finally, the photocurrent density saturates
at higher applied bias as a result of insufficient numbers of photoexcited carriers
(depending on the light intensity). The Ti-doped a-Fe,O3 film shows a two-fold
enhanced photocurrent density compared to the undoped sample over the entire
potential window studied. The Ti-doped a-Fe,O3 film achieved a remarkable
photocurrent density of 2.85 mA/cm? at 0.23 V vs. Ag/AgCl (1.23 V vs. RHE),
which is comparable to the benchmark values previously reported for a-Fe;O3
structures at the same potential.> ® ® Compared to the undoped sample, the
photocurrent onset potential of Ti-doped a-Fe,O3 is shifted about 0.1-0.2 V to
lower potential, thus improving the photocurrent at lower bias voltage. A similar
shift of onset potential was demonstrated in previous studies for Si-* and
Ti-doped samples® !, Significantly, our Ti-doped o-Fe,O; film achieved a
photocurrent density of 1.83 mA/cm? at 0 V vs. Ag/AgCl (1.0 V vs. RHE),
which is substantially higher than that observed in other a-Fe,O3 structures.®®°
To our knowledge, this is the highest photocurrent density for a-Fe,O3 obtained

at this bias.
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To quantitatively investigate the photoactivity of the a-Fe,O3 films as a
function of wavelength, incident-photon-to-current-conversion efficiency (IPCE)
measurements were performed on the optimized undoped and Ti-doped a-Fe;03
films at 0 V vs. Ag/AgCl. IPCE can be expressed as®:

IPCE = (1240 x 1)/(4 X Jiigny),
where | is the measured photocurrent density, 1 is the wavelength of the incident
light, and Jigne is the measured irradiance at the specific measurement
wavelength. In comparison to the undoped sample, the optimized Ti-doped
a-Fe;O3 film shows substantially enhanced IPCE values over the entire
wavelength range of 350-610 nm (Figure 4.16b). The Ti-doped sample exhibits
the highest IPCE values for a-Fe,O3 obtained at 0 V vs. Ag/AgCl to date. Above
620 nm, the photoresponse of both a-Fe,O3 films drops to zero, in accordance

with the band gap of a-Fe;0s.
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Figure 4.16. (a) Comparison of photocurrent densities collected for optimized
undoped and Ti-doped a-Fe;O3 films. (b) IPCE spectra of these two films
collected at 0 V vs. Ag/AgCI (1.0 V vs. RHE).

To elucidate the strong correlation between Ti-doping and the enhanced
photocurrent and IPCE values, electrochemical impedance measurements and
ultrafast spectroscopy were carried out. First, electrochemical impedances of
undoped and Ti-doped a-Fe,O3 films were collected in the dark at 5 kHz. Both
samples show a positive slope in the Mott-Schottky plots, indicating that they

are n-type semiconductors with electrons as majority carriers (Figure 4.17). The
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slopes determined from the Mott-Schottky plots were used to estimate the

carrier densities using the equation

Ng = (2/eece0)[d(1/CA)/dV]?,

where e is the electron charge, ¢ the dielectric constant of a-Fe,O3, ¢ the
permittivity of vacuum, Ng the dopant density, and V the potential applied at the
electrode. With an ¢ value of 80 for a-Fe;03,% the electron densities of the
undoped and Ti-doped o-Fe,O; films were calculated to be 3.4x10™ and
4.8x10%° cm’, respectively. The Ti-doping thus led to an increase of two orders
of magnitude in the carrier density of our a-Fe,O3 films. The electron density of
Ti doped a-Fe,O3 is consistent with reported values for Si-doped o-Fe,O3
structures prepared by APCVD,*® and is believed to be a major contributing

factor for the pronounced photocurrent density enhancement.
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Figure 4.17. Mott-Schottky plots of the undoped and Ti-doped a-Fe,O3 films
collected in the dark at frequencies of 5 kHz. Inset: magnified Mott-Schottky
plot of the Ti-doped a-Fe,O3 film.
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Moreover, electrochemical impedance spectroscopy was used to investigate the
kinetics of the oxidation process at the electrode surface. The Nyquist plot
collected for Ti-doped a-Fe,O3, in the dark at 0 V vs. Ag/AgCl, exhibits one
capacitive arc, suggesting that the Faradaic charge transfer is the limiting step
for the oxidation process in the electrode surface (Figure 4.18). Under
illumination (100 mW/cm?), two capacitive arcs were observed in the Nyquist
plot. The arcs observed in the high (left) and the low (right) frequencies are
correlated to the charge transfer resistance and the mass transfer limitation,
respectively. The capacitive arcs obtained under illumination have much smaller
radii (i.e., smaller charge transfer resistance) than those in the dark, indicating

that the photoexcited carriers increase the conductivity of the a-Fe,Oj3 film.
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Figure 4.18. (a) Nyquist plots collected for a Ti-doped a-Fe,O3 film prepared
with 10 mM FeCls solution in the dark and under illumination (100 mW/cm?) at
1.02 V vs. RHE. (b) Magnified view of the region highlighted by the green

dashed rectangle in (a).

Ultrafast spectroscopy studies® were carried out to probe the fundamental
charge carrier dynamics following photoexcitation and to understand the
possible effect of Ti-doping on the photoexcited electron dynamics in o-Fe,O3

films. The normalized ultrafast transient absorption profiles of undoped and
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Ti-doped a-Fe,O3 films are shown on two different time scales in Figure 10. A
pulse-width limited rise of the signal is followed by a decay that can only be fit
to a multiple exponential. To achieve a satisfactory fit result, at least three
exponential functions need to be employed. The fit-derived time constants for
the undoped and Ti-doped a-Fe,O3 films are 0.329, 2.225, and 70.84 ps; and
0.336, 2.310, and 70.55 ps, respectively. These time constants were convolved
with a Gaussian (fwhm 130 fs), representing the cross-correlation of the 440 nm
pump [150 nJ/(pulse-cm?), attenuated with neutral density filters] and 620 nm
probe pulses. The overall charge carrier decay for both a-Fe,Oj3 films is very fast,
without measurable transient absorption beyond 300 ps. The very fast decay is
likely due to a high density of electronic states in the band gap caused by
internal defects and/or surface defects. This indicates that the early time
dynamics of the photogenerated charge carriers are dominated by the intrinsic
properties of the a-Fe O3 and consistent with the decay profiles reported
previously for a-Fe,O3 nanoparticles.?® %! In comparison to the undoped sample,
the Ti-doped a-Fe O3 film decays slightly faster on the shortest time scale
(Figure 4.19). For time scales above 4 ps, the absorption decay profile of the
Ti-doped sample is slightly higher than that of the undoped sample, indicating a
reduced electron-hole recombination on that time scale. This might contribute to
the enhanced photocurrent of the Ti-doped sample observed in the PEC

measurements. Furthermore, we believe that the improved donor density and
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electrical conductivity described above will also contribute to the enhanced

photoactivity.
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Figure 4.19. Normalized ultrafast transient absorption decay profiles of
undoped and Ti-doped a-Fe,O3 films. (a) the 0-10 ps, (b) the 0-300 ps window,
which are fit simultaneously using a nonlinear least-squares fitting algorithm to
a triple-exponential decay convolved with a Gaussian, representing the
cross-correlation of the 440 nm pump and 620 nm probe pulses. The solid lines
are fitted curves.
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Conclusion

In summary, we have demonstrated a facile deposition-annealing process to
fabricate highly photoactive undoped and Ti-doped a-Fe,O3; films on FTO
substrates. The size of a-Fe,O3 particles and the film thickness can be controlled
by varying the Fe precursor concentration and the number of DA cycles. In
comparison to undoped o-Fe,O3, the Ti-doped film shows enhanced
photocurrent density and IPCE as a result of improved charge carrier density.
The optimized Ti-doped a-Fe,O3; films showed a remarkable photocurrent
density of 1.83 mA/cm? at 0 V vs. Ag/AgCl (1.0 V vs. RHE), which is the best
value for a-Fe,O3 photoanodes at such a low bias. Further improvement of PEC
performance of these a-Fe,Os; films could potentially be accomplished by
coupling them with efficient oxygen-evolving catalysts, such as Co®*-based
compounds® and iridium oxide®®, as well as improving the intrinsic electronic
structure of o-Fe,O3 in order to achieve longer photoexcited charge carrier

lifetimes.
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Chapter 5

Hydrogen Treated TiO, Nanostructures for PEC Water Splitting

Abstract

We report the first demonstration of hydrogen-treated TiO, (H:TiO,)
nanowire-arrayed photoanodes for photoelectrochemical water splitting. H:TiO;
nanowires were prepared by annealing the pristine TiO, nanowires in hydrogen
atmosphere at various temperatures in a range of 200-550 °C. In comparison to
pristine TiO, nanowires, H:TiO, nanowires exhibit at least two times enhanced
photocurrent in the entire potential window we studied. More importantly,
H:TiO, nanowires exhibit exceptionally low photocurrent saturation potential of
-0.6 V vs. Ag/AgCI (0.4 V vs. RHE), indicating very efficient charge separation
and transportation. The H:TiO, nanowires annealed at 350 °C vyield a
photocurrent density of ~1.97 mA/cm?® at -0.6 V vs. Ag/AgCl, in 1 M NaOH
solution under the illumination of simulated solar light (100 mW/cm? from
150W xenon lamp coupled with a AM 1.5G filter). This photocurrent density
corresponds to a STH conversion efficiency of ~1.63 %. After eliminating the
discrepancy between the irradiance spectra of xenon lamp and solar light by

integrating the IPCE spectrum of the H:TiO, nanowires with a standard AM
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1.5G solar spectrum, the solar-to-hydrogen (STH) efficiency is calculated to be
~1.1 %, which is the best value for TiO, material. The H:TiO, nanowires
produced hydrogen and oxygen at a constant rate and showed excellent stability
in continuous operation. IPCE analyses confirm the photocurrent enhancement
is mainly due to the improved photoactivity of TiO, in the UV region. Hydrogen
treatment increases the donor density of TiO, nanowires by three orders of
magnitudes, which is attributed to a high density of oxygen vacancies that serve
as electron donor. In addition, we have also observed similar photocurrent
enhancement in anatase H:TiO;, nanotubes. This work demonstrates a new and
effective strategy to fundamentally improve the performance of TiO, materials

through hydrogen treatment (both rutile and anatase phase) for water splitting.

Introduction

Titanium dioxide (TiO,) has been extensively investigated as photoanode
for photoelectrochemical (PEC) water splitting *® because of its favorable
band-edge positions, strong optical absorption, superior chemical stability and
photocorrosion resistance, and low cost °. However, the STH efficiency of TiO,
is substantially limited by its large band-gap energy and usually fast
electron-hole recombination due to a high density of trap states “°*2. Enormous
amount of research efforts have been focused on enhancing the visible light

absorption of large band-gap metal oxides. For instance, sensitization with small
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band-gap semiconductors and/or band-gap narrowing via elemental doping are
two versatile approaches shown to improve the conversion efficiency of metal
oxide photoelectrodes by modifying their optical absorption coefficient and
wavelength * 31 On the other hand, it is equally important to fundamentally
improve the morphology and electronic structure of TiO, for effective separation
and transportation of photoexcited charge carriers. It has been predicted that a
maximum photoconversion efficiency of 2.25% can be achieved by rutile TiO;
with an optical band-gap of 3.0 eV, at 100 mW/cm? AM 1.5 global illumination
20 Yet, the reported photocurrent densities and photoconversion efficiencies of
TiO, photoanodes are substantially lower than the theoretical limit. Our work
demonstrates that hydrogen treatment is a simple and general strategy that can
significantly enhances the photoconversion efficiency of TiO, materials by

improving their donor density and electrical conductivity.

Our strategy of increasing the PEC performance is to develop TiO;
nanostructures with increased donor density. One-dimensional nanowire-arrayed
photoanode with large surface area and short diffusion distance for
photogenerated minority carriers is expected to facilitate the charge separation,
and thus, reduce the loss due to electron-hole recombination *® 4. Additionally,
it has been demonstrated that some dopants such as nitrogen and carbon serve as

electron donors *22%, The dopants introduce impurity states in various positions
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in the band-gap of TiO, lead to different degrees of modification in electrical
conductivity %% Oxygen vacancies are known to be shallow donors for rutile
TiO,, with relatively low formation energies %. It has been reported that oxygen
vacancies play a critical role in determining the surface and electronic properties
of TiO, * #" % \We hypothesized that annealing TiO, nanostructures in a
reducing gas atmosphere will substantially increase the density of oxygen
vacancies (donor density), and thereby, enhance the electrical conductivity as
well as charge transportation. To prove this hypothesis, we have focused on the
hydrogen-treated TiO, (denoted as H:TiO;) nanowire arrays (rutile) and
nanotube arrays (anatase). Hydrogen gas was chosen because it is a reducing gas
with very light weight that may facilitate diffusion of the gas into TiO,. In
comparison to other reducing agents, ultrahigh purity hydrogen can also avoid
the possibility of integrating dopants from the reducing agent or solvent into the
TiO, structure. To our knowledge, hydrogen-treated TiO, one-dimensional
nanostructures (nanowires and nanotubes) have not been reported for PEC water

splitting.

Experimental section:

Preparation of TiO, nanowire arrays:
Rutile TiO, nanowire arrays were grown on a fluorine-doped tin oxide (FTO)

glass substrate using a previously reported hydrothermal method. 15 ml of
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concentrated hydrochloric acid was diluted with 15 ml deionized (DI) water, and
mixed with 0.5 ml titanium n-butoxide in a 100 ml beaker. This clear solution
mixture and a clean FTO glass substrate were transferred to a Teflon-lined
stainless steel autoclave (40 ml volume), where the FTO substrate was
submerged in the solution. The sealed autoclave was heated in an electric oven
at 150 °C for 5 hours, and then cooled down to room temperature slowly. A
white TiO, nanowire film was uniformly coated on the FTO glass substrate. The
sample was thoroughly washed with DI water and air dried. Finally, the sample
was annealed in air at 550 °C for 3 hours to increase the crystallinity of TiO,
nanowires and improve their contact to the substrate.

Preparation of TiO, nanotube arrays:

Anatase TiO, nanotube arrays were prepared by electrochemical anodization of
a titanium foil (0.25mm thick, 99.8% purity, Aldrich). 1x2 cm titanium foil was
cleaned by sonication in acetone, ethanol and then deionized water successively
before anodization. Titanium foil was used as an anode, with a Pt wire as
cathode in an ethylene glycol electrolyte solution containing 0.3 wt% NH4F and
1 wt% water. Electrochemical anodizaiton was carried out on a DC regulated
power supply (B&K Precison Corp Model 1623A) with a constant voltage of 60
V at room temperature for 30 min. The as-prepared TiO, nanotube arrays were
thoroughly washed with ethanol and then DI water, and then annealed in the air

at 500 °C for 2h.
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Hydrogen Treatment:

TiO, nanowire and nanotube arrays were annealed in hydrogen atmosphere at
various temperatures, in a range of 200-550 °C, for 30 min. The preparation was
performed in a home-built tube furnace filled with ultrahigh purity hydrogen gas
(Praxair).

Material Characterization:

Scanning electron microscopy (SEM) images were collected with a
field-emission SEM (Hitachi S-4800 I1). Transmission electron microscopy
(TEM) images were collected in a FEI Monochromated F20 UT Technai
TEM/STEM operated at 200 kV. X-ray diffraction (XRD) spectra of TiO, and
H:TiO, nanowire/nanotube arrays (on FTO substrate) were collected with a
Rigaku Americas Miniflex Plus powder diffractometer. Diffraction spectra were
recorded from a 20 angle of 20 to 70 degree with a step size of 0.04 degree at a
rate of 1 degree/min. X-ray Photoelectron Spectroscopy (XPS) was performed
on a RBD upgraded PHI-5000C ESCA system (Perkin-Elmer) using
Al-monochromatic X-ray at a power of 25 W with an X-ray-beam diameter of
10 mm, and a pass energy of 29.35 eV. The pressure of analyzer chamber was
maintained below 5x10°® Pa during the measurement. The binding energy was

calibrated using the C 1s photoelectron peak at 284.6 eV as the reference.

Photoelectrochemical Measurements:

TiO, and H:TiO, nanowire (nanotube) arrays were fabricated into photoanodes
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by soldering a copper wire onto a bare part of the FTO (Ti foil) substrate. The
substrate edges and the metal contact region were sealed with insulating epoxy
resin. The working electrode area is in the range of 0.2-0.25 cm?. 1 M NaOH
aqueous solution (pH = 13.6) was used as an electrolyte for PEC measurements.
Linear sweeps and I-t scans were measured by a CHI 660D electrochemical
station, with Ag/AgCl as reference and Pt wire as counter electrode, under
simulated sunlight with a 150 W xenon lamp (Newport 6255) coupled with an
AM 1.5 global filter (Newport 81094).
Incident-photon-to-current-conversion-efficiencies (IPCE) were collected by a
Solartron 1280B electrochemical station with a solar simulator (Newport 69920,
1000 W xenon lamp), coupled with an infrared water filter (Oriel 6127) and
aligned monochrometor (Oriel Cornerstone 130 1/8 m). Mott-Schottky plots
were measured at a frequency of 5000 Hz by the same Solartron 1280B
electrochemical station in the dark.

Gas Collection:

Gas generated in water splitting was collected in a home-made device. The
device is made of a hollow PDMS matrix, with a chamber size of 5 ml. The
chamber was filled with 1 M NaOH electrolyte solution, and Ag/AgCl reference
electrode and Pt wire counter electrode were inserted into the electrolyte. All the
electrode positions were sealed with insulating epoxy resin to avoid gas leakage.

The composition of the produced gas was analyzed by a GC (Agilent 3000).
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Results and Discussion

Rutile TiO, nanowire arrays were prepared on a fluorine-doped tin oxide (FTO)
glass substrate by a previously reported hydrothermal method 2° (Experimental
Section). Scanning electron microscopy (SEM) image reveals that the white,
homogenous film obtained on the FTO substrate consists of dense and vertically
aligned nanowire arrays (Figure 5.1). These nanowires are uniform with a
rectangular cross-section. The nanowire diameters are in the range of 100-200

nm and the typical nanowire lengths are 2-3 um.

Figure 5.1 Top view SEM image of TiO, nanowire arrays grown on FTO glass
by a hydrothermal method. The scale bar is 4 um.

Transmission electron microscopy (TEM) analysis shows that each individual
nanowire observed under TEM is indeed consisting of a bundle of smaller
nanowires, which have diameters of 10-20 nm (Figure 5.2a). A lattice-resolved

TEM image collected from the small nanowire reveals clear lattice fringes with
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interplanar spacings of 0.32 nm and 0.29 nm, which are consistent with the
d-spacings of (110) and (001) planes of rutile TiO, (Figure 5.2b). These data
further confirm the single-crystalline structure, and demonstrate that the TiO,

nanowires grow along the <001> direction.

Figure 5.2 (a) Low resolution TEM image of a single TiO, nanowires. Scale bar
is 200nm. (b) High resolution TEM image of a single TiO, nanowires. Scale bar

is 5 nm.

The as-prepared TiO, nanowire arrays were first annealed in air at 550 °C
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for 3h, followed by annealing in hydrogen atmosphere for an additional 30 min,
at various temperatures in a range of 200 to 550 °C (Experimental section,). As
shown in Figure 5.3, the color of the H:TiO, nanowire films depends on the
hydrogen annealing temperature, it changes from white (untreated sample) to
yellowish green (350 °C) and finally black (450 °C or above). The dark color
suggests that the TiO, has visible light absorption as a result of hydrogen
treatment. Chen et al. has recently reported the preparation of “black” anatase
TiO, nanoparticles through hydrogenation in a 20 bar hydrogen atmosphere at
200 °C for five days **. Those TiO, nanoparticles showed visible light and near
infrared absorption, with a narrowed band-gap of around 1.0 eV. The black color
was ascribed to the surface disorder of TiO, nanoparticles. In this work, we
studied the photoactivity of H:TiO, nanowires annealed at different temperatures
for PEC water splitting as a function of wavelength, in order to understand the
interplay between the light absorption and PEC performance. The details will be

discussed later in the text.
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Figure 5.3 Digital images of TiO, nanowire arrays and hydrogen treated TiO,
nanowire arrays at different temperatures.

To determine the crystal structure and possible phase changes during
hydrogen annealing, X-ray diffraction (XRD) spectra were collected from the
pristine TiO, nanowires and H:TiO, nanowire arrays prepared at various
annealing temperatures (Figure 5.4). After subtracting the diffraction peaks from
FTO glass, two diffraction peaks centered at a 26 angle of 36.5 and 63.2 degrees
were observed in every sample. These two sharp peaks can be indexed to the
characteristic peaks of tetragonal rutile TiO, (JCPDS No. 88-1175), and thus,
confirmed the as-prepared nanowires are rutile TiO,. The peak centered at 63.2
degrees corresponds to the (002) diffraction which is dominant over the (101)
peak providing evidence that the TiO, nanowires are highly oriented in <001>
direction on the FTO substrate, which is consistent with the observed growth

axis of TiO, nanowires. As shown in Figure 5.4, there is no phase change after
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hydrogenation, although the TiO, peak intensity decreases with the increase of
the annealing temperature. This can be due to the increase of defect density in
TiO, structure, which has also been observed in the recent study of
hydrogenated TiO, nanoparticles *. In addition, the diffraction peaks of FTO
glass gradually disappeared and a group of new peaks (highlighted by arrows)
corresponding to Sn metal are emerged when annealing temperature was higher
than 450 °C. It indicates that the hydrogen treatment at high temperature

damaged the FTO conducting layer by reducing SnO, to Sn metal.
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Figure 5.4 XRD patterns of FTO glass, TiO, nanowires and hydrogen treated
TiO; at different temperatures.

We have studied the photocurrents of colored H:TiO, nanowire-arrayed
photoanode as a function of annealing temperatures, and compared to the
pristine TiO, nanowires. The nanowire samples were fabricated into

photoanodes with a well defined area of 0.2-0.25 cm?. All PEC and impedance
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measurements were performed in a three-electrode electrochemical system,
using Ag/AgCl as reference electrode and a Pt wire as the counter electrode.
Linear sweeps were collected for H:TiO, nanowires in 1 M NaOH electrolyte
(pH=13.6), under simulated sunlight illumination at 100 mW/cm? from a 150 W
xenon lamp coupled with an AM 1.5G filter (Figure 5.5). Figure 5.5 shows that
the photocurrent densities of H:TiO, nanowires, obtained at a potential bias of
0.23 V vs. Ag/AgCI [1.23 V vs. reversible hydrogen electrode (RHE)], increase
gradually with the increase of the hydrogen annealing temperature from 200 to
350 °C. The H:TiO, nanowires prepared at 350 °C yield a maximum
photocurrent density of ~2.5 mA/cm? at 0.23 V vs. Ag/AgCl. This is comparable
to the best reported value of ~2.8 mA/cm? for TiO, photoanodes measured by
the same type of xenon lamp coupled to an AM 1.5G filter at 100 mW/cm?
irradiance 2. The photocurrent density of H:TiO, nanowires decreases, as the
annealing temperatures was further increased above 350 °C. Beyond the
possible effect of hydrogen treatment, one of the reasons is due to the increased
resistance of FTO substrate from 25 Q at 350 °C to 64 Q at 400 °C and 165 Q at
450 °C. This is consistent with the XRD analysis that the FTO layer degrades at

temperatures of 450 °C or above.
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Figure 5.5 Temperature dependent photocurrent density of hydrogen treated
TiO2 nanowires at 0.23 V vs. Ag/AgCI.

To investigate the effect of hydrogen treatment on the PEC performance of
TiO,, Figure 5.6 compares the linear sweeps of pristine TiO, (white) with
H:TiO, nanowire samples prepared at 350 °C (yellow), 400 °C (grey) and
450 °C (black), in a potential range of -1.0 to 0.5 V vs. Ag/AgCl. By analyzing
these data, we reach two important conclusions. First, the photocurrents of
H:TiO, nanowire samples are at least two times higher than the pristine TiO,
nanowires in the entire potential windows we studied. It confirms that hydrogen
treatment is a simple and effective method in enhancing the PEC performance of
TiO,. Second, the photocurrent density of pristine TiO, sample increases
gradually with the applied potential, and reaches a saturated current of 0.6
mA/cm? at 0 V vs. Ag/AgCI (Figure 5.6). In contrast, all H:TiO, samples show a

drastic increase in photocurrent density at a onset potential of -0.9 V vs.
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Ag/AgCl, and the photocurrent saturated at a substantially lower potential of
-0.4 V vs. Ag/AgCl (0.6 V vs. RHE). The negative shift of saturation potential
indicates that the charge separation and transportation in the H: TiO, samples are

more efficient, compared to the pristine TiO, nanowires.

E21{H:TiO, NWs

TiO, NWs

Dark scans

40 08 -06 -04 02 00 02 04
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Figure 5.6 I-V curves of air annealed TiO, NWs and hydrogen treated TiO,
NWs at 350, 400 and 450 °C.

Achieving a low photocurrent onset and saturation potential is extremely
important because it reduces the applied bias required to achieve the maximum
photocurrent, and thus, increases the overall efficiency of PEC hydrogen
generation. The STH efficiencies (n) of nanowire-arrayed photoanodes were
calculated using the equation:

n=1(1.23-V)/Jjignt
where V is the applied bias vs. RHE; | is the photocurrent density at the

measured bias; and Jiign: iS the irradiance intensity of 100 mW/cm? (AM 1.5G).
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We plot the calculated STH efficiency as a function of the applied bias in Figure
5/7. The pristine TiO, sample exhibits an optimal conversion efficiency of 0.24 %
at -0.33 V vs. Ag/AgCl. Significantly, the yellow H:TiO, (350 °C) sample
achieves the highest efficiency of ~1.63 % at a very low bias of -0.6 V vs.
Ag/AgCI (0.4 V vs. RHE). To our knowledge, this is the best STH efficiency
achieved by TiO, materials. Likewise, the H:TiO, samples annealed at 400 and
450 °C exhibit the optimal efficiency of ~1.35 and 1.08 % at a similar applied
bias. Hydrogen treatment substantially enhances the photoconversion efficiency
of TiO, nanowires by improving the maximum photocurrent and reducing the

current saturation potential.

350°C (Yellow)

08 06 04 02 00 02
Potential (V) vs. Ag/AgCl

Figure 5.7 Solar to hydrogen conversion efficiency of TiO, and hydrogen
treated TiO, at 350, 400 and 450 °C.

Furthermore, we have investigated the hydrogen generation and the stability of

TiO, nanowire-arrayed photoanodes. Under light illumination (100 mW/cm?),
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we observed gas production at both photoanode and Pt cathode. A home-made
device was fabricated for gas collection shown in figure 5.8. The light

irradiation is shined on the backside of TiO,/FTO glass.
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Figure 5.8 the schematic diagram of the home built gas collection system.

Figure 5.9a shows the collected gas volume as a function of time. We replaced
the gas collection device (1 mL syringe) every 2 hours under light illumination,
which is counted as one gas collection cycle. After four cycles, we kept the
device in the dark for 12 hours, and restarted the gas collection for an additional
four cycles. Importantly, the gas production shows a linear relation with
illumination time in the entire 16 hours measurement, suggesting gas production

is persistent for continuous operation. In addition, Figure 5.9b shows the
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measured photocurrents for the H:TiO, nanowire photoanode during each gas
production cycles are nearly the same, supporting that the H:TiO, nanowires are
very stable in the process. GC analysis demonstrates the collected gas is
composed of H, and Oy, however, we were not able to get a quantitative H,/O,
ratio due to the instrumental limitation. The gas production rate is calculated to

be ~0.47 ml/h at an applied bias of -0.6 V vs. Ag/AgCI.
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Figure 5.9 (a) Gas production profile of H-TiO, nanowires. (b) The
corresponding photocurrents observed during gas production.

Due to design of gas collection device, the nanowire samples were illuminated
from the backside (Figure 5.10). As a result, a significant portion of UV light

was absorbed by the FTO glass substrate, and we observed the halved
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photocurrent density compared to the front side illumination. Based on the
photocurrent obtained from the back side illumination, the theoretical gas
production rate is calculated to be ~0.67 ml/h. It is lower than the experimental
data due to the back reaction of oxygen reduction on Pt electrode and possible

gas leakage, which can be solved by a better design of gas collection device.
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Figure 5.10 I-V curves of H-TiO, NWs with front and back side light
illumination.

To understand the interplay between the photoactivity and the light
absorption of H:TiO, nanowires prepared at various annealing temperatures
(different colors), we have quantitatively investigated their photoactivity as a
function of light wavelength. In comparison to photocurrent density obtained
under white light illumination, incident-photon-to-current-conversion efficiency
(IPCE) is a better parameter to characterize the photoconversion efficiency of

different photoanodes because it is independent from the light sources and filters
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used in the measurement %°. IPCE measurements were performed on pristine
TiO, and H:TiO, nanowire-arrayed photoanodes at -0.6 V vs. Ag/AgCl (Figure
5.11a). IPCE can be expressed by the equation °:
IPCE = (1240 x 1)/(% X Jiigny),

where | is the measured photocurrent density obtained under a specific
wavelength light illumination , 4 is the wavelength of incident light, and Jjign: is
the measured irradiance at a specific wavelength. In comparison to pristine TiO,
nanowires, all H:TiO, nanowires exhibit significantly enhanced photoactivity
over the entire UV region. Particularly, the H:TiO, nanowire sample annealed at
350 °C has the IPCE values uniformly higher than 95 % in the wavelength range
from 300 to 370 nm. It indicates that the UV light was effectively used for PEC
water splitting, in which the separation and transportation of photoexcited
charge carriers are very efficient in the H:TiO, nanowires. The IPCE values
decrease gradually from ~95 % at 370 nm to ~1 % at 420 nm, which is
consistent with the band-gap energy (3.0 eV) of rutile TiO,. Significantly, we
observed small photoactivity in the visible light region for the H:TiO, nanowire
samples, whereas the IPCE values increase slowly from almost zero at 440 nm
to 0.7 % at 650 nm, in contrast to the negligible IPCE values for pristine TiO; in
the same region (Figure 5.11a, inset). Although the IPCE values are much lower
than that in the UV region, it is a direct evidence of showing visible light

photoresponse of H:TiO, nanowires as a result of hydrogen treatment. These
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results confirm that the enhanced photocurrent in H:TiO, nanowires is mainly
attributed to the improved IPCE in the UV region, while the newly developed
visible light absorption also made a small contribution.

Given that the irradiance spectrum may vary from different light sources
(e.g, lamp lifetime and power) and filters being used in the measurements, it is
challenging to compare the calculated STH efficiency is based on the measured
photocurrent densities in literature (or in different labs) %°. In this regard, IPCE
that independent from light source is a better parameter for comparison. We
have calculated the STH efficiency of H:TiO, nanowires by integrating their
IPCE spectra with a standard AM 1.5G solar spectrum (ASTM G-173-03), using
the following equation:

650 1
n% = LOO Toag 4023V ) IPCE()E(A)d (4)

where E(Z) is the solar irradiance at a specific wavelength (1); Vpias is applied
bias vs. RHE, IPCE is the obtained photoresponse profile of H:TiO, nanowire
sample at a specific wavelength (1) at -0.6 V vs. Ag/AgCI. Figure 5.11b shows
the simulated STH conversion efficiencies as a function of wavelength in the
range from 300 to 650 nm. The pristine TiO, and H:TiO, nanowire samples
prepared at 350, 400 and 450 °C achieve the optimal STH efficiencies of ~0.1 %,
1.1 %, 0.89 %, and 0.68 % at -0.6 V vs. Ag/AgClI, respectively. Between 420 to

650 nm, there are very slight increase in efficiencies for the H:TiO, nanowire
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samples due to the relatively weak photoresponse in the visible region. The
calculated STH conversion efficiencies are slightly lower than the values (1.63 %
for the H:TiO, nanowires annealed at 350 °C) obtained from the measured
photocurrent density at the same potential, due to the discrepancy between the
irradiance spectrum and the standard solar spectrum. Significantly, the optimal
conversion efficiency of 1.1% is still the best value for TiO, materials under the

standard AM 1.5G solar light illumination.

"500 550 600 650
Wavelength (nm)

300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 5.11 (a) IPCE spectra of TiO, and hydrogen treated TiO,. (b) Calculated
solar to hydrogen conversion efficiency by integrating IPCE with standard solar
spectrum.
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In order to elucidate the effect of hydrogen treatment in enhancing the
photoactivity in both the UV and visible regions, we have further carried out
X-ray photoelectron spectroscopy (XPS) and electrochemical impedance
measurements. Specifically, XPS was performed to investigate the change of
surface bonding of TiO, nanowires induced by hydrogen treatment, as well as
the electronic valence band position of H:TiO, nanowires. As shown in Figure
5.12 Supporting Information, XPS survey spectra collected from pristine TiO,
(white) and H:TiO; (black) nanowire arrays treated at 450 °C are very similar. In
addition to the Ti and O peaks that are expected for TiO,, carbon signals were
observed in both samples, believed to be included during sample preparation
and subsequent handling. It proves that hydrogen treatment is a clean process
that does not introduces impurities into the TiO, structure, and more importantly,

the H:TiO, nanowires are not doped with other elements.
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Figure 5.12 XPS surve of TiO, nanowires and hydrogen treated TiO, nanowires.

Figure 5.13a and 5.13b show the high-resolution Ti 2p and O 1s spectra of the
TiO, and H:TiO, nanowires. Their Ti 2p XPS spectra are identical, with Ti 2p3,
and 2py, peaks centered at binding energies of 458.8 and 464.6 eV, which are
consistent with the typical values for TiO, 3 3. The H:TiO, nanowires exhibits
a broader O 1s peak (530.4 eV) with additional shoulder at higher binding
energy, compared to the pristine TiO, nanowires. This broad peak can be
deconvoluted into two peaks centered at 530.2 and 532.0 eV. The 532.0 peak is
attributed to Ti-OH, which has been reported to be located at ~1.5-1.8 eV higher
binding energy corresponding to the O 1s of TiO, **'*2. The data confirm the

formation of hydroxyl group on TiO, surface after hydrogen treatment.
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Figure 5.13 XPS Ti 2p (a) and O 1s (b) spectra of TiO, and hydrogen treated
TiO,.

Finally, the valence band spectra of both the TiO, and H:TiO, nanowires were
measured to investigate the effect hydrogen treatment on the electronic band
structure of TiO, (Figure 5.14a). For the hydrogenated TiO, nanoparticles
reported by Chen et al., the black color was attributed to a substantial shift (2.18
eV) of valence band position, as a result of surface disorder *. Surprisingly, our

work reveal that the valence band spectra of TiO, and H:TiO, nanowires are
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very similar. Their valence band maxima are estimated by linear extrapolation of
the peaks to the baselines, which derives a band edge position of ~1.2 eV below
the Fermi energy in both cases. In fact, H:TiO, nanowires annealed at different
temperatures (Figure 5.14b) exhibit almost the same valence band maximum,
which confirms hydrogen treatment has a negligible effect on the valence band

position at the TiO, nanowire surface.
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Figure 5.14 XPS valence band spectra of TiO, and hydrogen treated TiO,
samples.
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Given that there is no shift of the valence band edge, the dark color of H:TiO,
nanowires is attributed to the formation of impurity/defect states in the band-gap
of TiO, during hydrogen treatment. XPS data confirmed that the H:TiO, samples
are not doped with other element, so the possible defect states are attributed to
the formation of oxygen vacancies and surface hydroxyl groups on TiO,. The O
2p energy levels for Ti-OH-Ti and Ti-OH were reported to be located at 2.6 and
0.7 eV below the valence band of rutile TiO,, respectively. It has been reported
that these states are energetically stable and cannot be oxidized by the valence
band holes via electron-transfer ** 3. This is supported by the high stability of
H:TiO, nanowire photoanodes. The presence of these Ti-OH energy states that
below the valence band of TiO, should not lead to visible light absorption. We
believe oxygen vacancies in the TiO, structure created during hydrogenation,
play a critical role in the visible light absorption and thereby the dark color of
TiO,. Energy levels of oxygen vacancies have been reported to be about 0.75 eV
and 1.18 eV below the conduction band of hydrogen reduced rutile TiO, single

crystal plates 2 %

. A simplified energy diagram of H:TiO, nanowires
[referenced to normal hydrogen electrode (NHE)] is constructed based on the
XPS valence band spectrum as well as the reported rutile TiO, band-gap and the
energy levels of oxygen vacancies and surface hydroxyl group (Figure 5.15).

The strong UV absorption of TiO, is due to the electronic transition from the

valence band to the conduction band. High-temperature hydrogen treatment
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creates oxygen vacancies in the band-gap of TiO, nanowires. The visible and
near IR light absorption can be attributed to the transitions from the TiO,
valence band to the oxygen vacancy levels or from the oxygen vacancies to the
TiO, conduction band 2* %" 2%, However, the photoexcited electrons located at
oxygen vacancies are not involved in water splitting because their energy levels
are well below the H,O/H, reduction potential. Additionally, the electronic
transition between the localized oxygen vacancy states and the delocalized
conduction band is not expected to be significant because the coupling between
the localized and the delocalized energy states should be weak. It explains the
observation of weak photoactivity in the visible region for H:TiO, nanowires,

and the negligible contribution to the photocurrent.
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Figure 5.15 Band structure of hydrogen treated TiO, and possible transitions.

Additionally, we have conducted electrochemical impedance measurements
on the pristine TiO, and H:TiO, nanowire sample annealed at 350 °C at a
frequency of 5 kHz in the dark, to investigate the influence of hydrogen
treatment on the TiO, electronic properties. All TiO, nanowire samples show a
positive slope in the Mott-Schottky plots, as expected for n-type semiconductor
(Figure 5.16). Importantly, the H:TiO, nanowire samples show substantially
smaller slopes of Mott-Schottky plot compared to the TiO, sample, suggesting
an increase of donor densities. The donor density increases with the hydrogen
treatment temperature (Figure 5.16, inset). Carrier densities of these nanowires
were calculated from the slopes of Mott-Schottky plots using the equation:

Ng = (2/eece0)[d(1/CA)/dV]?,

where e is the electron charge, ¢ the dielectric constant of TiO, (6=170) **, & the
permittivity of vacuum, Ng4 the donor density, and V the applied bias at the
electrode. The calculated electron densities of the pristine TiO, and H:TiO,
(350 °C) nanowires were 5.3x10® and 2.1x10% cm™®, respectively. Although the
fact that Mott-Schttoky is derived from a flat electrode model and may have
errors in determining the absolute value of donor density, hydrogen treatment
leads to a significant enhancement of carrier density in TiO; is evident through a

qualitatively comparison of the slopes of Mott-Schottky plots. The enhanced
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donor density is due to the increased oxygen vacancies, which are known to be
an electron donor for TiO, %. The increased donor density improves the charge
transport in TiO,, as well as the electron transfer at the interface between the
semiconductor and the FTO substrate. Moreover, the increased electron density
is expected to shift the Fermi level of TiO, towards the conduction band 2. The
upward shift of the Fermi level facilitates the charge separation at the
semiconductor/electrolyte interface, by increasing the degree of band-bending at
the TiO, surface. The enhanced charge separation and transportation are
believed to be the major reasons for the observed IPCE enhancement in the UV

region.
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Figure 5.16 Mott-schottky curves of TiO, and hydrogen treated TiO, samples.

Finally, to confirm the hydrogen treatment is a general strategy for enhancing

the performance of TiO, for water splitting, we have also conducted PEC studies
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on the pristine and hydrogen-treated anatase TiO, nanotubes. The uniform TiO,
nanotube arrays with tube diameter of 150 nm were fabricated by a reported
electrochemical anodization method ® (Figure 5.17a). XRD data confirm the
nanotube arrays are anatase phase TiO, (Figure 5.17b), and there is no phase

change after hydrogenation at 350 and 450 °C.

o

Intensity (a.u)

T x T ¥ T L T E T i3 T

20 30 40 50
2 theta

Figure 5.17 (a) SEM image of TiO, nanotube arrays fabricated by

electrochemical anodization. Scale bar is 600nm. (b) XRD patterns of TiO, and
hydrogen treated TiO, nanotubes.
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Significantly, we observed a two fold enhanced photocurrent density for
TiO, nanotubes after hydrogen treatment, as it has demonstrated for the rutile
H:TiO, nanowires in figure 5.18. IPCE measurements also confirm that the
enhanced photocurrent of H:TiO, nanotubes is due to the improved
photoactivity in the UV region. The weak photoactivity of pristine anatase TiO,
nanotube in the 400-420 nm is believed due to the fluorine doping that
unintentionally incorporated during anodization synthesis in NH4F, which has

been reported previously .
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Figure 5.18 (a) I-V and (b) IPCE curves of TiO2 and hydrogen treated TiO,
nanotubes.

Conclusion

In summary, our work has demonstrated that hydrogen treatment can be used as
a general strategy to fundamentally improve the performance of TiO, materials
as photoanodes for PEC water splitting. H:TiO, nanomaterials (rutile nanowire
and anatase nanotubes) yield substantially enhanced photocurrent densities, and
the photocurrents saturated at a very low applied bias of -0.4 V vs. Ag/AgCl (0.6
vs. RHE). IPCE analyses confirm that the photocurrent enhancement is mainly
due to the greatly improved photoactivity in UV region, as a result of increased
donor density due to the formation of oxygen vacancies in H:TiO, samples. By
integrating the IPCE spectra with a standard AM 1.5G solar spectrum, the
H:TiO, nanowires hydrogen annealed at 350 °C exhibits a STH efficiency of
1.1 %, which is the best value for TiO, materials. More importantly, the
capability of making highly photoactive H:TiO, nanowires opens up new
opportunities in various areas, including PEC water splitting, dye-sensitized
solar cells and photocatalysis. By replacing TiO, with new H:TiO, materials, the

efficiencies of these processes and/or devices are expected to be enhanced.
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Chapter 6

Hydrogen Treated WO3; Nanoflakes for Enhanced Photoactivity and

Photostability for PEC Water Splitting

Abstract

Here we report that photostability and photoactivity of WOj3; for water oxidation
can be simultaneously enhanced by controlled introduction of oxygen vacancies
into WO3 in hydrogen atmosphere at elevated temperatures. In comparison to
pristine WQO3, the hydrogen-treated WO3; nanoflakes show an order of magnitude
enhanced photocurrent, and more importantly, exhibit extraordinary stability for
water oxidation without photoactivity loss for at least seven hours. This work
constitutes the first example where WQOj3 can be stabilized for water oxidation in
neutral medium without the need of oxygen evolution catalysts. The
demonstration of electrochemically stable WO3 could open up new opportunities

for WO3 based photoelectrochemical and photocatalytic applications.

Introduction

Photoelectrochemical (PEC) water splitting using semiconductor

photoelectrodes is a promising and environmentally friendly method to produce
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solar hydrogen *™

. Among semiconductors, WO; has attracted extensive
attention due to its relatively small bandgap (Eq = 2.6 eV), which could
theoretically utilize ~12 % solar light ***®. For example, Su et al. recently
reported a solvothermal method of fabricating WO3; nanowire and nanoflake
arrays, and their implementation as photoanodes for PEC water oxidation. They
found that material morphology plays an important role in determining PEC
performance of WO; **. Moreover, Liu et al. demonstrated a novel WO3/TiSi,
nanonet structure for PEC water splitting. This core-shell nanostructure reduces
the diffusion length for minority carriers and achieved a maximum
photo-conversion efficiency of 1.1 % at 0.8 V vs. RHE *°. Despite the significant
progress in improving the photoactivity of WOgs, it is known to be
thermodynamically unstable in electrolyte solution with pH > 4 due to OH"
induced chemical dissolution ( WO,(s)+OH™* ->WO,* (ag)+H"* ) ™ %,
Additionally, photocorrosion of WO3 were observed in neutral pH solution and

even in acidic solution & 1722

, induced by the peroxo-species, intermediates
created during water oxidation 2*. Although the formation of peroxo-species (E°
= 1.78 V) is energetically less favorable than photo-oxidation of water to O, (E°
= 1.23 V), it is kinetically competitive with O, production that needs to
overcome large overpotential 2. Therefore, the instability has been one of the

major hurdles for the application of WO3 for PEC water oxidation.

In spite of the importance of the stability issues, most research efforts have
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been focused on increasing the photoactivity of WOs3;, for example, through

2125 and plasmonic effect °. The

material structural design " 8, doping
stabilization of WO3; photoanode for water oxidation is rarely studied. Recently,
Liu et al. and Seabold et al. reported an effective approach to stabilize WO3 by
coating a layer of oxygen evolution catalyst (OEC) such as manganese and
cobalt based catalysts on WO3 ** 222" The OEC was used to reduce the
oxygen evolution overpotential and therefore suppress the formation of peroxo
species. A thin layer OEC coating can stabilize the photoactivity of WO;3; for
several hours '® and a heavy coating can extend its stability to 12 hours %,
Nevertheless, a thick OEC layer also blocks light penetration, and decreases the

photoactivity of WO3 %. Therefore, it is highly desirable to improve the stability

of WO3 without losing photoactivity.

Recently, we demonstrated the enhanced photoactivity of hydrogen-treated TiO,
nanowires as a result of increased donor density by introducing moderate
amount of oxygen vacancies 2. Similar effect is expected to be observed in
hydrogen-treated WO3;. More importantly, it has been reported that
substoichiometric WOs3.,, formed by creating oxygen vacancies (W>*) in WOs3, is
thermodynamic stable at room temperature, which can only be re-oxidized at
high temperature higher than 400 °C in air *°. For instance, substoichiometric

WO3.« has been used as a passive layer to protect tungsten metal from further
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dissolution in chemical mechanical polishing, indicating WOs. is resistive to the
peroxo-species induced dissolution *°. Therefore, we hypothesized that hydrogen
treatment can create substoichiometric WOz, which could simultaneously
improve the photoactivity and stability of WO;3 for oxidation. In this work, we
demonstrate that substoichiometric WO3, can be prepared by controlled
introduction of oxygen vacancies (reducing W® to W°*) in hydrogen
atmosphere at elevated temperatures. In comparison to pristine WOs;,
hydrogen-treated WO3« showed an order of magnitude enhanced photocurrent
density and extraordinary stability, without significant loss of photoactivity at

least for seven hours.

Experimental Section

Materials:

Fluorine doped tin oxide (FTO, TEC 8) glass substrates were purchased from
Hartford Glass Company Inc. WClg (99.9%), HCI (36.5% - 38%), Na,WO,
2H,0 and H,0, (30%) were purchased from Fisher Scientific Company.
Preparation of WO3 nanoflakes:

WOj3; nanoflakes were grown on a FTO glass substrate using a seed mediated
solvothermal method. The WO3; seed solution was prepared as follows: 0.5
mmol WClg was dissolved in 20 ml ethanol solution; the dissolved WCls was

quickly hydrolyzed by water moisture and produced blue precipitates. 30%
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H.O, solution was added into the blue precipitate-containing solution with
stirring until the solution became clear. This WO3 seed solution was dropped
onto a piece of clean FTO glass. The excess solution was blow away by
compressed air after 30 s. The FTO substrate was then annealed at 350 °C on a
hotplate in air for 10 min. Repeat this deposition-annealing process for two or
three times to get a uniform WO3 seed layer on FTO substrate. Meanwhile, 1.03
g Na,WO, was dissolved in 25 ml deionized water and mixed with 1 ml
concentrated hydrochloric acid. The yellow precipitates produced in the reaction
were re-dissolved by adding 0.3 ml 30% H,O,. This W precursor solution was
boiled for five minutes to remove excess H,O,. The WOj3; seeded FTO substrate
was placed into a Teflon-lined stainless steel autoclave (30 ml volume) with the
seeded side facing down. 3 ml W precursor solution and 20 ml ethanol was
transferred into the autoclave. The sealed autoclaves was heated in an electric
oven at 180 °C for 5 hours, and then cooled down to room temperature naturally.
The seeded FTO substrate was coated with a uniform blue film. After washed
with ethanol and water, the film was calcined in the air at 500 °C for 2 hours.
Hydrogen treatment:

Hydrogen treatment was carried out in a home built tube furnace system. The
calcined WOj3; nanoflake films were further annealed in hydrogen (1 bar, 50
sccm H, flow) at different temperatures in a range of 250-500°C for 20 minutes.

Material characterization:
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Scanning electron microscopy (SEM) images were collected with a
field-emission SEM (Hitachi S-4800I11). Transmission electron microscopy
(TEM) images were collected in a FEI Monochomated F20 UT Technai
TEM/STEM operated at 200 kV. X-ray diffraction (XRD) spectra were collected
with a Rigaku Americas Miniflex Plus powder diffractometer. Diffraction
spectra were recorded from a two-theta angle of 20 to 70 degree with a step size
of 0.04 degree at a rate of 1 degree/min. Raman spectroscopy measurements
were carried out on a Nicolet Almega XR Dispersive Raman spectrometer (laser
wavelength 780 nm). X-ray photoelectron Spectroscopy (XPS) was performed
on a RBD upgraded PHI-5000C ESCA system (Perkin-Elmer) using
Mg-monochromatic X-ray at a power of 25 W with an X-ray-beam diameter of
10 mm, and a pass energy of 29.35 eV. The pressure of analyzer chamber was
maintained below 5x10°® Pa during the measurement. The binding energy was
calibrated using the C 1s photoelectron peak at 284.6 eV as reference.
Photoelectrochemical measurement:

WO;3; and hydrogen-treated WO3; samples were fashioned into photoanodes by
soldering a copper wire onto a bare part of FTO substrate. The substrate edges
and the metal contact region were sealed with insulating epoxy resin. The
working electrode area is in a range of 0.2-0.25 cm® 0.5 M Na,SO, aqueous
solution (pH = 6.8) was used as an electrolyte. Linear sweep voltammograms

and |-t scans were collected on a CHI 660D electrochemical station, with

159



Ag/AgCl as reference and Pt wire as counter electrode, under a simulated
sunlight generated with a 150 W xenon lamp (Newport 6255) coupled with an
AM 1.5 global filter (Newport 81094). All linear sweep voltammograms were
collected at a scan rate of 10 mV/s. Incident-photon-to-current conversion
efficiency (IPCE) were collected by a CHI 660D with a solar simulator
(Newport 69920, 1000W xenon lamp), coupled with an infrared water filter
(Oriel 6127) and aligned monochromator (Oriel Cornerstone 130 1/8m).
Electrochemical impedance spectroscopy (EIS) was collected using a CHI 660D
electrochemical station with 5 mV perturbation and a frequency range from
100000 to 1Hz at different potentials. Mott-Schottky plots were generated from
capacitance obtained from the EIS spectra at each potential with a frequency of
10000 Hz.

Electrochromism studies

Electrochromism studies were carried out in a 1.0 M H,SO,4 solution on a
three-electrode system with Ag/AgCl as reference, Pt wire as counter electrode
and WO; film as working electrode. HyWO3 electrode was prepared by applied a
negative bias of 1.0 V vs. Ag/AgCl on WO3 in 1.0 M H,SO, solution for 3 s.
The PEC performance of HyWOj; electrode was investigated in 0.5 M Na,SO,

aqueous solution.
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Results and Discussion

WO;3; nanoflake films were fabricated on fluorine-doped tin oxide (FTO)
substrates, using a seed mediated solvothermal method (Experimental Section).
The uniform WQO3; films are covered by submicron-sized nanoflake bundles with
a typical length of 4-5 um (Figure 6.1a). Each bundle is composed of a stack of
thin nanoflakes. TEM images recorded from representative WO3 nanoflake
bundles showed that these nanoflakes are single crystals (Inset, Figure 6.1b) and

have smooth surface (Figure 6.1Db).
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Figure 6. 1 SEM and TEM images of WOj3 nanoflakes.

The as-prepared nanoflakes were first calcined in air at 500 °C for 2h, followed
by high temperature annealing (250-500 °C) in hydrogen atmosphere for another
20 minutes to create oxygen vacancies in WO3. As shown in Figure 6.2, the
pristine WO3 film is yellow in color. As the hydrogen annealing temperature
increases, the film color changes from yellowish green (300 °C) to green
(350 °C), then light blue (400 °C) and eventually to deep blue when the
temperature is 450 °C or above. The color change suggests possible

modification in crystal structure and/or phase change during hydrogen

treatment.
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Figure 6.2 UV-vis spectra and corresponding colors of WO3; and hydrogen

treated WO5 at 350, 400 and 450 °C.

XRD spectra collected from pristine WO3 and hydrogen-treated WO3 samples

prepared at 350 and 500 °C (Figure 6.3a) confirmed this hypothesis. After
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subtracting the diffraction peaks from FTO substrate, the peaks collected from
pristine WO3 can be indexed as monoclinic WO3; (PCPDF #: 72-1465). There is
no obvious shift in the diffraction peaks between pristine WO3; and the
hydrogen-treated WO3; samples at 350 °C. However, these monoclinic WO;
diffraction peaks gradually disappear accompanied with the emergence of new
peaks in the samples hydrogen treated at temperature of 500 °C. These new
peaks can be indexed as monoclinic WO,9 (PCPDF #: 05-0386) and small
amount of monoclinic WO,g, (PCPDF #: 30-1387) highlighted by * and + in
Figure 6.3a, indicating the successful reduction of WQOg3. Diffraction peaks
corresponding to Sn metal are also identified as a result of the reduction of FTO
substrate. Furthermore, Raman analysis also confirms the conversion of
monoclinic WO3; to WO, during hydrogen treatment (Figure 6.3b). The
characteristic Raman peaks for WOj; become broader as the annealing
temperature increases, suggesting gradual degradation of WO; crystallinity,
which is expected for the increased amount of oxygen vacancies. For the WO;
sample hydrogen-treated at 500 °C, all the Raman peaks of WOj3 disappeared,
and left a broad peak in the region of 700-1000 cm™, which is consistent to the
reported Raman spectrum of WO, *!. Additionally, the formation of W°* allows
the intervalence charge transfer between W** to W®* in the substoichiometric
WOs, *2, which explains the observed color change gradually from yellow

(WO3) to deep blue (WO,g and WO,g,). Taken together, these results support
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the successful introduction of oxygen vacancies into monoclinic WO3; by
hydrogen treatment, and the amount of oxygen vacancies can be controlled by

annealing temperature.
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Figure 6.3 (a) XRD patterns and Raman spectra of WO3 and hydrogen treated
WOQO3; at different temperatures.

The PEC properties of pristine WO3 and hydrogen-treated WO3; samples
were measured in a three-electrode electrochemical cell (using Ag/AgCl in sat.

KCI as reference electrode and Pt wire as counter electrode) with 0.5 M Na,SO4
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solution as electrolyte (Experimental Section). Figure 6.4a compares the linear
sweep voltammograms collected for pristine WO3; and hydrogen-treated WO3
samples at temperatures of 350, 400 and 450 °C. The photocurrent density of
pristine WO3 sample is 0.1 mA/cm™ at 1.0 V vs. Ag/AgCl, which is comparable
to the value obtained for WO; nanowires 8. The photocurrent densities of WO5
increase gradually with the increase of hydrogen treatment temperature from
250 to 350 °C (Figure 6.4b). The WO3; sample hydrogen treated at 350 °C
achieved a maximum value of 0.88 mA/cm? at the 1.0 V vs. Ag/AgCl, which is
about an order of magnitude enhancement compared to pristine WO3 at the same
potential. The enhancement is believed due to the increased amount of oxygen
vacancies that serve as shallow electron donor for WO; *. It confirms our
hypothesis that hydrogen treatment could improve the photoactivity of WOs3.
Photocurrent densities decrease gradually with increasing temperature when the
annealing temperature is 400 °C or above. There are two possible explanations.
First, WO;3; transforms into WO, during hydrogen treatment (as confirmed by
XRD and Raman results), and WO, is known to be photoelectrochemically
inactive for water oxidation **. Second, the resistance of FTO substrate
increased from 13 to 760 Qas a result of degradation of FTO layer (Sn metal
formation as confirmed by XRD results), which increases the voltage drop at the

interface of WO3 and substrate.
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To investigate the stability of pristine WO3 and hydrogen-treated WOj3 for water
oxidation, we define a parameter of photocurrent density retention in the first six
minute irradiation as linitar / lfina. Where liniiar and lsinar are the photocurrent
densities at time = 0 and 6 min, respectively. All the samples for the stability
investigation are freshly prepared. As shown in Figure 6.4b, photocurrent
density retention for pristine WOj3 is only about 30 %, which is comparable to
the reported values for WO nanostructures ** 2> 23, Significantly, the retention
values of hydrogen-treated WO3; samples increase substantially with annealing
temperature, achieving excellent photocurrent density retention more than 80 %

for those samples annealed at 350 °C or above.
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Figure 6.4 (a) I-V curves of WO3 and hydrogen treated WO3; samples under
dark and light illumination. (b) Temperature dependent photocurrents and
corresponding photocurrent retention.

Furthermore, we investigated the long time stability of these samples (Figure
6.5). The photocurrent density of WOz drops about 65 % within the first two
minutes, and then decrease slowly (Figure 6.5 inset). After two-hour
illumination, 80 % of the photoactivity of WO3; was lost. In contrast, the
photocurrent density for the hydrogen-treated WO3; sample prepared at 350 °C

drops 17 % within the first 2 minutes, and then achieves a stable photocurrent
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without decay under the irradiation for at least seven hours (Figure 6.5). The
photocurrent increases slightly with time could be due to self-activation and
increasing trap filling of the WOs, sample * *. These I-t data are direct
evidence of supporting our hypothesis that hydrogen treatment can stabilize the
photoactivity of WO3; for water oxidation. The superior stability of
hydrogen-treated WQOj3; for water oxidation is believed due to the formation of
partially reduced substoichiometric WOs., which has been reported to be
thermodynamic stable at room temperature towards re-oxidation and highly

resistive to peroxide species induced dissolution *.
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Figure 6.5 Photostability of WO3 and hydrogen treated WOz at 350 °C.

The color changes of WO;3; during hydrogen treatment suggest a
modification in light absorption profile. In order to quantitatively investigate the

relation between the photoactivity and the light absorption, we measured their
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photoactivity as a function of wavelength of incident light. Figure 4 shows the
IPCE data collected from WO3; and hydrogen-treated WO3; samples with green
(350 °C), blue (400 °C) and deep blue (450 °C) colors. IPCE can be expressed by
the equation:
IPCE = (1240 x 1)/(% X Jiigny),

where | is the measured photocurrent density at a specific wavelength, 1 is the
wavelength of incident light, and Jjigne is the measured irradiance at a specific
wavelength. In comparison to pristine WQ3, all hydrogen-treated WO3 samples
exhibit enhanced IPCE in the entire absorption region (300-480 nm) in figure
6.6. They show similar absorption edges at around ~480 nm, which is consistent
to the WO; bandgap of 2.6 eV *®. We did not observe any photoactivity in
visible light region beyond 480 nm, indicating the observed color change is not
due to the bandgap engineering of WO3 or the transition between the impurity
states and conduction/valence band edges. Therefore, the color changes could be
due to intervalence charge transition from W® to W°*, which have been

previously reported % %,
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Figure 6.6 IPCE spectra of WO3; and hydrogen treated WO3 samples.

To further elucidate the effect of hydrogen treatment on the chemical states of
WO;3; and how it interplays with their photoactivity, we measured the X-ray
photoelectron spectroscopy (XPS) of pristine WO3; and hydrogen-treated WO3
samples prepared at temperatures of 350 °C and 450 °C. As shown in the
normalized high resolution W 4f spectra (Figure 6.7), they all have a broad peak,
corresponding to the characteristic W 4fs;, and W 4f;, peaks for WO3 3" % . The
XPS Wiaf of pristine WO3; can be deconvoluted into one pairs of peaks,
corresponding to the typical binding energies of W®" oxidation states (centered
at 37.7 and 35.5 eV) (Figure 6.7a). Note that the W 4f peaks of hydrogen-treated
samples are slightly broader than that of pristine WO3, with a shoulder at the
lower binding energy region. The peak can be deconvoluted into two pairs of

peaks, corresponding to the typical binding energies of two W oxidation states,
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W®* (centered at 37.7 and 35.5 eV) and W°* (centered at 37.0 and 34.3 eV)
respectively (Figure 6.7b) . The data suggest the presence of W°* (oxygen
vacancies) in the hydrogen-treated WO3 samples, in agreement with the Raman
and XRD results. It is known that the substoichiometric WOs., favorable to form

shear defects.
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Figure 6.7 (a) the comparison of XPS W 4f spectra of WO3; and hydrogen
treated WO3. (b) The XPS fitting curves of hydrogen treated WO3 at 350 and
450 °C.
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The normalized XPS O1s spectra collected from WO3; and hydrogen-treated
WO3.« samples are similar (Figure 6.8), indicating that these plane defects do
not significantly affect the coordination polyhedron of oxygen about each W 3
“In addition, the absence of hydroxyl (O-H) peak or broader shoulder that
expected to be observed at around 532 eV indicates that the hydrogen treatment
did not lead to the formation of tungsten bronze HyWOj3, which is also blue in

color *.,

XPS Mg Ka
O1s

Intensity (a.u)

538 53 534 532 530 528 526
Biding energy (eV)

Figure 6.8 XPS O1s of WO3 and hydrogen treated WOs3.

HxWO3 is well known for its electrochromism, as it can be easily bleached by
applying a positive bias. To differentiate WO3.«x from H,WO3;, we studied the
PEC water oxidation stability of the hydrogen-treated WO3; and HWO3 control
samples. H,WO;3; was electrochemically prepared on pristine WO;3;

(Experimental Section) “*. We compared the performance of H,WO; and
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hydrogen-treated WQOj3; for water oxidation at a bias of 1.0 V vs. Ag/AgCl in 0.5
M Na,SO, solution. As shown in Figure 6.9, H\WO3; was quickly bleached due
to its electrochromatic property within 3 minutes either in dark or under
illumination, as expected. In contrast, there is no obvious change in color and
photoactivity for the hydrogen-treated WO3; sample measured at the same
potential under light illumination for 3 hours. It proves that the hydrogen-treated
samples are not H\WO3; and they are stable and resistive to electrochemical

oxidation.

1.0 V vs Ag/AgCl for 3min

———
under illumination (or dark)

-1.0V vs. Ag/AgCl in H,S0,
for 3 secon/
~Electrochromism

H WO,

1.0 V vs Ag/AgCl for 3h

Hydrogen
treatment
20min at H, 450 °C

Figure 6.9 The study of the photostability of hydrogen treated WO; and
electrochemical reduced WOs;.

under illumination

Woa-x

Finally, the XPS valence band spectra collected from WO3 and WO3.« samples
are similar and an estimate of the valence band maximum by linear

extrapolation to the baseline derives a band edge position of ~2.0 eV below the
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Fermi energy in both cases (Figure 6.10). The fact that all the films exhibit
almost the same position of the valence band maximum indicates a negligible

effect of hydrogen treatment on the valence band position at the surface of WO3.
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Figure 6.10 XPS valence band spectra of WO3; and hydrogen treated WOs3.

To investigate the effect of hydrogen treatment on the electronic properties
of WO;3;, we measured electrochemical impedance for pristine WO;3; and
hydrogen-treated WO3; samples. Capacitances were derived from the
electrochemical impedance spectroscopy (EIS) obtained at each potential with
10 kHz frequency in the dark. Figure 6.11 shows the Mott-Schottky plots
generated from the capacitance values. All samples show positive slopes in the
Mott-Schottky  plots, as expected for n-type semiconductor. The
hydrogen-treated WO3 samples show substantially smaller slopes compared to

WOj3; sample, suggesting significantly increased donor densities based on the
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Mott-Schottky equation,
Ng = (2/eece0)[d(1/CA)/dV]?,

where e is the electron charge, ¢ the dielectric constant of WO3 (¢=20), &, the
permittivity of vacuum, Ny the donor density, and V the applied bias at the
electrode. The donor densities of WO3; and hydrogen-treated WOj3 prepared at
350 °C are calculated to be 1.0x10™ and 5.0x10% cm™, respectively. Although
Mott-Schottky equation is derived based on planar structure and it may not able
to determine precisely the donor density of nanostructured materials, it is
reasonable to qualitatively compare the changes of donor density between WO;
and hydrogen-treated WO3; samples as they have similar morphology. The
enhanced donor density is attributed to the introduction of oxygen vacancies,
which serve as shallow electron donor *, and therefore improves the charge
transport in WOs, and at the interface between FTO and WOs, & * %,
Furthermore, the capacitance of pristine WOj3 reaches a plateau at around 0.2 V
vs. Ag/AgCI, which suggests the depletion layer does not increase with further
increase of applied potential *°. It explains the photocurrent density saturation of
WOQO; at around 0.2 V vs. Ag/AgCl. Meanwhile, we did not observe photocurrent
density saturation for hydrogen-treated WOj3 in the potential range we studied
which is consistent to its linear Mott-Schottky plot. Furthermore, there is a
negative shift of flat band potential in hydrogen-treated samples. It could be due

to the substantially increased donor density that shifts the Fermi level of WO;

175



upward. Additionally, the contribution of Helmholtz layer capacitance become
significant when there is a three orders of magnitude increase in the donor
density of WOj3;, which will cause a negative shift of the flat band potential
(x-intercept) in the Mott-Schottky plot as well *°. We also measured the
Mott-Schottky plots for WO3; and hydrogen-treated WO3; samples with applied
frequencies of 1 kHz, 4 kHz, and 7 kHz (data not shown). As expected, the
slopes of Mott-Schottky plots of these samples increase with the increase of
applied frequency, because dielectric constant is frequency dependent. Similar
flat-band potentials were obtained from Mott-Schottky plots generated at

different frequencies.
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Figure 6.11 Mot-schottky curve of WO3 and hydrogen treated WO3.

Conclusion

In summary, hydrogen treatment represents a novel method to
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simultaneously activate and stabilized the photoactivity of WO3; nanoflakes for
PEC water oxidation. By annealing pristine WO3 in hydrogen atmosphere at
different temperatures, they can be partially reduced to substoichiometric WO3.y.
These hydrogen-treated WO3; samples showed an order of magnitude
enhancement in photocurrent density compared to pristine WOs3, as a result of
three orders of magnitude increased donor density of WO3 by introduction of
oxygen vacancies. More importantly, we demonstrated, for the first time, that
the hydrogen-treated WOj3 photoanodes (without coating of OEC) have
outstanding stability for water oxidation, without significant loss of
photoactivity for seven hours. The capability of producing photoactive and
electrochemically stable WO3 could open up new opportunities for WOs-based

photoelectrochemical and photocatalytic applications.
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Chapter 7

Hydrogen Treated BiVO, for Enhanced Photoactivity for PEC Water

Splitting

Abstract

We demonstrate hydrogenation as a facile method to significantly enhance the
performance of BiVO, films for photoelectrochemical water oxidation.
Hydrogenation was performed for BiVO, films by annealing them in hydrogen
atmosphere at elevated temperatures between 200 and 400 °C. Hydrogen gas
can reduce BiVO, to form oxygen vacancies as well as hydrogen impurities.
DFT calculation predicted that both oxygen vacancies and hydrogen impurities
are shallow donors for BiVVO,, with low formation energies. These defects could
increase the donor densities of BiVO, without introducing deep trap states.
Electrochemical impedance measurements showed that the donor densities of
BiVO, films were significantly enhanced upon hydrogenation. Hydrogen-treated
BiVO, (H-BiVO,) photoanodes achieved a maximum photocurrent density of
3.5 mA/cm? at 1.0 V vs. Ag/AgCl, which is one order of magnitude higher than
that of air-annealed BiVO, obtained at the same potential. The enhanced
photoactivities were attributed to increased donor densities of H-BiVVO,4, which

facilitates the charge transport and collection.
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Introduction

Photoelectrochemical (PEC) water splitting for solar hydrogen production has
attracted extensive interest in the last few decades.™ Previous studies have
primarily focused on binary metal oxides consisting of earth-abundant elements
such as TiOz, "™, Zn0,***® WO5;,"*? and a-Fe,03,%*%° due to their low cost and
high chemical stability. However, one of the fundamental constrains of these
binary metal oxides is their valence bands are typically composed of O 2p
character, which lies below water’s oxidation potential. As a result, there is an
intrinsic limitation on visible light absorption and with the conduction band
lying above water’s reduction potential. Recently, ternary metal oxides such as
BiVO, are emerging as new photoelectrodes for PEC water oxidation.* 1% 2% %0-%
Ternary metal oxides could provide new opportunities in developing
photoelectrode, as their electronic bands are formed by atomic orbitals from
more than one element and the modulation of the stoichiometric ratio of the

elements could finely tune the potentials of valence and conduction bands as

well as the band-gap energy.

BiVO, is a direct band-gap ternary metal oxide semiconductor with a favorable
band-gap of 2.3-2.5 eV for solar light absorption. Furthermore, its conduction
band is close to 0 V vs. RHE at pH = 0, as a result of the overlap of empty Bi 6p

orbitals with anti-bonding V 3d—O 2p states,>*” which can reduce the need for
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external bias for PEC water splitting. However, charge transport and the
interfacial charge transfer have been found to be key limiting factors for its PEC
performance.®® *® A number of methods have been explored to address this
limitation.>**® For example, a BiVO, and graphene composite structure has been
reported showing improved interfacial charge transfer between BiVO, and the
back contact.** However, the addition of graphene could affect the light
absorption of BiVO,, and graphene does not improve the intrinsic electronic
properties of BiVO,. Alternatively, elements such as Mo and W have been used
as n-type dopants to increase electrical conductivity and PEC performance of
BiVO,.>" 3L %8 Recently, we have reported that hydrogen treatment can
significantly enhance the PEC performance of TiO, and WOz photoanodes by
increasing their carrier densities via the formation of oxygen vacancies, which
act as shallow donors.” ' 22 Previously reported simulation results have
predicted that oxygen vacancies also act as shallow donors in BiVO,4.*® These
results inspired us to explore the influence of hydrogen treatment on the
electronic and PEC properties of BiVO,. Indeed, we found that hydrogen
treatment can considerably enhance the PEC performance of BiVO,. The
enhancement is believed to be due to the substantially increased donor density

as result of formation of oxygen vacancies and hydrogen impurities.
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Experimental Section

Simulation method

We used the generalized gradient approximation in the PBE' version to
approximate the exchange-correlation term. Core electrons were modeled with
pseudo-potentials constructed with the projector augmented-wave method? and
we used plane wave basis set with a cutoff of 500 eV to expand the charge
density, as implemented in the VASP code.? For integrals over the Brillouin zone,
we used the tetrahedron method including Bloéchl corrections® with the
Monkhorst-Pack sampling scheme.” For the primitive cell, we used a mesh of
10x10x%10 k-points to converge the charge density, but found no appreciable
difference from results obtained with a 4x4x4 mesh in terms of the resulting
band structure and projected density of states. Accordingly, for the supercells
used for defect calculations, we used a 2x2x2 k-point mesh. For all systems, the
atomic configurations were optimized using the conjugate gradient algorithm
until all Hellmann-Feynman forces were below 0.01 eV/A.

Synthesis of BiVO, films:

1 mmol NH;VO4, 1 mmol BiVO, and 2.5 mL concentrated HNO3; were mixed
together with 50 ml deionized water. NH,OH was used to neutralize the mixed
solution, until no precipitate was further produced. Then, the precipitates were
centrifuged out. The as-prepared bright yellow BiVO, precipitates were

dispersed in 30 ml ethanol solution (precursor solution) 0.2 g
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polyvinylpyrrolidone was added to increase the precursor solution viscosity for
spin coating. A piece of FTO glass substrate was cleaned with ethanol, acetone
and then water. The precursor solution was spin coated on the FTO substrate at a
rate of 2500 rpm. The BiVO, coated FTO glass was annealed in air at 500 °C for
1h to remove organic binder. Repeat the spin coating and annealing processes
for 2 times. The prepared BiVO, on FTO glass works as seeded substrate for
further hydrothermal growth.

BiVO, film was synthesized on a FTO glass substrate by a modified BiVO,
seed-mediated hydrothermal method. ® The seeded-substrate was put into a 30
ml Teflon lined autoclave, filled with precursor solution containing 1 ml HNOg,
25 ml water, 0.5 mmol Bi(NO3); and 0.5 mmol NH4;VO,. The autoclave was
heated in electric oven at 150 °C for 12h. The as-prepared bright yellow BiVO,
film was washed with ethanol, deionized water and then annealed in air at 550
°C for 2h.

Hydrogen treatment

Hydrogen treatment was carried out in a home-built tube furnace. The calcined
BiVO, films were further annealed in hydrogen (1 bar, 50 sccm H, flow) for 10
minutes in a range of temperatures between 200 and 400°C.
Photoelectrochemical measurement

BiVO, and hydrogen-treated BiVO, (denoted as H-BiVO,) samples were

fabricated as photoanodes by soldering a copper wire onto a bare part of FTO
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substrate. The substrate edges and the metal contact region were sealed with
insulating epoxy resin. The area of the working electrode is in a range of
0.2-0.25 cm?. Linear sweep voltammograms were collected by a CHI 660D
electrochemical station, using Ag/AgCl (1M KCI) as reference, Pt wire as
counter electrode, and 0.5 M Na,SO, aqueous solution (pH = 6.8) as an
electrolyte, under a simulated sunlight (100 mW/cm?) generated with a 150 W
xenon lamp (Newport 6255) coupled with an AM 1.5 global filter (Newport
81094). All linear sweep voltammograms were collected at a scan rate of 20
mV/s. Incident-photon-to-current conversion efficiency (IPCE) were collected
by the same electrochemical workstation with a solar simulator (Newport 69920,
1000W xenon lamp), coupled with an infrared water filter (Oriel 6127) and
aligned monochromator (Oriel Cornerstone 130 1/8m). Electrochemical
impedance spectroscopy (EIS) was collected with 5 mV perturbation and a
frequency range from 100000 to 1Hz at different potentials. Mott-Schottky plots
were generated from capacitance obtained from the EIS spectra at each potential
with a frequency of 10k Hz. Carrier densities were calculated from the slopes of
Mott-Schottky plots using the equation:
Ng = (2/eece0)[d(1/CA)/dV]?,

where ep is the electron charge, ¢ the dielectric constant of BiOV,, & the
permittivity of vacuum, Ny the donor density, and V the applied bias at the

electrode.
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Material characterization

Scanning electron microscopy (SEM) images were collected with a
field-emission SEM (Hitachi S-4800I11). X-ray diffraction (XRD) spectra were
collected with a Rigaku Americas Miniflex Plus powder diffractometer.
Diffraction spectra were recorded from a two-theta angle of 20 to 70 degree with
a step size of 0.04 degree at a rate of 1 degree/min. Raman spectroscopy
measurements were carried out on a Nicolet Almega XR Dispersive Raman
spectrometer (laser wavelength 780 nm). X-ray Photoelectron Spectroscopy
(XPS, ESCALab250, Thermo VG) with 200 W Al Ka radiations in twin anodes.
The binding energy was calibrated using the C 1s photoelectron peak at 284.6

eV as reference.

Results and Discussion

To provide guidance to experimental studies, we carried out parameter-free
quantum simulations based on density functional theory (DFT)>®
investigating the effects of hydrogen treatment on the electronic properties of
BiVO,. We used a monoclinic primitive cell of symmetry C62h composed of
two units of BiVO, (16 atoms), as indicated in blue in Figure 7.1a. The
optimized lattice parameters were 7.323, 11.786, 5.173 A with an angle of

134.85° between the non orthogonal lattice vectors, in good agreement with

previous experimental and theoretical reports.®* > As reported previously,>* the
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band structure of BiVO4 has several direct and indirect transitions from local
valence band maxima to local conduction band minima that are close in energy.
Experimental measurements indicated a direct gap of energy between 2.4 and
2.5 eV.***" We found a band-gap of 2.14 eV, similar to previous DFT results,>
53 with the highest filled states formed by binding combinations of O 2p and Bi s
orbitals, whereas the lowest empty states are formed predominantly by d orbitals
from vanadium. The supercells used for defect calculations, indicated in Figure
1, are 2x2x2 repetitions of the primitive cell, with a total of 96 atoms.
ﬂ%iﬁ% «&%09' o ' o‘f}'t&:«zw

*.k@.%. "m’“ X A

w'%'eﬁy : 0,0' v\‘ao 99"0’
R AV WA ANV
Figure 1. (a) Supercell of BiVO, formed by 2x2x2 repetitions of the primitive
cell, which is highlighted by the blue circles. The white, red and green circles
represent vanadium, oxygen and bismuth atoms, respectively. (b) Different sites
for interstitial H atoms in impurity calculations are indicated in blue. (c) The
position of an interstitial hydrogen molecule is indicated in blue.

In Figure 7.1b we show several sites that were tested for the incorporation
of interstitial H atoms in the structure of BiVO4. We observed little variation in
the formation energy of these defects on different sites and no appreciable

difference in the electronic properties. We have also tested interstitial molecular
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hydrogen, which can also be incorporated because of the fairly open crystal
structure of BiVO, (Figure 7.1c). Furthermore, we tested H atoms in association
with oxygen vacancies, i.e., substituting one of the red circles in Figure 7.1. In
order to assess the relative frequency of the hydrogen related defects to the
intrinsic ones, we conducted an extensive analysis of the latter, including
vacancies and self-interstitials of Bi, VV and O, as well as Biy and Vg; antisites.
The formation energies are given by the expression®*:
B =By —(Ey— s + 1) +U(Bppy + 1), (1)

where Eq,, are the total energies of the supercells containing the defect and the
pristine one, respectively, 1, is the atomic chemical potential of the elements
removed or added to the defect, q is the charge state considered for the defect
and s is the potential of the reservoir with which the system exchanges
electrons or holes (Fermi level). The value of the atomic chemical potentials 14,
depends on the stoichiometric regime under which the crystal is formed. In order
to sustain conditions for the formation of the desired compound, certain
conditions must be kept® *°: i) The chemical potential of each element must not
be larger than the chemical potential of the bulk element; ii) the sum of the
variation of the chemical potentials of each element relative to their bulk phases
(41) must equal the heat of formation of the compound, which is defined as
AHape= fave - pa° - " - we° , where the superscript “B” indicates the value of

the bulk phase; iii) the atomic chemical potentials of the elements forming the
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compound and impurities must be such that the formation of competing phases,
such as Bi,O3 or V,0s, is prevented in the present case. In equations, these

conditions can be summarized as follows® %°:

i)A/uBi,V,O = Hgivo _IUBBi,V,O <0

AH g0, = Astg; + A, +4A4,

11)2Aug +3AU, < AHg o 5 2Aug +5Au, <AH, o

These conditions determine the phase space of atomic chemical potentials
for Bi, V and O under which it is possible to synthesize BiVO, crystals, as
indicated by the shaded area in Figure 7.2. While additional competing phases
can be considered, V,0s5 and Bi,O3 are enough to give a reliable estimate of the

phase space of allowed chemical potentials.>® The upper boundary in Figure 7.2

AH, ;05 —5AH,
2

is given by the equations: Au, = and

AHVzos _ 3A1u0

Aty = AHgyo, — ; S0 that point A in Figure 7.2 corresponds to

the condition in equilibrium with Bi bulk (Azgi = 0, bismuth rich) the poorest in
oxygen possible (Auo=-2.307, Ay = -1.384 eV). Point C is oxygen rich, Auo=
0, but is the poorest possible condition in bismuth, with Aggi= -3.46 and A =
-7.15eV.

The lower boundary of the shaded area in Figure 7.2 is defined by the

conditions: Agy, = 52032 ack Apt, =AHgyo, - 28203 S 2’u° . Point B

corresponds to equilibrium with Bi bulk, but is less oxygen poor than point A:
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Augi = 0, Auo = -1.752, Apy = -3.6 eV. Finally, point D corresponds to the
condition poorest in vanadium, with Auo = 0, Augi = -2.63, Auy = -7.98 eV.
Since we consider many defects involving hydrogen, we also calculated its
atomic chemical potential from H, gas, which is g =-3.35 eV, taken as constant
in all conditions (always hydrogen rich).

The formation energies of the intrinsic and hydrogen-related defects in
BiVO, were calculated using Eq. (1) for the conditions indicated by points A, B,
C and D in Figure 7.2. To minimize the effect of spurious electrostatic
interactions in charged defect calculations due to the periodic cell approximation,
we have included the Makov-Payne correction®’ by evaluating the Ewald energy
of a point charge in our supercell screened by the dielectric constant of BiVO,,
which we calculated as 7.48, 6.28, and 7.48 //, along the three lattice vectors, in
good agreement with previous results.>® The upper limit for these corrections for
our supercell varies from 0.3 eV for singly charged defects to 10.8 eV for

defects of charge 6.

Bi poor A I‘LV=O (V'rich) 0 poor

0/V-rich Bi/V-rich

@ P
(you-1g) 0=""11y

V poor
Bi/O-rich
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Figure 7.2. Range of possible stoichiometric regimes (shaded area) for the
atomic chemical potentials of bismuth, vanadium and oxygen to sustain stable
growth of BiVO,.

Figure 7.3 demonstrates several importany features. First, all three H-related
defects studied are positively charged throughout most of the band-gap of
BiVO,, and therefore they are shallow donors of electrons to the crystal. Second,
the formation energy of interstitial atomic H atoms in BiVOy, is lower than that
of any intrinsic defect in BiVO, through most of the gap of the system in any
stoichiometric condition. The other H-related defects are also fairly low in
formation energy relative to the intrinsic defects. Third, for O-rich crystals
(conditions “C” and “D”) shown in figure 7.3c and 7.3d, the presence of Bi
vacancies, which are acceptors, becomes significant, reducing the net
concentration of free electrons in the conduction band, despite the presence of
the shallow hydrogen donors. These defects also introduce a transition state near
the middle of the band-gap (Evem+1 €V) which indicates the presence of a trap
state, detrimental to the transport properties that we want to enhance for the
purpose of the photoelectrochemical cell. Therefore, oxygen-deficient crystal
(conditions “A” and “B”) in figure 7.3a and 7.3b upon hydrogen treatment

should result in a material with optimal properties for PEC water oxidation.
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Figure 7.3. (a-d) Plots of formation energies of defects in BiVO, versus the
electron chemical potential (fermi level) for conditions “A” to “D” indicated in
Figure 7.2. Vacancies are indicated by dotted lines, self-interstitials are indicated
by dashed lines and antisites by dot-dashed lines. H-related defects are indicated
by solid lines. The specific element related to these defects is indicated next to
the corresponding curve. Condition “A” corresponds to oxygen-poorest, Bi-rich,
condition “B” is intermediate V/O-poor and Bi rich, condition “C” is
bismuth-poorest, O-rich and condition “D” is V poorest, O-rich. The vertical
dashed lines indicate the calculated band-edges of the crystal (Evem set to 0).
The slope of the curves indicate the charge state and the kinks in the curves
indicate transition of charge states.

[o¥]

To prove our hypothesis and provide experimental confirmation of the DFT
simulation results, we studied the effect of hydrogenation on the PEC
performance of BiVO, photoelectrodes. BiVO, films were fabricated on
fluorine-doped tin oxide (FTO) glass substrate using a seed-mediated
hydrothermal method (Experimental Section).®® As shown in Figure 7.4a, the

FTO substrate was uniformly coated with BiVO, particles. The cross sectional
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image revealed the thickness of the seed layer and BiVO, particle film are

around 2-3 pm.

? 5 um
Figure 7.4 Cross-sectional SEM image of BiVO, film on FTO glass.

The calcined BiVO, films were further annealed in hydrogen atmosphere in a
home-built tube furnace. As shown in Figure 7.5 inset, air-annealed BiVOy, is
bright yellow in color. Upon hydrogenation, it turned to yellowish green and

eventually dark green as annealing temperature increased. To quantitatively

195



analyze the color changes, we collected diffuse reflectance UV-visible spectra
for air-annealed BiVO, and hydrogen-treated BiVO, (denoted as H-BiVO,)
samples. All the samples exhibited strong UV and visible light absorption. The
BiVO, sample showed an abrupt absorption onset at around 530 nm, which is
consistent with its optical band-gap of 2.3-2.4 eV.***® In contrast, H-BiVO,
samples showed enhanced visible light absorption at wavelengths beyond 530
nm, which could be attributed to electronic transitions between defect states and
band-edge states.>® The UV-Vis spectral results are consistent with the observed

color change for H-BiVO, samples.

H-BiVO, (400°

H-BiVO, (350°C)

log 1/R (a.u)

300°C

300 400 500 600 700
Wavelength (nm)

H-BiVO, (300°C)

Figure 7.5 UV-vis spectra of BiVO, and hydrogen treated BiVO, at 350, 400
and 450 °C.

To determine the effect of hydrogenation on the structure of BiVO,, we
compared the X-ray diffraction (XRD) spectra and Raman spectra collected for

BiVO, and H-BiVO, samples. BiVO, and H-BiVO, samples exhibited similar
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XRD diffraction peaks, which can be indexed to monoclinic BiVO, (Figure
7.6a). There is no apprarent change of crystal phase during hydrogenation.
Furthermore, these samples exhibited characteristic Raman peaks for monoclinic
BiVO, (Figure 7.6b). Note that the H-BiVO, samples showed considerably
broader Raman peaks compared to BiVO,, and the peak broadening becomes
more substantial with the increase of hydrogen annealing temperature. The peak
broadening is indicative of the degradation of material crystallinity, which could
be attributed to the formation of defects such oxygen vacancies and hydrogen

impurities, as predicted by the computational studies.
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Figure 7.6 XRD and Raman spectra of BiVO, and hydrogen treated BiVO..

carried out X-ray photoelectron spectroscopy (XPS) to
characterize the modification on the chemical states of BiVO, surface upon
hydrogenation. As shown in Figure 7.7a, the XPS spectra of BiVO, and H-
BiVO, are essentially the same. Sn and Na peaks are most likely originated from
the FTO layer and the glass substrate, respectively.”® Carbon is believed to be

incorporated during sample preparation and subsequent handling. Figure 7.7b
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shows the core level O 1s XPS spectra of BiVO,4 and H-BiVO, annealed at 300
°C and 400 °C. They exhibited two distinct peaks centered at 529.4 eV and
531.8 eV. The O 1s binding energy of 529.4 eV peak is consistent with the
typical value reported for BiVO,.%?° The peak at 531.8 eV can be ascribed to the
O-H bonds.®> ® The H-BiVO, sample prepared at 400 °C showed a
significantly stronger signal at 531.8 eV, indicating the increased density of
hydroxyl groups on the BiVO, surface as a result of hydrogenation. To balance
the overall charge of the crystal, BiVO, is likely to form extra hydroxyl groups

on the surface, which would lead to the creation of oxygen vacancies.
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Figure 7.7 (a) XPS survey of BiVO, and hydrogen treated BiVO,. (b) XPS O1s
spectra of BiVO, and hydrogen treated BiVO..

Figure 7.8a shows the core level V 2p XPS spectra of these samples. The
binding energies of the V 2ps, and V 2py. lines of BiVO, and H-BiVO, are
found at 524 eV and 516.3 eV, which are consistent with the reported values for
BiV0O,.%? The V 2p lines of H-BiVO, samples are slightly shifted to lower
binding energy, which is indicative of the presence of VV** species that usually

appears at the binding energy 1.1 eV lower than the V** 2psp, line.®® % To
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identify the tiny amount of V** (which correlates with oxygen vacancies), we
analyzed the difference spectra between H-BiVO, samples (300 and 400 °C)
and BiVO, (Figure 7.8b). The peaks at the binding energies of 515.0 and 516.1
eV can be attributed to V** 2psp, line and VV>* 2ps, line, respectively. The V**
2par line located at a binding energy of 1.1 eV lower than the V°>* 2ps, line is
consistent with the values reported in previous studies.®® ® Figure 5c shows the
core level Bi 4f XPS spectra of BiVO, and H-BiVO,. The Bi 4fs;, and Bi 4f;,
lines are found at the binding energies of 163.9 and 158.5 eV, respectively.®? In
comparison to BiVO,, the Bi 4fs, and Bi 4f7; lines of H-BiVO, also showed a
shift of 0.2 eV toward lower binding energy, suggesting the reduction of Bi** to
lower oxidation states.®> These XPS results clearly support the hypothesis that

oxygen vacancies were created in H-BiVO, samples upon hydrogenation.
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Figure 7.8 XPS spectra of V 2p and Bi 4f spectra of BiVO, and hydrogen
treated BiVOa.

According to the simulation results, both oxygen vacancies and hydrogen
impurities are shallow donors for BiVO,. We determined the donor densities of
BiVO, samples using electrochemical impedance spectroscopy (EIS).
Electrochemical impedance was measured for BiVO, and H-BiVO, samples
using a CHI 660D electrochemical station with 5 mV perturbation and a

frequency range from 1 Hz to 100 kHz at different potentials. Mott-Schottky
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plots were generated for BiVO4; and H-BiVO, annealed at 300 °C from
capacitances obtained from the EIS spectra at each potential with a frequency of
10 kHz (Figure 7.9a). Both samples showed positive slopes, as expected for
n-type semiconductor. Since the Mott-Schottky plot was developed based on a
planar electrode model, the deviation from a linear profile is commonly
observed when it is used for nanostructured electrode. We chose the linear
region of the Mott-Schottky profile in the range of between 0.2 VV and 0.6 V vs.
Ag/AgCl to calculate the slope and donor density. In comparison to BiVO,, the
H-BiVO, showed a considerably smaller slope, indicating a significantly
enhanced donor density. The carrier density of BiVO,; and H-BiVO, (300 °C)
were calculated to be 6x10™ cm™ and 6.08x10™ cm?, respectively. While the
calculation may have errors in determining the absolute value of donor density,
however, the comparison of the donor densities between the pristine BiVO, and
H-BiVO, is reasonable. **The increased donor density is consistent with the
simulation results, which predicted that oxygen vacancies and hydrogen
impurities are shallow donors for BiVO,4. More importantly, the increased donor
density could improve the PEC performance of BiVO, by enhancing charge
transfer at the interface of BiVO, and FTO substrate. We also carried out
electrochemical impedance spectroscopic measurements to study the charge
transfer at the semiconductor/electrolyte interface (Figure 7.9b). The H-BiVO,

electrode showed a much smaller semicircular arc in Nyquist plot, indicating
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more efficient charge transfer at the interface. * By fitting the Nyquist curves,
the charge transfer resistances were estimated to be around 19394 and 2256 Q

for pristine BiVO,4 and H-BiV Oy, respectively.
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Figure 7.9 Mott-schottky plots (a) and Nyquist plots (b) of BiVO, and hydrogen
treated BiVOa.

We measured the PEC properties of BiVO, and H-BiVO, with a goal of
correlating their optical and electronic properties with the PEC performance.
Figure 7.10a shows linear sweep voltammograms collected for BiVO, and H—

BiVO, annealed at 300 °C. Photocurrent density of the H-BiVO, sample is

204



substantially higher than the BiVO, sample in the whole range of potentials
studied. The H-BiVO, sample achieved a maximum photocurrent density of 3.5
mA/cm? at 1.0 V vs. Ag/AgCl, which is an order of magnitude higher than that
of BiVO, (0.3 mA/cm?) measured at the same potential. Figure 7.10a inset
shows the photocurrent densities measured for H-BiVO, samples at 1.0 V vs.
Ag/AgCl as a function of annealing temperatures. The photocurrent density
gradually increases when the annealing temperature was increased from 250 to
300 °C, and reached an optimal value of 3.5 mA/cm?. Then, the photocurrent
density decreases with further increase of temperature beyond 300 °C, which
could be due to the degradation of FTO substrates, ** as well as the occurrence
of defects such as Bi vacancies that possibly introduce trap states into the

band-gap of BiVO, as predicted by the computational studies.
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Figure 7.10 I-V curves and IPCE spectra of BiVO, and hydrogen treated
BiVO,.

To study the interplay between photoactivity and light absorption of H-BiVO,
photoanodes, we also measured their incident-photon-to-current-conversion
efficiency (IPCE) spectra. IPCE spectra collected for BivVO, and H-BiVO, at
1.0 V vs. Ag/AgCl showed a gradual decrease of photoactivity from 300 to 530
nm with a cutoff wavelength around 530 nm (Figure 7.10b), which is consistent
with the band-gap of BiVO, (2.3-2.4 eV).*> *® Importantly, the results also

indicate that there is no photoactivity beyond 530 nm, even though the H-—
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BiVO, samples have absorption in the entire visible light region (confirmed by
UV-vis results). The light absorption at wavelength beyond 530 nm could be due
to electronic transitions involving defect levels, which do not seem to directly
contribute to photocurrent generation.® In comparison to BiVO,, H-BiVO,
showed significantly enhanced photoactivity in the wavelength region between
300 and 500 nm, which is believed to be due to the improved electrical
conductivity of H-BiVOy, and thus, the increased efficiency in charge transfer
and collection. Finally, we tested the long term stability of H-BiVVO, electrodes.
Figure 8 shows the photocurrent retention collected for H-BiVO, sample at 1.0
V vs. Ag/AgCI. The electrode retains 99 % of the initial photocurrent after 13
hours. It proved that the introduction of oxygen vacancies and hydrogen
impurities does not affect the electrochemical stability of BiVO, electrode. We
observed continous evolution of gas bubbles on H-BiVO, electrode (Figure 7.11,
inset), suggesting the observed photocurrent is not due to self-oxidation of the
photoelectrode. The initial decrease of photocurrent and the small photocurrent
fluctuation could be due to the formation of gas bubbles on electrode surface.
On the whole, these results unabmigously show that H-BiVO, electrode has

excellent photostability for water oxidation.
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Figure 7.11. Photostablity of H-BiVO, collected at 1.0 V vs. Ag/AgCl in 0.5 M
Na,SO, solution for 13 hours. The inset shows the gas evolution on the H—
BiVO, photoelectrode under light illumination.

Conclusion

In summary, our work has demonstrated a facile method to substantially
enhance the performance of BiVO, electrodes for PEC water oxidation through
hydrogen treatment. H-BiVO, electrodes achieved a maximum photocurrent
density of 3.5 mA/cm? at 1.0 V vs. Ag/AgCl, which is one order of magnitude
higher than the value of 0.3 mA/cm? obtained for the air-annealed BiVO, at the
same potential. IPCE measurements showed that H-BiVO, exhibited
significantly enhanced photoactivity compared to air-annealed BiVOy, in the
same wavelength region. The enhanced photoactivities were attributed to the
improved efficiency in charge collection as a result of enhanced donor densities
of hydrogenated BiVO,films. Indeed, our DFT calculations have predicted that
oxygen vacancies as well as hydrogen impurities, whose occurrence is greatly

favored by our hydrogen treatment, are shallow donors with low formation
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energies for BiVO,. Further investigation of trap states in BiVO, could lead to
even better performance by avoiding detrimental impurities that reduce the
lifetime of carriers in the material, thus allowing even better charge collection.
These H-BiVO, with higher donor density could potentially be used for other
photoelectrochemical or photocatalytic applications such as dye degradation and

solar driven oxygen evolution reaction.
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Chapter 8

A Mechanistic Study into the Catalytic Effect of Ni(OH), on Hematite for

Photoelectrochemical Water Oxidation

Abstract

Here we report the mechanistic studies on the catalytic effect of Ni(OH), on
hematite nanowires for photoelectrochemical water oxidation. Previous studies
have shown that the incorporation of Ni(ll) catalyst can significantly enhanced
the photoelectrochemical performance of hematite photoanode. However, we
found that the photocurrents of Ni catalyst decorated hematite photoelectrodes
decay rapidly in the current-time measurements, indicating the photocurrents
were not stable. We demonstrate that the enhanced photocurrent was mainly
due to the photo-induced charging effect. The photoexcited holes generated in
hematite efficiently oxidize Ni** to Ni** (0.35 V vs. Ag/AgCl), rather than
oxidize water. The instability photocurrent is due to the depletion of Ni**. We
proposed that the catalytic mechanism of Ni(ll) catalyst for water oxidation is a
two-step process that involves the fast initial oxidation of Ni** to Ni**, and
followed by the slow oxidation of Ni** to Ni**, which is the active catalytic
species for water oxidation. The catalytic effect of Ni(Il) catalyst was limited by

the slow formation of Ni**. Finally, we elucidate the real catalytic performance
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of Ni(OH), on hematite for photoelectrochemical water oxidation by
suppressing the photo-induced charging effect. This work could provide
important insights for future studies on Ni catalyst modified photoelectrodes

for water oxidation.

Introduction

Hematite (o-Fe;O3) has been studied extensively as a photoanode material for
photoelectrochemical water oxidation. In comparison to other semiconductor
metal oxides such as ZnO %2, TiO, *> and WO3 ®’, it has more favorable
band-gap (~2.1 eV) with a theoretical solar-to-hydrogen efficiency of ~16% 2,
However, the reported solar conversion efficiency of hematite electrodes are
considerably lower than its theoretical value ***8. Poor electrode kinetics of the
oxygen evolution reaction is believed to be one of the major limitations. **% To
address this issue, oxygen evolution reaction (OER) catalysts such as Co-Pi
and nickel based catalysts >>** have been developed to reduce the over-potential
of hematite photoanode for water oxidation. Here we report a mechanistic study
of the catalytic effect of Ni(OH), on hematite nanowire electrode for
photoelectrochemical water oxidation. Significantly, we found that the enhanced
anodic photocurrent and the shift of photocurrent onset potential observed for

Ni(OH), decorated hematite electrode are mainly due to the photo-charging of

Ni catalyst (Ni** oxidized to Ni*"), instead of water oxidation that was
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commonly documented in previous reports. This work elucidates the real
performance of Ni(OH), catalyst on hematite photoelectrode for
photoelectrochemical water oxidation, and more importantly, it provides insights

into an alternative working mechanism of Ni based OER catalysts.

Experimental Section

Synthesis of Hematite (a-Fe>03) nanowire arrays:

Akaganéite (B-FeOOH) nanowire arrays were grown on a fluorine-doped tin
oxide (FTO, TEC 8) glass substrate using a hydrothermal method reported
elsewhere. A Teflon-lined stainless steel autoclave was filled with 20 mL 0.15 M
FeCl; and 1 M NaNOg3 aqueous solution at pH 1.5 (adjusted by HCI). A cleaned
FTO substrate was placed into the autoclave with the conductive side facing
down. The sealed autoclave was heated at 95 °C for 5h in an electric oven and
allowed it to cool down in air. A uniform yellow layer of B-FeOOH nanowire
arrays was coated on the FTO glass. The nanowire-coated FTO glass was
washed with ethanol and water, and then air dry. a-Fe,O3 nanowire arrays were
obtained by thermal decomposition B-FEOOH nanowire. The p-FeOOH
nanowires were annealed in a home-built CVD system. The tube furnace was
first vacuumed to a pressure of 15 Torr, and then filled with ultrahigh purity No.
The sample was annealed at 550 °C for 2h at 740 Torr pressure with a N, gas

flow of 50 sccm.
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Deposition of Ni(OH), catalyst:

Ni(OH), was deposited onto hematite nanowire arrays by successive dip coating
method. The hematite nanowire electrode was first dipped into 0.1 M
Ni(NO3), solution for 10 seconds, and blow-dried with compressed air. Then the
electrode was dipped into 1.0 M KOH solution for 10 seconds, and blow-dried
with compressed air. This two-step dip-coating process was repeated for 3 times.
For the sample with small loading of Ni catalyst, we reduced the Ni(NO3),
solution concentration to 5 mM and repeated the deposition cycles for 2 times
only.

Material characterization:

Scanning electron microscopy (SEM) images and energy dispersive X-ray
spectroscopy (EDS) spectra were collected on a field emission SEM (Hitachi
S-480011). X-ray diffraction (XRD) spectra of hematite and blank FTO glass
were collected on a Rigaku Americas Miniflex Plus powder diffractometer with
the angle from 20 to 70 degree. X-ray photoelectron spectroscopy (XPS,
ESCALab 250, Thermo VG) with 200W Al KR radiation in twin anode. The
binding energy was calibrated using the C 1s at 284.6 eV as a reference.
Electrochemical and photoelectrochemical measurements were carried out using
an electrochemical workstation CHI 660D coupled with a 150W xenon lamp
(Newport 6255) and an AM 1.5 global filter (Newport 81094). The electrolyte

was 1.0 M KOH aqueous solution. Ag/AgClI (1 M KCI) and Pt wire were used as
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reference and counter electrode in the three-electrode system.

Results and Discussion

Akaganéite (B-FeOOH) nanowire arrays were first synthesized on
fluorine-doped tin oxides (FTO) glass substrate by a hydrothermal method

17 These nanowires were converted into hematite via

reported elsewhere
thermal annealing in an oxygen deficient condition (Experiment Section) .
Scanning electron microscopy (SEM) image revealed that the FTO substrate was
uniformly covered with dense and vertically aligned nanowires (Figure 8.1a).

X-ray diffraction spectra confirmed that the thermally annealed nanowires were

hematite (Figure 8.1b).
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Figure 8.1 SEM image and XRD spectra of Fe,O3 nanowires.

Ni(OH), was deposited on hematite nanowire film by successively dipping into
Ni(NO;), and NaOH solutions 2°. SEM image collected for Ni(OH), modified
hematite nanowire film (denoted as Ni-Fe,O3) showed that the catalyst layer is
coated on top of the nanowire film (Figure 8.2a). Energy-dispersive X-ray
spectroscopy (Figure 8.2b) analysis confirmed the presence of Ni in the
Ni-Fe,O; sample and the atomic percentage of nickel [Ni/(Fe+Ni)] was

estimated to be 7 %.
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Figure 8.2 SEM image and EDS spectrum of Ni-Fe,Os.

Photoelectrochemical measurements were performed in 1 M KOH solution,
using Ni-Fe O3 as working electrode, Ag/AgCl as reference electrode and Pt
wire as counter electrode. Figure 8.3 shows the linear sweep voltammograms of
a-Fe;,03 and Ni-Fe,O3 collected at a scan rate of 50 mV/s. The dark scan
collected for a-Fe,O3 shows that water oxidation occurs at 0.6 V vs. Ag/AgCl.
The current onset potential of Ni-Fe,O3 electrode shifts to a more negative
potential of 0.4 V vs. Ag/AgCI. Likewise, the photocurrent onset potential of
Ni-Fe,O3 electrode also negatively shifted by more than 200 mV under light

illumination, and therefore, the overall photocurrent density of Ni-Fe,O3; was
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enhanced compared to o-Fe,O; sample at the same potential. Similar
photocurrent enhancement and potential shift have been reported for other Ni-
and Co-based OER catalyst modified o-Fe;Os photoelectrodes 2 2%, The
improved performance was attributed to the catalytic effect of Ni catalyst that

suppressed the over-potential for water oxidation.
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Figure 8.3 I-V curves of Fe,0O3 and Ni-Fe,O5 at 50 mV/s scan rate.

However, we found that the photocurrent of Ni-Fe,O3; sample drops
continuously under a constant applied potential (Figure 8.4). Figure 8.4a shows
that the photocurrent-time curves collected for a-Fe,O3 and Ni-Fe;O3 at 0.3 V vs.
Ag/AgCl. The Ni-Fe,O3 sample shows a sharp spike of photocurrent upon
illumination, suggesting efficient charge separation during the initial period of
illumination. However, the photocurrent density gradually decreases from 2.7
mA/cm? to ~0.3 mA/cm? within 200 seconds. The rapid reduction of current was

also observed at other potentials. In contrast, the photocurrent density of
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a-Fe;O3 remains unchanged during the same period of time. These results show
that the Ni-Fe,O3 sample indeed exhibits a smaller “stable” photocurrent than
the a-Fe,O3 sample at the same potential, which is contradict to the results
obtained from their I-V curves (Figure 8.3). The relatively small stable
photocurrent of Ni-Fe,O3 could be due to the light blocking effect of the
Ni(OH), catalyst coating. To evaluate the discrepancy of photocurrent densities
obtained from I-V and I-t measurements, we measure the photocurrent density
retention [defined as stable ¢t curvey/l(-v curve)] TOr both a-Fe,O3; and Ni-Fe,Os
samples, as a function of applied potential. As shown in Figure 8.4b, the
photocurrent retentions are less than 5 % in the potential range between -0.3V
and 0.1 V vs. Ag/AgCI. The retention percentage increases slowly from 5 to 30 %
when the applied potential is increased from 0.1 V to 0.4 V vs. Ag/AgCl. It
suggests that the photocurrent obtained in I-V curves could be misleading,

especially at lower potentials.
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Figure 8.4 I-t curves and photocurrent retention of Fe,O3 and Ni-Fe;O3.

Similar photocurrent decay has been reported for Co-catalyst-modified hematite
structure *°. The decay was attributed to the blocking effect of the catalyst layer
on ion diffusion into photoelectrode. However, we found that the photocurrent
decay observed for Ni-Fe,O3 is not related to the ion diffusion rate (will be
discussed later). The continuous decay of photocurrent suggests that the
enhanced photocurrent observed for Ni-Fe,O3 could be attributed to chemical

oxidation reactions associated with Ni catalyst, rather than water oxidation. It
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has been reported that Ni** is the active catalytic species for electrochemical

water oxidation %2

. We hypothesis that the catalytic mechanism of Ni(OH),
could be a two-step reaction (Figure 8.5), involving the initial oxidation of
Ni?* to Ni**, and followed by the oxidation of Ni** to Ni**. While the Ni**
generated at the catalyst surface catalyzes water oxidation, it will be reduced
back to Ni** immediately. The sharp photocurrent spike observed in the I-V
curve of Ni-Fe,O3 supports that the first step of Ni**/Ni** oxidation reaction is a
fast process. Under light illumination, photo-excited holes quickly oxidize Ni**
to Ni®" that results in the efficient separation photoexcited electron-hole pairs.
The enhanced photocurrent could be a result of photo-induced charging process,
where the Ni-Fe,O3 electrode functions as a pseudocapacitor electrode. The
sequential decay of current suggests the depletion of Ni?* species, and the
second step of Ni**/Ni** oxidation reaction could be a slow process. If this
hypothesis is true, the Ni** species should be accumulated at the surface of
Ni-Fe,O3 electrode and the photocurrent should be scan rate dependent as

expected for a electrochemical capacitor 2" %.
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Figure 8.5 Proposed mechanism for Ni-Fe,O3 during water oxidation.

To prove the hypothesis, we collected the linear sweep voltammograms for
Ni-Fe,O3 and o-Fe,O3 electrodes at various scan rates (Figure 8.6a). The 1-V
curves of a-Fe;O3 electrodes collected at different scan rate are well overlapped
(Figure 8.6b), as expected. On the contrary, the current densities of Ni-Fe,O3
electrode increase substantially with the increase of scan rates, which is

consistent to the electrochemical behavior of a capacitor.
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Figure 8.6 Scan rate dependent photocurrents of Ni-Fe,O3 (a) and Fe,Os3 (b).

Furthermore, we observed that the surface color of Ni-Fe,O3 electrode turned
from bright red to dark red after illumination at 0.3V vs. Ag/AgCl for 200
seconds (Figure 8.7), suggesting the formation of black Ni** species (e.g.,
NiOOH) on the surface. Core level X-ray photoelectron spectroscopy (XPS) Ni
2p spectra were collected before and after Ni-Fe,O3 electrode was illuminated at
0.3 V vs. Ag/AgCI for 200 seconds. As shown in Figure 8.7a, the Ni 2p spectra

show a complex structure with an intense satellite signals located at higher
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binding energies (862.1 and 880.5 eV) adjacent to the main peaks (2ps» 855.9
and 2pi, 873.6 eV), which can be attributed to multi-electron excitation
(shake-up peaks) . Significantly, the Ni 2p peaks became substantially broader
after illumination. This Ni 2ps;, broad peak can be deconvoluted into a pair of
peaks located at around 855.8 eV and 857.7 eV (Figure 8.7b), which are
consistent to the values reported for Ni** (855.6 eV) and Ni** (857.3 eV),
respectively 2. The XPS analysis confirmed the presence of Ni** on Ni-Fe,Os

electrode surface after illumination.
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Figure 8.7 XPS Ni 2p spectra of Ni-Fe,O3 before and after light illumination.

The scan rate dependent electrochemical behavior together with the
accumulation of Ni** on hematite electrode surface strongly support that the
enhanced photocurrent observed for Ni-Fe,O; sample is due to the
photo-induced charging process as a result of Ni*/Ni** oxidation, rather than
water oxidation. The continuous decay of current in the current density-time (I-t)
measurement can be attributed to the gradual depletion of surface Ni®*
(accumulation of Ni*") as a result of Ni**/Ni** oxidation. Therefore, we
hypothesized that the photocurrent could be stabilized if Ni** can be
continuously and rapidly regenerated by converting Ni** back to Ni**. We have
recently reported that Ni** can efficiently catalyze glucose oxidation, and
simultaneously Ni** can be reduced back to Ni** *. Hence, we carried out
electrochemical measurements for Ni-Fe,O3 samples in the presence of glucose
(0.1M glucose concentration), with a goal of regenerating Ni** rapidly and
therefore avoid the accumulation of Ni**and the formation of Ni** (Figure 8.8a).
As shown in Figure 8.8b, the photocurrent density of Ni-Fe,O3 sample is almost
doubled in the presence of glucose, which facilities the collection of

photo-excited holes.
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Figure 8.8 (a) glucose used for Ni** regeneration. (b) 1-V curves of Ni-Fe,O3
with/without glucose.

The I-t curves were collected for Ni-Fe,O3 electrode at different potentials in the
presence and absence of glucose in figure 8.9a. Significantly, the Ni-Fe,O3
electrode exhibited stable photocurrent in the presence of glucose at all the
potentials we studied. The current retentions of the Ni-Fe,O3 sample are almost
100 % in the potential range from -0.4 to 0.4 V vs. Ag/AgCl (Figure 8.9b). Ni
2p XPS spectrum collected for the Ni-Fe, O3 electrode after illumination exhibits
only Ni?* peaks, indicating Ni** species were not accumulated at the electrode

surface in the presence of glucose in figure 8.10. These results support our
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hypothesis that the current can be stabilized upon the fast regeneration of Ni**
through Ni** catalyzed glucose oxidation. More importantly, these results also
proved that the enhanced photocurrent is mainly due to the photo-induced
charging process and the current decay is because of the depletion of Ni**. Since
the photocurrent can be stabilized by adding glucose without modifying surface
catalyst coating, it also suggests that the current decay is not due to the possible

blocking effect of catalyst coating on ion diffusions, which was previously

observed for Co-based catalysts *°.
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Figure 8.9 I-t curves and photocurrent retention curve of Ni-Fe,O3 with/without

231



glucose.

Ni 2p,, Al Ko XPS

Ni2p,,

Normalized Intensity (a.u.)

850 80 80 880
Binding energy (eV)

Figure 8.10 XPS Ni2p of Ni-Fe,O3 before and after light illumination with
glucose.

Furthermore, we seek to understand the real catalytic performance of Ni(ll)
catalyst by suppressing the photo-induced charging effect via decreasing the
loading amount of Ni(OH), and measured the 1-V curves for Ni-Fe,O3 sample at
a slow scan rate. We minimized the loading amount of Ni(OH), by decreasing
the precursor concentration (Experiment Section). While the catalyst coating
was not obvious in the SEM image of Ni-Fe,O3 nanowire arrays, EDX analysis
revealed the existence of Ni (Figure 8.11). The atomic percentage of Ni was

estimated to be 1 %.
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Figure 8.11 SEM image and EDX of Ni-Fe,O3 with small loading amount of Ni
catalyst.

Figure 8.12a shows the I-V curves of Ni-Fe,O3 with small catalyst loading
(denoted as s-Ni-Fe,O3) electrodes collected at different scan rates. In the dark
scans, s-Ni-Fe;O3 samples show the same current onset potentials at 0.35 V vs.
Ag/AgCI that corresponds to characteristic Ni**/Ni** oxidation potential, again
confirming the successful loading of Ni(OH), catalyst *°. Upon light
illumination, the onset potentials were negatively shifted. Significantly, these
I-V curves collected at different scan rates are well overlapped at higher
potential region (0.3-0.6 V vs. Ag/AgCl), suggesting the effect of photo-induced

charging has been substantially reduced in s-Ni-Fe,O; samples. The
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corresponding I-t curves collected for the Ni-Fe,O3 electrode also show stable
photocurrent at different potentials (Figure 8.12b). The s-Ni-Fe,O3 electrode
exhibits a current retention [stable 1t curvey/l(-v curve)] percentage of above 85% in
the potential range of 0.1-0.4 V vs. Ag/AgClI at the scan rate of 20 mV/s, which
is much higher than the values obtained for the Ni-Fe,O3 sample with high
catalyst loading, at the same potentials. Apparently, the s-Ni-Fe,O3 collected at
20 mV/s exhibit a slightly negatively shifted onset potential and increased
photocurrent density compared to the a-Fe,O3 sample. Although the
enhancement is relatively small, it presents the real catalytic performance of Ni

catalyst on hematite electrode for photoelectrochemical water oxidation.
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Figure 8.12 I-V curves and photocurrent retention of Ni-Fe,O3 with small
loading amount of Ni catalyst.

Conclusion

In summary, our studies showed that the enhanced photocurrent observed for
Ni-catalyst modified hematite photoanode could be due to the photo-charging
effect that converts Ni** to Ni**, rather than water oxidation. Therefore, the rapid
decay of current is due to the depletion of Ni?*, as well as the slow formation of
Ni** (for water oxidation). To evaluate the real catalytic performance of Ni

catalyst for photoelectrochemical water oxidation, the loading amount of Ni
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catalyst on photoelectrode should be minimized to suppress the photo-induced
charging effect. The I-V curves should be collected at a slow scan rate and
compare the current obtained from I-V and I-t curves at the same potentials.
This work provide important insights for future studies on Ni catalyst modified

photoelectrodes for water oxidation.
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Chapter 9

Solar Driven Hydrogen gas releasing from Urea and Human Urine

Abstract

Urea has been considered as a potential hydrogen carrier, while the conventional
methods to extract hydrogen from urea are typically energy intensive processes.
Here we report the first demonstration of solar driven hydrogen releasing from
urea and human urine in a photoelectrochemical cell, with the assistance of
Ni(OH), modified metal oxide photoelectrodes (e.g., TiO, and a-Fe,O3). Under
light illumination, photoexcited holes generated in the metal oxide electrode
oxidize urea while photoexcited electrons reduce water to produce hydrogen at
the Pt counter electrode. Ni(OH), serves as a urea oxidation catalyst. Urea
oxidation was achieved at the metal oxide electrode under a small external bias
or even at zero bias. Significantly, we observed continuous and stable hydrogen
evolution at Pt electrode in both urea and human urine solution under AM 1.5G
(100 mW/cm?) light illumination. This work presents a safe, low energy cost,
environmental friendly and sustainable method to produce hydrogen, and

simultaneously treat urine.
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Introduction

Central to the success of realizing hydrogen economy and the widespread
use of hydrogen powered fuel cells is the sustainable supply of hydrogen.®
Numerous chemicals such as hydrazine and metal hydrides have been
considered as promising hydrogen carriers.® However, most of them are costly,

highly toxic, flammable,® * °

and more importantly, their supply is not
sustainable in origin. These factors limit their potential use as hydrogen storage
materials. Recently, urea [CO(NH;);] has been proposed as an alternative
hydrogen carrier. It has a gravimetric hydrogen content of 6.71 %, which fulfills
U.S. Department of Energy targets for hydrogen storage in transportation
applications.!® Additionally, it is widely available, low cost, non-flammable,
non-toxic, and chemically stable for storage and transportation.> ** More
importantly, urea is a major component (with an average of 0.33 M urea) of
human/animal urine.* Million tons of human urine is produced per day. Urea
available in these urines is 500 times more than the market demand of 0.5
Mt/day.® However, human urine has been considered as wastewater that could
raise environmental issues such as nitrate contamination of ground water.*** It
is scientifically and economically important to recover hydrogen directly from
urea in urine. Current methods for hydrogen releasing from urea are typically

high energy consuming and not cost effective. For example, hydrogen can be

obtained by high temperature cracking of ammonia, which is a product of urea
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decomposition.* This is an energy-intensive process, which also involves
potential safety issues and substantially increases the production cost of
hydrogen. Alternatively, urea aqueous solution can be electrolyzed to produce
hydrogen with the assistance of urea oxidation catalyst under certain external
bias.*" * However, urea electrolysis also consumes substantial amount of
electrical energy, which makes it less practically. Ideally, the decomposition of
urea for hydrogen releasing should be driven by a renewable energy source, and
hydrogen can be generated directly from human urine. Here we demonstrated,
for the first time, solar-driven hydrogen releasing from urea as well as directly
from human urine at zero bias in a photoelectrochemical cell with metal oxide
nanowire arrays as photoelectrode and Ni(OH), as urea oxidation catalyst. In
comparison to urea electrolysis and ammonia cracking processes, this method is
cheaper, safer, and more importantly, it is a carbon-free, sustainable method to
produce hydrogen.

Figure 9.1 illustrates the mechanism of solar-driven hydrogen production
from urea in a photoelectrochemical cell that composed of a metal oxide, such
as TiO,, photoelectrode modified with electrochemical catalyst Ni(OH), and a Pt
counter electrode. The chemical reactions at electrodes are described by the

following equations:
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Anode: TiO,+hv—TiO, +e+h

Ni(OH), +OH +h — NiOOH + H,0O

6NiOOH +CO(NH,), + H,0 - 6Ni(OH), +CO, + N,
Cathode: 2H,0+2e > H, +20H"~
Total: CO(NH,), + H,0—"C": ,CO, + N, +3H,

Under light illumination, photoexcited holes (h) produced in TiO, will oxidize
Ni(OH), to NiOOH, which is known to be a electrochemical catalyst for urea
oxidization to produce N, and CO,. ™' ! On the other counter electrode, the
photoexcited electrons (e) will reduce water to produce hydrogen. To achieve
efficient production of hydrogen from urea under a reduced external bias or even
at zero-bias, metal oxide electrode materials should have band-edge positions
straddled the water reduction potential and the urea oxidation potential, as well
as relatively small band-gap for visible light absorption. In this work, we
exemplified this concept with two metal oxide semiconductors TiO, and
a-Fe;03, which have been commonly used as electrode materials for

photoelectrochemical water oxidation %

. a-Fe;0O3 has a favorable band-gap
energy of 2.1 eV, which allows absorption of a significant portion of visible light,
and thus, could lead to a good solar conversion efficiency.'® 2 2% #" However, an
external bias may need to be applied for hydrogen production due to the low
lying conduction band of a-Fe,Os. In contrast, TiO, have band-edge positions

well aligned with the potentials of urea oxidation and water reduction, and

thereby, hydrogen releasing could be achieved at zero bias. The major drawback
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of TiO; electrode would be the limited absorption of visible light due to its large

band-gap (rutile TiOy, 3.0 eV).'* # 2<°
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Figure 9.1. Energy diagram of a photoelectrochemical device consisting of TiO,
nanowire-arrayed photoanode decorated with Ni(OH), catalyst, and a Pt counter
electrode. It illustrates the basic operation mechanism for hydrogen releasing
from urea.

Experimental Section

Synthesis of TiO, nanowire arrays

TiO, nanowire arrays were synthesized on a FTO glass substrate by a
hydrothermal method reported elsewhere. A Ti precursor solution was prepared
by mixing 15 ml concentrated HCI (36.5%) with 15 ml deionized water, and
follow by the addition of 0.5 ml titanium n-butoxide. A piece of FTO substrate
was cleaned with acetone, ethanol and then water. The substrate was transferred
into a Teflon lined autoclaves, with the substrate against the inner wall of the
autoclave, and then filled with Ti precursor solution. The sealed autoclave was

heated at 150 °C in an electric oven for 5h. After the autoclave cooled down,
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FTO substrate was coated with a uniform white film of TiO, nanowire arrays.

The as-prepared TiO, nanowires were annealed in air at 550 °C for 3h. The
air-annealed TiO, nanowires were further annealed in hydrogen atmosphere at
350 °C for additional 30 min in a home-built tube furnace system filled with
ultrahigh purity hydrogen gas (99.999%, Praxair). The white TiO, nanowire film

turns into pale yellow in color after hydrogen treatment.

Synthesis of a-Fe,0O; nanowire arrays

Hematite (o-Fe,O3) nanowire arrays were synthesized by a hydrothermal
method described elsewhere. 2 A piece of pre-cleaned FTO substrate was put
into an autoclave filled with a 20 ml precursor solution mixed with 0.15 M ferric
chloride and 1 M sodium nitrate solution. The pH of the precursor solution was
adjusted to be 1.5 by HCI solution. The sealed autoclave was heated at 95 °C for
4h. After the autoclave cooled down, FTO substrate was coated with a uniform

yellow film of B-FeOOH nanowire arrays.

The B-FeOOH nanowire film was further annealed in N»-air mixture at 550 °C
for 2 hr at 740 Torr pressure with a N, flow rate of 50 sccm. The tube furnace
was first vacuumed to a pressure of 15 Torr, and then filled with ultrahigh purity
N2 (99.998%, Praxair). The initial oxygen content was estimated to be 0.43 %

(O2/(0O2+Ny), volume %).

Deposition of Ni(OH), (urea oxidation catalyst)
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Ni(OH), was deposited onto a-Fe,O3 and TiO, nanowire arrays by successive
dip-coating method. 0.1 M Ni(NO3), aqueous solution and 1 M NaOH solution
were prepared. Nanowire-arrayed electrodes were dipped into Ni(NOs), solution
for 10 s, then blown dry with compressed air. Then the electrodes were dipped
into NaOH solution for another 10 s, and blown dry with compressed air. This
process is considered as one dip-coating cycle. The deposition of Ni(OH), was

repeated for 3 dip-coating cycles.

Material Characterization

X-ray diffraction (XRD) spectra of TiO, and a-Fe,O3; were collected on a
Rigaku Americas Miniflex Plus powder diffractometer. Scanning electron
microscopy (SEM) images and energy dispersive X-ray spectroscopy (EDS)
spectra were collected with a field emission SEM (Hitachi S-4800Il).
Electrochemical and photoelectrochemical measurements were collected using
an electrochemical workstation CHI 660D coupled with a 150 W xenon lamp
(Newport 6255) with an AM 1.5 global filter (Newport 81094). The urea
electrolyte was 0.33 M urea in 1.0 M NaOH aqueous solution. Real urine was
obtained from a healthy male adult (age: 26). The urine electrolyte was human
urine solution mixed with a 1.0 M NaOH solution. Ag/AgCl and a Pt wire were
used as reference and counter electrode, respectively. The gas produced on the
Pt counter electrode was collected by a 1-mL syringe. The composition of the

produced gas was analyzed by a gas chromatography (Agilent 3000).
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Results and Discussion

TiO, nanowire arrays were synthesized on fluorine-doped tin oxide (FTO)
glass substrate using a hydrothermal method reported elsewhere.”® The
as-prepared TiO, nanowires were annealed in air at 550 °C for 3h, followed by
annealing in hydrogen atmosphere at 350 °C for additional 30 min.
Hydrogen-treatment has been reported to be a effective method in enhancing the
photoelectrochemical performance for TiO,.*® SEM image shows that the FTO
substrate is covered with dense and aligned TiO, nanowires, which have
diameters in a range between 100 and 200 nm (Figure 9.2a). X-ray diffraction
studies (Figure 9.2b) confirm that TiO, nanowires are tetragonal rutile structure
(PDF No. 88-1175). To promote urea oxidation at the photoanode, we deposited
Ni(OH), as an electrochemical catalyst on TiO, nanowires by successively
dipping into Ni(NOs), and NaOH aqueous solution (Experimental Section,),
Ni* +20H~ — Ni(OH), . While the deposition of Ni(OH), did not change the
morphology of TiO, nanowires, energy-dispersive X-ray spectroscopy (EDS)
analysis confirm the presence of Ni on TiO, nanowire arrays. The atom ratio of
Ni to Ti [Ni/(Ni+Ti)] was determined to be 1.5 %. These data support the

successful preparation of Ni(OH), modified TiO, nanowire arrays.
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Figure 9.2. (a) SEM image of TiO, nanowire arrays grown on a FTO substrate.
Scale bar: 2 um (b) XRD diffraction spectra collected for a blank FTO substrate

and TiO, nanowire arrays grown on a FTO substrate.

We studied the performance of TiO, and Ni(OH), modified TiO, (Ni-TiO,)
nanowire arrays for electrochemical and photoelectrochemical urea oxidation.
Figure 9.3a shows the cyclic voltammograms collected for TiO, and Ni-TiO; in
the potential window between -0.5 and +1.0 V vs. Ag/AgCl. In the absence or

presence of urea, the cyclic voltammograms collected for TiO, (without
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Ni(OH), catalyst) show only small background current without obvious redox
peaks, indicating that neither water oxidation nor urea oxidation occurs in this
potential window. In a NaOH electrolyte solution (absence of urea), Ni-TiO;
shows a well-defined redox peaks in the potential range between 0.3 and 0.4 V
vs. Ag/AgCl (Figure 9.3a inset), corresponding to the Ni**/Ni** transition. The
drastically increased anodic current at the potential of 0.7 V vs. Ag/AgCI can be
attributed to water oxidation. Significantly, the cyclic voltammogram of Ni-TiO,
shows a substantially enhanced current at the potential of 0.3 V vs. Ag/AgCl or
above, in a urea electrolyte solution (0.33 M urea in 1.0 M NaOH aqueous
solution). The result suggests that urea was oxidized at the Ni-TiO, electrode.
Urea oxidation commences at the Ni?*/Ni** transition potential indicative of Ni**
as an electrochemical catalyst for urea oxidation. Ni** species have been
reported to be good catalysts for catalytic oxidation of small organic molecules
such as glucose.®* The anodic peak in forward sweep is ascribed to the
consumption of active Ni®* sites, and the peak in reverse sweep could be due to
the desorption of urea molecules from the electrode surface.'® Note that urea
oxidation and water oxidation occur at the potentials of 0.35 and 0.7 V vs.
Ag/AgCl, respectively. It indicates that urea oxidation is more favorable than
water oxidation, in the presence of Ni(OH), catalyst. This is consistent to the
recent report on the excellent electrochemical catalytic specificity of Ni(OH),

for urea oxidation, compared to water oxidation. *
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Figure 9.3 Cyclic voltammograms of TiO,, Ni-TiO, with/without urea.

We further studied the performance of TiO, and Ni-TiO, for urea oxidation
under light illumination. It is expected that photovoltage generated in TiO, and
Ni-TiO; can facilitate urea oxidation by reducing the need of external bias. As
shown in Figure 9.4, the onset potential of urea oxidation shifts to -0.92 V vs.
Ag/AgCI under light illumination, which is indeed substantially lower than the
potential required for urea electrolysis (0.35 V vs. Ag/AgCl). In comparison to
TiO,, Ni-TiO; exhibits an even more negative onset potential for urea oxidation
(Figure 9.4a). This is because the photoexcited holes in Ni-TiO, oxidized
Ni(OH), to NiOOH, which further catalyze the oxidation of urea by reducing the
electrode overpotential. Meanwhile, photoexcited electrons transfer to Pt
counter electrode to reduce water to hydrogen gas. Figure 9.4b shows the
photocurrent density-time response curve measured for Ni-TiO, at zero-bias

using a two-electrode electrochemical cell, under chopped AM 1.5G
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illumination (100 mW/cm?). Significantly, a stable photocurrent density of 0.25
mA/cm? was achieved at zero-bias. To our knowledge, this is the first
demonstration of solar driven urea oxidation and hydrogen production without
the need of external bias. The photocurrent transient could be due to inefficient

charge separation at the interface of electrolyte and TiO, under zero-bias.
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Figure 9.4 I-V curves of TiO, and Ni-TiO, (a), and I-t curves at zero bias of

Ni-TiO; (b).
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We also tested the long time stability for solar driven urea oxidation at -0.2 V vs.
Ag/AgCIl in figure 9.5a. There is no decay in photocurrent density at least for
4000 s, suggesting the solar driven urea oxidation is sustainable for long time
operation. Continuous gas evolution was also observed on Pt wires under light
illumination on photoanode, as shown in Figure 9.5 inset. Gas chromatography
analysis demonstrates that the collected gas on Pt cathode is hydrogen in figure

9.5b.
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Figure 9.5 (a) I-t curves of Ni-TiO; in urea solution; the inset shows the gas
production on Pt cathode. (b) GC analysis indicates the hydrogen gas
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production.

Based on the successful demonstration of solar-driven urea oxidation, we
extended the efforts to study solar-driven oxidation of urea present in real
human urine. The cyclic voltammogram measured for Ni-TiO, in a urine
electrolyte solution shows an anodic peak at the potential of around 0.35 V vs.
Ag/AgCI (Figure 9.6), which is the same as that obtained in the urea electrolyte

solution, indicative of catalytic oxidation of urea present in human urine.

10 05 00 05 10
E(V) vs. Ag/AgCI

Figure 9.6 Cyclic voltammograms of Ni-TiO; in human solution.

Likewise, this onset potential for urea oxidation also shifts to a lower potential
of -0.9 V vs. Ag/AgClI under light illumination, as expected (Figure 9.7a).
Significantly, the Ni-TiO; electrode also shows a stable photocurrent density in
urine solution at least for 4000 s (Figure 9.7b) and we observed continuous

hydrogen gas evolution on the Pt wire counter electrode at -0.2 V vs. Ag/Ag.
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The successful demonstration of solar driven hydrogen releasing from human
urine provides a sustainable solution for hydrogen generation and new insights

for wastewater treatment.
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Figure 9.7 (a) I-V curves of Ni-TiO, in urea and human solution. (b) I-t curve of
Ni-TiO; in human urine solution.

Photocurrent density-time response curve, collected for Ni-TiO, electrode in
urine solution at zero bias under chopped light illumination, shows a
photocurrent density of 0.25 mA/cm? (Figure 9.8). This result proves that solar

driven urea oxidation in real human urine can also be achieved at zero bias,
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which is critical for practical application.
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Figure 9.8 I-t curves of Ni-TiO; at zero bias in human urine solution.

Although Ni-TiO, shows great promises as a photoanode for urea oxidation, the
solar conversion efficiency of TiO, electrode is still limited by its large band-gap.
In this regard, we also explore the potentials of a-Fe,O3 nanowire arrays for
urea oxidation. a-Fe;O3; have a favorable band-gap of 2.1 eV for visible light
absorption, has recently attracted a lot of attention for its potential use as
electrode materials for water oxidation. '® 2 2 27 32 Recently, we have
demonstrated a facile method to improve the electrical conductivity of a-Fe;Os3,
which is one of the major limitations for a-Fe,03." a-Fe,O3 nanowire arrays
were synthesized according to a hydrothermal method reported elsewhere,* and
coated with Ni(OH), by the same dip-coating method used for TiO, samples.

a-Fe;0O3 nanowires are densely packed on the FTO substrate with average
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diameter in a range between 100 and 150 nm (Figure 9.9a). XRD spectra
collected from the nanowire film show characteristic diffraction peaks for

o-Fe,03 (Figure 9.9b).
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Figure 9.9 SEM and XRD of Fe,O3 on FTO glass.

Figure 9.10 shows the cyclic voltammograms collected for o-Fe,O; and
Ni-Fe;O3 in NaOH solution and urea electrolyte solution. The significantly

enhanced anodic current with an onset potential of 0.3 V vs. Ag/AgCl in the

256



presence of urea indicates the oxidation of urea on electrode, and urea oxidation

is more favorable than water oxidation.
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Figure 9.10 Cyclic voltammograms of Fe,O3 and Ni-Fe,O3 with/without urea.

Figure 9.11a shows the linear sweep voltammograms of a-Fe,O3; and Ni-Fe,O3
in urea solution under light illumination. As expected, the onset potential for
urea oxidation substantially shift to more negative potential of -0.1 V vs.
Ag/AgCl, due to the photovoltage generated in a-Fe,Os. In comparison to TiO,
electrode, a-Fe,O3 electrode needs a larger external bias for urea oxidation due
to the relative low lying conduction band of a—Fe,Os. Significantly, the onset
potential for Ni-Fe,O3 negatively shifted for more than 400 mV, compared to
a-Fe;03. This result supports that Ni(OH), serve as a efficient electrochemical
catalyst for urea oxidation. Furthermore, similar linear sweep voltammogram

was obtained for Ni-Fe,O3 electrode in a urine electrolyte solution (Figure
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9.11b). These results confirm that solar driven urea oxidation can also be

achieved on a-Fe,O3 electrodes.
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Figure 9.11 (a) I-V curves of Fe,O3 and Ni-Fe,O3 in urea solution. (b) 1-V
curves of Ni-Fe,O3 in urea and human urine solution.

Conclusion

We have developed a simple, low-cost and safe method for hydrogen production
from urea and directly from human urine, with the assistance of solar light and
metal oxide photoelectrodes such as TiO, or a-Fe,Os. By using Ni(OH),

modified TiO, nanowire arrays as photoelectrode, we demonstrated solar driven
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urea oxidation at zero bias, in both urea electrolyte solution and urine electrolyte
solution. Urea oxidation also achieved on Ni(OH), modified a-Fe,O3 nanowire
arrays under a small external bias. Ni(OH), served as a good electrochemical
catalyst by shifting the onset potential for urea oxidation by more than 400 mV.
Importantly, hydrogen gas evolved at the Pt counter electrode under light
illumination, and both Ni-TiO, and Ni-Fe,O3 electrodes showed excellent
stability for urea oxidation. The successful demonstration of solar driven
hydrogen releasing from human urine could provide a sustainable solution for

hydrogen production and new insights for wastewater treatment.
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