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Abstract
Considering the increasing energy and environmental problems associated with the
exhaustible fossil fuels, renewable energy conversion devices have attracted
tremendous attention, which hold the promise to supply the fuel and electricity in a
sustainable way. For many of these devices, such as batteries, fuel cells, solar cells and
solar water splitting cells, metal oxides are very important functional materials due to
their earth abundance, good stability and diverse properties. Recently nanowire-based
metal oxides have enabled revolutionary advances in various energy conversion
devices, because of their unique physical and chemical properties resulting from the
high aspect ratio and large surface area. Despite their advantages, practical
applications of metal oxide nanowires are hindered, as conventional synthesis methods
have limitations for large scale production. Flame synthesis can potentially solve this
large-scale production issue for metal oxide nanowires, given its demonstrated
scalability in the industrial production of nanoparticles. However, only until very
recently has flame synthesis been applied to metal oxide nanowires. More research is
needed to develop advanced flame synthesis method for metal oxide nanowires, to
understand the mechanism to well control the size, shape and compositions for reliable
manufacture, and to evaluate their quality and functionalities in real devices.
This thesis presents a novel flame vapor deposition method for the synthesis of metal
oxide nanowires with the capabilities of rapid rate, good uniformity over large area
and broad substrate choice. Through the investigation of growth mechanism, good
control over the morphology and composition was achieved by tuning the process
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parameters such as fuel/air ratio, source temperature, substrate material and
temperature. In addition to synthesis, flame-based doping method (sol-flame doping)
was innovated for controllable doping of metal oxide NWs to modify the properties of
host materials at the nanometer scale. This sol-flame doping method not only
preserves the morphology and crystallinity of the host NWs, but also allows fine
control over the dopant concentration by simply varying the concentration of dopant
precursor solution. With this method, significant enhancement of the electrocatalytic
activity towards oxygen evolution reaction was achieved for TiO2 NWs (up to 760 mV
reduction of the overpotential), attributing to simultaneously improved surface charge
transfer kinetics and increased bulk conductivity by doping. Finally, the flamesynthesized metal oxide nanowires were implemented as a photoanode in
photoelectrochemical water splitting. By rational design and scalable fabrication, the
WO3/BiVO4/Ni:FeOOH

composite

nanowire

photoanode

generated

a

high

photocurrent of 4.5 mA/cm2 at a potential of 1.23 VRHE under simulated sunlight,
which is among the highest produced by any WO3/BiVO4 based photoanodes.
With the demonstrated rapid rate, good controllability and superior performance of the
flame-produced metal oxide nanowires, these flame synthesis and doping methods can
potentially enable future generation of energy devices by removing the barrier for
large-scale production of tailored metal oxide nanowires.
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Chapter 1. Introduction
1.1. Motivation
Fuel and electricity, energy forms that can be directly used by humans, play vital parts
in our daily life. For example, petroleum-based fuels are the dominant energy sources
for transportation, which helps us easily move around the world. Electricity provides
the light and heat in modern society, which significantly improves our living quality. It
also provides power for electronic devices, which enables us to work and
communicate more effectively. Considering the increasing energy and environmental
problems associated with the increasing global energy demand, renewable energy
conversion devices, such as photoelectrochemical (PEC) cells,1-3 solar cells,4-6 fuel
cells,7-9 batteries10-12 and thermoelectrics,13,

14

have attracted tremendous interest.

These devices hold the promise to supply the fuel and electricity in a sustainable and
efficient way. While most of the energy conversion devices generate electricity from
solar, chemical or thermal energies, PEC cell, in particular, directly converts solar
energy into fuel (e.g., hydrogen). This solar hydrogen generation technology has
several strategic significances.15-17 First, it acts as the energy storage system to store
the solar energy in the form of chemical energy in hydrogen, which can potentially
solve the intermittent supply limitation of sunlight. Second, the hydrogen can be used
as the fuel in fuel cells to power cars, which can reduce our overwhelming dependence
on fossil fuel for transportation. Third, the solar hydrogen energy cycle involves no
carbon, which can ultimately solve the global warming problem caused by the
emission of green house gases.
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For many of these renewable energy conversion devices, metal oxides are very
important components, due to their earth abundance, good stability and diverse
properties. For example, TiO2, WO3, Fe2O3 and BiVO4 are the most studied
photoanode materials in PEC cells, because of their good stability under oxidizing
conditions.3, 18 In organic solar cells and dye sensitized solar cells, indium tin oxide is
used as the transparent conductive contact,6 while TiO2, NiOx, MoOx and ZnO are
used as the charge transport layer for more efficient carrier extraction.19, 20 In lithium
ion batteries, LiCoO2, LiMn2O4, LiFePO4 are widely used as the cathode materials.21
In solid oxide fuel cells, all the key parts are composed of oxides. For instance, the
most commonly used materials for anode, electrolyte and cathode are NiO, Y2O3:ZrO2
and La1-xSrxMnO3, respectively.22 For oxide thermoelectrics, SrTiO3 and NaxCoO2 are
two of the most promising n-type and p-type materials, respectively.23
In the last couple of decades, materials with nanometer-scale dimensions have
attracted increasing interest. Nanostructures offer the promise of enabling
revolutionary advances in diverse energy conversion devices.24,

25

This is because

nanostructuring provides the exciting opportunity to obtain unique physical and
chemical properties by engineering their size and structure in nanoscale.26 For
example, energy conversion involves physical interaction and/or chemical reaction at
the surface or interface. The large surface-to-volume ratio of nanomaterials can result
in large surface and interface, allowing for great surface property and chemical
reactivity. In addition, when confining the dimensions down to the characteristic
length scale of fundamental physical processes, more favorable mass, heat, photon and
charge transfer may occur. Among the various nanostructures, one-dimensional (1D)
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nanowires are of exceptional interest to many researchers in recent years.27 1D
nanowire refers to a large aspect ratio wire with diameters between 1 to 100nm.28 The
primary advantage of 1D nanowires is the large aspect ratio, as the two different
length scales (small diameter and large length) of 1D nanowires can be independently
optimized to match the characteristic lengths of disparate physical processes (Figure
1.1). For example, nanowires decouple the light absorption and carrier collection into
the long axial and short radial directions respectively. Therefore, light absorption can
be enhanced by increasing nanowire length, while carrier collection can be improved
by reducing nanowire diameter. In addition, nanowire arrays can effectively trap light
by scattering. These features of 1D nanowires are beneficial for solar cells and PEC
cells.4, 29, 30 It is also very easy to modify the surface of nanowires to obtain better
surface properties.31-33 In addition, the nanowires can provide facile strain relaxation to
prevent electrode pulverization for batteries.10 Besides, when the diameter is reduced
down the phonon diffusion length, the resulted strong phonon confinement is
advantageous for thermoelectrics.34,

35

Because of the importance of metal oxide

nanowires, scalable method is needed to make them in large scale and at low cost for
their practical applications.
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Figure 1.1. Schematic showing the advantages of 1D nanowires: (1) enhanced light
absorption, (2) efficient carrier collection, (3) easy surface modification, (4) facile
strain relaxation, and (5) strong phonon confinement.

However, current synthesis methods for 1D metal oxide nanowires have limitations
for large scale production, severely hindering the practical application of 1D metal
oxide nanowires in real devices. For example, solution methods, such as sol-gel or
hydrothermal growth, need several steps of washing, purification and drying, which is
complicated and time-consuming.36-‐40	
   In addition, the products grown by solution
methods typically have low growth rates and poor crystallinity due to the low growth
temperature. Conventional vapor deposition methods, such as chemical vapor
deposition, often require the use of expensive and energy-intensive vacuum systems,
which results in high production cost and difficulty in continuous operation.41-‐49
Besides, the growth rate is typically low due to the low pressure of source gas.
Moreover, because of the space limitations defined by the vacuum chamber, it is
particularly difficult to use large-size substrates with these methods.
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Flame synthesis can potentially solve this large-scale production issue for 1D metal
oxide nanowires, given its demonstrated scalability in the industrial production of
nanoparticles.50-52 However, only until recently has flame synthesis been applied to 1D
metal oxide nanowires.53-‐58 Thus, more research is needed to develop scalable flame
synthesis method for 1D metal oxide nanowires, to understand the mechanism to well
control the size, shape and compositions for reliable manufacture, and to evaluate their
quality and functionalities in real devices.

1.2. Objective

Flame	
  
Method

Scalable	
  &	
  
controllable
production

Test	
  platform

Renewable
Energy
Devices

Metal	
  Oxide	
  
Nanowires
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composition	
  &	
  property

	
  

Figure 1.2. The research objective of this work.

The ultimate goal of this work is to develop advanced flame-based methods that allow
scalable and economical production of 1D metal oxide nanowires with tailored
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morphology, composition and property, in order to remove the barrier for the broad
practical application of 1D metal oxide nanowires in energy conversion devices
(Figure 1.1). In addition, this work focuses on the PEC water splitting application to
investigate and optimize the optical, electrical and chemical properties of the flamesynthesized metal oxide nanowires in a real device. The specific objectives of this
work are as follows:
1) To develop advanced flame synthesis methods for the growth of binary and
complex metal oxide nanowires with the capabilities of i) growing them at
rapid rate, ii) growing them uniformly over large substrate area, and iii)
growing them on versatile technologically important substrates.
2) To investigate the growth mechanism and examine the experimental
parameters to gain i) the understanding of the difference of flame synthesis
from conventional synthesis methods, and ii) the methodology for controlling
the composition, size, shape and density of the metal oxide nanowires. Such
understanding can guide the rational design and experimental operation for the
production of functional nanowires.
3) To develop flame-based method for doping metal oxide nanowires, placing the
emphasis on i) analyzing the dopant distribution, chemical state and local
structure using extensive characterization techniques, ii) achieving good
controllability over the dopant concentration, and iii) studying the doping
effect on the nanowire properties.
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4) To implement the flame-synthesized metal oxide nanowires as the photoanode
for PEC water splitting, and investigate their optical, electrical and chemical
properties through the performance optimization in the PEC cell.

1.3. Scope
The dissertation is organized as follows:
Chapter 2 provides the background information on flame synthesis and PEC water
splitting. For flame synthesis, the history, present industrial use for nanoparticle
production and recent progress for the synthesis of metal oxide nanowires will be
reviewed. For PEC water splitting, the basic principle and configuration will be
introduced first, and then the nanostructured metal oxides used as photoanodes for
PEC water splitting will be briefly reviewed.
Chapter 3 provides the details of the experimental apparatus used in this work for
flame vapor deposition (FVD), sol-flame doping, material characterizations and PEC
performance evaluations.
Chapter 4 examines flame vapor deposition of binary metal oxide nanowires. First, the
growth mechanisms are analyzed, identifying the control parameters for the growth.
Second, growth experiment and material characterization on MoO3 as a case study are
presented, illustrating the effect of control parameters on nanowire morphology. Third,
the flame capabilities of growth rates, uniformity and substrate choice will be
discussed.
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Chapter 5 presents the extension of flame synthesis capability to complex metal oxide
nanowires. Three advanced strategies, i.e., simultaneous vapor-vapor growth,
simultaneous solid-vapor growth and sequential solid-vapor coating, for the growth of
doped, ternary and hybrid metal oxide nanowires are discussed.
Chapter 6 provides the results of sol-flame doping of metal oxide nanowires. Using Co
doped TiO2 nanowires as a model system, the investigation of dopant characterization,
dopant concentration control and doping effects on the material properties are
presented.
Chapter 7 presents the implementation of flame-synthesized metal oxide nanowires in
an energy conversion application: PEC water splitting. The PEC performance of the
flame-synthesized metal oxide nanowire photoanode is investigated and optimized
through rational structure design.
Chapter 8 provides the conclusion of current work and the recommendations for future
work.
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Chapter 2. Background
2.1. Flame Synthesis
2.1.1. History
Flame synthesis has a long history, dating back to prehistoric times when it was used
to make pigments for cave wall drawing in India, Egypt, Greece and China.50 In
ancient China, lampblack (a type of carbon black) was systematically manufactured
for making inks through pyrolysis of vegetable oils.51 In this process, vegetable oils
were burned inside a closed oil lamp with restricted supply of air. During burning,
lampblack, consisting of minute carbon particles, was formed in the sooting flame, and
subsequently deposited onto the cold surfaces of the surrounding walls. The lampblack
was then collected from the surface of the chamber and used to make high-quality inks
for painting. This lampblack production process represents a rather simple yet the
earliest flame synthesis practice.

2.1.2. Industrial Use of Flame Synthesis for Nanoparticle Production
In the early 20th century, it was discovered that carbon black can be used to reinforce
rubber. The huge demand on carbon black for the production of vehicle tires (each tire
contains about 20% carbon black by weight) largely drove the first modern
industrialization of the flame aerosol process (a subtype of flame synthesis) for the
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mass production of carbon black, mainly due to its low cost and flexibility in product
characteristics.50
Today, the flame aerosol process has been widely employed in large-scale commercial
manufacture of many commodity nanoparticles, including carbon black, titanium
dioxide and silicon dioxide.52 The leading commercial manufacturers include Cabot,
Degussa-Hüls, DuPont, Columbia, Ishihara, Millenium, Kerr-McGee and Cristal.50, 51
Their annual production volume was millions of tons with market value at over $15
billion.50, 52 These flame-made commodity nanoparticles have important uses in a wide
spectrum of applications.52 For example, carbon black was used as pigments for paints
and reinforcing agent for rubber tires as mentioned earlier. Titanium oxide is mostly
used as pigment for paints, plastics and paper, as well as UV blocker in sunscreens.
Fume silica is mainly used as the basic material for optical fibers and as a flowing aid
in paints, pharmaceuticals and cosmetics.
The success achieved by flame synthesis for the industrial production of nanoparticles
proves its superiority as a scalable and economical manufacture method, featuring
high-throughput production, fast processing rate, high-purity product and continuous
one-step operation.

2.1.3. Recent Research on Flame Synthesis of Metal Oxide Nanowires
Given its success for the industrial production of nanoparticles, flame synthesis can
potentially be a cheaper and more scalable alternative to the conventional methods for
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the synthesis of high aspect ratio metal oxide nanomaterials, such as 1D, 2D and
complex nanostructures. However, it was only until very recently (in 2006) that
research on the flame synthesis of the metal oxide nanowires has been attempted.
A handful of these early attempts reported the flame synthesis of 1D metal oxide
nanowires, including tungsten oxide (WO2.953 and WO354,	
   55), molybdenum oxide
(MoO2)56, iron oxide (Fe3O4)57 and zinc oxide (ZnO)58. These approaches use either
counter-flow methane-air diffusion flame53-‐57 or axi-symmetric co-flow inverse
CH4/air diffusion flame58. The nanowires were synthesized by inserting wire probes
composed of the constituent metal (W, Mo, Fe, Zn-coated steel) into the flame, where
the metal probe is both the source of metal oxide vapor and the substrate for nanowire
growth. These reports achieved fast axial growth rates at micrometer per minute and
high packing densities, due to the high metal oxide vapor concentration and high
growth temperature in the flame. However, these flame synthesis configurations have
some inherent limitations. First, the diffusion flames have large spatial non-uniformity
over temperature and gas phase compositions, so it is difficult to achieve uniform
growth over large substrate areas. Second, the use of a single wire as both the vapor
source and growth substrate severely limits the choice of substrate for many
applications. There is also little control over the nanowire growth since the
evaporation and deposition processes are coupled on the same wire substrate.
Despite the recent progress, flame synthesis of 1D metal oxide nanowires is still a
largely under-explored field that needs further development. There are also
unprecedented opportunities for synthesizing 2D and complex metal oxide
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nanomaterials with new properties and functionalities, as these areas have not been
explored yet. Therefore, there is tremendous promise for the research on flame
synthesis of 1D, 2D and complex metal oxide nanostructures to contribute to the
rapidly evolving field of nanomaterials and its broad applications in energy conversion
devices.

2.2. Photoelectrochemical Water Splitting
2.2.1. Basic Principles and Configurations
Photoelectrochemical (PEC) water splitting is a very promising technology that
directly converts water to clean hydrogen fuel as well as oxygen using solar light. This
can potentially solve the intermittent supply problem of sunlight by converting it into
storable chemical energy in hydrogen, and the hydrogen can also be used as a fuel in
fuel cells to power mobile cars.15-17 Comparing to photovoltaic plus electrolysis, the
PEC approach has the benefit of a single device configuration for low hydrogen
production cost.59
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Figure 2.1. Schematic of a typical dual band gap tandem PEC device consisting of a
photocathode and a photoanode, associated with the energy diagram showing the
photoelectrochemical water splitting process.

The basic PEC cell configurations include a single band gap device based on a single
p-type photocathode or a single n-type photoanode, or a dual band gap device
connecting a photocathode and a photoanode in series.3 The schematic of a typical
dual band gap tandem device and its energy diagram is shown in Figure 2.1. Three
main steps are involved in PEC water splitting process. First, when the semiconductor
photoelectrode is illuminated by sunlight, electron and hole pairs are generated in the
semiconductor. Second, the photo-generated electrons and holes are then separated
due to the presence of an electric field in the space charge region near the
semiconductor/liquid interface. Third, the photo-generated electrons and holes react
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with water at the semiconductor/liquid interface to form H2 and O2, respectively. For
the photocathode, the electrons move toward the photocathode/electrolyte interface,
where they reduce water to form hydrogen gas. For the photoanode, the holes move
toward the photoanode/electrolyte interface, where they oxidize water to form oxygen
gas. The corresponding reduction and oxidation reactions are as follows:
4H+ + 4e- → 2H2

(photocathode)

2H2O + 4h+ → 4H+ + O2

(photoanode)

The overall efficiency of the PEC cell (η!"! ) is determined by the efficiencies of the
three fundamental processes involved in PEC water-splitting reaction: light absorption
(η!! /!! ), charge separation within the material (η!"# ), and charge transfer at the
electrode/electrolyte interface (η!"#$% ), as illustrated in the following equation.18, 60
η!"! = η!! /!! ×η!"# ×η!"#$%                                                                                   2.1
Thus, to achieve efficient PEC water splitting process, the key requirements for the
photoelectrodes are 1) suitable band gap that permits efficient light absorption, 2)
good electrical properties for efficient charge separation and transport, 3) suitable
band-edges that straddle the hydrogen and oxygen redox potential and facile surface
kinetics that allow for rapid charge transfer at the semiconductor/electrolyte interface,
and 4) good long-term photochemical stability in the electrolyte.3, 18, 61
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2.2.2. Nanostructured Metal Oxide Photoanodes
Due to the sluggish multi-electron transfer processes required for oxygen evolution
reaction (OER), the poor performance of the photoanodes remains the bottleneck for
PEC water splitting.3,

62, 63

Therefore, photoanodes require more efforts for

improvement. Because of their earth-abundance and good stability under oxidizing
conditions, metal oxides have been heavily researched as materials for the
photoanode. The most studied oxide photoanodes include TiO2, WO3, Fe2O3 and
BiVO4.3,

18

Unfortunately, these metal oxides typically have some unsatisfactory

properties, such as large bang gap, poor charge transport and/or poor surface kinetics.
For example, TiO2 and WO3 have too large band gaps (∼3.0 and ∼2.6 eV,
respectively) that absorb only a small portion of the solar spectrum.1, 30, 64, 65 Despite
its desirable band gap of ∼2.2 eV, Fe2O3 has a conduction band edge at 0.55 V versus
the reversible hydrogen electrode (RHE), which is further from the vacuum level than
desired for a PEC photoanode.66 Besides, its charge transport properties are extremely
poor that prevent efficient charge separation.67-69 BiVO4 has relatively small band gap
of 2.4 eV and relatively negative conduction band edge (∼0 V versus RHE), but its
poor charge transport and poor surface kinetics severely impair its performance.70-72
Nanostructuring the photoanode can be an effective strategy to overcome these
intrinsic material limitations.3,

61

First, nanostructures can effectively trap light by

scattering and reducing reflection, which helps to absorb more light. Second, the
nanoscale dimension offers shorter travel path lengths for charge carriers, which
benefits the charge separation and transport. Third, the nanostructured morphology
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leads to an increased specific surface area, which increases the number of surface sites
for improved surface charge transfer kinetics and also provides more room for the
addition of efficient electrocatalysts to facilitate the surface reactions. Therefore, the
development of efficient photoelectrochemical devices largely build on the advances
in controlling the size and shape of the nanoscale features of photoanodes.
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Chapter 3. Experimental Apparatus and Methods
3.1. Flame Vapor Deposition
The flame vapor deposition is analogues to the chemical vapor deposition. The typical
flame vapor deposition setup is shown in Figure 3.1. The burner generates a flame on
the top, which serves as both the heat source and the supplier of the reactant gaseous
species. The flame oxidizes the inserted metal wire source and evaporates metal oxide
vapor. The oxide vapor then flows up towards the substrate. Once the vapor reaches
the colder substrate, it condenses and grows as nanowires at proper conditions. In this
section, the key components in the flame vapor deposition setup will be introduced.

Substrate

Oxide vapor

Source
Flame

Burner
	
  

Figure 3.1. Schematic of the flame vapor deposition setup.
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3.1.1. Burner Systems
Burner configurations
Burner is the core for flame vapor deposition, which generates the flame for heating
and oxidizing the source. In this study, two kinds of burners are used, i.e., a multielement flat-flame diffusion burner (Hencken burner)73, 74 and a co-flow premixed flatflame porous plug burner (McKenna burner)65, 75. These two burners both can provide
uniform temperature field in the radial direction, creating a uniform and scalable
environment for material synthesis. In the axial direction, the temperature varies
gradually.
The Hencken burner (Figure 3.2) consists of a 2″ x 2″ open-cell straight-channel
honeycomb matrix that supplies air and arrays of embedded needle tubes that supply
fuels (CH4 + H2). The fuels and air mix with each other rapidly above the burner exit,
forming numerous small, closely spaced diffusion flames that approximate a single
flat flame. The post-flame region is enclosed in an open-ended quartz tube to reduce
the air entrainment and improve the flame stability. The Hencken burner was obtained
from other lab and this particular model does not have an internal cooling, which tends
to overheat at low reactant flow rates. Therefore, switch to McKenna burner was made.
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Figure 3.2. Schematic of the Hencken burner.

The McKenna burner (Holthuis and Associates, Figure 3.3) consists of a stainless steel
cylindrical (diameter 60 mm) premixing chamber and a bronze annular (inner diameter
63 mm and outer diameter 90 mm) co-flow chamber, both with porous sintered plug
on the top. The porous plug is critical for the formation of a flat flame, as it makes the
velocity of the feed gases uniform in the radial direction of the burner. Premixed fuels
(CH4 or CH4 + H2) and oxidizer are fed through the premixing chamber and ignition
of the mixture results in the formation of a 60-mm diameter flat flame stabilized on
top of the porous sintered plug. Co-flow air is fed through the annular co-flow
chamber as a shroud to reduce air entrainment and improve its stability. Both the
burner and shroud porous plugs are cooled internally by running water through
imbedded copper tube coils (diameter 1/8″), which prevents the overheating of the
burner and ensures uniform temperature in the radial direction.
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Figure 3.3. Schematic of the McKenna burner.

Gas flow control
The gas flow rates are controlled to vary the fuel to oxidizer equivalence ratio of the
flame. The fuel to air equivalence ratio, Φ, is defined as

Φ =   

fuel
Actual   oxidizer   ratio

fuel
Stoichiometric  
  ratio
oxidizer

                                                                    (3.1)

The reactant gases used in the present study include methane (CH4) and hydrogen (H2)
as fuels, air as oxidizer and co-flow shroud.73, 75 The flow rates of the fuels and air are
individually controlled by mass flow controllers ((Hastings model 202C, Horiba
STEC model Z500 and MKS model 1559A). The flow rates of CH4 and H2 are fixed at
2.05 SLPM and 4.64 SLPM, respectively, while the flow rate of the air is varied from
13.0 SLPM to 50 SLPM, yielding a fuel to oxidizer equivalence ratio range of 0.6–1.5.
The flow rate of the co-flow air is controlled by a rotameter (Matheson Tri-Gas) and
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the value is fixed at 110 SLPM. All flow rates are calibrated using a dry test meter
(American Meter DTM 200A-3) by measuring the time required to pass a given
volume of gas.

3.1.2. Source
Source materials
In this study, solid metal wires are used as the precursor source to generate the oxide
vapor. Solid metal wires are chosen because of their low cost, flexibility in mounting
and lower toxicity than liquid metal sources such as organometallics. The metal wires
can be easily tied to steel mesh support to insert into the flame. In the flame, the metal
wires are oxidized by the hot gaseous combustion products from the flame, and the
resulting metal oxide vapors are evaporated from the surface of the oxidized metal
wires. To provide uniform concentration of the metal oxide vapor in the flame, metal
wires are arranged in the form of mesh with close spacing so that the metal oxide
vapors only need diffuse laterally across small distance between neighboring wires	
  
while flowing upward to the substrate. The source meshes used in this study include
the following:
1) The source mesh for the synthesis of MoO3 nanobelts using the Hencken Burner
and CH4-H2-air flames is a 3 in. × 3 in. square plain Mo wire mesh (0.318 cm wire
spacing, 0.0635 cm wire diameter, 99% purity, Unique Wire Weaving Co., Inc.).73
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2) The source mesh for the synthesis of W18O49 nanowires using the McKenna Burner
and a fuel-rich CH4-air flame consists of 5 single tungsten (W) wires with 1.25″ length
and 0.25″ wire spacing (0.05 cm wire diameter and 99.9% purity purchased from
Sigma-Aldrich).65
Source temperature control
The source temperature is the main parameter that influences the generation rate of
metal oxide vapor. The source temperature can be as high as the flame temperature at
~ 1000 oC, enabling high concentration of metal oxide vapor in flame and therefore
fast nanowire growth rate on the substrate. To expend the temperature range of flame
vapor deposition into the lower end for better controllability, plain steel cooling
meshes are added in between the source mesh and the flame.73 The cooling meshes are
either held by the quartz tube through friction in the Hencken burner setup or by
holders that are fixed to the vertical support rods in the McKenna burner setup. These
steel meshes cool the flowing gases by absorbing heat from them and then radiating it
out into the surroundings, therefore the temperature of the source can be lowered. The
more cooling meshes, the lower the source temperature. In addition to control the
source temperature, these cooling meshes do not introduce iron impurities into the
nanowires as the iron metal and oxide have relative high evaporation temperatures.

3.1.3. Substrate
Substrate materials
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Substrates provide the sites for nanowire nucleation and growth. In this study a wide
range of technologically important substrates with different compositions and
morphologies are investigated. For flame vapor deposition of MoO3 nanobelts, Si,
glass, fluorine-doped tin oxide coated glass (FTO), Mo metal, Pd metal and Si
micropillar substrates are used.73 For Van der Waals epitaxy of atomically thin MoO3
layers, Si/SiO2 supported Mica, Graphene or MoS2 are used. For complex oxide
nanowire, reactive Cu mesh and CuO nanowire substrates are used.75 Prior to the
growth, the substrates are thoroughly cleaned in deionized water and solvents.
Substrate temperature control
The substrate temperature can be controlled by two means. One method to add cooling
meshes in between the source mesh and the substrate, similar to that for the source
temperature control.73 In this configuration, the substrate is clamped to stainless steel
tweezers	
  held by a clamp stand. The other method is to use water-cooled cold plate
holder (aluminum plate with imbedded 4-pass 3/8″ outer diameter Cu tubes, Lytron
Model CP10G14).65 In this configuration, the substrate is clamped onto the cold plate
and the substrate/cold plate assembly is placed horizontally, facing down towards the
flame. The temperature of the substrate is controlled by tuning the heat loss from the
substrate to the cold plate. This can be achieved by controlling the distance between
the substrate and cold plate or by controlling the flow rate of cooling water. The
temperatures of the metal source meshes and growth substrates were measured by an
S-type thermocouple (Pt/Pt-10% Rh, 125 µm bead size) coated with SiO2 or a K-type
thermocouple (1/16″ bead size, Omega Engineering, Inc.).
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3.2. Sol-flame Doping
Precursor solution. The precursor solutions are prepared by dissolving metal salt
(e.g., cobalt acetate tetrahydrate, Co(CH3COO)2·4H2O, 99%, Sigma-Aldrich
Chemicals) into 10 mL solvent (e.g., 2-methoxyethanol, C3H8O2, >99%, Acros
Organics) and followed by sonication for 30 mins. The concentration of precursor
solution is varied between 0.01 - 0.2 M.
Dip-coating. The nanowire substrates are vertically dipped into the precursor solution,
kept in the solution for 15 sec and then withdrawn vertically at a constant speed of 1
mm/sec. Finally, the coated nanowires are dried in air to remove excess solvent.
Flame annealing. The flame annealing is conducted using a 6-cm diameter co-flow
premixed flat flame burner (McKenna Burner) which operates on premixed CH4 (fuel)
and air (oxidizer). The flow rates of CH4 and air are 2.05 and 19.52 SLPM,
respectively, yielding an overall fuel/oxygen equivalence ratio of Φ = 1. The
precursor-coated nanowire sample is inserted into the post-flame region at a height of
2.5 cm above the flame front. After 2 min annealing, the sample is abruptly removed
from the post-flame region and cooled to room temperature in ambient environment.
The flame annealing temperature is measured to be about 1100 °C by a K-type
thermocouple (1/16 in. bead size, Omega Engineering, Inc.).
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3.3. Material Characterizations
For all the samples in this work, the morphology is examined using scanning electron
microscopy (SEM, FEI Sirion XL30, 5 kV) and transmission electron microscopy
(TEM, FEI Tecnai G2 F20 X-TWIN FEG, 200 kV). The phase and crystallinity are
examined using parallel beam X-ray diffraction (XRD, PANalytical XPert 2, 45 kV,
40 mA) and Raman spectroscopy (WITEC alpha500 Confocal Raman system). The
elemental composition is examined using an energy dispersive X-ray spectrometer
(EDS) and an electron energy loss spectrometer (EELS) equipped in the TEM. The
EELS spectra are collected with an energy resolution of 1.0±0.2eV at a dispersion of
0.5eV per channel, a convergence semi-angle of 9.6 mrad and collection semi-angle of
24. EELs data are post-processed in Digital micrograph. The background of the
spectra is subtracted using the Power-law model. The spectrum processing for
elemental quantification is performed with Digital Micrograph EELS analysis. The
chemical state is examined by X-ray photoelectron spectroscopy (XPS, PHI
VersaProbe or SSI S-Probe, Al-kα, 1486 eV, 150 × 800 µm spot) with binding
energies referenced to adventitious carbon at 284.6 eV. The local atom environment is
examined by X-ray adsorption spectroscopy (XAS) collected using the fluorescence
mode on Beamline 11-2 at Stanford Synchrotron Radiation Lightsource (SSRL).
Fitting of EXAFS data is performed using SIXPACK and FEFF analysis software.
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3.4. Photoelectrochemical Characterizations
Photoelectrochemcial characterizations are very useful for evaluating the material
performance in solar water splitting. In this section, the basic photoelectrochemical
characterization methods will be introduced.

3.4.1. Photocurrent Measurement
In the development process of photoelectrodes capable of splitting water efficiently
under solar irradiation, their performance needs to be evaluated and compared in order
to achieve the optimized properties. To evaluate the performance of a PEC
photoelectrode, the most common practice is to measure the photocurrent density in a
three electrode configuration under 1 sun AM 1.5 G illumination (100 mW/cm2), as
the photocurrent is proportional to the H2 or O2 production rate.
Experimental setup
The basic experimental setup for the PEC photocurrent measurement in a threeelectrode configuration consists of a PEC cell, a light source (a solar simulator or a
Xenon lamp with filters) and a potentiostat (Model SP-200, BioLogic).61 The PEC cell
is a reactor that accommodates a working electrode, a counter electrode, a reference
electrode and the electrolyte for the oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER). Commonly used PEC cell designs include immersed type
glass cell18 and compressed type Teflon cell60, with different ways to mount the
working electrode. For the immersed type cell, the working electrode is immersed into
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the electrolyte and epoxy is applied to prevent the exposure of the conductive substrate
and electrical wires to the electrolyte. For the compressed type cell, the sample is
pressed against an O-ring to seal the contact between the working electrode and the
electrolyte. For both types of PEC cell, an optically transparent window made from
fused quartz is needed to illuminate the working electrode. The other key components
of the PEC cell are described as below.
The working electrode is the photoelectrode sample of interest, which is deposited on
a conductive substrate as the back-contact. Ohmic contact between the photoelectrode
and the substrate is desired in order to have good charge transfer at the
photoelectrode/substrate interface. Generally, to form an ohmic contract, the work
function of the substrate needs to be smaller than that of n-type photoanode or larger
for p-type photocathode.60,

61

Typically, transparent conductive oxides, such as F-

doped SnO2 (FTO) and Sn-doped In2O3 (ITO), are used as the substrate for n-type
photoanodes,76 and high work function metals, such as gold and platinum, are used for
p-type photocathodes.77
The counter electrode provides the reaction site for the other half reaction of water
splitting, which should have large surface and fast kinetics to not limit the circuit
current. The common material choices of counter electrode for n-type photoanode and
p-type photocathode are Pt and RuO2 (or IrO2), respectively.60
The reference electrode in a three electrode configuration is used to ensure that the
potential of the working electrode is applied and measured with respect to a welldefined electrochemical potential scale. Saturated calomel reference electrodes (SCE)
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and Ag/AgCl reference electrodes are usually used. In the publications on PEC water
splitting, the applied potential measured with respect to SCE or Ag/AgCl reference
electrode is normally converted to reversible hydrogen electrode (RHE) scale for easy
comparison between reported data in the literature.61 The conversion process is based
on their potential with respect to the standard hydrogen electrode (SHE). For instance,
Ag/AgCl in 3.0 M KCl solution has a potential of 0.210 V with respect to SHE, while
the potential of RHE is equal to 0.000 - 0.0591 × pH with respect to SHE. Therefore,
ERHE = 0.210 － (0.000 V － 0.0591 × pH) + EAg/AgCl = 0.210 + 0.0591 × pH + EAg/AgCl.
The electrolyte should be high concentration aqueous solution with good conductivity
that does not dissolve the photoelectrode. For photoelectrodes that required acidic
electrolyte, 0.5 to 1 M H2SO4 solution are often used.65 For photoelectrodes that
required alkaline electrolyte, 0.5 to 1 M KOH or NaOH solution are often used.1, 78 For
photoelectrodes that required neutral electrolyte, 0.5 M Na2SO4, K2SO4 or
KH2PO4/K2HPO4 buffer solution are often used.76, 79
Measurement procedure
To perform a photocurrent measurement, the working electrode, counter electrode and
reference electrode of the PEC cell are connected to the respective cable leads of the
potentiostat, and the working electrode is illuminated to the 1 sun simulated AM 1.5 G
sunlight generated by the solar simulator (Model 94306A, Class AAA; Oriel). Prior to
the measurement, the lamp of the solar simulator should be warmed up for 30 mins to
stabilize and the electrolyte should be purge with inert gas for at least 10 mins.
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To measure the photocurrent response versus applied potential, the linear sweep
voltammetry mode in the potentiostat is used, where the potential of the working
electrode is linearly swept with respect to the reference electrode with a constant scan
rate in the range of 10 - 100 mV/s, and the current flowing between the working
electrode and counter electrode is recorded. During the measurement, the electrolyte
should be continuously purged with inert gas to remove the evolved gases. This
measurement should also be done without the illumination to obtain the dark current
response versus applied potential, which can be used to confirm that the photocurrent
is from the photo responses of the PEC cells.
To measure the photocurrent response at a fixed applied potential versus time,
chronoamperometry mode in the potentiostat is used, where the applied potential of
the working electrode is fixed, and the resulting photocurrent is monitored as a
function of time.
Data processing and analysis
The recorded photocurrent data should be normalized by the projected geometric
surface area of the sample that is illuminated and exposed to the electrolyte to
calculate the photocurrent density value. The applied potential measured with respect
to reference electrode should be converted to RHE scale.
Plotting the photocurrent density (together with dark current density) as a function of
the applied potential versus RHE will generate the J-V curve.76 Analysis of this J-V
curve can reveal some key information of the photoelectrode. First, the sign of the

	
  

29	
  

photocurrent (anodic or cathodic) can determine the conductivity type of the
semiconductor photoelectrode (n-type or p-type). For the n-type semiconductor,
minority hole carriers oxidize the water molecules to produce O2, thus anodic
photocurrent (oxidation current) is generated compared to the dark current. On the
contrary, for the p-type semiconductor, minority electron carriers reduce the water
molecules to produce H2, thus cathodic photocurrent (reduction current) is generated
compared to the dark current. Second, the photocurrent onset potential Eonset can be
used to estimate the flat band potential Efb. Eonset is the potential where the
photocurrent starts to occur with respect to the dark current. Efb is the potential where
there is no band bending in the semiconductor photoelectrode. Eonset is considered to
be close to Efb, but the interfacial effects such as the kinetic overpotential will bring in
offset between Eonset and Efb. Third, the saturated photocurrent density represents the
maximum H2 or O2 production rate that the photoelectrode can achieve through PEC
water splitting, which is mainly constrained by the band gap of the semiconductor.60, 61
Plotting the photocurrent density at a fixed applied potential as a function of time will
generate the J-t plot80. This J-t plot is usually used to evaluate the stability
performance of the photoelectrode. Typically, if the photocurrent density remains
constant over the test duration of 1 to 24 h to even days, the photoelectrode is regarded
as stable. Decrease of the photocurrent density often indicates some kind of corrosion
of the electrode in the electrolyte.
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3.4.2. Incident Photon to Current Conversion Efficiency
Measurement of the incident photon to current conversion efficiency (IPCE) is very
useful in the investigation of limiting factors for the photoelectrode performance.
IPCE measures the percentage of the incident photons that is converted to the
electrons collected by the PEC cell as a function of wavelength of the illuminating
light.60, 61

IPCE   λ =

J!"   (λ)  /  𝑒
J!"    λ ×1239.8
electrons/cm!   /s
=
=
                  (3.2)
!
photons/cm   /s
P!"#"   (λ)/(ℎ𝑐  /  λ)
P!"#"   (λ)×λ

Here, Jph (λ) (unit: mA/cm2) is the photocurrent density measured under
monochromatic illumination at wavelength λ (unit: nm). Pmono (λ) (unit: mW/cm2) is
the power intensity of the incident monochromatic light at wavelength λ. e is the
electron charge. h is the Planck’s constant and c is the speed of light. 1239.8 is the
product of ℎ𝑐/𝑒 (unit: V × nm).
Experimental setup
The basic experimental setup for the IPCE measurement consists of a PEC cell, a
monochromatic light source and a potentiostat.61 The monochromatic light over the
range of 300 – 1100 nm can be produced by adding a monochromator and appropriate
optics to the solar simulator or Xenon lamp.
Measurement procedure
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IPCE is obtained using Equation 3.2 through the measurement of the power intensity
Pmono (λ) of monochromatic light and the photocurrent density Jph (λ) of
photoelectrode under monochromatic illumination at wavelength λ.
First, the power intensity of the monochromatic light at each wavelength λ is
measured using a calibrated detector, such as Si photodiode, spectrophotometer, or
power meter with a thermopile detector. The range of the wavelength to be measured
should be from 300 nm to 1100 nm (or the upper limit can be smaller than 1100 nm
depending on the band gap of the photoelectrode semiconductor material). The
wavelength is typically measured in 5 – 20 nm increments.
Second, the photocurrent density of the photoelectrode under monochromatic
illumination at wavelength λ is measured using chronoamperometry in the potentiostat.
Fixed potential is applied to the photoelectrode that is illuminated by monochromatic
light. The resulting photocurrent is recorded when it reaches steady state to avoid
errors from transient current due to capacitance charging at the interface between
photoelectrode and electrolyte. The measurement of photocurrent is repeated as the
wavelength is stepped in 1 – 20 nm increments in the range of 300 – 1100 nm.
Background current in dark should also be measured, which will be subtracted from
the measured photocurrent with illumination to obtain the photocurrent density Jph (λ)
for use in Equation 3.2.
Data processing and analysis
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With the measurement of Pmono (λ) and Jph (λ), the IPCE (λ) values can be calculated
using Equation 3.2 for each wavelength λ, and then plotted as a function of
wavelength λ.81
Analysis of the IPCE can reveal the most important fundamental properties that limit
the photoelectrode performance. IPCE is determined by the efficiencies of three
fundamental processes involved in PEC water-splitting reaction: charge generation
efficiency (η!! /!! ), charge separation efficiency within the material (η!"# ) and charge
transfer efficiency at the electrode/electrolyte interface (η!"#$% ), as illustrated in the
following Equation.18
IPCE   λ = η!! /!! ×η!"# ×η!"#$%                                                                                 (3.3)
Moreover, the IPCE (λ) values measured under monochromatic illumination are often
used to calculate the total photocurrent density Jph by integrating them over the AM
1.5 G solar spectrum as follows.61, 76

J!" =

IPCE   λ ×E   λ /

ℎ𝑐
×𝑒 dλ                                                                            (3.4)
λ

Here, E (λ) is the tabulated spectral irradiation, h is the Planck’s constant and c is the
speed of light.
Generally, this integrated Jph value should be consistent with the measured Jph value
from the photocurrent measurement under AM 1.5 G illumination. However,
exception exists as some materials show nonlinear relationship between the
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photocurrent density and the light intensity, and the light intensity of monochromatic
light is normally much smaller than 100 mW/cm2.

3.4.3. Optical Property
In general, there are three parameters for characterizing the optical property of
photoelectrodes: light absorption efficiency, light reflection efficiency and light
transmission efficiency. Light absorption (𝜂! ), reflection (𝜂! ) and transmission (𝜂 ! )
efficiencies represent the percentages of light that is absorbed, reflected and
transmitted, respectively, by a sample illuminated by a light source. The light
absorption efficiency (𝜂! ) could be obtained from the light reflection efficiency (𝜂! )
and light transmission efficiency (𝜂 ! ) using Equation 3.5.82, 83
𝜂! = 100% − 𝜂! − 𝜂 !                                                                                                     (3.5)
Measurement of 𝜂! and 𝜂 ! can be conducted in commercial UV-Vis spectrometers or
self-assembled equipment which consists of a light source, a monochromator with
appropriate optical lenses and filters and a detector.60 First, a baseline scan is first
performed using a reference sample. For reflection measurement, the reference is
typically a standard white board with reflectance of 100% made from spectral purity
barium sulfate (BaSO4) or smoked magnesium oxide (MgO) powder. For transmission
measurement, the reference is typically a clean substrate support. Then the reflection
and transmission efficiencies of the sample under study are collected at different
wavelengths in the range of 300 – 1100 nm with 1 – 20 nm increments, by placing the
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sample at the same positions as the reference samples in the baseline scans.30 The
reflection and transmission efficiencies can be used to calculate the absorption
efficiency as well as to analyze the optical property of the photoelectrode. 60

3.4.4. Charge Separation and Transfer Efficiencies
The charge separation efficiency η!"# measures the efficiency of the photo-generated
electrons and holes that separate and transport within the photoelectrode
semiconductor to the photoelectrode/electrolyte interface. The surface charge transfer
efficiency η!"#$% measures the efficiency of interfacial charge transfer from the
photoelectrode surface to the water molecule at the photoelectrode/electrolyte
interface. The measurement of charge separation and transfer efficiencies is based on
the assumption that the oxidation kinetics of hole scavenger, such as H2O2 or Na2SO3,
is very fast and its charge transfer efficiency is 100%.84, 85 For H2O oxidation, the
photocurrent is given by J!! ! = J!"# ×η!"# ×η!"#$% , For the oxidation of hole
scavenger, the photocurrent is given by J!"#$%&'%( = J!"# ×η!"# . Here, J!"# is the
photon absorption rate expressed in terms of current density. Therefore, the charge
separation efficiency η!"# can be calculated by dividing the photocurrent density with
hole scavenger J!"#$%&'%(    by J!"# , while charge transfer efficiency η!"#$% can be
calculated by dividing the photocurrent density in water J!! ! by that with hole
scavenger J!"#$%&'%( .
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η!"# = J!"#$%&'%( J!"#                                                                                                       (3.6)
η!"#$% = J!! ! J!"#$%&'%(                                                                                               (3.7)
Using the same experimental setup for the photocurrent measurement described in
Section 3.4.1, J!"#$%&'%( is measured by adding hole scavenger (0.1 – 0.5 M) to the
electrolyte during the measurement of photocurrent versus applied potential under AM
1.5  G simulated solar light illumination.1, 76 J!"# is obtained from the measurement of
light absorption and the integration of light absorption over the AM 1.5  G solar light
spectrum. After obtaining J!"#$%&'%(    and J!"# , the charge separation and transfer
efficiencies, η!"# and η!"#$% , are calculated using Equation 3.6 and 3.7, and plotted as
functions of applied potential.1 Analysis of the charge separation efficiency will
identify the performance loss due to the bulk recombination within the photoelectrode.
Analysis of the surface charge transfer efficiency will identify the performance loss
due to the surface recombination or slow kinetics at the photoelectrode/electrolyte
interface.85

3.4.5. Faradaic Efficiency
The notion of faradaic efficiency is originated from Michael Faraday's work and it is
expressed in his laws of electrolysis.86 In the case of a PEC cell, it describes the ratio
between the charges used for the evolution of hydrogen/oxygen in the system, NF, and
the overall charge flow through the external circuit, NT.87, 88
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η! = 𝑁! 𝑁! ×100%                                                                                                    (3.8)
In detail, the faradaic efficiency can be obtained by the following process.80 First, to
calculate the total number of electrons flowing through the external circuit (NT), the
photocurrent (J) profile (as a function of time) during Δt is measured. The integration
of the measured photocurrent over time,

∆!
𝐽 𝑑𝑡,
!

represents the total charge flowing

through the external circuit. Then, NT can be calculated by

∆!
𝐽 𝑑𝑡/𝑒,
!

where e is the

electrical charge of 1 electron (1.6×10-19 C). Second, to calculate the number of
electrons used for hydrogen/oxygen generation (NF), the amount of hydrogen or
oxygen generated during the time Δt (nH2 or nO2) is measured from GC analysis. Then
NF can be expressed as nH2 × 2 × NA or nO2 × 4 × NA (one mole of hydrogen
corresponds to two mole of electrons and one mole of oxygen corresponds to four
mole of electrons), where NA is the Avogadro constant (6.02×1023). The faradaic
efficiency less than 100% in a practical PEC cell may be ascribed to side reactions
occurring at the working electrode.80, 89, 90
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Chapter 4. Flame Vapor Deposition of Binary Metal Oxide
NWs
Using the flame vapor deposition method described in Chapter 3, various binary metal
oxide nanowires can be synthesized, such as MoO3, W18O49, WO3, γ-Fe2O3, etc. This
chapter focuses on the controllability of the flame vapor deposition method for reliable
growth. First, the growth mechanism in flame is investigated to understand the effects
of the flame process parameters. Then the effects of the flame process parameters on
the sample morphology are validated in the experiments using MoO3 as a model
system.

4.1. Growth Mechanisms
In the flame vapor deposition process, three steps are involved, 1) vapor generation, 2)
heterogeneous nucleation, and 3) nanowire growth. These steps can be affected by
several flame process parameters including flame equivalence ratio, source
temperature, substrate temperature and substrate material (Figure 4.1). This section
will discuss the mechanism analysis of these three steps.
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Figure 4.1. Schematic of the three growth steps in flame, i.e., (1) vapor generation, (2)
heterogeneous nucleation, and (3) nanowire growth. These growth steps can be
affected by the flame process parameters, including flame equivalence ratio, source
temperature, substrate temperature and substrate material, to control the sample
morphology.
	
  

4.1.1. Vapor Generation
For vapor generation, the metal source needs to be oxidized to metal oxide first. Take
Molybdenum metal as an example, two oxidation reactions are possible.
𝑀𝑜 𝑠 + 1.5  𝑂! 𝑔 → 𝑀𝑜𝑂! 𝑠 ,            ∆𝐺!
𝑀𝑜 𝑠 +    𝑂! 𝑔 → 𝑀𝑜𝑂! 𝑠 ,             ∆𝐺!
The flame equivalence ratio Φ can control the oxidation products by determining the
gas composition in the flame. The partial pressures of the flame gaseous species
versus the equivalence ratio were calculated using STANJAN and plotted in Figure
4.2. The partial pressure of oxygen decreases as the equivalence ration increases,
while the trend for CO and H2 is opposite. Near Φ = 1, the change in the gas
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composition is most dramatic. The Gibbs free energy change for the above two
reactions at 1000 K were further calculated and plotted versus the equivalence ratio, as
shown in Figure 4.3. At Φ < 1, ∆G1 < ∆G2, suggesting that MoO3 is favored to form.
At Φ > 1, ∆G1 > ∆G2, suggesting that MoO2 is favored to form. In order to grow
MoO3 nanowires, the experiments should be operated in the Φ < 1 region. Besides, it
is the easier to form MoO3 at lower Φ.
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Figure 4.2. Plot of the partial pressures of the flame combustion products versus the
equivalence ratio.
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Figure 4.3. Plot of the Gibbs free energy changes for the oxidation reactions of Mo
metal to MoO3 (∆G1) and MoO2 (∆G2) at 1000K (left y axis) as well as the O2 partial
pressure (right y axis) versus the equivalence ratio.

Once metal oxide is formed, oxide vapor will be evaporated from the solid oxide
surface.
𝑀𝑜𝑂! 𝑠 → 𝑀𝑜𝑂! 𝑔
According to Clausius-Clapeyron relation,

𝑙𝑛𝑃!"!! = −

∆𝐻!
1
×
+ 𝐶                                                                              (4.1)	
  
𝑅
𝑇!"#$%&

Here, PMoO3 is the pressure of MoO3 vapor, Tsource is the source temperature, ∆Hs is the
heat of sublimation, R is the gas constant and C is a constant.
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the partial pressure of the oxide vapor increases exponentially with increasing the
source temperature. Figure 4.4 shows the MoO3 vapor pressure as a function of
temperature based on the data from CRC Handbook of Chemistry and Physics,91
which displays that considerable amount of MoO3 vapor can be generated at
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Figure 4.4. Plot of the vapor pressure of MoO3 as a function of the temperature.

So for the vapor generation step, it is found that the oxide vapor pressure can be
increased by decreasing flame equivalence ratio and/or increasing the source
temperature.

4.1.2. Heterogeneous Nucleation
When the metal oxide vapor reaches the substrate, the transformation of vapor to solid
will start through nucleation to form nuclei. The Gibbs free energy change ∆GT for the
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formation of a solid particle on a substrate has two terms. The first term is the volume
energy decrease associated with the bulk condensation from vapor to solid, the second
term is the surface energy increase associated with the formation of new solid-vapor
interface.92

∆𝐺! = −  

4𝜋𝑟 !
∆𝐺!    +    4𝜋𝑟 !   𝛾!" 𝑆(𝜃)  
3

where ∆GV is the free energy change per volume, γsv is the surface energy per area, r is
the particle diameter, and S(θ) is a contact angle dependent function.
The critical diameter of the particle, r*, can be found by setting:
𝜕∆𝐺!
𝜕𝑟

!!! ∗

=0

and solving for r*, we can write,

𝑟∗ =

2𝛾!"
	
  
∆𝐺!

The energy change associated with the formation of a particle of this radius is:

∆𝐺 ∗ =

!
16𝜋𝛾!"
   𝑆(𝜃)	
  
3∆𝐺!!

A nucleus will be formed each time an atom sticks to a critical sized particle. Hence
the nucleation rate, Inucleation, per area is given by92, 93:
𝐼!"#$%&'()! = 𝑅A∗ n∗   
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R=

P!"!!
2𝜋M! 𝑘𝑇

!
!

𝑒𝑥𝑝 −

∆𝐺!
  
𝑘𝑇

A∗ = πr ∗ !   

n∗ = n! 𝑒𝑥𝑝  (−

∆𝐺 ∗
)  
𝑘𝑇

where R is the vapor molecule attachment rate per area per time, A* is the area of the
critical size particle, n* is the number density of the critical size particle on the
substrate per area, MA is the mass of a vapor molecule, T is the substrate temperature,
k is the Boltzmann constant, ∆GM is the activation energy barrier for the migration
process of vapor to solid and n0 is the total density of the solid particles on the
substrate per area.
As the nuclei density is dependent on the nucleation rate, the nanowire density can be
controlled by controlling the nucleation rate using the flame process parameters. For
example, when the oxide vapor pressure PMoO increases, the attachment rate R and the
3

number density of critical size particle n* will both increase. The number density of
critical size particle n* increases because of the increase of the ∆GV and thus the
decrease of ∆G*. As a result, the nucleation rate Inucleation will increase, and so does the
nanowire density. The nucleation rate can also be controlled by the substrate
temperature, as shown in Figure 4.5. At large undercooling (∆T = Tsource – Tsubstrate),
the nucleation rate is limited by the exponent of the migration energy barrier. As the
substrate temperature increases, the nucleation rate increases, so the nanowire density
will increase. At small undercooling, the temperature dependence of the nucleation
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rate is dominant by the exponential term of the nucleation energy barrier ∆G*. Since
∆G* ∝ 1/(∆T)2, further increasing the substrate temperature Tsubstrate decreases the
nucleation rate, and therefore the nanowire density will decrease.92, 94

	
  

Figure 4.5. Dependence of the nucleation rate on the substrate temperature.

4.1.3. Nanowire Growth
Once the nuclei have formed, the transformation proceeds to the growth stage. The
growth velocity is dependent on the vapor flux, the net driving force for the growth,
and the activation energy for the molecule attachment process, as indicated in the
expression below92, 95.

v!"#$%& ∝

𝑃!"!!
2𝜋𝑀! 𝑘𝑇

!
!

×

∆𝐺!
∆𝐺!
×𝑒𝑥𝑝 −
  
𝑘𝑇
𝑘𝑇

where ∆GN is the net driving force per atom for going from vapor to solid, and is the
fraction of the total driving force of the transformation ∆GT remaining after the energy
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costs of interface formation are paid, ∆GN = ∆GT – ∆GS. ∆GA is the activation energy
associated with attachment process.
Higher growth velocity can result in larger nanowire size (length and diameter) in a
given time. Therefore, the nanowire size can be controlled through the growth velocity
using PMoO and Tsubstrate. For example, increasing PMoO can increase the vapor flux and
3

3

the net driving force, and thus the growth velocity will increase. Increasing Tsubstrate
will also increase the growth velocity, as the temperature dependence of the growth
velocity is dominant by the exponential term of the activation energy.
In addition to the size, the aspect ratio of the nanowire can be controlled through
tuning the driving force to vary the growth velocities of different crystal planes. The
fraction of the total driving force available to encourage atom attachment is a function
of the site to which the atom is attaching, since the surface energy costs for different
sites can be different.92, 95 At high PMoO (large supersaturation) or low Tsubstrate (large
3

undercooling), where the driving force is sufficiently large to overcome the difference
in the surface energy cost, growth can occur by attachment of atoms at random sites.
In this case, the growth will be uniform with small aspect ratio since the growth occurs
at a uniform rate everywhere. At low PMoO (small supersaturation) or high Tsubstrate
3

(small undercooling), where the driving force is so small that the growth is limited by
the surface energy cost, growth will occur at the preferred sites that have small surface
energy costs. In this case, the growth will be non-uniform with large aspect ratio since
the growth occurs at non-uniform rates for different sites.
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Based on the mechanism analysis of the three steps above, it is concluded that the
flame equivalence ratio Φ and the source temperature Tsource can affect the oxide vapor
pressure PMoO through the vapor generation from the source, and subsequently the
3

vapor pressure PMoO together with the substrate temperature Tsubstrate can control the
3

nanowire morphology through the nucleation and growth on the substrate. The effects
of the flame process parameters on the nanowire density, size and aspect ratio are
summarized in Table 4.1.
Table 4.1. Effects of the flame process parameters, including equivalence ratio Φ,
source temperature Tsource and substrate temperature Tsubstrate, on the nanowire density,
size and aspect ratio.
Parameter

Density

Size

Aspect
Ratio

Φ↗

↘
↗

↘
↗
↗

↗
↘
↗

Tsource ↗
Tsubstrate

↗ ↗ or ↘

4.2. Flame Vapor Deposition of α-MoO3 Nanobelts
This section will show the experimental results using α-MoO3 as a model system to
validate the mechanism analysis results in Section 4.1.
Molybdenum trioxide (MoO3) was chosen as the model system because it is an
important

catalytic,

electrochromic,

photochromic,

thermochromic,

n-type

semiconductor material with a wide band gap of 2.8−3.6 eV.96 There are three main
polymorphs of MoO3: orthorhombic α-MoO3 (thermodynamically stable phase),
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monoclinic

β-MoO3

and

hexagonal

h-MoO3 (low

temperature

metastable

phases).97 The α-MoO3 is of most practical interest because of its anisotropic layered
structure along the [010] direction. The layered structure is formed by stacking bilayer
sheets of MoO6 octahedra with van der Waals forces.98 Due to this intrinsic structural
anisotropy as well as the ability of the molybdenum ion to change its oxidation state,99,
100

α-MoO3 has been demonstrated to have promising performance in catalysis,101 gas

sensing,102 field

emission,103 lithium-ion

batteries,104 photochromic105

and

electrochromic devices.106 For these applications, nanostructured α-MoO3 is favored
over bulk α-MoO3 because nanostructured α-MoO3 has larger surface to volume ratio
and can be grown as single crystals with certain crystal planes exposed.
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Figure 4.6. SEM images of the top view (a) and the side view (b) of the typical αMoO3 nanobelts grown on Si substrate at Φ = 0.6, Tsource = 805 °C, Tsubstrate = 684 °C,
tgrowth = 5 min. Magnified SEM inset image in (a) shows the layered morphology of the
α-MoO3 nanobelt. (c) TEM image of a nanobelt on Si. The circled region in (c) is
magnified in (d). The HRTEM image and the SAED pattern (inset) indicate that the
nanobelts are orthorhombic α-MoO3 with (001) growth planes. (e) The XRD spectrum
of the as-grown nanobelts matches that of the standard α-MoO3.

	
  

49	
  

Using the flame vapor deposition method, the α-MoO3 nanobelts were found to grow
on diverse substrates over a broad range of synthesis conditions in terms of molar fuel
to air equivalence ratio (0.6 to 1.0), source temperature Tsource (500 to 800 oC) and
substrate

temperature Tsubstrate (400

to

700

°C).

The

typical

as-grown

α-

MoO3 nanobelts on Si wafers, shown by the SEM and TEM images in Figure 4.6a–c,
have a rectangular and layered shape with an average thickness of 200 nm, width of 4
µm and length of 30 µm (the dimensions vary with the growth conditions), and are
aligned perpendicularly to the Si growth substrate with large coverage density. The
XRD spectrum of the as-grown nanobelts (Figure 4.6e) closely matches that of
standard orthorhombic α-MoO3 (ICDD PDF # 04-012-8070 with lattice constants a =
3.9616 Å, b = 13.8560 Å, c = 3.6978 Å). Furthermore, the high-resolution TEM
(HRTEM) image and SAED pattern (Figure 4.6d), recorded with the incident electron
beam perpendicular to the nanobelt face, confirm that the nanobelts are composed of
crystalline orthorhombic α-MoO3 with top/bottom surfaces of (010) and a growth
direction of [001].
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4.2.1. Effect of Flame Equivalence Ratio
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Figure 4.7. Effects of the equivalence ratio on the morphology of the α-MoO3
nanobelts: SEM images of the top view (a) and the side view (b) of the α-MoO3
nanobelts grown at Φ = 0.6, Tsource = 805 °C, Tsubstrate = 684 °C. SEM images of the top
view (c) and the side view (d) of the α-MoO3 nanobelts grown at Φ = 0.8, Tsource =
776 °C, Tsubstrate = 670 °C. All the nanobelts were grown on Si substrates with a growth
time of 5 minutes.

The growth rate and morphology of the perpendicularly aligned α-MoO3 nanobelts
vary greatly with the molar fuel to air equivalence ratio while the source temperature
and the substrate temperature are kept constant. As the equivalence ratio is increased,
the concentration of O2 in the combustion products decreases and hence less
MoO3 vapor is generated and available for deposition on the downstream growth
substrate. Consequently, the growth rate and the size of the α-MoO3 nanobelts
decrease with increasing equivalence ratio. For example, as shown in Figure 4.7, when
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the equivalence ratio is increased from 0.6 to 0.8, while keeping Tsource at 800 °C
and Tsubstrate at 680 °C, the average width of the α-MoO3 nanobelts decreases from 4 to
1.5 µm and the average length decreases from 30 to 10 µm for the 5 min growth time.
Nevertheless, even the smaller growth rate here, 2 µm/min, is more than one order of
magnitude larger than that of previously reported growth techniques, such as thermal
evaporation methods (0.17 µm/min),107 hot plate methods (1 µm/h),99 or hydrothermal
methods (2 µm/h).108 This ultrafast growth rate is a key advantage of the flame
synthesis method.

4.2.2. Effect of Source Temperature
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Figure 4.8. Effect of the Mo source mesh temperature on the morphology of the αMoO3 nanobelts. SEM images of the α-MoO3 nanobelts at different source
temperature of (a) 590 °C and (b) 490 °C with the same growth substrate temperature
of 435 °C. Both the nanobelts were grown on Si substrates with a growth time of 5
minutes.
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The morphology and surface coverage density of the α-MoO3 nanobelts also strongly
depend on the Mo source temperature Tsource. This is because the nucleation and
growth rates of the nanobelts are proportional to the MoO3 vapor concentration, which
increases as the source temperature increases. For example, as shown in Figure 4.8,
when the source temperature is increased from 490 to 590 °C, while the growth
substrate temperature is fixed at 435 °C, the width and surface coverage density of the
α-MoO3 nanobelts are more than doubled (the average width increases from 200 to
500 nm and the average coverage density increases from 1.0 to 2.4 µm−2). In addition,
the SEM images in Figure 4.8 illustrate that the α-MoO3 nanobelts have distinct aspect
ratios with different Tsource. At lower Tsource (490 °C), the α-MoO3 nanobelts are in
needle-like shape with an average aspect ratio of 5, while at higher Tsource (590 °C), the
shape resembles flat plate with an average aspect ratio of 2. The larger aspect ratio at
lower source temperature results from the lower MoO3 vapor concentration at lower
source temperature, which provides much smaller driving force for the growth, and
therefore the growth is preferred along the axial [001] direction that has the smallest
surface energy cost.
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Figure 4.9. Effect of the growth substrate temperature on the morphology of the αMoO3 nanobelts. SEM images of the α-MoO3 nanobelts at different growth substrate
temperature of (a) 530 °C and (b) 670 °C with the same source temperature of 780 °C.
Both the nanobelts were grown on Si substrates with a growth time of 5 minutes.

In addition to the source temperature, the substrate temperature Tsubstrate affects the
morphology and surface coverage density of the α-MoO3 nanobelts as well. As the
growth substrate temperature Tsubstrate is increased from 530 to 670 °C while keeping
source temperature constant at 780 °C, the average length and width of the αMoO3 nanobelts both increases (Figure 4.9), which mainly results from larger growth
rate and larger nucleation size at higher substrate temperature.109 On the other hand,
the surface coverage density decreases as the substrate temperature increases. This is
because when the substrate temperature is close to the source temperature, meaning
small undercooling, the nucleation rate decreases as the substrate temperature
increases.
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4.2.4. Effect of Substrate Material
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Figure 4.10. SEM images of the α-MoO3 nanobelts grown on (a) FTO, (b) Pd metal,
(c) glass, and (d) Mo foil.

Densely packed α-MoO3 nanobelt arrays were also synthesized on large areas of
diverse substrates, such as fluorine-doped tin oxide (FTO)-coated glass (1 cm × 3 cm,
Hartford Glass, Figure 4.10a), Pd (99.95% purity, ACI Alloys, Inc., Figure 4.10b),
glass (2.5 cm × 2.5 cm, VWR Laboratory, Figure 4.10c), and Mo foil (0.1 mm thick, 1
cm × 2 cm, 99.95% purity, Alfa Aesar, Figure 4.10d). The α-MoO3 nanobelts were
grown under identical conditions (Φ = 0.8, Tsource = 776 °C, Tsubstrate = 423 °C, t = 10
min) on FTO, Pd, and glass substrates and were grown under a different condition (Φ
= 0.7, Tsource = 776 °C, Tsubstrate = 670 °C, t = 10 min) on the Mo foil. Their
morphologies are significantly affected by the substrate. The α-MoO3 nanobelts are
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more densely packed on FTO than on glass, and the growth on Pd looks more like
small square plates. The fact that the growth conditions and morphologies on diverse
substrates are dramatically different is probably due to the distinct surface energy,
thermal conductivity, and surface roughness of each substrate.
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Figure 4.11. Van der Waals epitaxy of atomically thin 2D MoO3 sheets on exfoliated
Mica flakes supported on SiO2/Si substrate. (a), (b) and (c) SEM images and (d), (e)
and (f) AFM profiles of 2D MoO3 sheets with different thicknesses of 5nm, 2nm and
1nm, respectively.

When van der Waals layered substrates, such as Mica, were used as the growth
template, atomically thin two-dimentional (2D) α-MoO3 sheets can be formed through
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van der Waals epitaxy in flame. As shown in Figure 4.11, the thickness of the 2D αMoO3 sheets can vary from 5 nm down to 1 nm. The thickness of 1 nm corresponds to
a monolayer of α-MoO3. This is the first 2D oxide monolayer ever synthesized in
flame.

4.2.5. Effect of Substrate Shape
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Figure 4.12. SEM images of the branched α-MoO3 nanobelts. (a) Large α-MoO3
nanobelt trunks were grown on the Si in the first step. Growth conditions: Φ = 0.7,
Tsource = 803 °C, Tsubstrate = 715 °C, t = 15 min. (b) Small branches were grown on the
trunk in the second step. Growth conditions: Φ = 0.8, Tsource = 779 °C, Tsubstrate =
525 °C, t = 15 min. (b inset) Magnified SEM image shows the side view of the trunk
with both primary and secondary branches. (c) Primary branches on the trunk. (d and
inset) Secondary branches on the primary branches.
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Furthermore, the growth of the α-MoO3 nanobelts can be extended to contoured
substrates as well to form more complex structures. For example, branched α-MoO3
nanostructures were synthesized by growing smaller α-MoO3 nanobelts onto the larger
ones in two consecutive steps under different growth conditions. First, densely packed,
perpendicularly aligned, large α-MoO3 trunks (Figure 4.12a) were grown on a Si wafer
at

a

condition

with

high

MoO3 vapor

concentration

(Φ

=

0.7, Tsource =

803 °C, Tsubstrate = 715 °C, t = 15 min). Then smaller α-MoO3 nanobelts (Figure 4.12b)
were grown as branches onto the large trunks at the condition with much lower
MoO3 vapor concentration (Φ = 0.8, Tsource = 779 °C, Tsubstrate = 525 °C, t = 15 min).
Occasionally, even smaller secondary branches can be formed on the primary
branches. Figure 4.12c shows a trunk with relatively large primary branches, which
are approximately 3 µm long, 2 µm wide and 200 nm thick. Figure 4.12d shows
primary branches with even smaller secondary branches, which are approximately 1
µm long, 300 nm wide and 70 nm thick. During the second step growth, growth
mainly occurs as branches instead of as single nanobelts on the growth substrate,
because the growth substrate is covered by densely packed nanobelt trunks and it is
easier for the source vapor to reach the trunks than the growth substrate. These
branched nanobelts demonstrate the morphology controllability of flame synthesis.
Branched nanostructures will have superior performance compared to single nanobelts
for applications requiring better light absorption and larger surface to volume ratios,
such as photoelectrochemical cells, catalysis and sensing.
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4.2.6. Effect of Catalysts
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Figure 4.13. Control of the growth location of the α-MoO3 nanobelts: SEM images of
the α-MoO3 nanobelts grown on Si substrates (a), (b) with and (c) without Au
nanoparticles (150 nm). Growth conditions: Φ = 0.8, Tsource = 487 °C, Tsubstrate =
437 °C, t = 5 min.

In addition to the morphology, the nucleation sites of the α-MoO3 nanobelts were
controlled by lowering the MoO3 vapor concentration and introducing Au
nanoparticles to the growth substrate, leading to the growth of flower-like αMoO3 nanostructures. When the MoO3 vapor concentration is low, the driving force
for nucleation and growth is reduced accordingly. With small driving force, nucleation
occurs preferentially at surface defects rather than smooth surfaces because the former
has lower surface energy costs. Therefore, when Au nanoparticles (150 nm) are
present on the Si substrate, they are the preferred nucleation sites for the MoO3 vapor.
Consequently, flower-like α-MoO3 nanostructures composed of many single αMoO3 nanobelts were formed near the Au nanoparticles (Figure 4.13a and b). By
comparison, when a Si substrate without Au nanoparticles was used as the substrate
with the identical growth conditions, the α-MoO3 nanobelts nucleated and grew rather
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randomly (Figure 4.13c), confirming the role of Au nanoparticles as the preferential
nucleation sites.

4.3. Summary
In summary, we have demonstrated the atmospheric, catalyst-free, rapid, economical,
scalable and morphology-controllable flame synthesis of single, branched and flowerlike α-MoO3 nanobelt arrays and atomically thin 2D α-MoO3 sheets on diverse
substrates. With the understanding of the growth mechanism, the growth rate,
morphology and surface coverage density of the α-MoO3 nanobelts can be controlled
by varying the flame equivalence ratio (0.8−1.4), the source temperature (500−800 °C),
the growth substrate temperature (400−700 °C), and the material and shape of the
growth substrate. The current synthesis of α-MoO3 nanobelts is a significant
advancement over previous flame synthesis efforts in that it demonstrated the first
branched, flower-like and atomically thin 2D oxide nanostructures ever realized by
flame synthesis. Moreover, the current flame synthesis of the α-MoO3 nanobelt arrays
shows a distinct advantage, i.e., ultrahigh growth rate (about 2 µm/min), more than 1
order of magnitude higher than those of reported synthesis methods, such as thermal
evaporation methods (0.17 µm/min), hot plate methods (1 µm/h), or hydrothermal
methods (2 µm/h). The high growth rate is important for applications requiring large
surface areas, such as catalysis and sensing, and these applications are the primary
motivations to grow nanostructured α-MoO3.
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Chapter 5. Flame Synthesis of Complex Metal Oxide NWs
As discussed in Chapter 4, flame synthesis offers many advantages for the massproduction of binary metal oxide nanowires, such as atmospheric operation, rapid
growth rate, low cost, scalability, fine control over the morphology of the synthesized
products, and broad choices of growth substrate materials and morphologies. However,
all the previous flame synthesis studies mainly focused on the growth of simple binary
metal oxide nanowires using either flame vapor deposition or solid diffusion
method.110-118 To date, flame synthesis of complex metal oxide nanowires has not been
reported.
This chapter investigates the extension of flame synthesis to complex metal oxide
nanowires. Here, three novel flame synthesis methods for complex metal oxide
nanowires are presented, i.e., 1) simultaneous vapor-vapor growth, 2) simultaneous
solid-vapor growth, and 3) sequential solid-vapor growth. These three new methods
significantly advance the capacities of existing flame synthesis methods, which enable
the growth of various complex metal oxide nanowires, including doped oxide
nanoplates and nanoflowers, ternary oxide nanowires and hybrid nanowires. Moreover,
the morphologies and compositions of the complex metal oxide nanowires can be
controlled by tuning the flame fuel to oxidizer equivalence ratio (Φ), the source
temperature (Tsource), the growth substrate temperature (Tsubstrate) and the growth time
(tgrowth).
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5.1. Importance of Complex Metal Oxide NWs
One dimensional (1-D) complex metal oxide nanowires, such as doped oxides,119
ternary oxides,120 and hybrid structures containing several oxides,121 offer exciting
opportunities to design materials with desired functionalities by tuning their chemical
compositions, sizes and morphologies at the nanometer scale. As such, these
nanomaterials have not only large aspect ratios122 but also different thermal,123
electrical124 and optical properties125 from those of bulk materials, and hence are
promising building blocks for many applications, including lithium ion batteries,126
electroluminescent devices,127 catalysts,128 thermoelectric devices,129 transparent
conductive oxides125 and superconductors130. For example, Mo-doped WO3
photoanodes need smaller applied external bias than pure WO3 photoanodes for
photoelectrochemical water splitting, due to the increased conduction band minimum
by doping.131 In addition, ternary Cu3Mo2O9 nanorods exhibited higher catalytic
activity for the ignition of soot (Printex U model) than CuO and MoO3, due to the
easier charge transfer among Cu, O and Mo ions in Cu3Mo2O9 lattice.132 Furthermore,
Co3O4 nanoparticles decorated WO3 nanowires showed lower onset potential and
higher current density than WO3 nanowires in water electrocatalysis, due to the
combination of active Co3O4 surface properties and good charge transfer process in
WO3.31	
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5.2. Experimental Specifications
Previously, we and others have mainly used two mechanisms to grow simple binary
metal oxide nanowires in flame: flame vapor deposition110-117 and solid diffusion
growth118, 133, 134. In flame vapor deposition (Figure 5.1a), the flame oxidizes metals
(e.g., Mo mesh) and evaporates metal oxide vapors that further condense onto colder
growth substrates in the form of 1-D nanomaterials (e.g., α-MoO3 nanobelts).116 In
solid diffusion growth (Figure 5.1b), the flame rapidly heats up metal substrates (e.g.,
Cu mesh), from which metals (e.g., Cu) diffuse out to the surface and are oxidized by
flame, forming metal oxide nanowires (e.g., CuO nanowires) on the original metal
substrates.118
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Figure 5.1. Schematic of the vapor/solid flame synthesis configuration. The separate
(a) flame vapor deposition and (b) solid diffusion growth mechanisms of binary metal
oxide nanowires. Three flame synthesis methods for the growth of complex metal
oxide nanowires by combining the flame vapor deposition and solid diffusion growth:
(c) simultaneous vapor-vapor growth for W-Mo-O complex oxide nanowires, (d)
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simultaneous solid-vapor growth for Cu-Mo-O complex oxide nanowires, and (e)
sequential solid-vapor growth for hybrid CuO/MoO3 complex oxide nanowires.

Herein, we combined the previously reported flame vapor deposition and solid
diffusion growth mechanisms, and thereby developed three methods for the growth of
complex metal oxide nanowires in flame, namely 1) simultaneous vapor-vapor, 2)
simultaneous solid-vapor, and 3) sequential solid-vapor growth. First, the
simultaneous vapor-vapor growth combines the flame vapor deposition growth of two
different binary metal oxides by using two different metal sources. For example, as
shown in Figure 5.1c, a 4 cm × 4 cm square plain W wire mesh (0.114 cm wire
spacing, 0.013 cm wire diameter, 99% purity, Belleville Wire Cloth Co., Inc.) and a 4
cm × 4 cm square plain Mo wire mesh (0.318 cm wire spacing, 0.064 cm wire
diameter, 99% purity, Unique Wire Weaving Co., Inc.) were placed in the post-flame
region as the oxide precursor sources, from which W and Mo were oxidized by the
flame combustion products, generating WOx and MoOx vapors. The vapor mixture of
WOx and MoOx then condensed onto a colder Si growth substrate further downstream,
forming W-Mo-O complex oxide nanostructures. Second, in the simultaneous solidvapor growth, one precursor is again provided by oxidizing metal and evaporating
metal oxide from a metal mesh, while the other precursor diffuses out from a different
metal growth substrate further downstream. For example, as shown in Figure 5.1d, a 4
cm × 4 cm square plain Mo wire mesh was placed in the post-flame region as the
MoOx vapor source. The MoOx vapor was then incorporated into CuO nanowires that
grew simultaneously by solid diffusion from a Cu substrate (Cu mesh, 0.015 cm wire
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spacing, 0.011 cm wire diameter, McMaster) placed at a lower temperature region,
forming Cu-Mo-O complex oxide nanowires. Finally, the sequential solid-vapor
growth process was used to grow hybrid complex metal oxide nanowires. As shown in
Figure 5.1e, CuO nanowires were first grown on Cu substrates by the solid diffusion
mechanism, and subsequently used as a growth substrate for the flame vapor
deposition of MoO3, forming either MoO3 shell or branches on the existing CuO
nanowires.
For all three synthesis methods, the temperatures of the metal source meshes and
growth substrates were independently controlled by placing cooling meshes of plain
steel (0.318 cm wire spacing, 0.064 cm wire diameter, McMaster-Carr) in between the
flame and the metal source meshes, and in between the metal source meshes and the
growth substrates.115 The temperatures of the metal source meshes and growth
substrates were measured with a K-type thermocouple (1/16″ bead size, Omega
Engineering, Inc.).

5.3. Simultaneous Vapor-vapor Growth
5.3.1. Growth of W-doped MoO3 Nanostructures
The key for successful simultaneous vapor-vapor growth (Figure 5.1c) is to match the
vapor concentrations and the nucleation and growth rates of the two components in
order to form complex oxides, rather than separate binary oxides. For example, for the
simultaneous vapor-vapor growth of W-Mo-O complex oxide nanostructures, only
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when the WOx and MoOx vapor concentrations and the growth substrate temperature
were relatively low (Φ = 0.8, Tsource_W = 667 oC, Tsource_Mo = 558 oC, Tgrowth = 351 oC,
tgrowth = 20 mins), horizontally aligned square or hexagonal nanoplates with an average
size of 1 µm × 1 µm were grown uniformly on a Si growth substrate (Figure 5.2a).
When the WOx and MoOx vapor concentrations and the growth substrate temperature
were increased (Φ = 0.5, Tsource_W = 673 oC, Tsource_Mo = 563 oC, Tgrowth = 415 oC, tgrowth
= 20 mins), in addition to W-Mo-O complex oxide nanoplates, WO3 nanowires and
nanoparticles, and MoO3 nanobelts were also observed on the Si substrate. The other
method to promote the formation of complex oxides is to use catalysts (e.g., Au
nanoparticles), since Au catalysts can effectively absorb both metal oxide vapors and
lower the nucleation barrier of the complex oxides. As such, for the same condition of
higher WOx and MoOx vapor concentration and higher growth substrate temperature
discussed above, when seeding the Si growth substrate with Au catalysts (150 nm
diameter), only W-Mo-O complex oxide nanoflowers composed of aggregated
nanobelts with an average length of 3 µm and width of 200 nm were uniformly grown
on Si after 20 minutes (Figure 5.2b).
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Figure 5.2. SEM images of W-doped MoO3 (a) nanoplates grown at relatively low
WOx and MoOx vapor concentrations and low growth substrate temperature and (b)
nanoflowers grown with Au catalysts (150 nm) on Si substrates via simultaneous
vapor-vapor growth.
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5.3.2. Material Characterization of W-doped MoO3 Nanostructures

	
  

Figure 5.3. TEM-EDS analysis of the W-doped MoO3 nanoplates and nanoflowers: (a)
TEM image of a W-doped MoO3 nanoplate. EDS mapping of (b) Mo element and (c)
W element in the W-doped MoO3 nanoplate. (d) TEM image of two nanobelts from
the W-doped MoO3 nanoflowers. EDS mapping of (e) Mo element and (f) W element
in the W-doped MoO3 nanoflowers.

The TEM image in Figure 5.3a shows that a typical W-Mo-O complex oxide
nanoplate grown under relatively low WOx and MoOx vapor concentrations and low
growth substrate temperature has a hexagonal shape with a layer structure. TEM-EDS
elemental mapping indicates that the nanoplate contains evenly distributed Mo (Figure
5.3b) and W (Figure 5.3c). Similarly, the TEM image in Figure 5.3d shows that the
W-Mo-O complex oxide nanobelts from the nanoflowers grown with the Au catalysts
also have a layer structure with evenly distributed Mo (Figure 5.3e) and W (Figure
5.3f). Furthermore, high-resolution XPS spectra of the as-grown W-Mo-O complex
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oxide nanoplates (Figure 5.4a and b) and nanoflowers (Figure 5.4c and d) both have
small W 4f peaks around the binding energies of 35 eV and 37 eV (Figure 5.4a and c),
which are ascribed to the 6+ ionic state of W,115 and strong Mo 3d peaks around the
binding energies of 232 eV and 235 eV (Figure 5.4b and d), which are ascribed to the
6+ ionic state of Mo.135 Moreover, the estimated Mo to W atomic ratios from XPS are
22:1 for nanoplates and 16:1 for nanoflowers, respectively, indicating that the asgrown W-Mo-O complex oxide nanoplates and nanoflowers contain much smaller
amount of W than Mo. In addition, as shown in Figure 5.4b and d, the binding
energies of Mo 3d peaks for the as-grown nanoplates and nanoflowers are shifted
about 0.1 eV and 0.5 eV, respectively, from those of pure α-MoO3 nanobelts, which
may be attributed to the incorporation of W into the α-MoO3 lattice structure.
Therefore, the XPS analysis indicates that the as-grown W-Mo-O complex oxide is
likely to be W-doped MoO3. The XRD spectra of the as-grown W-doped MoO3
nanoplates and nanoflowers (Figure 5.5) mainly consist of peaks from the
orthorhombic α-MoO3 (ICDD PDFs # 04-012-8070 with lattice constants a = 3.9616
Å, b = 13.8560 Å, c = 3.6978 Å), which suggests that the W-doped MoO3 complex
oxides still maintain the α-MoO3 crystal structure. In addition, a small peak
corresponding to the β-MoO3 phase is also observed in the XRD spectrum of the Wdoped MoO3 nanoflowers (Figure 5.5), which is consistent with a previous report that
doping α-MoO3 with W can induce the transition from α-MoO3 phase to β-MoO3
phase.136 Therefore, the occurrence of β-MoO3 phase in the W-doped MoO3
nanoflowers supports the XPS result in that larger amount of W is doped in the
nanoflowers than in the nanoplates. In summary, these material characterizations
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indicate that both the as-grown W-Mo-O complex oxide nanoplates and nanoflowers
are W-doped MoO3 and the nanoflower sample contains higher amount of W doping.
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Figure 5.4. High resolution XPS spectra of W-doped MoO3 nanoplates: (a) Mo 4p and
W 4f and (b) Mo 3d peaks. High resolution XPS spectra of W-doped MoO3
nanoflowers: (c) Mo 4p and W 4f and (d) Mo 3d peaks.
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Figure 5.5. XRD spectra of the W-doped MoO3 nanoflowers, W-doped MoO3
nanoplates, and standard α-MoO3 (ICDD PDFs # 04-012-8070).
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5.4. Simultaneous Solid-vapor Growth
5.4.1. Growth of Ternary Cu3Mo2O9 NWs
The key challenge for simultaneous solid-vapor growth (Figure 5.1d) is that the flame
vapor deposition frequently has higher growth rate than that of the solid diffusion
growth. For example, the typical growth rates under optimized conditions are about 2
µm/min for α-MoO3 nanobelts by vapor growth,116 but only about 0.3 µm/min for
CuO nanowires by solid diffusion growth.118 To overcome the challenge, two
conditions need to be satisfied for the growth of complex oxides. First, the solid
diffusion growth substrate should be kept at a temperature with the highest growth rate
for 1-D nanostructures. Second, the metal oxide vapor concentration needs to be kept
as low as possible, otherwise the excess vapor will cover the top surface of the solid
diffusion growth substrate, inhibiting the diffusion of the solid metal and hence
preventing the formation of the complex oxide nanostructures. Therefore, when
growing the Cu-Mo-O complex oxide nanowires by combining the solid diffusion
growth of CuO and the flame vapor deposition growth of MoO3 (Figure 5.1d), the Cu
growth substrate was kept at a temperature of about 500 oC where the CuO nanowires
grow fastest, and the Mo source mesh temperature was kept at about 550 oC (Φ = 0.53)
where the MoOx vapor concentration was low. After 30 minutes of growth, quasiperpendicularly aligned Cu-Mo-O complex oxide nanowires were uniformly grown on
the Cu growth substrate with high surface coverage density, as shown in Figure 5.6.
The growth rate of Cu3Mo2O9 nanowires in flame is about 3 µm/hr at the growth
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temperature of 500 oC, which is comparable to the reported growth rate of 4 µm/hr at
the growth temperature of 550 oC by CVD.132

2 µm

500 nm
	
  

Figure 5.6. SEM image of Cu3Mo2O9 nanowires grown via simultaneous solid-vapor
growth. The inset is the zoom-in image.

5.4.2. Material Characterization of Ternary Cu3Mo2O9 NWs

	
  

Figure 5.7. (a) XRD spectra of the as-grown Cu3Mo2O9 nanowires and standard
Cu3Mo2O9 (ICDD PDFs # 04-009-3296). (b) TEM image of a single Cu3Mo2O9
nanowire. (c) The HRTEM image and the SAED pattern (inset) indicate that the
nanowires are orthorhombic Cu3Mo2O9 with (010) growth planes.
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The SEM image (Figure 5.6) and TEM image (Figure 5.7b) show that the as-grown
Cu-Mo-O complex oxide nanowires have a cylindrical morphology with an average
length of 1.5 µm and diameter of 150 nm, which is quite different from the long
needle-like morphology of CuO nanowires118 and the wide belt-like morphology of αMoO3 nanobelts116 when grown separately at the same condition. The XRD spectrum
of the as-grown Cu-Mo-O nanowires (Figure 5.7a) closely matches that of the
standard orthorhombic Cu3Mo2O9 (ICDD PDFs # 04-009-3296 with lattice constants a
= 7.6670 Å, b = 6.8620 Å, c = 14.6080 Å). Furthermore, the high-resolution TEM
(HRTEM) image and SAED pattern (Figure 5.7c) confirm that the nanowires are
composed of crystalline orthorhombic Cu3Mo2O9 with a growth direction of [0 1 0].

5.5. Sequential Solid-vapor Growth
5.5.1. Growth of Hybrid CuO/MoO3 NWs
Hybrid complex oxide nanowires, such as core/shell nanowires and branched
nanowires, can be grown by a sequential process of solid diffusion and flame vapor
deposition growth (Figure 5.1e). For example, instead of the simultaneous
combination discussed in Section 5.4, the solid diffusion growth of CuO nanowires
was carried out first and the as-grown CuO nanowires were subsequently used as the
substrate for the flame vapor deposition growth of MoO3 (Figure 5.1e). The
morphology of MoO3 on the CuO nanowires was tuned by varying the MoOx vapor
concentration, the growth substrate temperature and the growth time. For example, at

	
  

73	
  

Φ = 0.5, Tsource_Mo = 480 oC, Tgrowth = 420 oC, and tgrowth = 10 mins, a MoO3 shell was
coated on the CuO nanowires, forming CuO/MoO3 core/shell nanowires (Figure 5.8a).
In contrast, at conditions with relatively higher MoOx vapor concentration (Tsource_Mo =
510 oC), lower growth temperature (Tgrowth = 350 oC), and longer growth time (tgrowth =
30 mins), MoO3 grew as small triangle-shaped nanoplate branches on the CuO
nanowires, forming MoO3-branched CuO nanowires (Figure 5.8b). When the MoOx
vapor concentration was even higher, for example, at the edge of the growth substrate
due to the local recirculation of the gas flow, more densely packed and even larger
MoO3 branches with a rectangular shape were grown on the CuO nanowires, as shown
in Figure 5.8c.
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Figure 5.8. SEM images of (a) CuO/MoO3 core/shell nanowires, and (b, c) MoO3branched CuO nanowires grown via sequential solid-vapor growth. The insets are the
corresponding zoom-in images.
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5.5.2. Material Characterization of Hybrid CuO/MoO3 NWs

a d

100nm

100nm

b e
Cu

Mo

200 nm

200 nm

Cu

c f

200 nm

Mo

200 nm

	
  

Figure 5.9. TEM-EDS analysis of the CuO/MoO3 core/shell nanowires and the MoO3branched CuO nanowires. (a) TEM image of a CuO/MoO3 core/shell nanowire, and
TEM-EDS mapping of (b) Cu element and (c) Mo element in the CuO/MoO3
core/shell nanowire. (d) TEM image of a MoO3-branched CuO nanowire, and TEMEDS mapping of (e) Cu element and (f) Mo element in the MoO3-branched CuO
nanowire.

The SEM image (Figure 5.8a) and TEM image (Figure 5.9a) show that the CuO/MoO3
core/shell nanowire has a cylindrical shape with relatively constant diameter. The
TEM-EDS elemental mapping analysis clearly shows that Cu is mainly distributed in
the core with a diameter of 100 nm (Figure 5.9b), and Mo is concentrated in the shell
with a thickness of 60 nm (Figure 5.9c), confirming the formation of the CuO/MoO3
core/shell nanowires using the sequential solid-vapor growth. Similarly, the TEM
image (Figure 5.9d) and TEM-EDS elemental mapping (Figure 5.9e and f) of the
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MoO3-branched CuO nanowire also show that Cu is mainly distributed in the core
with a diameter of 100 nm, and that Mo is mainly distributed in the triangle branches
with an average side length of 200 nm, confirming the successful growth of the MoO3branched CuO nanowires by the sequential solid-vapor growth.

5.6. Summary
In summary, we have demonstrated three new combined flame synthesis methods for
the growth of complex metal oxide nanowires, namely 1) simultaneous vapor-vapor
growth, 2) simultaneous solid-vapor growth, and 3) sequential solid-vapor growth.
These three new combined methods significantly advance the existing flame vapor
deposition and solid diffusion growth methods that were separately used to grow
simple binary metal oxide nanowires. Now by combining and matching the growth
conditions of the flame vapor deposition and solid diffusion growth in different ways,
we are able to grow various complex metal oxide nanowires. The key for the
simultaneous vapor-vapor growth is to match the vapor concentrations and the
nucleation and growth rates of the two components. With this we have successfully
grown W-doped MoO3 nanoplates and nanoflowers. The key for the simultaneous
solid-vapor growth is to match the growth rates of the flame vapor deposition and
solid diffusion growth. With this we have successfully grown ternary Cu3Mo2O9
nanowires. The sequential solid-vapor growth essentially uses the nanowires firstly
grown by solid diffusion as the substrates for subsequent flame vapor deposition
growth. With this we have successfully grown hybrid nanowires, such as CuO/MoO3
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core/shell nanowires and MoO3-branched CuO nanowires. For all three flame
synthesis strategies, the morphologies and compositions of the final complex metal
oxide nanowires can be controlled by varying the flame fuel to oxidizer equivalence
ratio, the vapor precursor source temperature and concentration, the growth substrate
temperature, and the growth time. We believe that these three new combined flame
synthesis methods will provide a general platform for the synthesis of complex metal
oxide nanowires with tailored properties.
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Chapter 6. Sol-flame Doping of Metal Oxide NWs
In addition to synthesis, the ability to modify the properties of oxide nanowires (NWs)
is of crucial importance for many applications as well. This chapter presents the
innovation of flame-based method, which combines versatile solution phase chemistry
and rapid flame annealing process (sol-flame), for doping oxide nanowires. In addition,
the doping characteristics, doping concentration control and doping effects on material
properties for this new sol-flame doping method are investigated in details using
cobalt-doped TiO2 (TiO2:Co) NWs as a model system.

6.1. Motivation and Challenges for Doping NWs
Doping, or intentional incorporation of impurities, is a fundamental method to modify
the electronic,137-139 chemical,140, 141 optical142, 143 and magnetic119, 144, 145 properties of
host materials. Doping materials has impacted a range of applications, such as solar
cells, transistors, integrated circuits, photocatalysis, bioimaging, light-emitting diodes
and spintronics. Doping NWs can lead to unique properties arising from both
impurities incorporation and nanoscale dimensions,146-149 but it faces the challenge of
simultaneous control over the morphology, crystallinity, dopant distribution and
concentration at the nanometer scale. Existing doping methods for nanostructured
materials can be broadly categorized into in-situ and ex-situ methods. In-situ doping
methods incorporate dopants during the material growth by methods such as solidstate mixing,150,
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combustion.161,

162

The in-situ doping methods have the following advantages: 1)

flexible choice of dopant materials, 2) easy control of dopant precursor concentrations,
and 3) simplicity in that no additional doping steps are required. Nevertheless, in-situ
doping methods face challenges when doping NWs since dopants will inevitably affect
the nucleation and anisotropic growth processes of NWs, leading to differing
morphology and crystallinity or no formation of NWs.163 On the other hand, the exsitu doping methods incorporate dopants as a post-processing step by methods such as
ion implantation164-166 and diffusion.137, 167 However, ion implantation is a directional
doping method and it is difficult to conformally dope large aspect ratio NWs. Existing
diffusion methods require special dopant precursors that limit the choice of dopant
materials and frequently require capping layers that are difficult and expensive to
implement on top of NWs.

6.2. Experimental Specifications for Sol-flame Doping
To overcome the challenges, a new ex-situ sol-flame doping method was developed,
which uses high temperature flame to rapidly anneal dopant precursor coated metal
oxide NWs to enable doping.1 The high flame temperature (about 1100 oC or above)
enables rapid dopant precursor decomposition and dopant diffusion into the host NWs,
and also leads to high concentration of dopant incorporation. The rapid heating rate of
the NWs over the flame (heating up to 1100 oC in a few seconds), due to the large
convective and radiative heat transfer from the burned gas in flame, minimizes the
required residence time to reach the high temperature for dopant diffusion, preventing
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changes in their morphology and crystallinity. The rapid cooling rate of the NWs
when they are abruptly removed from the flame freezes the dopant in the lattice. The
sol-flame method is a general method to dope metal oxide NWs with various different
transition metals without any specific requirements on the morphology and
preparation method of the NWs.1 Further broad application of the sol-flame doping
method requires the ability to control the dopant concentration and the fundamental
understanding of the oxidation state and local environment of the dopant.
In this study, cobalt-doped TiO2 (TiO2:Co) NWs are selected as a model system to
investigate the influence of the cobalt (Co) concentration in the precursor solution on
the Co dopant profile in TiO2:Co NWs. Various characterization methods are
employed to analyze the oxidation state and location of the Co dopant inside the TiO2
NWs. Finally, we study the effect of Co doping concentration on the electrocatalytic
activity of the TiO2:Co NWs towards the oxygen evolution reaction (OER), which is
an important reaction for electrochemical and photoelectrochemical water splitting.3, 15

Dip-coating

TiO2 NWs

Cobalt precursor
coated TiO2 NWs

Flame annealing

TiO2:Co NWs

	
  

Figure 6.1. Schematic of the sol-flame doping method for synthesizing TiO2:Co NWs.
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The TiO2:Co NWs are prepared by the ex-situ sol-flame doping method1 as illustrated
in Figure 6.1. First, rutile TiO2 NWs with an average length of 2.5 µm and diameter of
100 nm are grown on fluorine-doped tin oxide (FTO) glass substrates by the
hydrothermal method30 (see Chapter 3 for details). Next, the TiO2 NWs are dip-coated
with the Co precursor solution and then air dried, leaving a uniform Co precursor film
on the surface of the TiO2 NWs. Finally, the Co precursor-coated TiO2 NWs are
annealed over a stoichiometric CH4/air premixed flame at 1100 oC for 2 min,31, 75, 168
which results in the decomposition of the Co precursor and rapid thermal diffusion of
Co ions into the TiO2 NW lattice, forming TiO2:Co NWs. With this sol-flame doping
method, we vary the concentration of the Co precursor solution from 0.01 M to 0.2 M
to prepare a range of TiO2:Co NW samples, named as TiO2:Co_x, for which x (0.01 0.2) corresponds to the initial Co precursor concentration. Our objective is to
investigate the ability of the sol-flame method to control the dopant profile.
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6.3. Doping Characteristics
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Figure 6.2. Cross-sectional SEM images of (a) TiO2:Co NWs prepared with 0.03 M
Co precursor solution and (b) undoped TiO2 NWs. (c) XRD spectra of TiO2:Co_x (x =
0.01, 0.03 and 0.2) NWs, undoped TiO2 NWs, reference Co3O4 film and FTO
substrate. Symbols ▲ and * indicate peaks of rutile TiO2 phase and cubic Co3O4 phase,
respectively.

First, we study the morphology and crystallinity of the TiO2:Co NWs. The
morphology and crystal structure of TiO2:Co NWs are examined by scanning electron
microscopy (SEM) and x-ray diffraction (XRD). The SEM images show that the
TiO2:Co NWs (Figure 6.2a) have nearly identical morphology as the undoped TiO2
NWs (Figure 6.2b), demonstrating the benefit of the sol-flame method in preserving
the morphology of TiO2 NWs. The XRD spectra of the TiO2:Co_x (x = 0.01, 0.03 and
0.2) NWs are compared with that of undoped TiO2 NWs, a reference Co3O4 film
sample and FTO substrate (Figure 6.2c). The reference Co3O4 film sample is prepared
by drop-casting the same 0.03 M Co precursor solution onto a FTO substrate and
subsequently annealing it over the flame under identical conditions as the TiO2:Co
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NWs. The reference Co3O4 film sample mimics the case in which the Co ions in the
Co precursor shell do not diffuse into the TiO2 NWs during flame annealing, but rather
form a Co3O4 film on the NW surface. The XRD patterns in Figure 6.2c clearly show
that the three TiO2:Co_x (x = 0.01, 0.03 and 0.2) NW samples have peaks that are
identical to those of the undoped rutile TiO2 NWs and have no peaks that overlap with
those of the reference Co3O4 film sample. These results suggest that the sol-flame
method neither modifies the crystallinity of the TiO2 NWs nor forms detectable
amounts of crystalline Co3O4 particles or films on the TiO2 NW surface.
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Figure 6.3. TEM images of (a) undoped TiO2, (b) TiO2:Co_0.01, (c) TiO2:Co_0.03, (d)
TiO2:Co_0.05 and (e) TiO2:Co_0.2 NWs (left: low magnification TEM image of
single NW, right: high resolution TEM image of the NW edge with corresponding
crystal lattice parameters). (f) EDS mapping of elements Ti, O and Co in
TiO2:Co_0.03 NW. Radial doping profiles for Co in (g) TiO2:Co_0.01, (h)
TiO2:Co_0.03, (i) TiO2:Co_0.05 and (j) TiO2:Co_0.2 NW obtained by point-by-point
EELS analysis (the percentage values represent the averaged doping concentration of
Co in the bulk). TEM images and electron diffraction patterns of the NPs on the
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surface of (k) flame-annealed TiO2:Co_0.2 NWs, (l) furnace-annealed TiO2 NWs that
are dip-coated with 0.03 M Co precursor solution and (m) furnace-annealed TiO2 NWs
that are dip-coated with 0.2 M Co precursor solution. (n) Plot of the Co dopant
concentrations on the surface and averaged in the bulk versus the Co precursor
concentration.

The surface and the lattice spacing of the TiO2:Co NWs are further examined in detail
by transmission electron microscopy (TEM). The low magnification TEM images
show that all the TiO2:Co_x NWs (x = 0.01 - 0.2) (Figure 6.3b-e) have similar shape
as the undoped TiO2 NW (Figure 6.3a). The high resolution TEM images show that all
the TiO2:Co_x NWs (x = 0.01 - 0.2) (Figure 6.3b-e) are crystalline with the same
lattice spacing as the undoped rutile TiO2 NW (Figure 6.3a), implying that the Co
dopants do not significantly distort the lattice of TiO2 due to the similar radius of Co
ion and Ti ion.169 However, TiO2:Co NWs with different Co precursor concentrations
exhibit different surface characteristics. For low Co precursor concentration, the
surfaces of TiO2:Co_0.01 NW (Figure 6.3b), TiO2:Co_0.03 NW (Figure 6.3c) and
TiO2:Co_0.05 NW (Figure 6.3d) are relatively smooth and similar to the undoped
TiO2 NW (Figure 6.3a). With high Co precursor concentration, the surface of
TiO2:Co_0.2 NW (Figure 6.2e) is sparsely decorated with small NPs of 5 nm in
diameter or less, and the electron diffraction pattern of these NPs (Figure 6.3k) shows
that they are cubic Co3O4. The formation of surface Co3O4 NPs can be ascribed to the
saturation of Co dopants in the bulk of TiO2 NWs and the precipitation of excess
cobalt on the NW surface. Finally, to illustrate the advantages of flame annealing for
doping NWs, we also annealed the same Co precursor-coated TiO2 NWs at low
temperature (350oC) in a furnace for 1 hr. In comparison, with low temperature and
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long time furnace annealing, the Co precursor, regardless of their concentrations, does
not diffuse into the TiO2 lattice, but rather forms Co3O4 NPs of 10 nm in diameter or
larger on the TiO2 NW surface (Figure 6.3l and m). This comparison between the
flame annealing (Figure 6.3c and e) and furnace annealing (Figure 6.3l and m) clearly
illustrates that the high flame temperature (1100 oC for 2 minutes) effectively enables
the rapid dopant precursor decomposition and dopant diffusion into the host NWs.
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Figure 6.4. (a) Co 2p XPS spectra of TiO2:Co_0.03, TiO2:Co_0.2 and Co3O4 film. (b)
Co K-edge XANES spectra for TiO2:Co_x (x = 0.01 – 0.2) NWs by sol-flame, Co
metal, Co3O4, CoO taken from ref 46 and ion-implanted rutile TiO2:Co taken from ref
47. (c) Measured and fitted radial distribution functions for Co K-edge EXAFS data
from TiO2:Co_x (x = 0.01 – 0.2) NWs.
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Then, we analyze the oxidation states and local environment of the Co dopant in the
TiO2 NWs. The oxidation states of Co near the surface of TiO2:Co NWs are
characterized by X-ray photoelectron spectroscopy (XPS). As shown in Figure 6.4a,
the Co 2p3/2 peak positions for TiO2:Co_0.2 NWs and TiO2:Co_0.03 NWs are at 780.1
and 779.7 eV, respectively, which are 0.6 and 0.2 eV higher than that of 779.5 eV for
the reference Co3O4 film (the same one used for XRD shown in Figure 6.2c). Similar
up-shifting is also observed for the Co 2p1/2 peak positions and the amount of peak
energy shift increases with increasing Co dopant concentration. It should be noted that
the Co3O4 NPs only slightly cover the surface of TiO2:Co_0.2 NWs as revealed by the
TEM (Figure 6.3e), so most of the XPS signal comes from the doped Co near the top
10 nm layer of the TiO2:Co NWs. The shifting of both Co 2p3/2 and 2p1/2 peaks
towards higher binding energy reveals that the chemical state of Co near the surface of
TiO2:Co NWs is different from that of reference Co3O4 film, and the Co 2p peak
positions for TiO2:Co_0.2 NWs actually match with those for CoO reported by Ref 170,
171

. Hence, the XPS analysis suggests that the oxidation state of the Co dopant near the

surface of TiO2:Co NWs is primarily 2+ with possible small amount of 3+. To further
understand the oxidation states of Co dopants in the entire volume of the TiO2:Co
NWs, the Co K-edge X-ray absorption near edge structure (XANES) spectra are
measured for the TiO2:Co_x (x = 0.01 - 0.2) NWs and further compared with the
spectra of various Co-containing reference materials, including Co metal, Co3O4,
CoO172 and ion-implanted Co-doped rutile TiO2 (110) (Implanted_TiO2:Co, for which
the oxidation state of Co was reported to be 2+)173 (Figure 6.4b). Both the XANES
spectral shape and edge position of the TiO2:Co_x (x = 0.01 - 0.2) NWs are
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significantly different from those of Co and Co3O4, but they resemble those of the ionimplanted TiO2:Co and CoO references, which supports the XPS analysis in that the
oxidation state of the Co dopant in the TiO2:Co NWs is primarily 2+. The local
environment of the Co dopant is further studied by analyzing the Co K-edge extended
X-ray absorption fine structure (EXAFS) for the TiO2:Co_x (x = 0.01 - 0.2) NWs
(Figure 6.4c). The experimentally measured Co K-edge EXAFS data are fitted by
assuming that Co substitutes the Ti site in the rutile TiO2 model in which each Ti is
surrounded by six O atoms with two distinct bond lengths in the first shell and two Ti
atoms in the second shell. The peak modeled from the scattering by the first O shell
fits well to the first peak of the measured Fourier transformed (FT) EXAFS data.
However, the second peak of the measured FT-EXAFS data cannot be fitted well by
the assumption of two Ti atoms in the second shell. Inclusion of additional Ti atoms in
the second shell greatly improves the quality of the fit (Figure 6.4c). These additional
Ti atoms in the second shell probably come from the Co-substituted Ti atoms that are
now occupying the interstitial sites. In addition, the structural parameters extracted
from the fitting (Table 6.1) show that the total number of O coordinated to Co in the
first shell is smaller than six for the TiO2:Co NWs, suggesting that there are some
oxygen vacancies near the Co dopants. EELS measurement was further conducted to
verify the existence of oxygen vacancies in the TiO2:Co NWs (Table 6.2). The
O/(Ti+Co) ratios measured by EELS for TiO2:Co_0.03 and TiO2:Co_0.2 NWs are
1.97 and 1.88, respectively, corresponding to 1.5% and 6% oxygen vacancies. Hence,
we conclude that the Co ions are substitutionally doped into the octahedral Ti sites in
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the rutile TiO2 lattice, and the Co ions push the Co-substituted Ti into the interstitial
sites and generate small amount of oxygen vacancies near the Co dopants.

Table 6.1. Structural parameters of TiO2:Co_x (x = 0.01 – 0.2) NWs extracted from
fitting the EXAFS data.
Path

Co-O

Co-O

Co-Ti

Co-Ti

Parameters

N1

R1

N2

R2

N3

R3

N4

R4

TiO2:Co_0.01

3.9(3)

2.05(6)

1.9(7)

2.31(6)

2

3.07(6)

2.4(9)

3.24(1)

TiO2:Co_0.03

3.7(9)

2.06(0)

1.9(2)

2.30(9)

2

3.01(4)

2.9(2)

3.20(6)

TiO2:Co_0.05

3.7(3)

2.03(7)

1.8(7)

2.28(2)

2

3.00(1)

3.1(0)

3.21(0)

TiO2:Co_0.07

3.6(6)

2.01(8)

1.8(6)

2.25(9)

2

3.00(4)

3.3(3)

3.21(2)

TiO2:Co_0.1

3.5(0)

2.02(1)

1.8(2)

2.26(2)

2

3.00(3)

3.4(5)

3.20(4)

TiO2:Co_0.2

3.5(5)

2.03(2)

1.6(5)

2.26(3)

2

3.00(3)

3.6(6)

3.22(0)

Table 6.2. O/Ti and O/(Ti+Co) ratios in TiO2, TiO2:Co_0.03 and TiO2:Co_0.2 NWs
measured at 6nm from the NW edge by EELS.

O/Ti

O/(Ti+Co)

	
  

TiO2
1.98
-

TiO2:Co_0.03
2.13
1.97

TiO2:Co_0.2
2.24
1.88
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6.4. Controllability on Doping Concentration
Next, we investigate the controllability of the Co dopant profile. The Co dopant spatial
distribution along the TiO2:Co NW diameter is measured by energy dispersive
spectroscopy (EDS) mapping and electron energy loss spectroscopy (EELS) spectra.

The EDS elemental mapping analysis (Figure 6.3f) of TiO2:Co NW clearly shows that
Co is doped over the entire TiO2 NW. The EELS measurements show that the radial
doping profiles of Co dopant in all the TiO2:Co NWs have a Gaussian-like shape with
higher Co concentration on the surface (Figure 6.3g-j), indicating that the Co
distribution is caused by a radial thermal diffusion process. In addition, the surface and
overall Co dopant concentrations clearly increase with increasing the Co precursor
concentration (Figure 6.3n), which demonstrates that the doping profile can be readily
controlled through the concentration of the dopant precursor solution with our solflame doping method. For TiO2:Co_0.2 NW (Figure 6.3j), the Co dopant
concentration abruptly decreases from 35 at.% to 20 at.% within the top 5 nm of the
NW surface and then gradually decreases along the radial direction of the NW. The
sharp dopant concentration change near the top 5 nm surface is consistent with the
observed additional Co3O4 NP formation on the NW surface for high Co precursor
concentration as shown in the TEM image in Figure 6.3e. The Co concentration of 20
at.% in the sub-layer beneath the precipitates of TiO2:Co_0.2 NW (Figure 6.3j) is
about the same as the 18 at.% Co on the surface of TiO2:Co_0.05 NW (Figure 6.3i),
which suggests that the doping limit of Co dopant is about 18~20 at.% in the TiO2 NW
via the sol-flame method. The doping limit of 18~20 at.% is considerably higher than
the previously reported doping limit of about 12 at.% for TiO2:Co by other doping
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methods.174-176 The higher doping limit by the sol-flame method is due to the high
temperature of flame and the rapid cooling rate (~800 K/min) caused by abrupt
removal of NWs from the flame, which quenches the diffusion of dopants in the host
TiO2 lattice and prevents them from precipitation during the cooling process.

6.5. Doping Effects on the Electrocatalystic Activity of TiO2 NWs
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Figure 6.5. (a) The anodic-going sweep of typical cyclic voltammograms for
TiO2:Co_x (x = 0.01 – 0.2) and undoped TiO2 NWs. (b) Plot of overpotentials of
TiO2:Co, Co3O4@TiO2 and Co3O4@TiO2:Co NWs at current density of 0.1 mA/cm2
versus the concentration of cobalt precursor solution. (c) Tafel plots of TiO2:Co_x (x =
0.01 – 0.2) and undoped TiO2 NWs. (d) Current-voltage curves of single
TiO2:Co_0.03 NW and undoped TiO2 NW.
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Table 6.3. Specific surface areas of TiO2, TiO2:Co_0.03 and TiO2:Co_0.2 NWs.

Specific
surface area
(m2/g)

TiO2

TiO2:Co_0.03

TiO2:Co_0.2

45 ± 13

47 ± 19

54 ± 11

The good controllability of the sol-flame method can enable further study of the
doping effects on material properties. The effect of Co doping on the electrocatalytic
activity of TiO2 NWs for the OER is investigated using the cyclic voltammetry (CV)
measurement. Figure 6.5a shows the anodic-going sweep of typical CV cycles for
TiO2:Co_x (x = 0.01 - 0.2) and undoped TiO2 NWs. Compared to undoped TiO2 NWs,
all the TiO2:Co NWs show significantly enhanced OER activity as evidenced by the
much higher current density at a given potential in the range of 1.8 to 3 V vs. RHE.
The overpotentials for undoped TiO2 and different TiO2:Co NWs to reach current
density of 0.1 mA/cm2 are further compared in Figure 6.5b. All the TiO2:Co NWs
exhibit lower overpotentials than the undoped TiO2 NWs. The similar overpotential
for TiO2:Co_x (x > 0.05) NWs is probably due to the fact they have very similar
dopant concentration distribution (~ 10 at.% in the bulk and 20 at.% on the surface)
and similar impurity phase (Co3O4 NPs) on the surface. The lowest overpotential of
0.72 V (highest OER activity) is achieved by the TiO2:Co_0.03 NWs (12 at.% of Co
on the surface), which is 0.76 V lower than the overpotential of 1.48 V for undoped
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TiO2 NWs. To gain more insight on the enhanced OER activity of TiO2 by Co doping,
Tafel plots are plotted in Figure 6.5c. The exchange current densities of TiO2:Co NWs,
determined as the extrapolated x-intercept of the Tafel plot, are about 1 - 3 orders of
magnitude higher than that of the undoped TiO2 NWs, suggesting that TiO2:Co NWs
have much more facile charge transfer kinetics on the surface than undoped TiO2
NWs.86, 177-179 The observed higher exchange current densities of TiO2:Co NWs cannot
be attributed to the change in the surface area, since the specific surface areas of the
undoped TiO2 and TiO2:Co NWs measured by the Brunauer–Emmett–Teller (BET)
method using nitrogen as probe gas are in the same order of magnitude (Table 6.3).
Instead, the increased surface activity towards the OER by substitutional doping of
transition metals on the surface of TiO2, according to the theoretical density functional
theory calculations, comes from the surface states and surface resonance states
localized on the dopants that enhance the binding strength between the intermediate
adsorbates and the doped TiO2 surface.180, 181 On the other hand, doping also modifies
the electrical conductivity of TiO2, which strongly affects the overpotential for the
OER. The conductivity measurement of a single NW clearly shows that Co doping
increases the conductivity of TiO2 NWs by about five orders of magnitude (Figure
6.5d). Hence, doping TiO2 NWs with Co improves both surface charge transfer
kinetics and bulk electrical conductivity, leading to enhanced OER activity for
TiO2:Co NWs. Finally, when the TiO2:Co NWs are used as photoanodes for the
photoelectrochemical (PEC) water splitting system, the onset potential shows a
cathodic shift of 100 ~ 150 mV (Figure 6.6).
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Figure 6.6. Photocurrent density-potential (J-V) curves of undoped TiO2 and
TiO2:Co_x (x = 0.01 – 0.05) NWs.

The OER activity of the TiO2:Co NWs are further compared with the as-grown TiO2
NWs that are decorated with Co3O4 NP electrocatalysts on the surface (Co3O4@TiO2),
and such comparison is aimed to differentiate and compare the roles of Co2+ dopant
and Co3O4 surface catalyst on affecting the OER activity. The control Co3O4@TiO2
NWs were prepared by annealing Co precursor-coated TiO2 NWs at low temperature
(350oC) in a furnace for 1 hr. As shown in Figure 6.5b, the Co3O4@TiO2 NWs exhibit
larger overpotential than the optimal TiO2:Co_0.03 NWs, which suggests that the Co2+
dopants are more effective than Co3O4 NPs in enhancing the OER activity. In addition,
when we further decorated the optimal TiO2:Co_0.03 NWs with additional Co3O4 NPs
(noted as Co3O4@TiO2:Co), it does not change the overpotential for OER (Figure
6.5b). Since the only difference between TiO2:Co_0.03 and Co3O4@TiO2:Co is their
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surface composition, it indicates that the TiO2:Co surface has similar surface charge
transfer kinetics as the Co3O4 NPs. Hence, the better OER activity observed for the
TiO2:Co_0.03 NWs (doping), in comparison to Co3O4 NPs decorated TiO2 NWs
(surface modification only), comes from the conductivity improvement by doping.
These results confirm that the Co2+ dopants in TiO2 NWs are more effective than the
surface deposition of Co3O4 nanoparticles (NPs) in increasing the OER activity of
TiO2 because the Co2+ dopants not only have similar surface charge transfer kinetics
as the Co3O4 NPs but also increase the bulk TiO2 electrical conductivity.

6.6. Summary
In summary, this chapter presents a controllable and reliable sol-flame doping method
to dope TiO2 NWs with Co, which exhibit significantly enhanced electrocatalytic
activity for the OER as compared to undoped TiO2 NWs. The sol-flame doping
method allows fine control over the Co dopant profile by varying the concentration of
Co precursor solution while preserving the morphology and crystallinity of host TiO2
NWs. Characterizations of the TiO2:Co NWs show that Co dopants exhibit 2+
oxidation state and substitutionally occupy the Ti sites in the TiO2 lattice. The
TiO2:Co NWs exhibit enhanced and dopant concentration dependent OER activity and
PEC performance. The TiO2:Co NWs with 12 at.% of Co on the surface (averaged 5
at.% in the bulk) shows the highest electrocatalytic activity for the OER, which
reduces the overpotential by 760 mV with respect to the undoped TiO2 NWs. The
TiO2:Co NWs also exhibit a cathodic shift of about 100 ~ 150 mV for the onset
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potential when used as phototoanodes for the PEC water-splitting system. The
significant OER overpotential reduction and cathodic shift of the onset potential for
TiO2:Co NWs come from two factors: 1) the Co2+ dopant improves the surface charge
transfer kinetics and is as effective as the Co3O4 NPs; and 2) the Co2+ dopant also
significantly increases the bulk electrical conductivity of TiO2. With the demonstrated
controllability, we believe that the sol-flame doping method will be a general and
promising technique for effective doping of diverse nanostructured materials.
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Chapter 7. Application in Solar Water Splitting
This chapter investigates the application of flame-synthesized metal oxide nanowires
(NWs) as the photoanode for PEC water splitting to test and optimize their optical,
electrical and chemical properties.

7.1. Design of WO3/W:BiVO4 Core/shell NW Photoanode
Recently, the ternary oxide BiVO4 has become the top-performer amongst all metal
oxide photoanodes due to its relatively small bandgap of 2.4 eV which permits
efficient light absorption, its relatively negative conduction band edge (~ 0 V vs.
RHE).182-184 Theoretically, the maximum water oxidation photocurrent (𝐽!"# ) for
BiVO4 photoanodes under Air-Mass 1.5 Global (AM 1.5G) solar illumination is
7.5 mA/cm2.182 Nevertheless, the practical water oxidation photocurrent (𝐽!! ! ) is
much lower due to the much smaller hole and electron diffusion lengths than the light
absorption depth as well as the poor water oxidation kinetics, according to 𝐽!! ! =
𝐽!"# ×𝜂!"# ×𝜂!"# ×𝜂!"#$% ( 𝜂!"# , 𝜂!"# and 𝜂!"#$% are the light absorption, charge
separation and charge transfer efficiencies, respectively).18,

184-188

One strategy for

improving the water oxidation photocurrent of BiVO4 is the formation of
heterojunction of BiVO4 with WO3 to achieve simultaneously improved light
absorption and charge separation efficiencies.189-194
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This section investigates the use of flame synthesis to fabricate vertical arrays of highquality WO3 NWs, which serve as the electrically conductive scaffold for coating a
thin layer of BiVO4 to form WO3/W-doped BiVO4 core/shell NW photoanode
(WO3/W:BiVO4 NWs, Figure 7.1a). In this structure, BiVO4 is the primary lightabsorber and WO3 acts as an electron conductor. In addition to the heterojunction
formation, such core/shell NWs also successfully incorporate all the other previously
reported strategies for enhancing charge separation in BiVO4, including thickness
reduction, introduction of nanoscale porosity and gradient doping, into a single
structure. In addition, they permit efficient light absorption by orthogonalizing the
directions of light absorption and charge transport in BiVO4 and further improve
charge separation by providing a conductive pathway through the WO3 NW cores for
electrons to reach the current collector. Though a WO3/BiVO4 core/shell nanorod
photoanode193 and a WO3 NW/BiVO4 heterojunction photoanode194 have been
attempted before, the efficiency of the present WO3/W:BiVO4 NW photoanode is
higher because of superior morphology which simultaneously optimizes light
absorption and charge transport. In the following, we will describe the synthesis and
characterization of the present WO3/W:BiVO4 NWs in detail and explain the origin of
the improved PEC performance.
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Figure 7.1. The WO3/W:BiVO4 core/shell nanowire (NW) photoanode. (a) Structural
schematic and energy band diagram of the core/shell NWs and type-II staggered
heterojunction, in which charges generated in both the W:BiVO4 shells and WO3 NW
cores can contribute to the water oxidation photocurrent. The band edges and water
oxidation and reduction potentials are plotted on the reversible hydrogen electrode
(RHE) scale. (b) and (c), Scanning electron microscope (SEM, left) and transmission
electron microscope (TEM, right) images of the bare WO3 NW array (75 nm average
NW diameter) and WO3/W:BiVO4 core/shell NWs (60 nm average W:BiVO4 shell
thickness), respectively. The W:BiVO4 shell consists of a single layer of densely
packed nanoparticles. (d) Side view (left) and top view (right) SEM images of 7 at%
W:BiVO4 film (containing the same mass of BiVO4 as coated onto the WO3 NWs).
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7.2. Synthesis and Characterization of WO3/W:BiVO4 Core/shell
NWs
The WO3/W:BiVO4 NWs were synthesized by a combination of flame vapor
deposition and drop-casting. First, flat fluorine-doped tin oxide (FTO) substrates (2.5
x 1.7 cm, 2.3 mm thick, 8 Ω/□, Hartford Glass) were cleaned and completely coated
with a layer of 70-100 nm-thick tungsten oxide by spin-coating, in order to promote
uniform and dense nucleation of the NWs.65 Next, crystalline substoichiometric
W18O49 NWs were synthesized on the coated FTO substrates via atmospheric flame
vapor deposition at a substrate temperature of 550 °C for 30 minutes, as reported in
our previous work.65, 74, 195, 196 This flame-synthesis method is rapid, economical and
scalable, which is important for practical applications. The as-grown W18O49 NWs
were further annealed in air at 550 °C in a box furnace for 2 hours, after which
stoichiometric WO3 NWs were obtained (Figure 7.1b). Next, a solution containing
50 mM bismuth and 46.5 mM vanadium prepared by dissolving bismuth nitrate
pentahydrate (98%) and vanadyl acetylacetonate (98%) in 20:1 (v/v) acetic acid
(99.7%): acetyl acetone (99%) was coated onto the WO3 NWs by drop-casting. 6 coats
of the solution, in total, were applied to each sample. For each coat, 20 µL was
dropped on the sample, which was allowed to dry at room temperature and then briefly
annealed on a hotplate at 450 °C for 2 minutes. Finally, after all the coating steps, the
samples were annealed in air at 550 °C in a box furnace for 2 hours to yield a
crystalline W-doped BiVO4 shell composed of a single layer of densely packed
nanoparticles on the WO3 NWs (Figure 7.1c). Here, W was naturally doped into
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BiVO4 during the annealing process because of the intimate contact of WO3 and
BiVO4 in the core/shell structure, as will be described next.
The morphologies, crystal structures and chemical composition of the WO3/W:BiVO4
core/shell NWs were characterized. Monoclinic WO3 and monoclinic W:BiVO4 are
the only phases detected in XRD measurements (Figure 7.2a). The XRD pattern of the
WO3 NWs is nearly unchanged after adding the W:BiVO4 shell and the average W
doping in the W:BiVO4 shell is approximately 7%, as estimated from the magnitude of
the shift of the W:BiVO4 XRD peaks from those of undoped BiVO4 (Figure 7.3).185,
197, 198

It is known that W6+ dopes into BiVO4 by substituting for V5+, and acts as an

electron donor.197 For this reason, the Bi-V drop-casting solution was formulated to
contain Bi:V = 100:93, with 7% W-doping coming from the WO3 NWs. In addition,
the TEM-EDS (Figure 7.2b) clearly shows that there is considerable inter-diffusion of
the elements across the core/shell interface, and the sum of the V and W
concentrations is approximately equal to the Bi concentration in the shell, as would be
expected for W-doped BiVO4. Moreover, there is a concentration gradient of W in the
BiVO4 shell, with the highest W concentration near the WO3 core and decreasing W
concentration across the shell. The best-performing photoanode consists of WO3 NWs
with average lengths of 2.5 µm, average diameters of 75 nm and average inter-wire
spacing of 350 nm, coated with a W:BiVO4 layer of 60 nm average thickness.
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Figure 7.2. Crystallographic and chemical characterization of the WO3/W:BiVO4
core/shell NWs and control samples. (a) X-ray diffraction (XRD) patterns of the
WO3/W:BiVO4 NWs, a porous planar W:BiVO4 film containing the same mass of Bi
as that in the core-shell NWs (hereafter referred to as the same-mass W:BiVO4 film),
the bare WO3 NWs, and the bare FTO (fluorine-doped tin oxide) substrate, showing
that monoclinic WO3 and monoclinic W:BiVO4 are the only phases present in the
WO3/W:BiVO4 core/shell NWs. The (002) peak of WO3 is enhanced relative to the
(020) and (200) peaks, indicating that the WO3 NW axis is along the [001] direction of
the NW crystals. (b) Results of TEM-energy dispersive X-ray spectroscopy (TEMEDS) on the WO3/W:BiVO4 core/shell NW pictured in the inset TEM image, showing
the interdiffusion of elements at the interface and gradient doping of W into the BiVO4
shell.
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Figure 7.3. Quantification of the W-doping concentration in the W:BiVO4 shell of
WO3/W:BiVO4 NWs by X-ray diffraction (XRD). As W is doped into BiVO4, the
BiVO4 crystal structure becomes distorted.197 The extent of this distortion is used to
estimate the W-doping level in the W:BiVO4 shell of the WO3/W:BiVO4 NWs by
comparison of the XRD pattern of the NWs with those of BiVO4 films prepared with
known W-doping levels. (a) The XRD pattern of the WO3/W:BiVO4 NWs is
compared to those of pure, 3% and 7% W-doped BiVO4 films. Consistent with
previous reports,185, 197-199 for the (200) and (002) peaks of undistorted BiVO4 at 2θ =
34.5 and 35.2°, denoted by the left arrow in (a) and enlarged in (b), and the (240) and
(024) peaks of undistorted BiVO4 at 2θ = 46.7 and 47.3°, denoted by the right arrow in
(a) and enlarged in (c), both converge to form single peaks when the W-doping is 7%,
while separate peaks are clearly distinguishable even at 3% doping. Since the peaks in
the WO3/W:BiVO4 NWs have nearly converged, the average W-doping level in the
BiVO4 shell is estimated to be about 7%. The peak indicated by an arrow in (c) is due
to WO3.
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7.3. PEC Performance of WO3/W:BiVO4 Core/shell NWs
7.3.1. Photocurrent and IPCE
The PEC performance of the WO3/W:BiVO4 core/shell NW photoanode (masked to
expose an illuminated area of 0.63 cm2) was evaluated by measuring the current
density-voltage (J-V) curve and incident photon-to-current conversion efficiency
(IPCE) plot under electrolyte-side illumination (as shown in Figure 7.1a) in aqueous
0.5 M potassium phosphate solution that is buffered to pH 8. The photocurrent of the
WO3/W:BiVO4 core/shell NWs (J-V curve in Figure 7.4a) reaches 3.1 mA/cm2 at a
potential of 1.23 V vs. RHE under the simulated AM 1.5G illumination, and closely
matches the photocurrent of 3.0 mA/cm2 obtained by integrating the measured IPCE
(Figure 7.4b) over the standard AM 1.5G spectrum. These photocurrent values of the
WO3/W:BiVO4 NWs without the addition of OER catalysts are quite close to that
achieved at the same potential by the best-performing W-gradient doped BiVO4
photoanode with an OER catalyst added for which, although a value of 3.6 mA/cm2
was reported at 1.23 V vs. RHE under simulated illumination, a value of ~3.4 mA/cm2
is obtained by multiplying 𝐽!"# (7.5 mA/cm2) by the reported 𝜂!"# of 75% and the
reported 𝜂!"# of 60% at 1.23 V vs. RHE, even if 𝜂!"#$% = 100%.183 Apart from that
best-performing W-gradient doped BiVO4 photoanode, for which IPCE was not
reported, the average IPCE of our WO3/W:BiVO4 core/shell NWs over the 300-450
nm range at 1.23 V vs. RHE is about 60%, which was the highest at the time for any
BiVO4-based photoanode at this potential, including those with added OER
catalysts.184, 185, 189, 191, 194, 200, 201
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Figure 7.4. Photoelectrochemical response of the WO3/W:BiVO4 NW photoanode and
control samples in 0.5 M potassium phosphate electrolyte buffered to pH 8. (a)
Current-voltage (J-V) curves (solid lines: simulated AM 1.5G illumination, dotted
lines: dark) and (b) Incident photon-to-current efficiency (IPCE) measured at 1.23
VRHE.

To evaluate possible synergistic effects between WO3 and W:BiVO4 in the core/shell
NWs, J-V curves (Figure 7.4a) and IPCEs (Figure 7.4b) were also measured for the
bare WO3 NW array and a porous 1.5 µm-thick 7% W-doped BiVO4 film containing
the same mass of Bi as that in the core/shell NWs (hereafter referred to as the ‘samemass W:BiVO4 film’, SEM images provided in Figure 7.1d). 7% W-doping was
chosen because it matches the average doping level in the W:BiVO4 shell of the
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WO3/W:BiVO4 NWs. The same-mass W:BiVO4 film was prepared by drop-casting a
solution containing B:V:W = 100:93:7 onto bare FTO glass, with drop-casting and
subsequent annealing steps identical to those used for the WO3/W:BiVO4 NWs. The
W ions were obtained by dissolution of H2WO4 in 30% aqueous H2O2 followed by
dilution in deionized water. As shown in Figure 7.4a, while the WO3 NWs and samemass W:BiVO4 film separately generate photocurrents of 1.1 and 0.4 mA/cm2 at 1.23
V vs. RHE, respectively, the WO3/W:BiVO4 NWs generate a photocurrent of 3.1
mA/cm2 at 1.23 V vs. RHE, which is more than twice the sum of the separate
photocurrents, indicating a powerful synergistic effect between the WO3 core and the
W:BiVO4 shell. This synergy is also evident in the IPCE results (Figure 7.4b,
measured at 1.23 V vs. RHE). As will de described next, light in the 300-515 nm
wavelength range is primarily absorbed in the W:BiVO4 shell, since it is the outer
material and a stronger light-absorber than WO3. Nevertheless, the average IPCE of
the WO3/W:BiVO4 NWs over the 300-450 nm wavelength range (~60 %) is more than
four times higher than that of the same-mass W:BiVO4 film (13%), and is similar to
the maximum IPCE of the WO3 NWs. This indicates that the WO3 NWs are improving
the collection efficiency of charges generated in W:BiVO4, which is a synergistic
effect. In other words, these IPCE results suggest that the WO3/W:BiVO4 core/shell
NWs utilize the best properties of each component in that they absorb light like
BiVO4, and have charge transport properties similar to WO3, as will be elaborated
next.
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7.3.2. Light Absorption Efficiency
Next, we determine the reasons for the excellent performance of the WO3/W:BiVO4
core/shell NWs by extracting the efficiencies of the sub-processes 𝜂!"# , 𝜂!"# , and
𝜂!"#$% and comparing them, as appropriate, to those of the bare WO3 NWs and samemass W:BiVO4 film. The wavelength-dependent optical absorption properties of the
samples were obtained with an integrating sphere using illumination from a Xe lamp
coupled to a monochromator. For the absorption measurements, the samples were
placed in the center of the sphere, with light incident normal to the sample surface. For
the reflectance measurements, the samples were aligned to a port at the backside of the
integrating sphere and the reflectance spectra were normalized to the reflection of a
white standard. A calibrated silicon photodiode at a second port was used to measure
the unabsorbed and reflected light, respectively. Firstly, the light absorption spectrum
of the WO3/W:BiVO4 NWs (Figure 7.5a) closely resembles that of BiVO4, with
absorption onset at 515 nm (~2.4 eV) and a smooth rise to nearly complete absorption
at 450nm. Since the bare WO3 NWs hardly absorb any light at these wavelengths, the
strong light absorption by the core/shell NWs, especially around 450 nm, indicates
that light absorption occurs efficiently in the W:BiVO4 shell despite the small
W:BiVO4 shell thickness of only 60 nm, which is far below the light absorption depth
of about 250 nm at 450 nm.185, 202 This strong absorption can be attributed to the long
path for light, which is equal to the NW length, through the W:BiVO4 shell. Based on
the strong absorption at these longer wavelengths and since it is the outer material, the
W:BiVO4 shell should absorb most of the light in the entire 300-515 nm wavelength
range. Nevertheless, some light of wavelength shorter than 460 nm will also enter the
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WO3 NW cores through their tips where the W:BiVO4 coating is very thin, and be
absorbed by WO3. Moreover, 𝜂!"# of the WO3/W:BiVO4 NWs, when the absorption is
integrated over the AM 1.5G spectrum, is 69%, which is slightly higher than the 66%
𝜂!"# of the 1.5 µm-thick porous same-mass W:BiVO4 film due to reduced reflection
by the NWs. Nevertheless, the light absorption enhancement is much smaller than the
over four-fold IPCE enhancement between the WO3/W:BiVO4 NWs and same-mass
W:BiVO4 film, indicating that light absorption is not the main reason for the
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Figure 7.5. Efficiencies of sub-processes that comprise the overall
photoelectrochemical response of the WO3/W:BiVO4 NW photoanode and control
samples. (a) Light absorption efficiency (𝜼𝒂𝒃𝒔 ) and (b) J-V curve under simulated AM
1.5G illumination with H2O2 added to the potassium phosphate electrolyte as a hole
scavenger, which demonstrates the photocurrent achieved when the surface charge
transfer efficiency is nearly 100%. (c) Charge separation (𝜼𝒔𝒆𝒑 ) and (d) surface charge
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transfer efficiency (𝜼𝒕𝒓𝒂𝒏𝒔 ) of the WO3/W:BiVO4 NWs and, where appropriate, the
bare WO3 NWs and same-mass W:BiVO4 film.

7.3.3. Charge Separation and Charge Transfer Efficiencies
The charge separation and surface transfer efficiencies 𝜂!"# and 𝜂!"#$% are determined
by adding a fast hole scavenger to the electrolyte. Specifically, J-V curves were
measured with 0.5 M H2O2 added to the 0.5 M potassium phosphate electrolyte as a
hole scavenger. Since the rate of charge transfer to the electrolyte by oxidation of
H2O2 at the semiconductor/electrolyte interface is very fast, it can be assumed that the
surface recombination of charges is eliminated and 𝜂!"#$% (𝐻! 𝑂! ) ≈ 100%.185,

188

While the H2O oxidation photocurrent is given by 𝐽!! ! = 𝐽!"# ×𝜂!"# ×𝜂!"# ×𝜂!"#$% ,
the H2O2 oxidation photocurrent is given by 𝐽!! !! ≈ 𝐽!"# ×𝜂!"# ×𝜂!"# . Since the
addition of H2O2 did not change the light absorption, pH or flat band potentials of the
photoanodes, and the saturated photocurrents for H2O and H2O2 oxidation were the
same for each electrode, indicating that no current doubling occurs in the presence of
H2O2, 𝐽!"# ,  𝜂!"# and 𝜂!"# are the same for 𝐽!! !! and 𝐽!! ! .185,

188

As shown in

Figure 7.5b, when H2O2 is added to the electrolyte, the WO3/W:BiVO4 NWs generate
a photocurrent nearly equal to 4.0 mA/cm2 at 1.23 V vs. RHE under precisely
simulated AM 1.5G illumination, indicating that the 𝜂!"# ×𝜂!"# (= 𝐽!! !! /𝐽!"# )
product equals 53%, which was the highest value for any reported BiVO4-based
photoanode at the time. The photocurrent onset at around 0.45 V vs. RHE is close to
the flat band potential of WO3 (~0.4 V vs. RHE

190

), as expected. Importantly, these

high photocurrents at potentials below 1.23 V vs. RHE could be achieved for H2O
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oxidation by the addition of OER catalysts. Such a photoanode would then be
extremely promising for PEC water-splitting with a tandem photocathode which
would supply the necessary bias and perform H2O reduction.
Moreover, the charge separation and surface transfer efficiencies can be individually
calculated as 𝜂!"# ≈ 𝐽!! !!

𝐽!"# ×𝜂!"# and 𝜂!"#$% ≈ 𝐽!! ! 𝐽!! !! , and are plotted in

Figure 7.5c and d, respectively. The 𝜂!"#$% of the WO3/W:BiVO4 NWs (78%) is
higher than that of the porous same-mass W:BiVO4 film (62%) at 1.23 V vs. RHE,
perhaps indicating that the surface area of the NWs is higher than that of the porous
film. However, this is not sufficient to explain the nearly 8 times higher photocurrent
of the WO3/W:BiVO4 NWs at 1.23 V vs. RHE, which means that the improvement
must primarily come from increased 𝜂!"# . As expected, charge separation in the samemass 1.5 µm-thick polycrystalline W:BiVO4 (13% at 1.23 V vs. RHE) is extremely
poor due to strong bulk recombination, since the average particle radius of 250 nm is
larger than the hole diffusion length in W:BiVO4 (70-100nm185, 203, 204) and the film
thickness is much larger than the 300-nm electron diffusion length.184 On the other
hand, charge separation in the WO3/W:BiVO4 NWs (77% at 1.23 V vs. RHE) is
relatively more efficient.
Next, we examine the reasons for the high charge separation efficiency of the
WO3/W:BiVO4 core/shell NWs. Charges are generated mostly by light absorption in
the W:BiVO4 shell, and to a smaller extent by light absorption in the WO3 NW cores.
First, considering charges generated in the 60-nm thick W:BiVO4 shell, holes can
readily reach the semiconductor/electrolyte interface because they only need to travel
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a short distance that is less than the reported hole diffusion length (70-100nm185, 203,
204

) in W-doped BiVO4. Holes generated in the W:BiVO4 shell also have a low

probability of reaching and recombining at defect states at the FTO/semiconductor
interface186, 187 because WO3, due to its lower-lying valence band, serves as a ‘hole
mirror’. For electrons, their diffusion lengths in W:BiVO4 and WO3 are ~300184 and
~500nm,205 respectively, which are shorter than the length of the NWs, so the electron
transport to the current collector will rely on drift and hence prefer the high electrical
conductivity pathway. The axial electron conductivity of the WO3 NWs (Figure 7.6) is
determined to be on the order of 1 S/cm, which is much higher than that of the 7%W:BiVO4 film (10-8 S/cm) estimated by an impedance measurement (Figure 7.7).
Hence, electrons generated in the W:BiVO4 shell will first travel radially inwards to
the WO3 cores, and then travel to the current collector through WO3. In addition, apart
from the small thickness of the W:BiVO4 shell, the electric fields due to the gradient
W-doping183 and the staggered type-II WO3/W:BiVO4 heterojunction190,

193

also

significantly improve 𝜂!"# as evidenced by the fact that 𝜂!"# in an undoped BiVO4
layer of similar thickness was reported to be only 20% at 1.23 V vs. RHE.187 Second,
as seen by comparing to 𝜂!"# of the bare WO3 NWs (Figure 7.4c), charges generated
in the 75-nm diameter WO3 NW cores also have high 𝜂!"# . Holes can readily reach the
electrolyte by first transferring to W:BiVO4 across the WO3/W:BiVO4 heterojunction
since the NW diameter is smaller than the hole diffusion length of ~150 nm.206
Electrons can reach the current collector directly and efficiently because of the high
electrical conductivity of WO3. Therefore, as a result of efficient charge separation in
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both the core and shell, the charge separation efficiency in the WO3/W:BiVO4
core/shell NWs is much higher than that in the same-mass W:BiVO4 film.
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Figure 7.6. Measurement of conductance of single WO3 NWs. WO3 NWs were
removed from the growth substrate by sonication in IPA and then drop-casted onto
a SiO2/Si substrate, after which Pt contacts were deposited on both ends of
the WO3 NW using a focused ion beam (FEI Strata DB235). The current–voltage (I–
V) measurements were conducted at room temperature using a semiconductor analyzer
(Keithley Model 4200-SCS) with tungsten probes. A measured WO3 NW is shown in
the SEM inset (52° tilt). A conductance of 6 × 10-6 S was calculated based on a current
of 6.3 µA at an applied voltage of 1 V, and a conductivity of 5 S/cm was calculated
based on the NW diameter of 160 nm and length of 1600 nm (corrected for tilt). Since
WO3 is an n-type material and the measurement was performed in the dark, this is
purely a measure of electron conductivity. The measured conductivity closely matches
the conductivity of single crystal monoclinic WO3 NWs with the same [001] growth
direction found by others using conductive atomic force microscopy (~1.8 S/cm).207,
208
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Figure 7.7. The Nyquist plot from the impedance measurement of a 7% W-doped
BiVO4 film, and the equivalent circuit used to fit the measured data. The AC
impedance was measured in the dark at room temperature using a 2-probe setup and
an impedance analyzer (Agilent Model 4294A) with an applied potential of 500 mV
over the frequency range of 40 Hz to 10 MHz. One probe was attached to the exposed
surface of a conductive FTO (fluorine-doped tin oxide) glass sheet coated with a 7 at%
W:BiVO4 film. The second probe was connected to a piece of adhesive copper tape
(Ted Pella) pressed onto the W:BiVO4 film. The Nyquist plot shows a broadened arc
which can be decomposed into semicircles by means of the equivalent electrical
circuit, which consists of three pairs of parallel-connected capacitors and resistors
connected in series. Pair # 1 produces the high-frequency semicircle and is due to the
bulk impedance; pair # 2 produces the middle-frequency semicircle and is due to the
grain boundary impedance; and Pair # 3 produces the low-frequency semicircle and is
due to the film/electrode interface impedance. The bulk conductivity was calculated to
be 4 × 10-8 S/cm from the fitted value of R1 (125 ohm), using the film thickness
measured from cross-section SEM images (50 nm), and the area of the copper tape
(1cm2). Since W:BiVO4 is an n-type material and the measurement was performed in
the dark, this is purely a measure of electron conductivity.

7.3.4. Stability and Faradaic Efficiency
Lastly, the stability of the WO3/W:BiVO4 core/shell NWs and their faradaic efficiency
for water oxidation were evaluated in a three-electrode configuration with the
photoanode (~1 cm2 masked area) as the working electrode, a Ag/AgCl (1M KCl)
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reference electrode, and a Pt wire as the counter electrode. The potential of the
photoanode was determined using V vs. RHE (volt) = V vs. Ag/AgCl (volt) + [0.059
(volt) × pH] + 0.236 (volt). The experiment was conducted in a sealed cell containing
0.5 M Na2SO4 electrolyte (pH~ 6) through which He carrier gas was flowed at a rate
of 5 sccm. After purging the electrolyte of dissolved oxygen, the potential of the
photoanode was held at 1.23 V vs. RHE under simulated AM 1.5G illumination using
a potentiostat, and both the photocurrent and the oxygen gas concentration in the He
carrier were monitored (Figure 7.8). The concentration of oxygen in the He carrier, as
measured by gas chromatography (SRI Instruments), increased and then reached a
steady value at around 30 minutes once the dissolved oxygen content in the electrolyte
reached a steady value. Bubbles were continuously evolved from the photoanode, and
the accumulation and release of these bubbles led to the observed variations in
photocurrent over the duration of the measurement. The photocurrent of the
WO3/W:BiVO4 NWs remained at approximately 3.1 mA/cm2 over 1 hour without
degradation, and the faradaic efficiency for water oxidation to O2 was found to be
79%. This result shows that the WO3/W:BiVO4 NWs are stable and are indeed
oxidizing water into O2.
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Figure 7.8. Stability and faradaic efficiency of the WO3/W:BiVO4 NW photoanode in
0.5 M Na2SO4 under simulated AM 1.5G illumination.

7.3.5. Comparison with Literatures
Compared to the recent top-performer, a 200-nm thick gradient-doped compact
W:BiVO4 film synthesized on a textured substrate which achieved 𝜂!"# ≈ 75% and
𝜂!"# ≈ 60% at 1.23 V vs. RHE,183 the 𝜂!"# of the present WO3/W:BiVO4 NWs (69%) is
very similar despite the small BiVO4 thickness of 60 nm due to the long optical path
for light absorption along the NW length. At the same time, 𝜂!"# of the present
WO3/W:BiVO4 NWs (77%) is significantly higher due to the small BiVO4 thickness
(60 nm vs. 200 nm), and the presence of the conductive WO3 NW pathway for
electron transport. The efficiency of the present WO3/W:BiVO4 NW photoanodes is
also higher than that of a previously-reported WO3/BiVO4 core/shell nanorod
photoanode193 and a WO3 NW/BiVO4 heterojunction photoanode,194 for a number of
reasons. In the case of the previously reported WO3/BiVO4 core/shell nanorods,193 a
thin BiVO4 layer was deposited onto short (500-1000 nm) WO3 nanorods which had a
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hexagonal crystal structure. In the present study, we synthesize longer (2.5 µm)
WO3 NWs with a higher surface area, which permits a higher BiVO4 loading and
therefore higher light absorption, and with a monoclinic WO3 crystal structure which
results in faster electron transport compared to the hexagonal structure, therefore
allowing more efficient charge separation. In the case of the previously reported WO3
NW/BiVO4 heterojunction, which achieved a photocurrent density of ~2.5 mA/cm2 at
1.23 V vs. RHE under simulated AM 1.5G illumination when coated with an OER
catalyst and ~2.1 mA/cm2 without the OER catalyst,194 a 1 µm-thick layer of porous
BiVO4 was deposited on top of a 1 µm-thick porous WO3 film which was composed
of multiple layers of urchin-like structures consisting of short (< 600 nm length) WO3
NWs. The charge separation efficiency in the present WO3/W:BiVO4 NWs is expected
to be much higher than in this heterojunction film because of the much smaller BiVO4
thickness and the presence of continuous WO3 NW crystals (rather than multiple
layers of shorter NWs) which directly conduct electrons to the substrate.

7.4. Coupling of Photoanodes with Oxygen Evolution Catalysts
Despite the simultaneously improved light absorption and charge separation in the
WO3/W:BiVO4 core/shell nanowire photoanode, its performance is still greatly limited
by the poor surface charge transfer kinetics for the oxygen evolution reaction (OER).3,
62, 63

Therefore, oxygen evolution catalysts (OECs) need to be added to the

WO3/W:BiVO4 core/shell nanowire photoanode to improve the surface charge transfer
efficiency.85, 209-213 many earth-abundant oxygen evolution catalysts (OECs) have been
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developed, ranging from cobalt phosphate (CoPi), Fe, Ni or Co based oxides, to Ni
and Fe based (oxy)hydroxides ((Ni,Fe)OOH).79,

214-219

In particular, (Ni,Fe)OOH,

proposed since early 1980s,220 was recently benchmarked as among the most active
earth-abundant OECs.221-224 In these studies, the electrocatalytic activities of
(Ni,Fe)OOH have been mainly characterized on conductive substrates (e.g., Fluorinedoped SnO2 coated glass, FTO), not on photoanodes.217-228 However, the observed
high OER activities of (Ni,Fe)OOH on FTO may not be held when coupling
(Ni,Fe)OOH onto photoanodes, since the OER activity also depends on the interface
and coating quality.79, 229-233 Hence, for PEC devices, it is necessary to evaluate those
OECs together with photoanodes.
Recently, several pioneer studies successfully coupled (Ni,Fe)OOH onto several
PEC photoanodes, including BiVO4, Fe2O3 and WO3, and the coated photoanodes
exhibit excellent PEC performance and stability.79, 214, 234, 235 Despite these exciting
progresses in coupling active (Ni,Fe)OOH with photoanodes, the deposition
techniques of (Ni,Fe)OOH onto photoanodes remain very limited. Almost all those
studies have used either electrodeposition or photodeposition methods for depositing
(Ni,Fe)OOH on photoanodes. Both electrodeposition and photodeposition methods are
sensitive to the detailed structures of the photoanodes, since both the local electrical
field and photogenerated carrier concentrations are affected by the local morphology
and light absorption of the photoanodes. As such, these two deposition methods may
not be able to coat highly anisotropic and heterogeneous structures with uniform
(Ni,Fe)OOH.236-241 Finally, it is difficult for both deposition methods to deposit
(Ni,Fe)OOH with Ni and Fe in a single step, as Ni and Fe ions have quite different
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redox potentials.79, 225 Hence, more deposition methods of (Ni,Fe)OOH need to be
developed to facilitate their coupling onto diverse photoanodes. This section presents a
facile and mild hydrothermal method to deposit Ni:FeOOH OECs on WO3/W:BiVO4
core/shell NWs, which significantly enhances their PEC performance. This
hydrothermal deposition method dopes FeOOH with Ni during the growth to further
enhance its OER activity. The hydrothermally deposited Ni:FeOOH has an amorphous
matrix in the long range with small embedded domains resembling the β-FeOOH
phase structure, which is different from the previously reported γ-FeOOH or αFeOOH phase formed by photodeposition or electrodeposition.214, 216 The β-FeOOH
phase was only recently applied as an OEC on α-Fe2O3 for PEC water splitting, but the
addition of β-FeOOH did not lower the photocurrent onset potential of α-Fe2O3
photoanodes.242 In contrast, we found that β-FeOOH actually lowers the photocurrent
onset potential and increases the charge transfer efficiency of diverse photoanodes,
and such effect is even more prominent with Ni doping. In particular, the Ni:FeOOH
coated WO3/BiVO4 core/shell NWs achieve a charge transfer efficiency of 91% at
1.23 V vs. RHE that is comparable to the highest charge transfer efficiency of 95% at
1.23 V vs. RHE reported for photoanodes deposited with FeOOH-based-OECs using
photodeposition.79

7.4.1. Hydrothermal Deposition of Ni:FeOOH OECs
The hydrothermal deposition process of Ni:FeOOH on WO3/BiVO4 core/shell NW
photoanode is shown in Figure 7.9. The hydrothermal deposition recipe for Ni:FeOOH
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is adapted from previous recipe for the hydrothermal growth of FeOOH with
modification to enable Ni doping.243 Specifically, two separate solutions of 30 mM
FeCl3 and 30 mM NiCl2 in deionized (DI) water were prepared. In both solutions, 45
mM urea was added to serve as the progressive OH- releasing agent. Next, appropriate
amounts of the FeCl3 and NiCl2 solutions were mixed to prepare precursor solutions in
25 mL with [Ni2+]/[Fe3+] ratios ranging from 49 to 1249. Such a [Ni2+]/[Fe3+] ratio
range corresponds to the growth of Ni:FeOOH with Ni doping concentration ranging
from 4% to 18%. It is critical to use a large [Ni2+]/[Fe3+] ratio to incorporate Ni2+ into
FeOOH because the solubility product constant of Ni(OH)2 (Ksp = 5.48 × 10-16) is
much larger than that of FeOOH (Ksp = 2.79 × 10-39).91 Then, the WO3/BiVO4
core/shell NW photoanodes were immersed in the precursor solution and kept there
for 30 to 45 min at 100 oC inside an oven. During this time, urea progressively
decomposes and releases OH-, which leads to the gradual co-precipitation of Fe3+ and
Ni2+ as (oxy)hydroxides onto the photoanode surface (Figure 7.9a). After the
deposition, the coated photoanodes were rinsed with DI water and air dried. The same
deposition process was also applied to other photoanodes investigated in present
study, including BiVO4 thin film, WO3 NWs, α-Fe2O3 NWs, TiO2 NWs and planar Si
wafers (n-type, 1 ~ 4 Ohm·cm), and these photoanodes were prepared using
previously reported methods.65, 76, 243-245 A key benefit of the hydrothermal deposition
method is that it provides conformal deposition of Ni:FeOOH with tunable Ni
concentration onto photoanodes in a single step.
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Figure 7.9. (a) Schematic of the one-step hydrothermal process for depositing
Ni:FeOOH OECs on anisotropic nanostructures, such as WO3/BiVO4 core/shell NWs.
Ultrathin Ni:FeOOH layer is conformally coated on the NWs with strong adhesion.
The as-deposited Ni:FeOOH is amorphous in long range but has a tunnel structure of
β–FeOOH phase in short range. SEM images show that the morphology of the
WO3/BiVO4 core/shell NWs (b) before and (c) after the hydrothermal deposition of
Ni:FeOOH is indistinguishable.

7.4.2. Material Characterization of Ni:FeOOH OECs
The morphology of the Ni:FeOOH catalysts decorated on the WO3/W:BiVO4
core/shell NWs was examined using scanning electron microscope (SEM) and
transmission electron microscope (TEM). The SEM (Figure 7.9c) and low
magnification TEM (Figure 7.10a) images show the morphology of a Ni:FeOOH
coated WO3/BiVO4 core/shell NW array and one of the NWs, respectively. At these
low magnifications, the morphology of the Ni:FeOOH coated WO3/BiVO4 core/shell
NWs is indistinguishable from the bare WO3/BiVO4 core/shell NWs (Figure 7.9b),
which suggests that the deposition of Ni:FeOOH by the hydrothermal deposition
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method has little impact on the morphology of the photoanodes. Closer examination of
the Ni:FeOOH coated WO3/BiVO4 core/shell NWs under higher magnification shows
that the entire surface of WO3/BiVO4 core/shell NW is covered by a uniform layer of
tiny nanoparticles, for which Figure 7.10b-d correspond to the top, middle and bottom
parts of the NW in Figure 7.10a. Further magnified TEM images (Figure 7.10e-g)
show that the Ni:FeOOH nanoparticles conformally coat the surface of the BiVO4
particle shell and the exposed WO3 NW core, and even the kinked junction between
them. Also, the thickness of the coated Ni:FeOOH nanoparticle layer is only about 5
to 10 nm throughout different parts of the NW. This conformal coating nature is
attributed to the uniform nucleation and gradual growth of the Ni:FeOOH
nanoparticles on the WO3/BiVO4 core/shell NW during the hydrothermal process.
Such conformal coverage of Ni:FeOOH over the entire photoanode surface will
improve both the water oxidation kinetics and stability of the photoanodes for PEC.246,
247

The TEM images (Figure 7.10e-g) also show that the Ni:FeOOH layer has close

contact with the core/shell NW that is beneficial for the good interface quality. Finally,
such thin Ni:FeOOH catalyst layer (5 – 10 nm) has little light blocking effect on the
photoanodes. All the above properties of hydrothermally deposited Ni:FeOOH allow it
to be directly coupled to optimized photoanodes to enhance their PEC performance.
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Figure 7.10. TEM images of a single Ni:FeOOH coated WO3/BiVO4 core/shell NW:
(a) low magnification showing that the NW is composed of BiVO4 particles on top of
a WO3 NW; (b) – (g) higher magnification showing that the surface and interface of
top, middle and bottom parts of the NW (a) are conformally covered by a layer of
Ni:FeOOH (5 ~ 10 nm).

The chemical composition and oxidation state of the hydrothermally deposited
Ni:FeOOH were examined by XPS. Figure 7.11a-c show the high-resolution XPS
spectra of the Fe 2p, Ni 2p and O 1s regions for the as-deposited catalysts. The Fe 2p
XPS spectrum (Fig. 7.11a) shows two major peaks: ~ 711.2 eV for Fe 2p3/2 and ~
725.0 eV for Fe 2p1/2, and the binding energies of both peaks match well with the
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characteristics of Fe3+ in FeOOH.248-250 The Fe 2p XPS spectrum also exhibits two
small satellite peaks located at higher binding energies: ~ 719.0 eV for Fe 2p3/2, sat and
~ 733.0 eV for Fe 2p1/2, sat, which can be ascribed to the charge transfer or shake-up
processes associated with Fe3+.251 These features of the Fe 2p XPS peaks indicate that
the oxidation state of Fe in the as-deposited catalysts is 3+ and the Fe3+ ions exist in
the form of FeOOH. The Ni 2p XPS spectrum (Figure 7.11b) has a small Ni 2p3/2 peak
at ~ 855.9 eV and an associated satellite peak at ~ 861.6 eV. These two Ni 2p3/2 peaks
suggest that the oxidation state of Ni is 2+ and Ni2+ ions are successfully incorporated
in the as-deposited FeOOH catalysts.252-254 The atomic ratio of Ni/Fe in Ni:FeOOH
was estimated by the area ratio of the Ni 2p3/2 and Fe 2p3/2 XPS peaks, and it is about
7.5%. The O 1s XPS spectrum in Figure 7.11c shows an asymmetric peak with a
shoulder on the left. This peak can be fitted into two main constituent peaks centered
at 530.1 and 531.2 eV, which correspond to O2- and OH-, respectively.216,

225, 248

Overall, the XPS spectra analysis confirms that the as-deposited catalysts are indeed
Ni:FeOOH.
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Figure 7.11. XPS spectra of the (a) Fe 2p, (b) Ni 2p and (c) O 1s regions for the
hydrothermally deposited Ni:FeOOH. (d) XRD spectra of the Ni:FeOOH coated
WO3/BiVO4 core/shell NWs, the bare WO3/BiVO4 core/shell NWs and the standard βFeOOH (ICDD PDF # 04-009-0709), α-FeOOH (ICDD PDF # 00-029-0713) and γFeOOH (ICDD PDF # 04-010-4300) references. (e) Raman spectra of the Ni:FeOOH
on a Ti foil and the bare Ti foil as reference.

The crystallinity and phase of the Ni:FeOOH catalysts were further characterized
using XRD and Raman spectroscopy. For the XRD measurement, thick Ni:FeOOH
film (~ 500 nm) was deposited on top of WO3/BiVO4 core/shell NWs to ensure that
the amount of Ni:FeOOH is much higher than the XRD detection limit. As shown in
Figure 7.11d, the XRD pattern of the Ni:FeOOH coated WO3/BiVO4 NWs is identical
to the bare WO3/BiVO4 NWs with peaks corresponding to WO3 and BiVO4 only. No
diffraction peaks corresponding to crystalline (α-, β-, or γ-) FeOOH phases were
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detected. The XRD result suggests that the as-deposited Ni:FeOOH catalysts are
predominately amorphous in the long range. The amorphous nature of the as-deposited
Ni:FeOOH can also be seen in the HR-TEM images (Figure 7.10e-g) where
Ni:FeOOH nanoparticles do not show obvious lattice fringes. We further investigated
if the as-deposited Ni:FeOOH has any short-range order using Raman spectroscopy.
For the Raman characterization, a Ni:FeOOH film about 100 nm thick was deposited
on a Ti foil to avoid the strong background peaks from WO3 and BiVO4. The Raman
spectrum of the Ni:FeOOH film on the Ti foil shows several broad peaks around 310,
385, 417, 545, 673 and 720 cm-1 (Figure 7.11e, triangle symbols). These peaks all
match with the peak positions of β-FeOOH.255 The broadening nature of these peaks
indicates some long-range disorder of β-FeOOH,216 which is consistent with the
amorphous nature from the XRD and TEM results. Therefore, the combined XRD,
TEM and Raman characterizations suggest that the structure of the as-deposited
Ni:FeOOH has an amorphous matrix in the long range with some small embedded
domains resembling the β-FeOOH phase structure.

7.4.3.

Effect

of

Ni:FeOOH

on

the

PEC

Performance

of

WO3/W:BiVO4 NWs
The effect of the hydrothermally deposited Ni:FeOOH catalysts (7.5% Ni doping) on
the PEC performance of WO3/BiVO4 core/shell NW photoanode was evaluated using
linear sweep voltammetry under front-side illumination (AM 1.5 G, 100mW/cm2) in a
0.5 M potassium phosphate buffer solution (pH = 7). The measured current density
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versus potential (J – V) curve of the Ni:FeOOH coated WO3/BiVO4 core/shell NWs is
shown in Figure 7.12a. The photocurrent density of the Ni:FeOOH coated
WO3/BiVO4 core/shell NWs reaches about 4.5 mA/cm2 at 1.23 V vs. RHE, which is
comparable to the state-of-art nanoporous BiVO4 photoanode coated with the
photodeposited FeOOH/NiOOH dual catalyst layers (4.5 mA/cm2 at 1.23 V vs.
RHE).79 To evaluate the OER activity of Ni:FeOOH, Figure 7.12a also plots the J – V
curves of the bare WO3/BiVO4 core/shell NWs measured in the same electrolyte with
and without the addition of 0.5 M H2O2. Here, H2O2 serves as a hole scavenger with
facile oxidation kinetics, so the photocurrent measured with H2O2 represents the
performance limit that a photoanode can achieve when the surface charge transfer
efficiency is 100%. Compared to the bare WO3/BiVO4 core/shell NWs, the Ni:FeOOH
coated core/shell NWs show about a 200 mV cathodic shift of photocurrent onset
potential and steeper rising of photocurrent. Importantly, the photocurrent density of
the Ni:FeOOH coated core/shell NWs approaches to the photocurrent limit measured
with H2O2, and this indicates that the hydrothermally deposited Ni:FeOOH is indeed
an effective OEC.
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Figure 7.12. (a) Photocurrent density versus potential curves of the WO3/BiVO4
core/shell NWs with/without Ni:FeOOH OECs in a 0.5 M potassium phosphate
electrolyte (PH = 7), and the uncoated NWs in the same electrolyte with H2O2 added.
Solid lines: simulated AM 1.5 G illumination, dotted lines: dark. (b) Charge transfer
efficiency and (c) light absorption efficiency of the WO3/BiVO4 core/shell NWs with
and without Ni:FeOOH OECs. (d) Stability measurement of the Ni:FeOOH coated
WO3/BiVO4 core/shell NWs in a 0.5 M potassium phosphate electrolyte buffered to
pH 7 under simulated AM 1.5 G illumination (at 0.8 V vs. RHE).

To further quantify the effect of Ni:FeOOH on the interfacial charge transfer process
between the photoanode and the electrolyte, the charge transfer efficiencies (ηtransfer) of
the bare and Ni:FeOOH coated WO3/BiVO4 core/shell NWs were calculated and
compared in Figure 7.12b. In the low applied potential region (below 1.2 V vs. RHE),
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the addition of Ni:FeOOH significantly increases the charge transfer efficiency. For
example, the addition of Ni:FeOOH increases the ηtransfer from 6% to 77% at the
potential of 0.8 V vs. RHE. In the high applied potential region (above 1.2 V vs.
RHE), the ηtransfer of the Ni:FeOOH coated WO3/BiVO4 core/shell NWs saturates and
reaches as high as 91% at 1.23 V vs. RHE, which is comparable to the highest charge
transfer efficiency of 95% at 1.23 V vs. RHE reported for the nanoporous BiVO4
photoanode coated with the FeOOH/NiOOH dual catalyst layers by the
photodeposition method.79 Such high ηtransfer is ascribed to the conformal coverage of
Ni:FeOOH on the WO3/BiVO4 NW surface and their excellent interface quality.
In addition to the good charge transfer activity of Ni:FeOOH, its light absorption
property is also an important factor to consider when coupling with photoanodes. The
ideal OECs should absorb light as little as possible to avoid blocking light absorption
by the photoanodes. Figure 7.12c shows that the wavelength-dependent light
absorption of the Ni:FeOOH coated WO3/BiVO4 core/shell NWs is almost the same as
that of the bare NWs, and it is only slightly higher (~ 3.5%) in the wavelength region
of 500–570 nm. The nearly identical light absorption after the deposition of
Ni:FeOOH is attributed to its very thin thickness (5 ~ 10 nm) as shown in Figure 7.10.
As a result, front illumination, in contrast to back illumination,79, 214 can be used for
the Ni:FeOOH coated WO3/BiVO4 core/shell NW photoanode, which is desirable for
the integration with photocathodes into a monolithic tandem PEC system.
The stability of the Ni:FeOOH coated WO3/BiVO4 core/shell NWs was evaluated
under AM 1.5G illumination in a 0.5 M potassium phosphate buffer solution at pH = 7
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using a three-electrode configuration. The photocurrent density over time was
recorded while the potential of the photoanode was held at 0.8 V vs. RHE. As shown
in Figure 7.12d, the photocurrent of the Ni:FeOOH coated WO3/BiVO4 core/shell
NWs remains around 2.7 mA/cm2 over the test period of 3 hr with no sign of
degradation. This good stability again supports that the hydrothermal route deposits
conformal and strongly bonded Ni:FeOOH OECs onto the surface of WO3/BiVO4
core/shell NWs.

7.4.4. Origins for the Good Activity of Ni:FeOOH OECs
Next, we explore the compositional and structural origins of the good performance of
the hydrothermally grown Ni:FeOOH when coupled to WO3/W:BiVO4 core/shell NW
photoanode. Previous studies showed that the mixed Ni-Fe oxyhydroxides have better
OER activities than FeOOH when coated on conductive substrates under dark in the
absence of photoanodes and illumination.217, 221 To test if the same observation holds
when (Ni,Fe)OOH is coupled onto photoanodes, we varied the Ni doping
concentration in Ni:FeOOH during the hydrothermal synthesis, and compared their
catalytic effects on planar BiVO4 thin films (~ 50 nm, Figure 7.13a). Clearly, the
amount of Ni doping affects the PEC performance of Ni:FeOOH coated BiVO4 film.
For better comparison, their charge transfer efficiencies were calculated and plotted as
a function of the Ni doping concentration in Ni:FeOOH in Figure 7.13b. The charge
transfer efficiency first increases and then decreases as the Ni doping concentration
increases, with an optimal achieved at Ni/Fe = 7.5%. This trend is different from that
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of the previously reported Ni:FeOOH on a conducting substrate in dark, which shows
a monotonic overpotential decrease with increasing Ni concentration in Ni:FeOOH.225
This comparison demonstrates that the performance of OECs is affected by the
presence of photoanodes. In other words, the OER activity determined for OECs on
conductive substrates cannot be directly applied to integrated photoanode/OEC
system. For PEC water splitting, the design and optimization of OEC need to be
investigated together with photoanodes.
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Figure 7.13. (a) Photocurrent density versus potential curves of BiVO4 planar films (~
50 nm) with and without Ni:FeOOH (Ni/Fe ratios vary between 0.0% and 18.3%) in a
0.5 M potassium phosphate electrolyte buffered to pH 7 under AM 1.5 G illumination.
(b) Charge transfer efficiency of the Ni:FeOOH coated BiVO4 film at 0.5 V vs. RHE
versus the Ni/Fe ratio in the hydrothermally deposited Ni:FeOOH.

The good PEC performance of the hydrothermally grown Ni:FeOOH when coupled to
diverse photoanodes also has its structural reasons. First, the local structure of
Ni:FeOOH resembles that of the β-FeOOH phase, which is distinguished from the
previously reported α- and γ-FeOOH OECs prepared by electrodeposition.214, 216 βFeOOH has an open square tunnel type of structure (0.5 nm × 0.5 nm in size, Figure
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7.9a)256 that we think could facilitate the transport of electrolyte ions, water molecules
and evolved O2 gas through the catalyst layer, accelerating the water oxidation
reaction. Second, according to previous studies, the ion-permeable catalysts such as
NiOOH form adaptive Schottky junctions with light-absorbing semiconductors, which
increases the photovoltage and fill factor.257 The same effect can be expected for
Ni:FeOOH due to its tunnel structure and its associated ion permeability. Hence, we
conclude that both the β-FeOOH phase open tunnel structure and the Ni doping are
responsible for the observed high OER activity of the hydrothermally deposited
Ni:FeOOH on diverse photoanodes.

7.4.5. Effect of Ni:FeOOH on the PEC Performance of Other
Photoanodes
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Figure 7.14. Photocurrent density versus potential curves of (a) TiO2 NWs, WO3
NWs, Fe2O3 NWs, and (b) a planar n-type Si wafer with and without the Ni:FeOOH.
Solid lines: simulated AM 1.5 G illumination, dotted lines: dark.
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We further investigated if the hydrothermally deposited Ni:FeOOH OECs have similar
enhancement effects on other photoanodes, including WO3 NWs, α-Fe2O3 NWs, TiO2
NWs as well as planar n-type Si. As shown in Figure 7.14a, with the addition of
Ni:FeOOH, the photocurrents of TiO2, WO3 and α-Fe2O3 NWs all exhibit great
cathodic shift in the range of 50 – 150 mV. The planar n-type Si photoanode (Figure
7.14b) without any OECs has negligible photo-response due to its very poor surface
water oxidation kinetics. After the deposition of Ni:FeOOH, the planar n-type Si
photoanode shows an onset potential at about 1.0 V vs. RHE, which is comparable to
those of other OECs (NiOx or IrOx) coated n-Si photoanodes (1.0 ~ 1.1 V vs. RHE).258260

These results demonstrate that the hydrothermal deposition can be used to deposit

Ni:FeOOH OECs onto diverse photoanodes to improve their PEC performance.

7.5. Summary
In summary, we have developed a one-step hydrothermal method for depositing
Ni:FeOOH OECs onto diverse photoanodes to enhance their PEC water splitting
performance. The hydrothermal deposition method conformally coats photoanodes
with a 5 - 10 nm Ni:FeOOH thin layer with strong adhesion, leading to improved
charge transfer efficiency, little parasitic light absorption, and good stability under
illumination. The hydrothermally deposited Ni:FeOOH has tunable Ni doping
concentration and is amorphous in the long-range but resembles the open tunnel
structured β-FeOOH phase in the short range, and both these chemical and structural
factors contribute to its high OER activity. In particular, the Ni:FeOOH coated
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WO3/BiVO4 core/shell NWs photoanode achieves a photocurrent density of 4.5
mA/cm2 and a charge transfer efficiency of 91% at 1.23 V vs. RHE under AM 1.5G,
which is comparable to the state-of-art nanoporous BiVO4 photoanode with the
FeOOH/NiOOH dual catalyst layers. We believe that the one-step hydrothermal
deposition method for Ni:FeOOH is a valuable addition to the library of deposition
techniques for coupling OECs with photoanodes, facilitating the optimization and
scale-up of efficient PEC water splitting systems.
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Chapter 8. Conclusions and Future work
8.1. Conclusions
In this work, novel flame-based methods, i.e., flame vapor deposition and sol-flame
doping, were developed to synthesize and dope metal oxide nanowires, respectively.
Featuring the high temperature and ambient pressure of flame, these methods are rapid
and scalable for high-throughput production over large areas, which provide
alternative routes for the production of metal oxide nanowires that overcome the
limitations of conventional methods. The current work is a significant advancement
over the previous flame synthesis efforts in that it not only largely expands the
capabilities of flame synthesis methods from nanoparticles to binary oxide nanowires,
complex oxide nanowires and 2D atomically thin oxide layers, but also greatly pushes
forward the innovation of the first flame-based doping method.
For flame vapor deposition, theory analysis and growth experiments were both
performed to understand the flame control parameters for the nanowire growth. Based
on the vapor-solid nucleation and growth theory, it was determined that the partial
pressure of oxide vapor, growth temperature and substrate surface energy are
important for controlling the density, size and shape of the as-grown metal oxide
nanowires. The theory analysis results were then validated in the experiment of flame
vapor deposition synthesis of α-MoO3 nanobelts by evaporating Mo metal wire
meshes over a fuel lean (Φ < 1) CH4-H2/air flame using the Hencken burner. By
tuning the flame equivalence ratio, source temperature, substrate temperature,
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substrate material and shape, good controllability over the nanowire growth rate,
density, size and shape was realized in flame. This led to ultrahigh growth rate (about
2 µm/min) of α-MoO3 nanobelts in flame, more than 1 order of magnitude higher than
those of reported synthesis methods, such as thermal evaporation methods (0.17
µm/min), hot plate methods (1 µm/h), or hydrothermal methods (2 µm/h). This also
enabled the growth of atomically thin 2D MoO3 sheets, which is the first
demonstration of 2D oxide monolayer ever synthesized in flame.
The flame vapor deposition method was further extended from simple binary metal
oxide nanowires to complex metal oxide nanowires, by introducing more components
into the system to achieve larger variety in the nanowire composition. Three
methodologies were investigated, i.e., simultaneous vapor-vapor growth using a
second source, simultaneous solid-vapor growth using a reactive substrate and
sequential solid-vapor growth using a NW substrate. With these methods, doped,
ternary and hybrid metal oxide nanowires were achieved, which offers exciting
opportunities to design materials with desired functionalities by tuning their chemical
compositions and morphologies at the nanometer scale.
In addition to synthesis, flame-based doping method was innovated by combining
versatile solution phase chemistry and rapid flame annealing process (sol-flame) to
modify the properties of oxide nanowires. The sol-flame doping method not only
allows fine control over the dopant profile by varying the concentration of precursor
solution, but also preserves the morphology and crystallinity of host NWs. The
TiO2:Co NWs produced by this sol-flame doping method exhibit enhanced and dopant
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concentration dependent OER activity. The TiO2:Co NWs with 12 at.% of Co on the
surface (averaged 5 at.% in the bulk) shows the highest electrocatalytic activity for the
OER, which reduces the overpotential by 760 mV with respect to the undoped TiO2
NWs. This enhancement of OER activity for TiO2:Co NWs is attributed to both
improved surface charge transfer kinetics and increased bulk conductivity.
Finally, flame vapor deposition was used to fabricate vertical arrays of high-quality
WO3 NWs, which serve as the electrically conductive scaffold for coating a thin layer
of BiVO4 to form WO3/W:BiVO4 core/shell NW photoanode for PEC water splitting.
These flame-synthesized electrically conductive WO3 NW arrays overcome the
intrinsically poor charge transport properties of BiVO4 without compromising light
absorption, thereby achieving high 𝜂!"# of 69% and 𝜂!"# of 77% at 1.23 V vs. RHE.
With the addition of Ni:FeOOH OECs using a facile and mild hydrothermal method,
the charge transfer efficiency of the WO3/W:BiVO4 core/shell NWs was greatly
improved, elevating the photocurrent to a high value of 4.5 mA/cm2 at 1.23 V vs. RHE
under simulated AM 1.5G illumination (100 mW/cm2), which is among the best of
any WO3/BiVO4 based photoanodes.
With the demonstrated rapid rate, good controllability and superior performance of the
flame-produced metal oxide nanowires, it is believed that the flame synthesis and
doping methods developed in this work are promising techniques for large-scale
production of high-quality metal oxide nanowires, and will greatly contribute to the
broad applications of metal oxide nanowires in diverse renewable energy devices.
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8.2. Recommendations for Future Work
8.2.1. Flame Vapor Deposition
The theory analysis of the nanowire growth mechanism in the current work is
qualitative. It will be of interest to build more detailed quantitative models to
determine the nanowire growth mechanism in flame. This will be very helpful in the
future to precisely predict the density, shape and size of the flame-synthesized
nanowires. These models may also be extended to the complex nanowires composed
of more than one oxide to further improve the control over the complexity and
functionality of materials synthesized by flame methods. To substantiate the nanowire
nucleation and growth models, it will be highly desirable to directly measure the
concentrations of combustion products and metal oxide vapor in the burned gas and at
the substrate surface. Low concentrations of various gaseous radicals (such as CH3, H,
OH, etc) are present in the combustion products in the post-flame region. It would be
of interest to determine the effects of these reactive species on the vapor generation,
nanowire growth and material or surface properties of the nanowires. Moreover,
identification of the gaseous metal oxide species and the local measurements of their
concentrations at the substrate surface would be extremely valuable for achieving
precise control over the growth behavior and the final nanowire morphology.
Besides, it is worth the efforts to confirm the purity and crystallinity of the flamesynthesized metal oxide nanowires. For example, the amount of carbon impurity in the
as-synthesized oxide nanowires needs to be quantified. Other fuels (for instance,
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unsaturated hydrocarbons) could be chosen to further examine the effect of fuel on the
carbon impurity.
2D materials with ultrathin thickness of a few atomic layers and unconstrained large
lateral dimensions have attracted enormous attention recently. The extreme thickness
of 2D nanosheets renders fascinating electrical, optical, mechanical and chemical
properties distinctive from those of bulk materials, which makes them attractive
candidates for many energy conversion devices. This work demonstrated the
feasibility of growing 2D MoO3 monolayers in flame. Further investigation in
understanding the substrate effects and the growth mechanism of 2D oxide materials
will be needed to improve the growth uniformity over large areas. Moreover, it will be
of great interest to study the properties of 2D oxide monolayers, from which new
catalytic, optical and electrical functionalities may be discovered.
To scale-up the present flame vapor deposition apparatus, it is important to quantify
the energy and material costs and compare with those of conventional synthesis
methods. It will also be desirable to test continuous operation by rotating or rolling the
substrate, and to quantify the uniformity of the synthesis and the rate of throughput.

8.2.2. Sol-flame Doping
The sol-flame method is a rapid and simple ex-situ doping method, applicable to
delicate substrates without changing the original morphology and crystallinity. In this
work, successful doping of TiO2 nanowires with cobalt was achieved. It will be of
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interest to further investigate the dependence of the dopant profile on the flame
annealing time. Besides, the doping mechanism and the local structure of the dopants
are worth further study. As doped nanowires are attractive for many applications, it
will be of interest to extend the sol-flame method to other technologically important
materials, such as p-type ZnO, Si or Ti doped Fe2O3 PEC photoanode, rare-earth
doped luminescent materials, diluted magnetic semiconductor oxides, etc.
Apart from doping, the flame annealing along can be utilized to process materials,
analogues to the rapid thermal annealing method. Work is underway to anneal TiO2
nanoparticle films in flame for dye-sensitized solar cells, which greatly shortens the
processing time and improves the material performance. Further investigation
addressing the characteristics of flame annealing and its advantages over the
conventional annealing methods will be needed.

8.2.3. Applications
This work demonstrated PEC water oxidation as an example application for the flamesynthesized metal oxide nanowires. Flame-synthesized metal oxide nanowires are
promising candidates for a range of applications, so it will be of great interest to test
them for other applications, such as batteries, catalysis, solar cells, etc. The test in real
devices is useful to reveal the unique properties of flame-synthesized metal oxide
nanowires, by comparing them with the properties of metal oxide nanowires
synthesized by conventional methods. These devices can also serve as a platform for
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material design and optimization, through which the dependence of nanowire
performance on the synthesis process can be built to achieve more reliable
manufacture of tailored metal oxide nanowires in flame. Successful demonstration of
the superior performance of flame-synthesized metal oxide in diverse energy devices
will drive more interest into flame methods and push forward its widespread use.
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