Three Dimensional Nanoarchitectures by Atomic Layer Deposition for Energy-Related

Applications

By
Zhaodong Li

A dissertation submitted in partial fulfilment of

the requirements for the degree of

Doctor of Philosophy

(Materials Engineering)

at the
UNIVERSITY OF WISCONSIN-MADISON
2016

Date of final oral examination: 05/09/2016

The dissertation is approved by the following members of the Final Oral Committee:
Xudong Wang, Associate Professor, Materials Science and Engineering
Dane Morgan, Professor, Materials Science and Engineering
Padma Gopalan, Professor, Materials Science and Engineering
Zhengiang Ma, Professor, Electrical and Computer Engineering

Zhiyong Cai, Project leader, Forest Products Laboratory


http://www.fpl.fs.fed.us/index.php

Abstract

Atomic layer deposition (ALD), which mainly stems from the drive of
semiconductor industry, is a cyclic, multi-step thin film chemical vapor deposition
process based on sequential self-limiting surface reactions. It produces high quality,
pinhole-free, and conformal thin films on complex nanostructured surfaces with precise
thickness control down to the atomic level. Therefore, it has been widely applied in the
fabrication of various three dimensional (3D) nanoscale morphologies. Recently, based
on the ALD technique, our group developed a surface-reaction-limited pulsed chemical
vapor deposition (SPCVD) technique that operates at high temperature with extended
cycling time. This technique is able to create 3D hierarchical branched nanowire (NW)
architecture with super high surface area density (total surface area/projected substrate
area >1000) and good electronic transport properties. This new ALD-based
nanomanufacturing technique demonstrated great potential to conduct large-area and
low-cost fabrication of high-density 3D nanomaterials for energy harvesting and storage
applications, such as photoelectrochemical (PEC) water splitting, solar cells, batteries and

supercapacitors.

In this dissertation, a series of experimental work is presented regarding fundamental
understandings and rational controls of the SPCVD process in branched nanorod (NR)
synthesis. Further application potentials of 3D branched nanowire architectures are also

explored and studied. First, the doping strategy of SPCVD was studied on nitrogen-doped



il
titanium dioxide nanorods (N-doped TiO, NRs) by introducing TiN growth cycles to
TiO, growth process. Nitrogen was successfully introduced into TiO, NRs and the
doping concentration was found related to the TiN cycle ratio. N-doped TiO, NR
branches exhibited tailored band structure demonstrating an obvious visible light PEC
activity (chapter 2). Chapter 3 discusses further application of SPCVD TiO, NR growth
on nature cellulose nanofibers (CNFs) template. The 3D TiO, NW/nanotube architecture
exhibited superior performances on photo-induced water splitting with enhanced surface
area and improved behavior on light absorption and charge transport. Based on the CNF
template, | further applied ALD to create mesoporous TiO, 3D nanostructure as PEC
photoanode. By integrating the strong capillary property of CNF film, a capillary PEC
process was developed by performing water oxidation reactions outside of the body of
electrolyte with enhanced reaction kinetics and higher efficiency (Chapter 4). Pt
nanoparticle catalyst was then introduced to the 3D TiO, photoelectode and successfully
produced hydrogen via the capillary photocatalytic system (Chapter 5). At last, SPCVD
was applied to the growth of high-density vanadium oxide (VOx) NR branches on Si NW
backbones. Such a 3D hierarchical VO,/Si NW structure exhibited enhanced performance
as a supercapacitor. These achievements open a new avenue of ALD for large-area,
low-cost, and green fabrication of materials, which would be used in solar energy

conversion and electrical energy storage.
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Chapter 1. Introduction

1.1 ALD on Nanotechnology

Along with the development of nanotechnology and semiconductor industry
miniaturization, the conventional film growth techniques such as chemical vapor
deposition (CVD) and physical vapor deposition (PVD) have met unprecedented
challenges to achieve high quality, pinhole-free thin film down to the atomic level. The
relatively high deposition temperature (>300 °C) of CVD and different thermal
expansion coefficients of materials lead to stresses in deposited films which cause the
mechanical instabilities in the deposited films."? The line-of-sight deposition of PVD
results in the poor ability on step coverage for complex nanostructures.>* ALD is a novel
film growth technique which realizes the precise thickness control and conformal coating
of thin films. Therefore, it has been considered as a powerful technique on
microelectronics, optical thin films, catalytic engineering, as well as nanotechnologies.>®

The history of ALD could date back to 1970s. Tuomo Suntola and his co-workers in
Finland first demonstrated a film growth process to obtain polycrystalline ZnS films from
Zn and S element sources for thin film electroluminescent displays (TFEL).? Epitaxial
growth was observed during the growth process, and it was therefore named as Atomic
Layer Epitaxy (ALE).)>** A breakthrough of this technique occurred in 1980s when the
inert gas reactors were introduced. This enabled the use of compound reactants like metal

chlorides, hydrogen sulfide and water vapor for performing the ALE process, and the


https://en.wikipedia.org/wiki/Electroluminescent_display

application of this technique also spread into the areas of photovoltaic devices
and heterogeneous catalysts.>*" Since the early 2000s, driven by the necessity of
continuous and ultrathin films in complex semiconductor devices, the most ALE
processes started to use sequential, self-limiting surface reactions where the films were
no longer epitaxially grew to their underlying substrates. Moreover, amorphous films
were preferred for insulation or passivation applications. Thus, such promising thin film
technique began to be more comprehensive and was well known as ALD.*®

The schematic in Figure 1.1 illustrates the ALD film formation mechanism. In most
ALD cases, the binary reaction sequences are involved in the process. When precursor A
exposes, it dissociatively chemisorbs on the substrate surface and excess free molecules
are removed out of the chamber. Subsequently, the introduced precursor B reacts with the
previous precursor layer on the substrate. Since the gaseous chemicals would not react
until in touch with the finite number of surface sites, every step of the chemisorption of
the two precursors is self-limiting. It thus proceeds in a sequential fashion to conformally
construct the film by atomic layers "up" from the surface. Such ALD films exhibit unique
features such as high quality, crack- and pinhole-free, where its thickness, the structural
and chemical characteristics can be precisely controlled in the atomic scale. Nowadays, it
has been a paradigm of new nanomanufacturing for next generation electronics, such as
high dielectric constant gate layer in the metal-oxide—semiconductor field-effect
transistor (MOSFET),” high quality dielectrics for dynamic random-access

21-24

memory(DRAM),? passivation surface for electrochemical devices,?*** copper diffusion
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Figure 1.1. Schematic representation of ALD process using self-limiting surface chemistry and an

AB binary reaction sequence.



barriers in backend interconnects,'® and low electron leakage dielectrics for magnetic
read/write heads.?
1.2 Application of ALD in Energy-Related Systems

Since the past decades, energy supply has become a more and more urgent issue over
the world. Owing to the limitation of fossil fuel reserves as well as the increasingly
serious pollution and greenhouse gases emission problem, developing green
energy-related applications such as solar energy conversion devices and electrical energy
storage devices holds great promises to tackle the energy crisis and global environment
issue.?® In the development of these energy-related devices, ALD stands out as an
important nanomanufacturing technique owing to its unique film growth advantageous.
For example, the ALD technique has performed attractive abilities on the developments
of lithium-ion battery (LIB), supercapacitor, PEC cells, solar cell, and triboelectric
nanogenerator.?”?292130 Based on the relevancy to this thesis work, discussion here will
be mostly focused on the applications of ALD in PEC electrodes and supercapacitor.
1.2.1 ALD on Photo-Induced Water Splitting Developments

Solar energy is experiencing explosive developments currently. By 2050, the total
global photovoltaic (PV) capacity is estimated to provide 16% of the world’s global
electricity production, corresponding to 4600 gigawatts of cumulative installed PV
capacity.®! As an alternative solar energy harvesting approach, PEC water splitting is
rapidly evolved in this decade and has motivated numerous efforts on studying and

developing photoelectrode materials, interfaces and nanoscale architectures.’*** The



unique growth behavior and merits placed ALD among the leading fabrication tools for
designing and creating high performance PEC electrodes. Generally, the applications of
ALD in PEC water splitting include the aspects of active materials loading and surface
modification.

The ALD for active materials loading stands on its unique nature of precise thickness
control and conformal growth on complex nanostructures.® Materials including CdS,
ZnS, CdSe, ZnSe, GaAs, Zn0O, Tay0Os, SrTiO3, and TiO, also have been successfully
deposited by ALD for PEC electrode.*”* In order to develop a suitable ALD coating for
high photoactive films, the influence of the film’s microstructure properties on PEC
performance of ALD TiO, films and was investigated (Figure 1.2). The TiO, films were
grown by ALD at 200-500<C using TiCl, and H,O as precursors. Pure anatase phase was
obtained at deposition temperatures below 400<C, whereas mixed phases of anatase and
rutile were obtained at 500 <C. The highest PEC performance was obtained from the
anatase TiO- film with large grain size and low defect density.>® Moreover, through taking
the advantage of conformal coating capability by ALD, depositing photocatalytic thin
films on highly-surface-area 3D nanostructured template is another common strategy to
raise the PEC photocurrent density. A variety of highly conductive 3D “nanoskeletons”
for ALD photocatalytic material coating have drawn much attention and been proved to
improve the performance of PEC electrodes. For example, antimony-doped tin oxide
(ATO) nanoparticle films,” indium tin oxide (ITO) NWs,*® and Cl-doped ZnO NWs *

were coated by ALD TiO, for PEC electrode (Figure 1.3). Si NWs and TiSi, nano-net
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were selected to coat Bi,Os and Fe,Oj films for PEC applications, respectively.***? Other
than regular film coating, ALD also exhibits a powerful potential on tailoring the band
structure of photoelectrode materials by periodically adding dopant cycles into the
regular ALD growth cycles of the host material. Nitrogen-doped TiO, films and Mg
doped Fe,O3 films have been produced by ALD, which demonstrated enhanced visible
light activity and turn-on voltage reduction for enhanced PEC performance.***
Compared to the metal oxides which can be directly coated by ALD for PEC
applications, narrow bandgap semiconductors (e.g. Si and I11-V group of composites) are
more promising candidates for constructing efficient photoelectrochemical electrodes for
solar-driven H, production due to their effective light absorption and rapid charge
separation.” The largest obstacle to practical solar-to-fuel conversion is their poor
stability caused by the surface corrosion during the electrochemical reaction. One
predominate strategy of alleviating this drawback is to protect the electrode surface with
chemically-inert oxide thin films.****® Among various deposition techniques, ALD can
grow conformal and pinhole-free oxides with precisely controlled film thickness, which
is critical for maximizing the protection performance. Thus, ALD is considered as one of
the most suitable techniques for growing the electrode protective layers. As shown in
Figure 1.4, by ALD depositing 2 nm-thick polycrystalline TiO, as the protective layer, the
silicon (Si) photoanode achieved 8 hours stability in 1M alkaline solution. Such stability

was further extended to more than 2200 hours with a 94 nm ALD amorphous TiO,

overcoating on Si microwires.® This discovery of the protective ALD TiO, notably
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accelerated the evolution of PEC photoelectrodes and will be a great milestone in the
solar fuel production development.
1.2.2 ALD on Supercapacitor Developments

As one of the most promising strategies for next generation energy storage,
electrochemical supercapacitor has received considerable attention owing to its
high-power density, fast charging/discharging, excellent cycling stability, and low
maintenance. Generally, high-capacitance electrode materials possess a high surface area
and good electrical conductivity since these properties are strongly related to the
electrochemical double layer capacitance or electroactive surface for redox-reactions,
resulting in pseudocapacitance within an electrode.”>® Therefore, a feasible synthesis
method is required to produce the supercapacitor electrode with superior geometric
structure, adequate charge transport properties, as well as suitable thickness and surface
chemical properties. Owing to the unique processing merits, ALD is particularly useful
for the development of supercapacitors, whose performance heavily relies on their
macro-/nano-scale structures and surface properties.

Owing to the extraordinary capability of conformal and pinhole-free coating
management, ALD has been increasingly used for directly depositing active materials on
nanostructured templates for supercapacitor electrode fabrication.>**® The high quality
ALD films are essential for controlling ion intercalation and diffusion into the bulk
electrodes to achieve high capacity.”*" Free-standing carbon nanotube (CNT) thin films

and graphene are the most commonly used ALD template for high-power supercapacitor
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development due to their high porosity and excellent electrical and thermal
conductivity.”®®! In order to achieve conformal ALD coating, the carbon surfaces
typically need to be acid treated to improve their affinity to ALD precursors. The metal
oxides, such as RuO,, VOy, and TiO,, were then overcoated for supercapacitor electrodes
(Figure 1.5).>>°%%"82 |n addition to carbon-based materials, metal microstructures and
nanostructured biotemplate, such as nickel foam and cysteine modified tobacco mosaic
virus, were also used as ALD templates for supercapacitor development. The subsequent
CogSg and RuO, thin films coating respectively led to the high stability of the
as-synthesized supercapacitor electrodes due to the good crystallinity, high purity, and
low surface roughness of the films (Figure 1.6).%%

In supercapacitor electrode design and fabrication, a sacrificial layer could be
introduced under the active material layer to create a promising disconnected core/shell
or hollow nanostructure. After chemically or thermally removing the sacrificial layer, the
nanoscale gap left in the structure could significantly enlarge the reaction area and
facilitate the electrolyte contact with the active material. The open space could also
effectively buffer the strain generated during the fast charge-discharge process, and thus
the out layer in this structure preserved the structure integrity after long-time cycling
reactions.

Since the sacrificial layer typically has very small thickness and requires high

uniformity, ALD becomes the most suitable approach to realizing such hierarchical

structures. The ALD coating of Al,O; sacrificial layer has been reported for
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Figure 1.7. SEM images of CoO nanorods (a) and NiO nanowalls (b) enclosed by a TiO, shell. (c, d)
Charge/discharge curve of the (c) TiO,/CoO nanorods, and (d) TiO,/NiO nanowalls. The

charge/discharge curves of the solid core-shell structures and bare nanorod or nanowall structures are

also shown for comparison.



14

supercapacitor electrode development.®® The surface of CoO nanorods and NiO
nanowalls were sequentially covered with Al,O3 and TiO, layer by ALD. After chemical
etching the Al,O3 layer in alkaline solution, the CoO nanorods and NiO nanowalls were
enclosed by a TiO, shell (Figure 1.7). Compared to the solid core-shell structures and
bare nanorod or nanowall structures, such structures exhibited ~2 to 4 times higher
capacitance, which was attributed to the enlarged specific surface areas and a shorter ion
transport path between the disconnected core and shell materials.

1.3 Surface-Reaction-Limited Pulsed Chemical VVapor Deposition (SPCVD)

Based on the discussions in the previous part, the 3D NW network is an emerging
and promising architecture that features an extremely large surface area, efficient
optical/ion diffusion path, as well as tunable electronic properties. These merits make 3D
NW architecture exceptionally advantageous for the photo-induced water splitting
systems and electrochemical energy storage systems, whose performances are dependent
on surface reactions and bulk charge transportation.®*® Synthesizing such a unique
hierarchical nano-architecture faces a critical challenge — the coupling between the
crystal growth rate and the precursor concentration, which always leads to large size
variations inside narrow spaces. This challenge is intrinsic to almost all NW synthesis
approaches, regardless of the phase of precursors. Recently, Shi et al. developed a
SPCVD technique as a derivative of ALD.”® By mimicking the self-limited growth
mechanism of ALD, SPCVD uses separated precursor pulses and high deposition

temperature (600 <C). It effectively decouples the crystal growth from precursor
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concentration while retaining anisotropic 1D growth. Through this technique, TiO, NRs
can be grown on a variety of surfaces inside confined spaces. As indicated in Figure 1.8,
branched TiO, NRs were uniformly grown among different dense and deep material
matrixes, such as anodic aluminum oxide (AAO) nanochannels, Si NW arrays, and
inverse opal structures.**’® The as-synthesized 3D TiO, NR architectures offered a
roughness factor of 3000, which is nearly ten times higher than that of typical NW arrays.

Moreover, in order to achieve rational control of 3D NR growth, atomic-level
observations was arranged to study the crystal nucleation and growth of TiO; at different
stages of SPCVD process.”* By applying aberration-corrected scanning transmission
electron microscopy (STEM) and transmission electron microscopy (TEM)
characterizations, evolution of TiO, nanostructures in ALD was found following a path
from amorphous layers to amorphous particles to metastable crystallites and ultimately to
stable crystalline forms, where the Ostwald—Lussac law was the governing rule in
high-temperature TiO, ALD nanostructures (Figure 1.9 a-d). The amorphous—crystalline
mixture was also observed to enable a unique anisotropic crystal growth behavior at high
temperature forming TiO, NR via the principle of vapor-phase oriented attachment
(Figure 1.9 e-h).”*"® Such comprehensive understandings of SPCVD growth provided a
feasible way for achieving morphology, crystal structure, and property control, as well as

deposition manipulation and scaling in fabricating energy-related devices. The SPCVD
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Figure 1.8. (a) The uniform and dense coating of SPCVD TiO, NRs inside the AAO channels at the
top (i), middle (ii), and bottom (iii) sections. (b) Higher magnification SEM of TiO, NRs rooted on the

walls of AAO channels. (c) SPCVD TiO; NRs on 25um long Si NWs. (d) SPCVD of TiO, NRs inside

inverse opal.
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Figure 1.9. Evolution of TiO, NRs at different ALD cycles at 600 <C. (a-h) STEM image of TiO; on

Si surface after 2, 5, 10, 20, 35, 50, 75 and 300 cycle growth, respectively. Inset of (b): EELS analysis

on 5 cycle sample detected the existence of Ti. Inset of (c) shows the amorphous ultrathin TiO, layer

coated on NW substrate (scale bar is 1 nm). Inset of (f) is the FFT pattern converted from lattice

image. (i) Schematic illustration the entire evolution process of TiO, NRs. Scale bars are 5 nm unless

otherwise noted.
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has realized the large-area, low-cost and simple fabrication of 3D nanomaterials for PEC
applications.>*"

By using the TiO,-Si heterogeneous 3D NW architecture, Shi et al. demonstrated the
capability of this SPCVD technique for PEC water splitting application.>* As shown in
Figure 1.10a, when this heterogeneous structure was used as a PEC anode for water
splitting, photocatalyzed H,O oxidation reactions only occurred on the TiO; surfaces. The
photogenerated electrons would quickly transport through the Si NW backbone and reach
the counter electrode with minimal losses owing to the high conductivity of Si NWs and
isolation from electrolyte. The very large surface area provided by the TiO, NR arrays
together with the high-speed electron transport channels provided by the Si NWs are
promising features that could lead to a significant improvement of the PEC efficiency
(Figure 1.10b). This result suggests that implementing 3D NW networks into electrode
design could advantageously impact the performance of PEC and photovoltaic devices.

Besides the Si NW arrays, SPCVD of TiO, NRs was also applied on ZnO NW
backbones, which is shown in Figure 1.10c. Under high deposition temperature, ZnO
NWs was found to interact with TiCl, precursor vapor and were quickly converted into
polycrystalline TiO, tubes following the Kirkendall effect.”® The evolution of TiO,
nanotubes from ZnO NW scaffolds was seamlessly integrated with TiO, NR branch

growth and thus realized a pure TiO,-phased 3D NW architecture. Because of the

significantly enlarged surface area and the trace amount of Zn left in the TiO, crystals,
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Figure 1.10. (a) Schematic illustration of using TiO,-Si NW structure as PEC anode for water
splitting. (b) J-V curves of different TiO,-Si configurations showing enhanced PEC performance by

introducing high-density TiO, NR branches. (c) Cross-sectional SEM image of a 3D TiO, nanoforest

formed on ZnO NWs. Inset is the top view.
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such 3D TiO;, nanoforests demonstrated enhanced photoelectrochemical performance

particularly under AM (air mass) 1.5G illumination.
1.4 Summary of Research in This Thesis

Owing to the fantastic ability of ALD and SPCVD techniques for multiple 3D
nanoarchitectures, as well as their achievements on efficient energy harvesting and
storage applications, in this dissertation, fundamental understandings and rational
controls of the SPCVD process in branched nanorod (NR) synthesis is illustrated by a
series of experimental work. Further application potentials of 3D branched nanowire
architectures are also explored and studied. Specially, in Chapter 2, the SPCVD technique
was manipulated for high-density doped metal oxide NR branches through mimicking the
ALD doping process. The nitrogen doped 3D TiO, NR architecture was synthesized by
introducing both TiN and TiO, growth cycles during the SPCVD process, which tailored
the band structure of TiO,, demonstrating an obvious visible light PEC activity. Moreover,
the nature cellulose nanofibers (CNFs) were chosen as the template, and the SPCVD
TiO, NR growth was applied for 3D TiO, NW/nanotube architecture (Chapter 3). This
architecture exhibited superior performances on photo-induced water splitting with
enhanced surface area and improved behavior on light absorption and charge transport.
Based on the CNF template, as shown in Chapter 4, the mesoporous TiO, 3D
nanostructure was further synthesized by ALD for PEC application. By integrating the
strong capillary property of CNF film, a capillary PEC process was developed by

performing water oxidation reactions outside of the body of electrolyte with enhanced
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reaction kinetics and higher efficiency. In Chapter 5, Pt nanoparticle catalyst was then
introduced to the 3D TiO, photoelectode and successfully produced hydrogen via the
capillary photocatalytic system. At last in Chapter 6, SPCVD was applied to the growth
of high-density VOx NR branches on Si NW backbones. Such a 3D hierarchical VO,/Si

NW structure exhibited enhanced performance as a supercapacitor.
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Chapter 2. Nitrogen Doped 3D TiO, Nanorods Architecture
with Photoactivity in Visible Light Regime

2.1. Introduction
TiO, has been a widely used semiconductor for environmental remediation,
hydrogen generation, and solar energy harvesting since its intriguing discovery of the

74,15,34,7671.712.18 na critical limitation of

photocatalytic properties on TiO, in early 1970s.
its application in solar energy harvesting is its large bandgap (~3.0-3.2 eV) which
excludes it from absorbing the majority of solar energy within the visible light
range.”>"** Tailoring the band structure of TiO, by doping has been broadly investigated
as a common strategy to address this challenge.”®%8182

Anion doping (e.g., C, S, N, F, B, and P) have been intensively studied as an
effective approach to narrow the bandgap by introducing new p-states near the valence
band or hybridizing the O 2p states to lift the valence band edge.”®** Among all the
anion candidates, nitrogen is a promising dopant due to its comparable atomic size with
oxygen, small ionization energy, and good stability.®**® Nitrogen-doped TiO, has been
created via a variety of methods and demonstrated efficient visible light absorption up to
600 nm,% which largely enhanced photoelectrochemical water splitting performance,**
and suppressed the reduction of I3~ on the TiO, electrode in dye-sensitized solar cells

(DSSC).* Incorporating cations, such as V, Cr, Mn, Fe, and Ni, into the TiO; lattice has

also been found practical for band gap narrowing.”®®" The transition metal dopants can
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introduce intraband discrete states near the edges of conduction band (CB) or valence
band (VB), leading to visible light absorption with sub-band gap energies.®*%% In
addition, hydrogen has also been found as an effective dopant that enabled visible and
infrared light absorption in TiO,. The dopant induced a highly disordered layer on the
nanocrystals surface, which yields mid-gap states for optical excitation/relaxation and
provides trapping sites for photoexcited charges to reduce rapid recombination.'® In
order to circumvent the impurity-related charge separation and transport issue found in

single element doped TiO,, %1%

a donor-acceptor co-doping method has been proposed.
For example, density functional theory calculations suggested that (W,C), (Mo,C), (Ta,N),
(Nb,N), (W,2N), and (Mo,2N) donor-acceptor pairs are good codoping candidates, which
can shift both CB and VB edges of TiO, and significant narrow its band gap.*?'%1%?
Nevertheless, only a few successful developments were reported on co-doped TiO, due to
the complexity in element and crystal structure control during the synthesis.”® So far,
various solution-based, vapor-based and ex-situ growth techniques have been applied to
the synthesis of doped TiO, nanostructures. However, how to control dopant
concentration and distribution and how the doping elements influence the morphology
and crystal structure of the host materials are inadequately understood. Such
understandings are particularly critical for engineering the properties of TiO;
nanostructures, and thereby  further  advance  the performance  of
43,79,81,85-89

TiO,-nanomaterials-based solar energy harvesters.

Among all TiO, nanostructure growth techniques, SPCVD is a powerful 1D
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nanostructure growth technique. It mimics the process of ALD and offers a unique
capability for growing high-density nanorod (NR) branches inside highly-confined spaces.
Several important growth phenomena in this anisotropic crystal growth process have
been revealed for morphology and composition evaluation. However, how to
intentionally dope the NRs through this process is still unexplored, though it is a critical
aspect for controlling the electronic properties and improving the performance.

In this chapter, we start the fundamental understandings and rational controls of the
SPCVD process in branched nanorod (NR) synthesis on optimizing TiO, band gap to
overcome its intrinsic constrain for visible light absorption. High-density nitrogen doped
TiO, NR branches with controlled doping concentrations on dense Si NW forest was
successfully synthesized by SPCVD technique. Nitrogen doping was achieved by
introducing designed number of TiN cycles to TiO, growth cycles. Microscopic studies
were performed to reveal the influence of Nitrogen dopant to the crystal growth behavior
and NR morphology, as well as the elements distribution inside the lattices. We also
demonstrated that the Nitrogen doping lowered the bandgap of TiO, NRs and effectively

activated PEC reactions in the visible light range.
2.2. Experimental Section

Synthesis of Nitrogen Doped TiO, Branched NRs Architecture: Highly orientated Si
NWs arrays were fabricated on n-type Si wafer by the reported metal assisted electroless
chemical etching method.>* The etchant solution was a 40 mL mixture of 0.02 M AgNO;

and 5 M HF. The Si NWs arrays were cleaned by DI water and dried by N» gas, and then
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transferred into our home-built ALD reaction chamber. In the SPCVD process for
synthesizing Nitrogen doped TiO, NRs branches, deposition cycle ratio of the NH3:H,O
(X:Y) increased from 1:80 to 1:1 to achieve different N concentrations (A2-A7). The
undoped TiO, NRs branches (A1) for comparison were prepared by the same SPCVD
process with only TiCls/H,O cycles. The total number of TiCls/H,O cycles for each
sample (A1-A7) was kept at 400.

Compositions and structures characterizations: X-ray photoelectron spectroscopy
(Thermo Fisher Scientific Inc. Waltham, MA) was applied to characterize the chemical
compositions of all Nitrogen doped TiO, NR samples. The survey binding energy range is
from 0 to 1350 eV. The N 1s, O 1s, and Ti 2p spectra were measured for characterizing
the dopant concentrations and chemical structure variations. The density of states (DOS)
of the valence band maximum profile was also characterized by the X-ray photoelectron
spectroscopy (XPS) spectra. Both TEM and EELS combined with STEM were performed
on highly doped sample A6 and lightly doped sample A2. EDS analysis was conducted
during SEM analysis.

Photoanode Setup and Photoactivity Characterizations: All Nitrogen doped and
undoped TiO, NR samples were immersed into the dilute HF and HCI to remove the
oxidized Si and contaminations on the surface. Then 200-cycle of ALD anatase TiO;
overcoating was conducted at 300<C to protect the entire sample surfaces. These samples
were then covered by epoxy leaving an average exposed active area of ~0.22 mm? as the

photoanodes. PEC characterizations were performed in 1 mol L™* KOH (pH=14) aqueous
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solution using a three-electrode electrochemical cell configuration. A saturated calomel
electrode (SCE) was used as the reference electrode and a Pt wire was used as the counter
electrode. All electrodes were connected to a potentiostat system (Metrohm Inc.,
Riverview, FL) for J-V measurement. Light illumination was provided by a 150 W Xe
arc lamp (Newport Corporation, Irvine, CA) and the intensity at the PEC anode position
was adjusted to be 100 mW cm 2 An AM 1.5G filter and a UV cut off filter were also
utilized with the lamp for PEC characterizations. A monochrometer was used on Xe lamp
source to obtain the monochromatic illuminations for IPCE characterizations with the
wavelength ranging from 300 to 700 nm. UV-Vis absorption spectra were measured by a
UV/Vis/NIR spectrometer (Jasco, Easton, MD) within the wavelength range of 300-700
nm.
2.3. Results and discussion

Figures 2.1a and b show a typical morphology of as-synthesized Nitrogen doped
TiO, NRs on Si NW hierarchical structures measured by scanning electron microscopy
(SEM). The top-view image presents dense Nitrogen doped TiO, NRs branching from Si
NW bundles and protruding outward radially (Figure. 2.1a). Higher magnification image
reveals the approximate dimensions of the as-fabricated NRs were ~130 nm in length and
~25 nm in diameter (inset of Figure 2.1a). Same as the regular SPCVD result, the TiO,
NRs were uniformly distributed along the entire side surfaces of the Si NWs that were 12
pm in length and only ~100-200 nm apart from each other (Figure 2.1b). The zoom-in

view clearly shows TiO, NRs had the rectangular prism shape, which were all rooted on
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Figure 2.1. Top view (a) and Cross-section view (b) of high-density Nitrogen doped TiO, NRs on Si

NW arrays. Insets are higher magnification SEM images showing the morphology of Nitrogen doped

TiO, NRs branches. (c) Plots of NR length (square symbol) and diameter (diamond symbol) as a

function of Nitrogen doping ratio. (d) Plots of aspect ratio of NRs as a function of Nitrogen doping

ratio.
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the Si surfaces (inset of Figure 2.1b).

The average N concentrations were initially quantified by energy-dispersive X-ray
spectroscopy (EDS). N signal was observed from all Nitrogen doped samples (Figure
2.2a and inset) but absent from the undoped one (Figure 2.2b and inset). Table 2.1
summarizes the amounts of N dopant in corresponding to the doping ratio, which were
control by the ratio of NH3 cycle to H,O cycle (X:Y). It showed a very good correlation
between N traces and expected level of nitrogen doping. In particular, A6 (X:Y=1:5) had
the highest N doping concentration (~2.28%) while A2 (X:Y=1:80) only had 0.82% N.
Sample A7 (X:Y=1:1) exhibited a slightly lower N concentration compared to A6,
although it had the most NHs cycles. This is possibly because that too high NH3 precursor
ratio might lead to more TiN growth cycles, which typically reduces the incorporation
rate of N elements into the lattice.'%?

The Nitrogen doping effect to the TiO, NR morphology was investigated from
samples grown under different doping ratios (Figures 2.3). Samples A1-A7 represent
undoped (A1) and doped TiO, NRs (A2-A7) with six X:Y values of 1:80, 1:40, 1:20, 1:10,
1:5, and 1:1, respectively. The lengths and widths of NRs in all the samples were

measured via a statistical sampling method**

and shown in Figure 2.1c. In general, the
length of NRs slightly decreased from 143 =9 nm (the undoped NRs) to 137 =7 nm
when the NHj cycle ratio was increased to 1:20 (sample A4). Meanwhile, the average

diameter of the NRs monotonically decreased from 25 =4 nm (Al) to 19 =3 nm (A4).

When the NH3 cycle ratio was further increased from 1:20 to 1:1, a large decrease of NR
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Figure 2.2. EDS spectra of Nitrogen doped (a) and undoped (b) TiO, NRs on Si NW array. N was

detected in doped samples but absent in undoped one.
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Figure 2.3. SEM images of TiO, NRs synthesized under different NH; cycle ratios. The ratio between

NH; cycle and H,0 cycle in SPCVD growth is marked as X:Y. Scale bar, 200 nm.
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Table 2.1. Summary of the average concentrations of N dopant corresponding to different doping

ratios. The values were obtained by energy-dispersive X-ray spectroscopy (EDS).

Al A2 A3 A4 A5 A6 AT

Samples Undoped 1:80 1:40 1:20 1:10 1:5 11

N at.% 0 0.82 1.52 1.81 2.01 2.28 1.79
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length from 137 7 nm (A4) to 114 £9 nm (A7) was observed. The NR diameter also
rapidly increased from 19 3 nm (A4) to 34 =5 nm (A7), evidencing a significant
change of NR morphology from long and slim to short and plump upon the introducing
of N dopants.

The statistical size measurement provides a preliminary understanding of the TiO,
NR growth behavior by SPCVD under the influence of NHj3 precursor. The highest
growth rate was achieved at ~3.6 A/cycle when no NHj3 precursor was induced (Al).
Reduced length growth rate was observed with the rising of Nitrogen doping ratio. The
smallest length with the average length growth rate of 1.4 A /cycle was identified when
the most TiCls/NHj3 cycles were programed for Nitrogen doping (A7). This observation is
similar to the ALD of Nitrogen doped TiO; films because TiN has lower growth rate than
TiO,.**1% In the high temperature SPCVD process, we have found that the unique
anisotropic crystal growth behavior of TiO; is enabled by the formation and migration of
metastable amorphous-crystalline mix-phased nanoparticles (NPs) via the principle of
vapor-phase oriented attachment.”* We therefore reckon that the deposition of TiN had
significantly hindered the aggregation and migration of the metastable NPs and thus
suppressed the NR length growth. The NR width growth rate, however, significantly
increased from ~ 0.45 A/cycle to 0.84 /&/cycle when the NHj3 precursor ratio was raised
from1:20 to 1:1. This also indirectly evidences the immobilization of the metastable NPs,
which stay at the side surfaces and induce faster width growth. Nevertheless, it appears

that lower NH3; ratio (< 1:20) can reduce the width growth rate as well. Therefore, the
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aspect ratios of all samples followed a parabola-like curve as shown in Figure 2.1d. The
maximum aspect ratio was 7.4 from Sample A4, which had a NH3 precursor ratio of 1:20.
In general, low doping concentration has minimal effect on the TiO, NR’s growth rate
and morphology, while high doping concentration could jeopardize the anisotropic crystal
growth and forming more particle-like nanoscrystals.

The elemental characteristic of Nitrogen doped TiO, NRs was further studied by
XPS as shown in Figure 2.4. The N 1s peaks could be identified from all Nitrogen doped
TiO, NR samples (A2-A7) but were absent in the undoped one (Al) (Figure 2.4a). To
analyze the chemical structures of Nitrogen doped and undoped TiO, NRs, three regions
of the XPS spectrum were examined: N 1s scan near 400 eV, Ti 2p scan near 460 eV, and
O 1s scan near 530 eV (Figure 2.4b). For TiO, NRs with different Nitrogen doping ratio,
there are observable variations among each scan. Broad N 1s peaks expanding from
398.0 eV to 403.5 eV were observed in all Nitrogen doped samples. The peaks were
located at binding energies higher than the typical value of TiN (397.2 eV).)®® This is
considered as the consequence of higher N 1s binding energy in an O-Ti-N environment,
where the formal charge of N in O-Ti-N is more positive than that in TiN.2%%% The
variation in peak intensities and positions also reveals the different concentrations and
chemical environment. The doublet lines in the spectrum profiles in the Ti 2p and O 1s
scanning regions of doped and undoped TiO, NRs exhibit similar differences. In
particular, sample A6’s (X:Y = 1:5) exhibit the most significant shift of its Ti 2ps;, peak to

lower binding energy (459 eV) and amplitude attenuation of its O 1s peak at 533 eV (red
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Figure 2.4. XPS characterization of Nitrogen doped TiO, NRs with different Nitrogen doping ratios
(A1-A7) (a) Full XPS spectra. (b) N 1s scan near 400 eV, Ti 2p scan near 460 eV, and O 1s scan near
530 eV of A1-A7 samples. (c) The deconvoluted spectra for N 1s peak of heavily-doped sample A6 (1)
and lightly-doped sample A2 (2); O 1s peak of heavily-doped Sample A6 (3) and undoped Sample Al

(4); and Ti 2p peak of heavily-doped Sample A6 (5) and undoped Sample Al (6).
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curve in Figure 2.4b). The shift in the binding energy of Ti 2p peaks toward lower values
indicates a successful incorporation of N in TiO; lattice. The change in O 1s spectrum
suggested the formation of O-Ti-N bonds and the modification of OH groups on the NR
Surfa(_,’eS.106,72,105

In order to elucidate the chemical binding states of N, O and Ti elements, the
deconvoluted spectra for N 1s, O 1s and Ti 2p peaks were investigated and presented in
Figure 2.4c. The N 1s profile can be split into two characteristic peaks and assigned to
O-Ti-N or Ti-N-O bonds at 400.2 eV (green peak) and NH4" adsorbed on NR surfaces at
402.5 eV (purple peak) as reported in literatures (Figures. 2.4c-1 and 2.4c-2).2°"1% As
shown in Figure 2.4c-1, the area ratio of the O-Ti-N peak (at ~ 400.2 eV) to the total N1s
peak in sample A6 (X:Y=1:5) is ~0.86 while the area ratio of NH4" (at ~ 402.5 eV) is
~0.14. When the doping ratio decreased to X:Y=1:80 (Sample A2 shown in Figure 2.4c-2),
the two ratios became 0.61 and 0.39, respectively, suggesting that a more substitutional
doping might happen at 1:5 doping ratio. By comparing the Nitrogen doped Sample A6
and undoped Sample A1, more notable variations were observed in O 1s (Figures 2.4c-3
and 2.4c-4) and Ti 2p (Figures 2.4c-5 and 2.4c-6) signals regarding to N incorporation.
The O 1s peak of A6 was deconvoluted into three contributions at 530.6 eV (green),
532.4 eV (purple) and 533.4 eV (yellow) which are identified as Ti-O, O-Ti-N and
surface OH groups, respectively. The peaks of sample Al were only deconvoluted into

two components of Ti-O (green) and OH groups (yellow), while the O-Ti-N signal at

532.4 eV was absent. This further confirms that the O-Ti-N bonds were formed in the
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Nitrogen doped TiO, NRs. The surface OH group-related peak at 533.4 eV is common in
XPS studies of TiO,. The area ratio of this component was reduced in sample A6,
possibly due to more substitutions of O atoms by N, and the consumption of surface OH
groups for NHs protonation (Figure 2.4c-1).1%

Earlier research mentioned that the valence state of the Ti cations in TiO, should be
reduced when N substitutes O by doping. The binding energy of Ti 2ppeaks shifted to
lower values due to Ti** being reduced to Ti**.1%*%® Development of the O-Ti-N bonds
through partially substituting O with N in TiO, lattice can be evidenced by the shifts of Ti
2p binding energy.’® This effect was illustrated by XPS profiles of Ti 2p scans.**"°
Figure 2.4c-5 is the deconvoluted spectra of the Ti 2p peaks of sample A6. The extra Ti%*
signals appeared at 459.3 eV in Ti 2ps;2 (green) and 464.5 eV in Ti 2pys, (yellow), which
were located at the lower binding energy side of each Ti-O peak. The undoped one only
showed two peaks of typical Ti-O bonds (Figure 2.4c-6).

TEM was implemented to study the morphology and crystal structure of the Nitrogen
doped TiO, NRs. Figure 2.5a shows HRTEM images of NRs from sample A6 that
exhibits the highest detected N concentration. The images were taken from the tip and
body regions. The truncated tip of this NR is typical and the facets could be indexed as
the (001), (011), (01 1), and (01 1) planes. The tip angle of NR is 111.4< representing
the angle between the (01 1) and (001) planes with lattice spaces measured to be 0.35 nm

and 0.48 nm, respectively (Figure 2.5b). The NR tip and body was completely covered by

a ~2.5-3.5 nm thick percolated layer, a mixture of randomly-oriented nanocrystals with
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Figure 2.5. Structure and species distribution in TiO, NRs. ()TEM image of Nitrogen doped TiO,
NRs bundles on a Si NW. (b, ¢) High resolution TEM images taken from the tip (b) and body (c)
regions. The NR is covered by a~2.5-3.5 nm thick percolated layer as marked by the dashed lines.
Inset in (c) is the FFT pattern of the lattice image. It confirms the anatase phase.(d)Voids observed in
the percolated layer, as marked by white dashed lines. (e) EELS spectrum image measurements on a
Nitrogen doped TiO, NR showing the distributions of Ti, O and N elements, as well as the

concentration difference between Ti and O (Ti/O) along the entire NR body. (f) N concentration

profile along the NR crosssection as marked by the square dots in the left panel of Figure 2.5e.



38

amorphous intercalations (Figure 2.5c¢). This is different from the single crystalline sharp
surfaces that were observed from the undoped TiO, NRs.™*! Beneath the percolated layer,
the NR exhibit a nearly perfect crystal lattice with perfect {011} facets, which is consist

with the observation for undoped TiO, NRs.***

Analysis of the Fast Fourier Transform
(FFT) pattern of cut image showing the central part of N-doped NR reveals the anatase
structure of TiO, (inset of Figure 2.5c¢).

To analyze the element distribution and understand the composition of the percolated
layer, electron energy loss spectroscopy spectrum image (EELS SI) was taken from a
single Nitrogen doped TiO, NR (center and left panel of Figure 2.5e). Appreciable N
signal in EELS spectrum was detected from the NR (left panel of Figure 2.5¢e). Elemental
mapping clearly reveals the distributions of Ti, O and N elements, as well as the
concentration difference between Ti and O (Ti/O) along the entire NR body (right panel
of Figure 2.5e). More Ti was found near the NR surface, where less O element was
identified. The map of Ti-O reveals the O depleted surface region and the stoichiometric
NR body. The N map demonstrates a concentrated N region along the NR surface profile.
Such a non-uniform N distribution is further confirmed by measurement of the N
concentration profile along the NR cross-section as shown in Figure 2.5f, where depth of
surface layer with increased concentration of nitrogen was ~4 nm.

It is known that the impurity formation energy in doped nanocrystals increases as the

crystal size decreases.™™ Impurities atoms can diffuse to the crystal surface, referred as

self-purification.">™* Meanwhile, point defects such as vacancies and interstitials can
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diffuse outward and aggregate to form voids and grain boundaries.***** We believe the
formation of the percolated layer with highly concentrated N atoms manifests above
processes. In the high-temperature SPCVD process, oxygen vacancies associated with
O-Ti-N structures could diffuse to the surface while the TiO, NR body was crystallized,

forming voids (Figure 2.5d) in the percolated layer.*®

As a result, the Nitrogen-rich
percolated layers were formed near the NR surfaces. Because the NR formation
mechanism has been found to be the migration of crystallized particles on manifold body
followed by orientated attachment on high surface energy facets (the tip part of NRs),
significant amount of the percolated layer covering the NRs might be an obstacle for the
migration and attachment of crystal particles to the tip area of NRs.

Theoretical and experimental work suggested that N impurity could introduce
localized states above valence band maximum (VBM) or VBM lifting, enabling
photoactiviy in the visible light range.”>">8® Therefore, introducing Nitrogen doping
to the SPCVD TiO, NR branch growth is expected to realize a promising 3D NR
architecture for high-performance PEC photoanode across a wide spectrum range. To
investigate the doping-related PEC performance, the six Nitrogen doped TiO, NR
samples (A2-A7) and the undoped sample (A1) were used as PEC photoanodes and their
photocurrent density (Jon) characteristics versus bias potential were measured under the

same conditions. Corresponding PEC efficiencies were estimated using following

equation:’
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Figure 2.6. (a-c) J-V curves of Nitrogen doped and undoped TiO, NRs-Si NW hierarchical
architectures under illuminations of 100 mW cm > Xe lamp source, lamp with AM 1.5G filter, and
with UV cutoff filter, respectively. (d) XPS demonstrates that density of states (DOS) shift in the
valence band happened to all Nitrogen doped samples. The maximum shift is ~ 2.4 eV in sample A6.
(e)(f) IPCE of Nitrogen doped and undoped TiO, NRs-Si NW hierarchical architectures within the

wavelength range of 300-425 nm and 425-700 nm, respectively.
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n% = []ph(Egev — |Epias — ancDT] (2.1)

where Epias is the bias potential; E%., = 1.23V is the standard state reversible potential for
water-splitting reactions; and Ea.c = Vo iS the open circuit voltage (vs. SCE). Figure 2.6
(a-c) show representative Jon —V curves collected under the illumination of a 100 W cm 2
Xe lamp without and with AM 1.5G or UV cutoff filters. The dark current densities of
each PEC test remained at fairly low values (<10 mA cm2) within the bias potential
range between -1.1 V and 0.5 V (vs. SCE), indicating high quality crystal surfaces of the
as-synthesized TiO, NR architectures. Among all the samples, A6 exhibited the highest
Jon under all wavelength conditions. Generally, higher Nitrogen doping yielded high
photocurrent and higher efficiency. All the photocurrent and efficiency data are
summarized in Table 2.2. Under direct Xe lamp illumination, the maximum efficiency
was calculated to be 1.35% at ~ -0.75 V from sample A7 (Figure 2.7a). This value is
close to that of sample A6 (1.23%) and 48% higher than that of the undoped TiO, NR
photoanodes (0.91% at ~ -0.77V). However, other Nitrogen doped TiO, NR samples
(A2-A5) all yielded lower photocurrent and efficiency compared to the undoped one.
This is possibly due to the defective crystal structure around the NR surfaces (Figure 2.5),
which would jeopardize the charge transport even though their visible light photoactivity
might be higher than that of the undoped sample.

When an AM 1.5G filter was applied, sample A6 yielded the maximum efficiency of
0.26% at ~ -0.36 V; whereas, the efficiency of A7 rapidly dropped to 0.19%, which was

only 73% of that of A6. Other than A5, whose J,n was about the same level as A7, all the
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Table 2.2. Summary of Photocurrent Density and PEC Efficiency of Nitrogen doped and undoped

TiO, NR-Si NW architectures measured under different illumination conditions.

Al A2 A3 A4 A5 A6 AT
Samples
Undoped 1:80 1:40 1:20 1:10 1.5 11
Lamp
2.081 1.650 0.668 1.271 2.159 3.920 3.187
Source
J
UV cut off
(mA filter 0.011 0.011 0.015 0.040 0.060 0.095 0.039
cm®)
AM15G
filter 0.175 0.187 0.140 0.159 0.426 0.858 0.466
Lamp
0.905 0.362 0.324 0.531 0.492 1.232 1.357
Source
n UV cut off
. 0.004 0.003 0.005 0.014 0.028 0.040 0.015
(%) filter
AM15G
0.082 0.059 0.074 0.060 0.149 0.257 0.188

filter
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Figure 2.7. (a-c) Corresponding PEC efficiencies of Nitrogen doped and undoped TiO, NRs-Si NW
hierarchical architectures under illuminations of 100 mW cm 2 Xe lamp source, lamp with AM 1.5G

filter, and with UV cutoff filter, respectively.
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other Nitrogen doped NRs exhibited the same level of performance as the undoped one
(~0.08%). Therefore, under AM 1.5G illumination, the maximum efficiency offered by
Nitrogen doping was 225% higher than that of the undoped TiO, NRs.

When the samples were only exposed to visible light by applying a UV cut-off filter
(cut-off wavelength of 400 nm), the photocurrents were further reduced. As shown in
Figure 2.6¢, 2.7c and Table 2.2, sample A6 still exhibited the highest performance with a
maximum efficiency of 0.04% at ~ -0.54 V. Under this situation, the Jy, and efficiency of
sample A7 further dropped to the same level of sample A4 (X:Y = 1:20) and was
outperformed by sample A5. Similar to the observations under UV-involved illuminations,
no significant difference was found between the low-doping-concentration samples (A2
and A3) and the undoped one, where the photocurrents were remained at 0.01 mA cm >
level. Due to the rapid photocurrent drop when the entire UV spectrum was cut off, one
order of magnitude enhancement was identified when appropriate N was doped into TiO,
NRs.

The as-synthesized heavily Nitrogen doped TiO, NRs (A6) appeared darker in color
compared to the undoped TiO, NRs (Al, inset Figure 2.8), demonstrating its more
effective absorption of visible light. Corresponding UV-Vis absorption spectra revealed a
significantly enhanced absorption in the visible light regime (<~600 nm) as a result of
Nitrogen doping (Figure 2.8). XPS was then used to further understand this phenomenon
from the aspect of density of states (DOS) shift in the valence band (Figure 2.6d). From

the XPS spectra, the undoped TiO, NRs (A1) exhibited a VBM at ~4.8 eV. While sample
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Figure 2.8. UV-Vis absorption spectra of heavily-doped (A6) and undoped (Al) TiO, NRs.
Significant red shift of the absorption spectrum from A6 was observed. Inset is a digital photo shows
the much darker color of heavily-doped TiO, NRs (A6) compared to the undoped TiO, NRs (A1),

suggestingits more effective absorption of visible light.
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A2, which had the lowest N doping concentration, only exhibited a shift of 0.5 eV, all the
other Nitrogen doped samples showed a shift of 2.2-2.4eV. The change of VBM
evidences the emergence of absorption capability in the visible light range, which could
possibly enable photoactivity in broad-band illumination and thus enhanced PEC
performance. These observations evidence the successful activation of visible-light
photoactivity induced by N doping.

Incident-photon-to-current-conversion efficiency (IPCE) was used to quantitatively
understand the N doping effect on the photoactivity as a function of incident

wavelength. 11718

IPCE characterizations (Figures 2.6e and 2.6f) were conducted on all
Nitrogen doped and undoped samples at the potentials where Jy, approaches saturation
(e.g. -0.55V vs. SCE for A6). IPCE values were calculated via the following equation:**®
IPCE(%) = (1240/,1)/(APmono) (2.2)

where Jph is the photocurrent density at the incident wavelength A. Ppono is the power
density of the incident monochromatic light. All the samples exhibited significant
photoactivity over the entire UV region and decreased sharply when the wavelength is
greater than 360 nm. The lowest IPCE (~35-40%) was found from sample A2 and A3,
which was consistent with the lowest J,n and efficiency observed from these two samples
in all wavelength ranges. We believe this is due to the very low level of Nitrogen doping
that was not sufficient to completely alter their optoelectronic behavior but rather

introduced defects jeopardizing the charge transport properties. It is also surprise to see a

very high IPCE from relatively heavily doped TiO, NR samples (A6 and A7). Their IPCE
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reached over 95% in the UV range, which was 27% higher than that of undoped TiO,
NRs. Considering the absorption of heavily-doped TiO, in this wavelength range is
comparable to that of undoped one, we attribute this enhancement to their more efficient
utilization of UV light where the separation and transportation of photoexcited charge
carriers are more effective.”**” Sample A6 exhibited the highest high IPCE (~94%) at
~360 nm and the longest cutoff wavelength at 425 nm, which is consistent with its
highest photoactivity among all samples. A blue shift on the cutoff wavelength was
observed when the dopant concentration decreased and the undoped TiO, NRs exhibited
the shortest cutoff wavelength at ~400 nm, which is consistent with their UV-Vis spectra.

Figure 2.6f shows IPCE in the visible light region. Here, we can allocate their visible
light performance into three groups. Group I: relatively heavily doped TiO, NRs (A6 and
AT). They exhibited the highest IPCE in the 450 to 700 nm range (0.8%-1.0%) with an
obvious peak at ~610 nm. Group Il: moderately doped TiO, NRs (A4 and A5). They
showed a broad IPCE peak in the 450 to 700 nm regime with a maximum value of ~0.6%
across a broad band (500-600 nm). Group Il1I: lightly- and un-doped TiO, NRs (A1-A3).
Their IPCE were nearly zero within this wavelength range suggesting that the low
concentration of N is not able to introduce photoactivity in the visible light range.
Considering Ti** in Nitrogen doped TiO, is referred as a color center which induces

interbands for visible light absorption, 20421

we attribute the conspicuous IPCE around
~610 nm of Group | Nitrogen doped TiO, to the Ti*" related interbands light absorption.

In addition, the IPCE investigation also helps in understanding the strong wavelength
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dependence of Sample A7’s PEC performance. Since both A6 and A7 exhibited
comparably high IPCE in the UV range (<350 nm), they showed similar PEC
performance under Xe lamp illumination which had a significant UV portion. IPCE of A7
rapidly dropped when wavelength was greater than 350 nm. Therefore, its PEC
performance lowered to the level of Sample A5 when AM 1.5G filter was applied. Once
the UV illumination was completely blocked by a UV cut off filter, the Jy, and efficiency
of A7 further dropped to the same level of A4, despite its higher IPCE in the visible light

region.
2.4. Conclusion

In this chapter, we successfully introduced Nitrogen doping capability in the SPCVD
process for synthesizing high-density Nitrogen doped TiO, NR branches on dense Si NW
forests. The N elements were introduced by adding NH3 vapor as additional precursor
pulses between typical H,O and TiCl, cycles for growing TiO, NRs at 600 <C. The
dopant concentration can be rationally controlled by adjusting the ratio between the
doping cycles and regular TiO, growth cycles. HRTEM and EELS mapping revealed that
the N dopants were mostly accumulated around the surface of NR forming a percolated
layer. XPS study confirmed the formation of O-Ti-N bonds in Nitrogen doped TiO,; NRs.
Ti** signals were also observed, which are associated with the reduction of Ti** when N
substitutes O by doping. Compared to undoped one, the valence band maximum of
Nitrogen doped TiO, NRs exhibited a notable lifting up. The largest shift value reached

~2.4 eV in the most highly doped sample. The as-synthesized Nitrogen doped TiO, NR
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branched heterostructures were used as PEC photoanodes and their performances were
characterized within controlled illumination wavelength ranges. The Nitrogen doped TiO,
NRs demonstrated fairly competitive photoactivity under 100 W cm? Xe lamp and
simulated solar illuminations. Appreciable PEC activity was also observed in the visible
light range from 450 to 700 nm. The maximum efficiencies offered by Nitrogen doping
were 225% higher than those of the undoped TiO, NRs under AM 1.5G illumination. The
enhancement of PEC efficiency was more than 900% when only visible light was
illuminated. Successful synthesis of Nitrogen doped TiO, NRs by the SPCVD method
introduces a strong new capability to this novel and powerful 3D NR growth technique. It
enables composition and optoelectronic property control of the NR branches, allowing
performance enhancement or creating new functionality. Understanding the doping
behavior and controlling the doping concentration in SPCVD 3D NR growth hold a great
promise for engineering the electrical properties of functional nanomaterials for PEC and

other energy harvesting and conversion applications.
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Chapter 3. Cellulose Nanofiber-Templated 3D TiO, Nanorod

Architecture for PEC Photoanode

3.1. Introduction
PEC water splitting has received considerable attention on the development of solar
fuel technologies to relieve our dependence on fossil fuels and to reduce greenhouse gas

emissions, 6122124

High-performance photoelectrodes of PEC systems demand
broad-band and high-percentage light absorption; instantaneous and low-loss charge
separation, collection and transportation; and large and clean electrode-electrolyte
interfaces.****"%1%12 High porosity 3D nanostructures, such as branched nanowire
architectures and nanofiber networks, are considered as excellent candidates for PEC
photoelectrode development. As a result, 3D nanostructures are the current focus of a
tremendous surge of interest in PEC photoanode development.+1%°

Among all nanostructured 3D morphologies, natural cellulose-based nanomaterials
such as CNFs are another type of widely used large-scale renewable 3D mesoporous
structures owing to their great abundance, low cost, bio-compatibility and
degradability.****2 They are composed of elementary cellulose fibrils and show
comparable mechanical properties (e.g. Young’s modulus and tensile strength) as other
fibrous materials (e.g., carbon fibers and glass fibers).’** CNFs also exhibit significant

absorbability to both hydrophilic and hydrophobic materials.*** They are therefore a

remarkable template for processing functional 3D nanostructures with extremely large
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porosity, and possess a great promise for the development of high-performance energy
harvesting and storage devices. For example, nanostructured networks of
cellulose-graphite platelet composites were applied as Li-ion battery anodes

demonstrating excellent flexibility and good cycling performance;®%

porous
cellulose-templated TiO, nanostructures were used in photocatalytic and dye-sensitized
solar cells (DSSCs) exhibiting significantly enlarged surface area and improved electron

137138 and cellulose/polyaniline nanocomposites were developed for

transport properties;
supercapacitors  with enhanced mass-specific capacitance.’®* Combining the
CNF-templated nanostructures with branched functional NR configurations would lead to
a novel hierarchical nanostructure with enhanced PEC performance and photoelectrode
manufacturability.

In this chapter, further application of SPCVD TiO, NR growth will be discussed by
using nature CNFs as template. 3D high-density hollow fibrous networks with branched
TiO, NRs were synthesized on CNF-ZnO core-shell structures by SPCVD. The ZnO
layer was completely converted into TiO, during the growth following the Kirkendall
effect.”® Compared to other CNF-templated mesoporous nanostructures (i.e. TiO,-ZnO
bilayer tubular nanofibers network and TiO, nanotubes network), 3D TiO, fiber-NR
heterostructure exhibited significantly enhanced photocurrent and PEC efficiency owing
to their large surface area and good electrical conductivity.

3.2. Experimental Section

Fabrication of CNFs Template: The CNFs used in our experiments were
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tetramethylpiperidine-1-oxy (TEMPO) oxidized wood pulp fibers, which were prepared
according to the method reported by Saito et al.*****! In particular, the CNFs hydrogel
solution (0.4 wt%) was obtained by mechanically homogenizing the TEMPO-treated
wood pulp fibers on an M-110EH-30 Microfluidizer (Microfluidics, Newton, MA, USA)
with a series of 200- and 87-pum chambers via two pass-throughs. After printing the CNFs
hydrogel on Fluorine doped Tin Oxide (FTO) glass substrate, the substrate with hydrogel
film was frozen in a liquid N, and ethanol bath. The substrate was then placed into the
vacuum chamber of Labconco 4.5 Freeze Dryer (Labconco, Kansas City, MO, USA)
immediately, keeping 12 hours at room temperature with a base pressure of ~35 mTorr,
where sublimation of the ice yielded a nanofibrous structure cellulose film, 10 um thick
on the FTO.

Fabrication of 3D TiO, fiber-NR heterostructure: The as-prepared CNF
nanostructure on FTO substrates were loaded into ALD chamber for ZnO overcoating at
150 <. In one growth cycle, H,O and diethylzinc (DEZn) vapor precursors were pulsed
into the chamber for 1 s each and separated by N, purging for 60 s. The 150-cycle ALD
growth yielded a 30 nm-thick ZnO film covering CNFs. This CNF-ZnO core-shell
structure on FTO substrates was then used for SPCVD TiO, NR branch growth. Similar
to the ALD process, 400 cycles alternating reactions were proceed at 600 €. Each cycle
consisted of 1 s H,O pulsing + 60 s N, purging + 1 s titanium tetrachloride (TiCl,)
pulsing + 60 s N purging. Through this process, TiO, NRs were uniformly grown on the

fibrous backbones.
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In order to compare the PEC performance, both CNF-templated TiO,-ZnO bilayer
tubular nanofibers and fibrous TiO, nanotubes networks were prepared. For the TiO,-ZnO
samples, 400 cycles of ALD TiO, films were coated on CNF-ZnO core shell nanofibers.
The deposition was performed at 300 €€ with 1 s H,O pulsing + 60 s N, purging + 1 s
titanium tetrachloride (TiCl,) pulsing + 60 s N, purging for each cycle. The fibrous TiO,
nanotubes network was synthesized via 400-cycle ALD TiO, coating at 150 € on CNFs
template and sintered at 600 € to crystallize the TiO, coating and remove CNF
templates.” The fabrication process is schematically illustrated in Figure 3.1.

PEC Characterization: PEC characterizations were performed in 1 mol L™ KOH
(pH=14) aqueous solution using a three-electrode electrochemical cell configuration. The
saturated calomel electrode (SCE) was used as the reference electrode and a Pt wire was
used as the counter electrode. All electrodes were connected to a potentiostat system
(Metrohm Inc., Riverview, FL) for J-V measurement. Light illumination was provided by
a 150 W Xe arc lamp (Newport Corporation, Irvine, CA) and the intensity at the PEC
anode position was adjusted to be 100 mW cm 2. An AM 1.5G filter and a UV cut off
filter were also utilized with the lamp for PEC characterizations.

3.3. Results and discussion

The as-fabricated CNF networks on FTO substrates are shown by SEM in figure 3.2a.
The higher-magnification inset reveals a 3D fibrous structure of CNFs with an average
fiber diameter of ~0.1 pm. This high-porous nanostructure was well-preserved after 150

€ ALD of ZnO thin film conformal coating (figure 3.2b). The surface of ZnO-coated
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Figure 3.1. Schematic synthesis procedures of CNF-templated nanostructures. (a) 3D TiO, fiber-NR
heterostructure by ALD and SPCVD process. (b) TiO,-ZnO bilayer tubular nanofibers by ALD ZnO
and TiO, coating. (c) Fibrous TiO, nanotubes networks by ALD TiO, coating and calcination in

vacuum.
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CNF was relatively rough, which is a result of the polycrystalline nature of the ZnO
coating (Inset of figure 3.2b). Figures 3.2c and d show the morphologies of TiO,-ZnO
bilayer tubular nanofibers and TiO, nanotube fibrous networks, respectively, as two
reference samples. Both structures present a well-preserved nanofibrous structure. 300 €
TiO, ALD coating yielded a polycrystalline TiO, shell over the CNF-ZnO core-shell
fibers and burned away the CNF templates (inset of figure 3.2c).”®'*? The fiber diameter
was slightly increased (~190 nm). The rough surface of final fibrous structure was
replicated from the polycrystalline ZnO and became more notable. The TiO, nanotubes
shown in Figure 3.2d and inset demonstrated a smooth surface with a mean diameter
similar to those of fibrous CNF-ZnO core shell network. It is noteworthy in Figure 3.2
that the fibrous 3D network configuration was very stable during both low-temperature
ALD and high-temperature heat treatment processes, and no morphology change could be
observed.

Branched TiO, NRs SPCVD growth was conducted on the ZnO-coated CNF
templates shown in Figure 3.2b. The 3D fibrous network morphology was also
well-preserved after 14 hours of 600 € SPCVD process (figure 3.3a). From higher
magnification SEM images, the uniform and dense coverage of TiO, NRs can be clearly
observed along the entire fiber length (figure 3.3b). The fibers trunks were ~220 nm in
diameter, which was ~22% more than that of ZnO-CNF template. All TiO, NRs were
rooted on the walls of nanofibers and pointed out divergently. The NRs exhibited an

average length of ~170 nm and a diameter of ~30 nm (aspect ratio is ~5.7) (figure 3.3c).
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Figure 3.2. Morphologies and structures of CNF films and templated 3D architectures. (a) CNF film

processed on a FTO substrate; inset is a high magnification image for cellulose nanofibers. (b) CNFs

coated with 150-cycle ALD ZnO at 150 <€; inset shows the crystalline ZnO film with rough surface.

(c) Crystalline TiO, film overcoating on CNF-ZnO core shell template by 300-cycle ALD at 300 <€;

inset show the CNFs extinction and nanotubular structure. (d) Fibrous TiO, nanotube network after

400-cycle TiO, ALD at 150 €€ and 24 hours annealing at 600 <€ in vacuum; inset reveals the hollow

structure and related smooth surface.



Figure 3.3. Morphology and structure of CNF-templated TiO, branches architecture. (a) Fibrous

morphology was preserved after branched TiO, network growth. (b) High-density TiO, NRs that grew

laterally out of the fiber surfaces via 400-cycle SPCVD process. (c) (d) Higher magnification SEM

images indicate entirely covered fiber surfaces with TiO, NRs and the hollow backbone structure after

growth.
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Cross-sectional image of a single fiber (figure 3.3d) shows the hollow center of the
branched structure and evidences the removal of fiber templates during high-temperature
deposition. The diameter of the orifice was close to 180 nm which was larger than the
size of cellulose fiber but comparable to that of the CNF-ZnO core-shell template. The
continuous wall thickness was only ~10 nm.

The crystal structures of these three CNF-templated TiO, fibrous networks were
further investigated by TEM (figure 3.4). All the tubular nanofibers exhibited a uniform
wall thickness along the entire channel, which is consistent with the SEM results. TiO,
NR-branched nanofibers were shown in Figure 3.4a, where a uniform ~10 nm wall can be
clearly observed and the inner diameter was as large as that of the CNF-ZnO core shell
template. The NRs exhibited a uniform contrast indicating their single crystal structure.
These observations are consistent with our recent discovery of the Kirkendall effect
during high-temperature TiO, ALD. When ZnO NW arrays were used as the initial
template, 400-cycle SPCVD of TiO, at 600 <T yielded high-density branched TiO, NRs
on TiO; nanotubes that were converted from the ZnO NWs via cation diffusion and
exchange.”® We believe such an effect also applied to our CNF-ZnO core-shell templates,
where the ZnO shell was fully converted into the thin TiO, walls during the initial growth
stage.

The TiO,-ZnO bilayer tubular nanofibers were fabricated via 150 cycles of ZnO and
400 cycles of TiO, ALD at 150 <C and at 300 <C, respectively. The wall thickness of this

hierarchical tubular structure was found to be ~50-60 nm (figure 3.4b), which is



59

Figure 3.4. TEM characterizations for different CNF-templated3D architectures. (a) TiO, fiber-NR
heterostructure, the nanotubular structure and TiO, NRs with average size of ~170 nm in length and
~30 nm in diameter. (b) TiO,-ZnO bilayer tubular nanofibers and polycrystalline feature on the surface.
(c) Fibrous TiO, nanotube structure with uniform wall thickness of TiO, and large crystalline domain

area.
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consistent with the typical ALD growth rate of ZnO and TiO,. Unlike the 600 <C growth,
the lower temperature (300 <C) inhibited cation diffusion and exchange reactions that are
required by the implementation of the Kirkendall effect. Thus, crystalline TiO, was
simply over-coated on the ZnO surfaces and created TiO,-ZnO bilayer tubular structure
by only burning off CNF cores. Direct TiO, ALD on CNF templates yielded a much
smoother tubular structure, as shown in Figure 3.4c. The wall of TiO, nanotubes was
fairly uniform with a thickness of ~40 nm which is accordant with the typical TiO, ALD
growth rate. The polycrystalline shell exhibited a much larger grain size (>100 nm)
formed from subsequent high-temperature treatment (600 <C), where the CNFs templates
were also completely removed. Although CNFs have amorphous and crystalline regions,
above microscopic observations they reveal no differences in morphology and
crystallinity of either TiO, NRs or ZnO or TiO, overcoatings along the entire CNF
surfaces. The preparation methods and representative morphologies of the three types of
samples are summarized in Table 3.1.

Elemental and phase information of the three types of fibrous nanostructures were
characterized to further confirmed the conclusions of structure evolution drawn from the
microscopy analyses. From the 3D TiO, fiber-NR heterostructure, no Zn signal was
detected from EDS spectrum (Figure 3.5a), nor the ZnO phase can be identified by the
XRD pattern (Figure 3.5b). This verifies the fact that all ZnO shell was consumed and
replaced by TiO, nanotube backbones during NRs integration via the Kirkendall effect.

From the XRD profile, rutile TiO, was identified, which was believed to be a result of the
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Table 3.1. Summary of observed morphologies of three types samples under different preparation

methods.

CNF-templated Sample Preparation Method Morphology
TiO, fiber-NR ZnO ALD coating on CNFs then TiO, NRs rooted on the TiO,
heterostructure TiO, NRs growth by SPCVD tubular nanofibers

TiO,-Zn0O bilayer

tubular NFs

TiO, nanotubes

networks

ZnO ALD coating on CNFs then TiO, and ZnO double-layer tubular
crystalline TiO, ALD coating nanofibers with rough surface
Amorphous TiO, ALD coating then

TiO, tubular nanofibers
annealing
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Figure 3.5. (a) EDS analysis and (b) XRD patterns reveal the conversion of ZnO template to TiO,and
more appeared rutile phase during the 600 < SPCVD process for TiO, NRs growth, whereas the ZnO

layer was reserved and less rutile phase show up during 300<C ALD process for TiO, films coating.
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lower anatase phase stability when foreign element (e.g., Zn) was involved during the
growth.** As expected, the TiO»-ZnO bilayer tubular nanofibers showed a strong Zn
single in the EDS spectrum and the ZnO phase can be clearly identified in the XRD
pattern. Due to the existence of Zn elements, the rutile phase also appeared rather than
pure anatase phase from 300 <T ALD TiO- in our earlier publication.* The EDS and
XRD results of TiO, nanotube network were identical to typical ALD results as shown in
our previous work,’® where only anatase TiO, was observed. Notably, the EDS analysis
showed distinct C signal from each sample. The amount of carbon preserved in the final
products of TiO, fiber-NR heterostructure, TiO,-ZnO bilayer tubular nanofibers, and TiO,
nanotube network was identified to be ~6.2%, 7.9 %, and 14.4% respectively. Exposures
of H,0 vapor during 600 <C TiO, NRs and 300 <C TiO; film growth might provide an
oxidation environment and lessen the amount of reserved carbon from CNF calcination.
Due to the long optical paths and possible high quality transport channels for rapid
charge separation and conduction, as well as the prominent electrolyte-semiconductor
interface areas, the 3D TiO, fiber-NR heterostructure could be a promising mesoporous
configuration for high-performance PEC photoanodes.3*7%7614414¢ gych potential merits
were explored by conducting PEC water splitting measurements. For performance
comparison, the other two samples (TiO,-ZnO bilayer tubular nanofibers and TiO;
nanotube networks) were applied as PEC photoanodes as well. The photocurrent density
(Jon) versus bias potential characteristics of these three kinds of samples was measured

under the same conditions. Corresponding PEC efficiencies were estimated using the
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equation 2.1 that was present in previous chapter.

The representative Jpn —V curves are shown in Figure 3.6a under the illumination of
100 W cm™? Xe lamp source without and with AM 1.5G or UV cutoff filters. The dark
current densities of each PEC test remained at fairly small values (<10™* mA cm2) within
the bias potential range scanned between -0.9 V and 0.5 V (vs. SCE) indicating high
quality crystal surfaces of the as-synthesized fibrous networks. In general, the 3D TiO,
fiber-NR heterostructure exhibited high Jon and efficiency under all wavelength
conditions, where the highest values were obtained from the Xe lamp illumination and
the lowest values when a UV cutoff filter was applied. Under Xe lamp, the maximum
efficiency was calculated to be 1.13% at ~ -0.31 V. The maximum efficiency dropped to
0.76% at ~ -0.26 V for AM 1.5G filter and 0.17% at ~ -0.35 V for UV cutoff filter (Figure
3.6b). This phenomenon evidences that the performance of TiO, nanostructure-based
photoanodes was mainly governed by UV absorption. Nevertheless, appreciable PEC
performance was achieved when only visible light was illuminated. The photoactivity in
the visible light region can be attributed to the presence of carbon elements as discovered
in our recent study.’

Compared to the other two reference samples, the Jo,n of 3D TiO, fiber-NR
heterostructure exhibited obviously higher values under all illumination wavelength
range. When illuminated directly under the Xe lamp, its maximum efficiency (1.13% at ~
-0.31 V) is 45% and 22% higher than that of the TiO,-ZnO bilayer tubular nanofibers

(0.78% at ~ -0.26V) and TiO, nanotube networks (0.93% at ~ -0.6 V), respectively



65

(a)
asr Lamp source AM 1.5G filter | o4} UV cut off filter
3o} 201
= 25 15l 0.3
g 20} "
1.0} 2F
E 15
~ 1.0k 05k 0.1f
osf
0.0 v/ n n n 0.0 W L 1 r
09 08 03 00 03 09 06 03 00 03 09 08 03 00 03
€ E vs. SCE (V) >
(b) —— CNFs+Zn0O+TiO; NRs CNFs+ Zn0O+TiO, films — CNFs+TiO, films
0.20
12} Lamp source | ggl AM 1.5G filter UV cut off filter
09t ol
BS 0.6 0.4
=
03} 0.2k
0.0 1 L L 0.0
0.9 -06 -0.3 0.0 0.3 0.9 -0.6 03 0.0 0.3
€ E vs. SCE (V)

Figure 3.6. (a) Photoelectrochemical performance of three CNF-templated fibrous networks under
illuminations of 100 mW cm % Xe lamp source, lamp with AM 1.5G filter, and with UV cutoff filter. (b)

Corresponded PEC efficiencies for these CNF-templated3D architectures.
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(Figure 3.6b). When AM1.5G and UV cut-off filter was applied, the TiO, fiber-NR
heterostructure exhibited even higher advantages compared to the other two. Under
AML1.5G illumination, its maximum efficiency was 38% and 97% higher than that of the
TiO,-ZnO bilayer tubular nanofibers and TiO, nanotube networks. Under only visible
light, the enhancement was raised to 195% and 249% as compared to the TiO,-ZnO
bilayer tubular nanofibers, TiO, nanotube networks, respectively. The largest surface area
is generally believed to be the main reason of the enhanced performance. However, the
much more significant enhancement in the visible light region suggests that the charge
transport might be the bottle neck when higher flux photogenerated charge was induced.
This argument can also be supported by the shapes of J,n —V characteristics. As shown in
Figure 3.6a, the saturation regions of both TiO; fiber-NRs heterostructure and TiO,-ZnO
bilayer tubular nanofibers samples were less obvious, indicating the existence of a larger
number of defects and grain boundaries in these two samples acting as the recombination
sites, which jeopardize the separation and transport of photogenerated charges. "
3.4. Conclusion

In this chapter, high-density 3D TiO, fiber-NR heterostructure was developed for
efficient PEC photoanodes. 3D CNFs network with ALD ZnO shells was used as
template for SPCVD growth of TiO, NR branches. The ZnO layer interacted with TiCl,
vapor and was quickly converted into polycrystalline TiO, thin films seeding the growth
of TiO, NRs. The template dimension and 3D morphology were well preserved. The

structure evolution was in a good agreement with the vapor-phase Kirkendall effect in
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ALD system that we discovered recently. The 3D fiber-NR heterostructure offers large
porosities and tremendous surface areas for PEC water splitting. Its PEC efficiency was
found to be 22%-249% higher than those of TiO,-ZnO bilayer tubular nanofibers and
TiO, nanotube networks that were synthesized as reference samples. The much more
conspicuous photoactivity in longer wavelength region together with the Jpy, —V
characteristics suggest that charge transport might be the issue for the 3D fiber-NR
heterostructure to further enhance its PEC performance. This technique opens a new
avenue toward cellulose-based nanomanufacturing technique which holds a great promise
for large-area, low-cost, and green fabrication of functional nanomaterials, as well as

their applications in solar energy harvesting and conversion areas.
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Chapter 4. Capillary PEC Based on Cellulose

Nanofiber-Templated 3D TiO, Nanoarchitectures

4.1 Introduction

Natural cellulose nanofibers (CNFs) have been successfully explored to synthesize
the 3D TiO, fiber-NR heterostructure for PEC photoanodes in chapter 3. Such
nanoarchitectures exhibited significantly enhanced photocurrent and PEC efficiency,
which is attributed to their large surface area and good electrical conductivity. This
successful application exploration of CNF-templated nanostructure suggests that the
performance of PEC photoanodes could also be improved through directly depositing
TiO, on CNFs for hollow TiO, nanofibers. In this chapter, 3D fibrous TiO, nanotube
architecture was synthesized by ALD of titania films over CNF templates. Due to the
excellent hydrophilic properties of CNF films, a capillary PEC setup was developed to
perform water splitting reactions outside of the electrolyte body, where electrolyte was
supplied through nano/micro-channels in the CNF film driven by capillary force.
Enhanced reaction kinetics and higher efficiency were observed from the capillary PEC
process. In addition, modification of the calcination atmosphere was used to engineer the
chemical compounds of TiO, nanofibers and enable visible light photoactivity.

4.2 Experimental Section

Fabrication of CNF films: The Nanofibrillated cellulose (NFC) used in our

fabrication was tetramethylpiperidine-1-oxy (TEMPO) oxidized wood pulp fiber, which
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was prepared according to the method reported by Saito et al.'***** Specifically, in order
to obtain a 0.4 wt%, nanofiber hydrogel, deionized water was added to the centrifuged
NFC suspension before this mixture was mechanically homogenized on an M-110EH-30
Microfluidizer (Microfluidics, Newton, MA, USA) with a series of 200- and 87-um
chambers via two pass-throughs. After printing this NFC hydrogel on Fluorine doped Tin
Oxide (FTO) glass substrates, the substrate with the hydrogel film was frozen by liquid
nitrogen and ethanol bath. Next, the substrate was immediately and quickly transferred
into the vacuum chamber of a Labconco 4.5 Freeze Dryer (Labconco, Kansas City, MO,
USA) with stable pressure about 35 mTorr for 12 hours at room temperature, where
sublimation of the ice yielded a nanofibrous structure cellulose film, 10 pm thick on the

FTO.

Fabrication of TiO, nanotube photoanodes: The CNF films were loaded in ALD
chamber for amorphous TiO, overcoating at 150 €. The ALD growth cycle consisted of
0.5 s H,0 pulsing + 60 s N, purging + 0.5 s titanium tetrachloride (TiCly) pulsing + 60 s
N, purging. 350 cycles yielded 30 nm thick amorphous TiO, coating. The
CNF-amorphous TiO, core-shell structures were annealed in oxygen (600<€, 24 hours,
390 mTorr) or vacuum (600, 24 hours, 55 mTorr) to convert the amorphous TiO; into
anatase phase. Through this process, CNFs were also removed leaving TiO, nanotube
structures. Then, another thin film of anatase TiO, was coated onto the entire sample by
400-cycle ALD at 300 to make a continuous cover of the TiO, fibrous nanotubes and
exposed FTO area. The last step was further annealing the samples in oxygen at 500 €

for 10 hours to eliminate carbonized cellulose residues outside of the TiO, crystals to
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avoid possible undesired electrochemical reactions during PEC measurement.

PEC setup and characterization: The TiO, nanotube networks on FTO substrate
were covered by epoxy leaving an exposed active area of ~0.6 mm? as the photoanode.
For capillary PEC setup, an additional CNF strip was adhered on the bottom side of the
TiO, nanotube array. PEC measurements were performed in a 1 molL™ KOH (pH=14)
aqueous solution using a three-electrode electrochemical cell configuration. Both the
conventional in-electrolyte PEC setup (immerse all active area into the KOH electrolyte)
and the new capillary PEC setup (only bottom part of the cellulose strip was immersed in
to KOH electrolyte) were utilized in the performance characterization of TiO, fibrous
photoanodes. In PEC measurements, a saturated calomel electrode (SCE) was used as the
reference electrode and a Pt wire was used as the counter electrode. All electrodes were
connected to a potentiostat system (Metrohm Inc., Riverview, FL) for J-V
characterization. Light illumination was provided by a 150W Xe arc lamp (Newport
Corporation, Irvine, CA) and the intensity at the PEC anode position was adjusted to be
100 mWcem™. An AM 1.5G filter and a UV cut off filter were also utilized with the lamp
for PEC characterization.

4.3 Calculation Section
4.3.1 The potential change of the redox couple between new pH solution and pH=14
solution

The relation between the Fermi level of the redox couple and their concentrations is

represent by the equation:'*°
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[Red]

Eredor = *Bredox + KTIn (F25) (4.1)
where °Eeqox i the standard redox potential of the redox couple.
For 40H - 2H,0 + O, +4e
[Red] = [OHT], [Ox] = [O2] = Po,

At pH =14,
Efreaox = *Bredox + KTInG_-) 42)

Also, [H'][OH]= 10" =>[OH]= 10"/[H"]

At new pH value,

Elg,redox = OEredox + kTIn( (4-3)

10~
Po, [H+])
Thus, the potential change of the redox couple between new pH solution and pH=14

solution follow the eugtion:

— 2 _r1
A(ol - EF,redox EF,redox

_ kT 10-14
~lge 7\ [H*]

= kT( H—14)
" lge p
= 0.059(pH — 14) (4.4)

4.3.2 The relation between the Fermi level of the semiconductor and the number of
accumulated holes

From interruption J-V test curve (black) and the related regular curve (red), the area
between them is related to the number of accumulated holes on the semiconductor

surface. Read the data (Vo, Jo) at toand (V1, J1) at t; on black curve.
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Based on the RC circuit model:

t
I(t) = I,e ™ = d‘;—(t” (4.5)
Qo=CVo (4.6)
|0 = Vo/R = Qo/RC: Qo/l’o (47)

where lg is the initial current and 7o is the time constant of the system.

Thus,

t

I(t) = (Qo/RC)e ™ (4.8)

Let t=t;-to, where t can be achieved by (V1-Vy)/S, S is the scan speed =0.05V/s.

Put (Jo, 0) and (J1, t) into the equation to get the value of Qg (C cm™)

For traditional PEC case and capillary PEC case, the average Qg /e value were
obtained as 8.24x10% (cm™) and 3.43x10' (cm™). The thickness of the TiO, nanotube
film was ~10 pm. The holes concentration should be approximately 8.24x10* (cm™) and
3.43x10" (cm™).

The appearance of transients diminishes at higher potential as a larger proportion of
holes have sufficient potential to oxidize water.*® Also, previous research mentioned that
the magnitude of the transient decreases with increasing positive bias. This effect can be
understood by considering that positive potentials increase the band bending.™* Therefore,
the exploration of difference on the number of accumulated holes for two cases can be
considered to investigate the difference of band bending in two cases. Band bending is

strongly related to the Fermi level of the semiconductor. So, from the equations:
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E; — By, = kTIn(3* (4.9)
E; — By, = kTIn(:2) (4.10)

For our ALD synthesized n-type TiO,, if we assume Nj is the carrier concentration in
this TiO,, N, = N;+4N, where AN (>0) is the change of holes concentration from above
calculation.

ACDZ = Ef1 - Efz
= kTl (NZ)
= n N1

= kTin (1+ j‘v—’r) (4.11)
AN~5x10"(cm’®). Typically, for n-type TiOz, N;=~10"" (cm™).
4.3.3 The relation between section 4.3.1 and section 4.3. 2.

The water oxidation happened when there is a certain gradient between the potential
of semiconductor and the potential of the electrolytes. Assume this value will not change
for our TiO, - KOH system. Also, the transient behavior is related to surface states which
depend on the crystalline quality of the surface. This can be modified by the synthesis
technique. In two PEC cases, the TiO, nanotube sample did not change. The calculated
potential difference for the semiconductor described in section 2 is actually the potential
difference for KOH solution.

Combine equation (4.4) and equation (4.11), let dp, = Ag,
0.059(pH — 14) = kTin (1 + j‘v—’f) (4.12)
If N;~10", AN~5x10"°, kT~0.025eV

pH ~ 14.02



74

4.4 Results and Discussion

The CNF films were fabricated at wafer-scale via freeze-drying approach as shown
in the inset of Figure 4.1a. SEM revealed a highly-porous network structure composed of
dense CNFs (Figure 4.1a). The fibrous nanostructure was well preserved after 150€
ALD of TiO; thin film conformal coating, yielding an overall fiber diameter of ~100 nm
(Figure 4.1b). The amorphous TiO, coating was then crystallized by annealing the sample
at 600 <€ for 24 hours under controlled conditions (see experimental section for details).
The annealing treatment crystalized the amorphous TiO, coating as well as burned away
the CNF templates. It is noteworthy that the fibrous 3D network structure was very stable
during the vigorous heat treatment and no obvious dimension or morphology change
could be observed (Figure 4.1c), except that the core-shell fibers were converted into
TiO, nanotubes (inset of Figure 4.1c).

The crystal structure of CNF-templated TiO, nanotubes were further investigated by
TEM. Low-magnification TEM images clearly demonstrated the tubular TiO;
nanostructure after annealing (Figure 4.1d). Thickness of the TiO, layer was identified to
be 25~30 nm which was consistent with the 350 cycles of ALD (Figure 4.1e). The TiO;
nanotubes are polycrystalline with a fairly large single-crystalline domain (~20-50 nm in
one dimension). HRTEM revealed a single-crystalline domain region obtained from the
TiO, nanotube. The crystal lattice spacing and the diffraction pattern from fast Fourier
transform (FFT) suggest the anatase phase of the TiO, nanotubes. Powder X-ray

diffraction (XRD) further confirmed the pure anatase TiO, phases after 24 hours
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Figure 4.1. Morphology and structure of CNF films and templated TiO, nanotube structures. (a) CNF

film processed on a FTO substrate; inset is a single piece of CNF film fabricated in large scale. (b)

CNFs coated with TiO, via 350 cycles ALD at 150 <. (c) Fibrous TiO, nanotube network after

annealing at 600 €€ for 24 hours; inset shows an enlarged broken tip revealing the hollow tubular

structure. (d) TEM image of a hollow TiO, nanotube obtained after annealing. (e) Higher resolution

TEM image showing the uniform thickness of TiO, walls and large crystalline domain area. (f)

HRTEM image showing the single-crystal region obtained from the TiO, shell. The lattice spacing and

FFT (inset) suggest the anatase phase.
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Figure 4.2. XRD spectrum of fibrous TiO,nanotubes after annealing, confirming its anatase phase.
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annealing treatment (Figure 4.2).

The PEC performance of the CNF-templated TiO, nanotube network and the unique
capability of CNF in PEC cell development were investigated using an out-of-electrolyte
capillary PEC system, as schematically shown in Figure 4.3a. The active TiO, nanotube
photoanode was placed on a conductive substrate and covered by epoxy, leaving an
exposed area at the center. The photoanode bottom was in contact with a CNF film strip
that was used to draw and transport electrolyte to the TiO, photoanode surface. The entire
testing setup is shown in Figure 4.4. In this PEC design, the photoanode was placed
outside of the electrolyte surface. Due to the excellent hydrophilic property of CNF,
capillary force could drive the electrolyte to the active area quickly and continuously.
Enhanced PEC reaction kinetics could be expected from the dynamic and infinitesimal
electrolyte supply.

To investigate the performance of this capillary PEC design, the photocurrent density
(Jon) Vversus bias potential characteristics of both capillary PEC and conventional
in-electrolyte PEC setups were measured under the same conditions. The representative
J-V curves are shown in Figure 4.3 b and ¢ under the illumination of 100 W cm™ Xe lamp
source without and with AM 1.5G filter, respectively. The dark current densities of both
setups remained at small values (<10*mAcm™) within bias potentials scanned between
-1.2 V and 0.5 V (vs. SCE) demonstrating a high quality of the crystal surfaces of fibrous
TiOznanotubes. Generally, Jpn was significantly higher under Xe lamp than that under

AM 1.5G filter (e.g. 0.87 vs. 0.10 mAcm™), because a large amount of UV light was cut
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Figure 4.4. Schematic illustration (a) and a photo (b) of capillary PEC setup.
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off by the filter. This phenomenon suggests that the performance of fibrous anatase
TiOznanotubes photoanode was dominated by UV absorption. Under Xe lamp
illumination, as shown in Figure 4.3b, J,» measured from the capillary PEC setup (Jpn.ex,
blue curve) was more than twice as much as that from the in-electrolyte setup (Jpn,in, red
curve). Corresponding efficiencies were calculated by equation 2.1.

The capillary setup exhibited a maximum efficiency of 0.45% at ~-0.65 V; whereas
the in-electrolyte setup had only a maximum efficiency of 0.16% at ~-0.45 V (Figure
4.5a). When AM 1.5G illumination was applied, both Jpnex and Jpnin Were significantly
decreased. Although Johex Was still higher than Jgnin, their difference became much
smaller (Figure 4.3c). Following Equation 2.1, the maximum efficiencies of capillary and
in-electrolyte PEC processes were found to be 0.04% at ~-0.45 V and 0.03% at ~-0.35 V,
respectively (Figure 4.5b). Meanwhile, the saturation regions of both curves were less
obvious, indicating the lower UV intensity may not generate sufficient electrons/holes to
saturate the surface or defect trapping states, which facilitated the recombination of
photoexcited electrons and holes."*%21%3

The stability of the cellulose-temperature TiO, 3D fibrous photoanode and the
capillary PEC configuration was further evaluated by measuring Jyn at a constant bias of
0.3 V (vs. SCE) under 100 mWcm™ Xe lamp illumination. After an initial drop of 1.4%
(Jpn changed from 0.73 to 0.72 mA cm) during the first 60 minutes, Jpn remained at 0.72

mAcm ?for 12 hours without appreciable further decrease (Figure 4.6). This measurement

confirms good structural and functional stability of the TiO, photoanode. It also suggests
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that the capillary PEC design could function continuously and stably without any
electrolyte transport or local reaction Kinetic variation issues.

In order to understand performance enhancement from the capillary PEC design, a
series of analyses were performed on the reaction environment and kinetics. Firstly, it is
intuitive to imagine that less electrolyte body volume in front of the photoanode would
result in higher light intensity that can be practically absorbed. Thus, the power densities
of the illumination at fixed distances from the lamp were quantified. A linear decrease of
the power density was found showing a rate of ~9.1mW cm™ per 1 cm passing length
through 1 molL™ KOH electrolyte (Figure 4.7). Therefore, the capillary PEC design has
the least amount of electrolyte covering the photoanode surface, which ensures the
highest intensity of available light for absorption. This advantage becomes particularly
significant when large amounts of photo-catalyst need to be applied within a confined
volume of electrolyte.

Secondly, by performing J-V measurement under interrupted illumination, we found
the reaction kinetics was slightly enhanced in the capillary PEC design. Figures 4.8a and
b compare the J-V curves of the same TiO, fibrous photoanode collected from capillary
and in-electrolyte setups under interrupted 100 mWem™ Xe lamp illumination. Both dark
currents were negligibly low while the Jyn profiles followed a similar trace as those
shown in Figure 4.3b. For in-electrolyte setup, the emblematical anodic current spike was
obvious at the point when the illumination was on (Figure 4.8a and inset); whereas from

the capillary PEC setup, such spikes were less distinguishable (Figure 4.8b and inset).
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These current spikes are known by evidence of accumulated photoexcited holes at the
semiconductor-electrolytes interface.™®® They are a result of carrier oxidized trap states of
the semiconductor,*®* or slow oxygen evolution reaction kinetics.*****®> Such spikes can
be suppressed when photoexcited holes experience less or no barrier to oxidizing the
electrolyte under better interface charge transport kinetics.

Based on above discussion, the photo-oxidation reaction Kinetics at TiO, surfaces can
be compared for both PEC setups from the shape of spikes. From the area under the
anodic current spike, the number of accumulated holes at the TiO,-electrolyte interface
can be estimated (Inset of Figures 4.8a and b), which is analogous to calculating the
amount of accumulated charges in a capacitor of an RC circuit by Equation 4.5. For our
situation, the area density (cm™@) of accumulated holes can be approximated by
integrating J(t)dt. From both J-V curves in Figures 4.8a and b, the accumulated hole
densities were estimated to be 8.24x10'cm™ for in-electrolyte PEC and 3.43x10*cm™
for capillary PEC.

The lower interfacial hole concentration suggests a lower transient over potential (A¢)
for oxidation reactions (see details in calculation section). Because identical TiO, fibrous
photoanodes were used in both cases, A (eV) is likely associated with the Fermi level
shift of the redox couple in the electrolyte, which is directly related to the pH value in our
KOH system following Equation 4.4.}*° The pH values corresponding to the over
potential found in the capillary case was calculated to be ~14.02, suggesting the OH"

concentration is slightly higher than the actual electrolyte concentration (1M KOH,
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Figure 4.8. J-V characteristics of cellulose-templated TiO, photoanodes measured under interrupted

illumination using in-electrolyte PEC setup (a) and capillary PEC setup (b). Insets are enlarged top

regions of one Jp, cycle showing the feature of the initial current spikes.
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Figure 4.9. J-V characteristics of cellulose-templated TiO, photoanodes measured under interrupted

illumination using in-electrolyte PEC setup, where the pH value of electrolyte was 14.02. Inset is

enlarged top regions of one J,, cycle showing the flatness of initial current.
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pH=14). To further confirm the pH relationship, in-electrolyte PEC was conducted using
the same TiO, photoanode under interrupted illumination in KOH electrolytes with
pH=14.02, 14.2, respectively (Figures 4.9). Compared to the result shown in Figure 4.8a,
most anodic current spikes disappeared at higher pH values. We believe higher pH value
at the photoactive site was possibly due to solvent volatilization during electrolyte
transport through cellulose film. This effect is beneficial to local reaction kinetics.
However, it may become impedimental in practical applications when the transportation
path is too long and where the electrolyte may completely dry out. This limitation can be
circumvented by encapsulating the cellulose transport path.

Another significant merit of using cellulose nanofiber as templates is its ability to
modulate the chemical composition of ultimate TiO, nanostructures. Previous
measurements were all based on fibrous anatase TiO, nanotubes processed by annealing
in O, atmosphere, where the cellulose nanofibers were completely removed and the final
structure appeared pure white (low right picture in Figure 4.10a). However, when
annealed in vacuum (600<€, 24 hours, 55 mTorr), the resulting TiO, nanostructure turned
black, though the cellulose nanofiber cores were also fully removed (Figure 4.11). EDS
analysis showed an appreciable amount of carbon (~10%) was preserved in the final TiO,
product (Figure 4.12). The existence of carbon in TiO, and the resultant black color
suggests significant visible light absorption and possible visible light photoactivity of the
TiO, photoanode, which may further enhance the PEC performance. To test this

hypothesis, both capillary and in-electrolyte PEC setups were applied to characterize the
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Figure 4.10. Effect of TiO, composition control. (a) Photos of CNF films before and after TiO,

coating, and after annealing in vacuum and oxygen atmosphere. (b) J-V characteristics of “black”

cellulose-templated TiO,photoanode measured using capillary and in-electrolyte PEC setups. (c, d)

Performance comparisons of cellulose-templated TiO,photoanodes annealed in vacuum (red curves)

and in oxygen (blue curves) measured with UV cutoff filter (c) and AM 1.5 G filter (d). All the curves

were measured using capillary PEC setup.
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Figure 4.11. (a) TEM image of fibrous TiO, nanotubes obtained after 600<C 24 hours annealing in

vacuum. (b) TEM image showing TiO, wall with uniform thickness. (¢) HRTEM image of TiO, wall

showing good crystallinity.

Figure 4.12. EDS spectra of fibrous TiO,nanotube samples after 600 <T annealing for 24 hours under
the environment of O,atmosphere (a) vacuum (b). The observed average elemental content of carbon
(atom %) was 5.713% for TiO, annealed in O, atmosphere; and 10.025% for TiO, annealed in vacuum.

The “Si” peak and “Sn” peaks came from the FTO glass substrate.
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Figure 4.13. (a) Calculated efficiencies of “black” cellulose-templated TiO, photoanode measured
using capillary and in-electrolyte PEC setups under Xe lamp illumination. (b, c) Calculated
efficiencies of cellulose-templated TiO, photoanodes annealed in vacuum (black curves) and in
oxygen (red curves) measured with UV cutoff filter (c) and AM 1.5 G filter (d). All the curves were

measured using capillary PEC setup.
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J-V curves under Xe lamp illumination. As shown in Figure 4.10b, both setups exhibited
higher Jpn compared to the results from “white” TiO, photoanode (Figure 4.3b).
Following Equation 2.1, the maximum efficiencies of the “black” TiO, photoanode were
identified to be 0.85% and 0.58% for capillary and in-electrolyte setups, respectively.

The possible visible light photoactivity was further investigated by comparing the
“black” and “white” fibrous TiO, photoanodes using the same capillary PEC setup and
AM 1.5G and visible light (UV filter applied) illuminations, as shown in Figure 4.10 ¢
and d, respectively. Under both illumination conditions, Jp, from the “black” TiO,
photoanode was almost an order of magnitude higher than that from the “white” TiO,.
Corresponding efficiencies were calculated (Figure 4.13) and summarized in Table 4.1
for comparison. In general, Jp,and PEC efficiencies of capillary setups were higher than
those obtained from in-electrolyte setup owing to less electrolyte-related light scattering
and better local reaction kinetics. For both PEC setups, the vacuum annealed TiO,
nanostructures exhibited significantly higher PEC performance compared to the ones
annealed in oxygen due to the activation of visible light photoactivity. This comparison
clearly shows that the capillary PEC design is able to further enhance the PEC
performance in addition to those can be achieved by other strategies, such as
optimizations of light absorption, surface/interface properties and charge transport. Given
other key kinetic factors being well engineered, the maximum PEC efficiency could be

raised to a higher level by the implementation of the capillary PEC design.
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Table 4.1. Summary of Photocurrent Densities and PEC Efficiencies of Fibrous TiO, photoanodes

measured under different conditions.

PEC set up Anne?lling UV.cut off AM 156G J , n

ambient filter filter (mA cm™) (%)

Oxygen No No 0.87 0.45

Oxygen No Yes 0.10 0.04

Capillary setup Oxygen Yes No 0.03 0.01
Vacuum No No 161 0.85

Vacuum No Yes 0.47 0.20

Vacuum Yes No 0.26 0.09

Oxygen No No 0.42 0.16

Oxygen No Yes 0.08 0.03

In-electrolyte setup Oxygen Yes No 0.02 0.01
Vacuum No No 1.10 0.58

Vacuum No Yes 0.32 0.15

Vacuum Yes No 0.15 0.07
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4.4 Conclusion

In this chapter, 3D CNF networks were used as templates for fabricating PEC
photoanodes via ALD of TiO,. Annealing the cellulose-TiO, core-shell nanostructures
created anatase TiO, nanotube 3D architecture, which offered tremendous surface area
for PEC water splitting. Based on the excellent hydrophilic property of cellulose, a novel
capillary PEC setup was developed. Capillary force quickly and continuously transported
electrolyte to the photoanode surface during PEC water splitting. Better reaction kinetics
and higher efficiency are achieved from the capillary PEC designs compared to
conventional in-electrolyte PEC reactions. In addition, annealing the cellulose-TiO,
core-shell structure in vacuum preserved the carbon elements in TiO,, and thus activated
photoactivity in the visible light region. The cellulose-based nanomanufacturing
technique holds a great promise for large-area, low-cost, and green fabrication of
functional nanomaterials. Using cellulose for capillary PEC design mimics the mass
transport process in natural photosynthesis, where the interaction between light and
reaction sites is no longer limited by the volume, surface and depth of electrolyte.

Therefore, it offers a band new solution for improving the throughput of PEC reactions.
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Chapter 5. Pt-TiO, Nanofiber Network for Efficient Capillary

Photocatalytic H, Generation

5.1 Introduction

Hydrogen (H) fuel is a very promising green and sustainable energy source with
high energy capacity and zero emission.™®® However, ~95% of the current H, supply in
the world depends on reforming fossil fuels, which is unsustainable and generates
greenhouse gas such as CO, in atmosphere.™’ Therefore, producing H, from renewable
sources holds great promises to solve the energy crisis and tackle the global warming
issue.’® Integrating platinum (Pt) with TiO, surfaces has been found to be a very
promising catalyst combination for photocatalyzed redox reactions for H, evolution
owing to their high stability for long lifetime and large Schottky barrier efficient
electron-hole separation.®®**® With the addition of sacrificial reagents as electron

160,161

donor/acceptor, such photoexited electrons and holes can be consumed irreversibly

to further improve the photocatalytic reaction efficiency.®? Although more Pt is believed

to be beneficial for tolerating more photoexited electrons to facilitate photocatalytic

163

reaction,” the optimal amount of Pt loading on photocatalysts, either by photo

164-166 163,167

deposition or chemical reduction, was usually below ~5% This is possibly
because excess Pt could compete for the photocatalytic sites on TiO, surfaces for
sacrificial reagents adsorption resulting in low H, throughput.’®*'®® Besides, other

valence states of Pt, such as platinum oxide (PtO) or platinum dioxide (PtO,), also might
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co-exist with elemental Pt due to pH variation in Pt impregnation processes, which
jeopardize the catalytic capability of metallic Pt. 6%

In addition, nanostructure morphology is another import factor that can drastically
impact the performance of photocatalysis. In previous chapter of this dissertation, based
on the 3D CNF-templated TiO, nanostructures and taking the advantage of the excellent
hydrophilic property of CNFs, a novel high-performance capillary PEC photoanode was
developed that could perform PEC water oxidation in air with enhanced reaction
kinetics.'® However, in this PEC system, H, production was still in electrolyte on the
surface of the counter electrode. To fully utilize the advantage of the capillary system,
both reduction and oxidation (redox) reactions should be implemented in the capillary
fashion. This requires the development of a full photocatalytic redox system with the 3D
mesoporous hydrophilic configuration. Noting that the repeating units with reactive

groups on cellulose are readily functionalized,'™

it is hypothesized that reductive ligands
could be created on cellulose surfaces and used to produce Pt on-site. In this chapter,
CNFs were functionalized with aldehyde groups, which were successfully used to reduce
Pt ion and form Pt NPs. High density Pt NPs were created on CNF networks. ALD of
TiO, completely converted the CNF templated into anatase TiO, fibers without affecting
the Pt NP loading. This 3D fibrous Pt-TiOznetwork structure was used as the
photocatalyst in a capillary water splitting system and substantially higher H, generation

rate was achieved compared to conventional in-electrolyte setup. This research

demonstrated a new solution to efficient production of H, fuel from solar energy.



96

5.2. Experimental Section

Synthesis of Pt NP-decorated CNFs: The main material used in this project is CNF
isolated through a combination of TEMPO treatment and homogenization processing.
CNF hydrogel was oxidized in 0.05M NalO4 solution to generate aldehyde functional
groups. The dialdehyde-functionalized CNF hydrogel were then immersed in 0.01M
Chloroplatinic acid (H,PtClg) solution at 80 <T for 13 hours. The on-site reduction of Pt
ions yielded high density Pt NPs on CNF surfaces. After gently rinsing the obtained Pt
NP decorated CNF hydrogel in deionized (DI) water for several times, the hydrogel was
then frozen by liquid nitrogen in an ethanol bath. Next, the frozen hydrogel was
immediately and quickly transferred into the vacuum chamber of a Labconco 4.5 Liter
Free Zone Freeze Dry System (Labconco, MO, USA) at a stable pressure of ~35 mTorr
for 12 hours at room temperature, where sublimation of the ice yielded a nanofibrous
structure cellulose film with Pt NPs on the surface. In order to obtain different Pt NP
loading, three processing times, 144, 180, and 200 hours, were selected to oxidize the
CNF hydrogel, which were then used to produce Pt NPs within the same time frame and
marked as C1, C2, and C3, respectively.

ALD of TiO, conversion: The Pt-CNFs template was loaded into the ALD reaction
chamber for 20-cycle TiO, overcoating at 150 <C and subsequent 150-cycle TiO, growth
at 300 <C, which yield the thickness of polycrystalline TiO, as ~17 nm. The ALD
growth cycle consisted of 0.5 s H,O pulsing + 60 s N, purging +0.5 s titanium

tetrachloride (TiCly) pulsing + 60 s N, purging. The 150 < ALD deposition process
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introduced a thin TiO; layer (~2 nm) to replicate the fibrous structure of Pt-CNFs, and the
following high temperature ALD process at 300 T made a continues coverage of
anatase TiO, as well as completely removed the CNFs leaving the fibrous nanotubular
TiO, with preserved Pt nanoparticles on their surface.

Sample characterization: The morphologies of as-prepared Pt-CNFs template and
Pt-TiO, photocatalyst were characterized by LEO 1530 GEMINI scanning electron
microscopy (Zeiss, Germany). XPS measurements were conducted for the elemental
analysis on a Thermo Scientific K-alpha XPS system with Al Ko source. Tecnai
TF-30 transmission electron microscopy (FEI, OR, USA) and X-ray diffraction (Bruker
D8, Bruker, MA, USA) was implemented to study the crystal structure of the Pt NPs
formed on CNF surface and corresponding Pt-TiO, heterostructures. To quantify the final
Pt loading as a function of the CNFs oxidation time, ICP spectrometry (Optima 2000
ICP-AES, PerkinElmer, MA, USA) and EDS were performed on three Pt-TiO, samples
(T1, T2 and T3). In the ICP measurement, certain amount of each Pt-TiO, sample was
weighted and put into a beaker with subsequent 15 mL aqua regia solution
(HCI:HNO3=3:1) added in. The beaker was then heated to 70 <C and vigorously stirred
for 3 hours to dissolve all Pt in the sample. The solution was thereafter filtered and the DI
water was added in the filtrate to fix the volume at 112 mL. Besides, the ICP Pt standard
solution (1000 mgL™, Sigma-Aldrich, MO, USA) was diluted for reference solutions in
three different concentrations (0.1 mgL™, 1.0 mgL™, and 10.0 mgL™). Finally, these three

reference solutions and the filtrated solution of each Pt-TiO, sample were injected into
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the ICP system to characterize the Pt concentrations. The SBET of the Pt-TiO,
photocatalyst was analyzed by nitrogen adsorption using a Quantachrome Autosorb-1
equipment (Quantachrome Instruments, FL, USA). Prior to nitrogen adsorption
measurements, each sample was transferred into a glass tube and degassed at 120 <C for
12 hours.

Set up for hydrogen production via photocatalytic reaction: For capillary
photocatalysis setup, the as-synthesized fibrous Pt-TiO, network structure was integrated
with an untreated CNFs stripe by following procedures: First, the CNFs block was carved
into a chair-like shape. Next, 0.0157 g Pt-TiO, photocatalyst was settled on this CNFs
“chair” and fixed by the large mesh cheesecloth. The integrated CNF-based
photocatalysis system was then hung in the quartz flask, and thereafter the whole
apparatus was well sealed with one port opened in the water for further H, collection. The
other port of the flask was connected to the upper flask through a glass valve, where
appropriate amount of pure DI water and sacrificial reactant methanol were filled
(H20:CH30H=4:1 in volume) (Figure 5.1a). Before the illumination, Ar gas with a flow
rate of 70 sccm was introduced into the methanol solution for deaeration and system
purging for one hour. Then the glass valve in the upper flask (red circle in top left picture
of Figure 5.1b) was opened to allow the suitable amount of methanol aqueous solution
flow into the bottom quartz flask, where the bottom portion of the CNF block was in
touch with the electrolyte while the Pt-TiO, photoactive portion was exposed in the space.

Light illumination was provided by a 150W Xenon arc lamp (Newport Corporation,
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(@) Inlet valve for Ar gas
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—Methanol solution

—
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Cooling water <— Methanol solution
=)
(b) Bottom quartz flask

Figure 5.1. A schematics (a) and pictures (b) of typical apparatus configuration forH,production and

collection when the whole Pt-TiO, composite-CNF was exposed under Xe lamp illumination. H, is

evolved and collected as indicated by the green arrows.
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Irvine, CA), and the intensity at the Pt-TiO, photocatalyst position was adjusted to be 70
mW cm to restrict the system temperature raising from the light irradiation. The
backside of the flask was flashed by cool water during the photoreaction process. The
evolved gas was collected in the graduated flask and the H, amount was characterized by
a Spectra Products Residual Gas Analysis (RGA) mass spectrometry system (MKS
Instruments, Wilmington, MA, USA). In order to determine the amount of H, (mL), the
standard H2 (Industrial Grade, Airgas, PA, USA) in certain volumes were also utilized for
calibration. The peak areas of the signal were calculated at the constant total pressure of
2.53X 10 Torr (Figure 5.2). By comparing the signal peak areas to the calibration data,
the volume of the H; in the collected gas sample can be obtained. Several molar mass
channels were simultaneously used to detect the possible components of the collected gas
sample (Figure 5.3 and Table 5.1).
5.3 Results and Discussion

The CNF hydrogel was employed as the starting material to produce high-density Pt
nanoparticle-decorated TiO, nanofiber network (Figure 5.4). The CNFs hydrogel was
first immersed into the NalO4 solution for aldehyde functionalization. Under desired
conditions (see details in experiment section), the two OH groups on the repeating unit of
cellulose were oxidized to aldehyde groups. Second, the on-site reduction of Pt ions by
aldenyde groups vyielded high density Pt NPs on CNF surfaces when the
dialdehyde-functionalized CNFs hydrogel was placed in chloroplatinic acid (H2PtClg)

solution. At last, the obtained Pt NP-decorated CNFs hydrogel was frozen dried to form a
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No. of Channel 1 2 3 4 5 6 7 8
Detected Mass 1 2 3 16 18 28 32 40
Related ion/Molecule H* H, Hs" O H,0O Air 0, Ar
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Figure 5.4. Schematic representation of the preparation processes. Cellulose nanofibers (CNFs)

hydrogel is placed into NalO, solution, which leads to the oxidation of hydroxyls to obtain dialdehyde

cellulose hydrogel. The hydrogel is thereafter transferred into H,PtClg solution for the growth of Pt

nanoparticles. The cellulose hydrogel with Pt nanoparticles on the surface is finally treated by

freeze-dry method and sequential ALD TiO, thin film overcoating to achieve the nanofibrous

Pt-TiO,photocatalyst.
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mesoporous structure. Subsequent ALD of TiO, converted CNFs to tubular TiO,
nanofibers with Pt NPs exposed on the surfaces.

Theas-prepared high-density Pt NP-decorated CNF network (Pt-CNF) was first
observed by SEM. As shown in Figure 5.5a, Pt NPs appeared in clusters of several (~2-6)
individuals agglomerated together, which were evenly distributed over the entire CNF
network. Meanwhile, the high-porosity network structure of CNF was nearly unchanged
after the long-time on-site Pt ion reduction reaction and the average fiber diameter
remained at ~ 15 nm (inset of Figure 5.5a). Individual Pt NPs exhibited a relatively large
size distribution ranging from 20 nm to 80 nm (inset of Figure 5.5a). Since the Pt NPs
were produced by the aldehyde groups, changing the selective oxidation time would
introduce different amount of aldehyde groups to CNF surfaces and subsequently control
the loading of Pt NPs. Three processing times, 144, 180, and 200 hours, were selected to
oxidize the CNF templates, which were then used to produce Pt NP within the same time
frame and marked as C1, C2, and C3, respectively. CNF templates with longer oxidation
time yielded smaller Pt NPs, where the average NP sizes of C1, C2, and C3 were 80430,
40425, and 3010 nm, respectively (Figure 5.6a-c). The size reduction could be
attributed to the increased number of surface functionalized aldehyde groups under
longer oxidation time, which induced higher Pt nucleation rate in the beginning.’%*"

The Pt NP-decorated CNF networks were then subjected to 300 <C ALD coating of
polycrystalline TiO, thin film (Figure 5.5b and Figure 5.6d-f). While the highly porous

CNF network structure was well preserved after ALD coating, Pt NP agglomerates were
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Figure 5.5. Morphology and structure of Pt-CNFs and Pt-TiO, samples. (a) Low magnification SEM
images of nanofibrous Pt-CNFs; inset shows the as-prepared free standing Pt-CNFs in larger scale and
the agglomeration of ~40 nm nanospheres on the nanostructured cellulose fibers. (b) Obtained fibrous
Pt-TiO, network after ALD TiO, thin film overcoating at 300°C; inset reveals the Pt nanospheres on
fibrous TiO,. (c) X-ray photoelectron spectroscopy (XPS) investigation for both Pt-CNFs and Pt-TiO,
samples (black and red); inset is the spectra of Pt 4f region near ~71 eV. (d) Nitrogen adsorption
desorption isotherms and the corresponding pore-size distribution curves (inset) for the 3D fibrous

Pt-TiO, composite.



105

Figure 5.6. SEM images for the morphology comparison of three as-prepared Pt-CNFs templates and

corresponding 3D fibrous Pt-TiO, composite samples.
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fused together into bigger individual particles with an average size of 90460 nm (inset of
Figure 5.5b). Such a fusion phenomenon is common for metal NPs at elevated
temperature due to the high surface energy and reduced melting point for small sized NPs.
The high-temperature ALD process also removed the CNF template and left a pure TiO;
tubular fiber network. 1"

Elemental analysis of Pt decoration and TiO, ALD deposition were then conducted
by XPS.As shown in Figure 5.5¢, the black and red curves illustrate the XPS profiles of
Pt NP-decorated CNFs (Pt-CNFs) and structures after TiO, ALD coating (Pt-TiO,). The
peaks C 1s at 285.1 eV and | 3d at 619.9 eV in the Pt-CNFs spectrum are corresponding
to the carbon component and residual iodine of sodium periodate (NalOg)-treated
cellulose. Drastically diminished C 1s peak and disappearing of | 3d peak in the Pt-TiO,
samplesuggested the complete removal of CNF templates. This result was consistent with
previous reports that calcination above 300 <C could completely decompose
cellulose.X**1°" |n addition, strong Ti related peaks (Ti 2p and Ti_wm) appeared from
the Pt-TiO, sample, supporting the fibrous structure after ALD coating was completely
converted into Ti-based materials. Pt 4f region near ~71 eV was further examined in
details to analyze the chemical structure of the Pt NPs before and after ALD processing
(inset of Figure 5.5c and Figure 5.7a). The Pt 4f;;, and Pt 4f5;, in Pt-CNFs are located at
71.8 eV and 75.2 eV, respectively. These two peaks shifted to 70.5eV and 73.8 eV,
respectively after ALD of TiO, conversion. The higher 4f electron binding energy in

Pt-CNF structure can be attributed to the extra Pt-O bonds between Pt NPs and the
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carboxyl groups on CNFs.}”®'® The doublet lines in the Pt 4f spectrum in Pt-TiO,
(70.5eV and 73.8 eV) perfectly match the positions of metallic Pt.}”" The 3.3 eV
difference between the binding energies of Pt 4f;,and Pt 4fs, peaks also indicates the

178

presence of metallic Pt4f states.”"™ Moreover, compared to the Pt-CNF samples (C1, C2,

and C3), the modified Auger parameters of Pt in corresponding Pt-TiO, samples all

shifted to the same position of metallic Pt

(green triangle) in the Wagner plot
(Figure 5.7b). Therefore, the relative high temperature during ALD TiO, would be
beneficial to the formation of pure metallic Pt, which is desired for photocatalytic water
splitting.*®

One intriguing advantage of the fibrous Pt-TiO, network structure is that it can
potentially provide very high surface area. Therefore, Brunauer-Emmett-Teller (BET)
surface area (Sget) analysis was conducted to investigate this potential merit. Figure 5.4d
shows nitrogen adsorption-desorption isotherms and associated Barret-Joyner-Halender
(BJH) desorption pore size distributions curve (inset of Figure 5.5d) measured from the
fibrous Pt-TiO, sample. Linear increase of the adsorption isotherm profile was observed
in the relative pressure (p/po) range from 0.05 to 0.25, where the data were used to
determine the Sger of the Pt-TiO, sampleusingthe multipoint BET method.’®* The
obtained BET surface area was in the range of 128-166 m’g™ (Table 5.3), which are much
larger than the typical surface area of Pt-TiO, NP (~50 m?g™) or nanowire (~30 m?g™)

arrays. 318218 The hysteresis loop profile appeared above the relative pressure (p/po) of

0.3 in the isotherm was classified as type 1V according to the International Union of Pure
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samples.
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and Applied Chemistry (IUPAC) categorization,'®* indicating the presence of mesopores.
The rapidly increased adsorption at relative pressure close to unity (p/po=1.0) was similar
to the isotherm of type Il, revealing the coexistence of macropores.’® In addition,
desorption curve data were used to determine the pore size distribution by the BJH
method, assuming a cylindrical pore model.****®* The pore size distribution (inset of
Figure 5.5d) shows that the fibrous Pt-TiOznetwork possessed a wide pore size
distribution ranging from 3 to 140 nm, i.e. the co-existence of both mesopores and
macropores. Such a porous structure would be extraordinarily beneficial in photocatalysis,
because it not only provided efficient mass pathways, but also offered extremely large
reaction interface between catalyst and electrolyte.

Inductively-coupled-plasma (ICP) spectrometry and energy-dispersive  X-ray
spectroscopy were performed on the three Pt-TiO, samples (T1, T2 and T3) to quantify
the final Pt loading as a function of the oxidation time. The Pt emission peaks of three
samples at 265.945 nm showed intensity variations clearly (Figure 5.8a). By referencing
to standard Pt solution, the Pt weight ratios of the T1, T2 and T3 samples were 2.3%,
7.72%, and 11.05%, respectively (Figure 5.8b and Table 5.2). Similar concentration
values were also obtained by EDS (Figure 5.9). This result suggests that increasing the
amount of aldehyde group on CNFs could effectively raise the Pt NP loading to a
substantially high level.

TEM and XRD were implemented to study the crystal structure of the Pt NPs formed

on CNF surface and corresponding Pt-TiO, heterostructures. Low magnification TEM
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Figure 5.9. Energy-dispersive X-ray spectroscopy (EDS) for all three 3D Pt-TiO,composites (T1, T2,

and T3).

Table 5.2. Pt weight ratios in three 3D Pt-TiO, composites from both IPC and EDS characterizations.

ICP result \Volume of Pt amount Sample amount
Sample 1 . Ptwt%  EDSwt%
(mgL™) solution (mL) (mg) (mg)
T1 0.720 112 0.081 3.5 2.30 2.61
T2 2.619 112 0.293 3.8 7.72 8.51

T3 4.046 112 0.453 4.1 11.05 11.38
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image clearly shows the network structure of CNFs with a fairly uniform thickness of
~15 nm, an average pore size of ~140 nm, and decorated with Pt NPs (Figure 5.10a).
Corresponding selective area electron diffraction (SAED) pattern (inset of Figure 5.10a)
exhibits the representative bright diffusive halo of cellulose® and diffraction spots of
crystalline Pt. The crystalline structure of Pt NPs was further confirmed by XRD spectra,
where the cellulose diffraction peak at 23<and there presentative Pt (111) and (220)
peaks were identified (Figure 5.11). An individual Pt NP rooted on the CNF surface is
shown in Figure 5.10b. The NP was ~80 nm in diameter and exhibited a spherical outline
from the un-supported region. The relatively large contact area between the NP and CNF
would be a result of the on-site reduction of Pt ions by the surface aldehyde groups. The
spherical shape of the NP is an indirect evidence of the nano-crystallinity of the Pt NP
because no specific crystal facets could be observed from the NP. HRTEM image (Figure
5.10c) also revealed that the Pt NP was composed of numerous tiny crystallites. This
observation suggested that the CNF surface aldehyde groups might produce trace amount
of Pt over the entire surface, which migrated and agglomerated into spherical Pt NPs in
liquid media to minimize their surface energy.’®®*®” TEM image in Figure 5.9d clearly
shows the well-preserved fibrous structure after 170-cycle ALD TiO, deposition at
300 <C, where more concentrated Pt NPs can also be observed. SAED pattern further
confirmed the anatase phase TiO, and crystalline Pt (inset of Figure 5.10d). The thickness
of the polycrystalline TiO, film was found to be ~17 nm (Figure 5.10e), which was

consistent with the typical morphology and growth rate of ALD TiO,. Pt NPs were
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Figure 5.10. Structures and Pt nanoparticles distribution of samples before and after ALD TiO,

coating. (a) TEM image of Pt-CNFs revealing fibrous structure with Pt spheres on it; inset is the

respective SAD pattern. Only crystalline Pt appears on the Pt-CNFs before ALD TiO, coating. (b,c)

Higher magnification images showing Pt nanospheres “root” on the surface of CNF (b) and the Pt

nanospheres aggregated from small nanoparticle (c). (d-f) TEM images of Pt-TiO, after ALD TiO,

coating. (d,e) The fibrous TiO, with Pt nanoparticles indicating the well preserved morphology after

ALD process. () The ~17 nm thick polycrystalline TiO, is selectively deposited between Pt

nanoparticles. (f) The measured lattice spaces of the nanoparticle are 0.39 and 0.23 nm, representing

the corresponding values of Pt (100) and (111) planes.
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Figure 5.11. XRD carried on all three as-prepared Pt-CNFs templates (C1, C2, and C3) and 3D
Pt-TiO,composites (T1, T2, and T3). (a-c) The cellulose diffraction peak at 23<can be only observed

on Pt-CNFs templates. (d) The Pt diffraction peaks and anatase TiO, peaks are obtained on all

Pt-TiO,samples.
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partially embedded in the TiO, film and the top portion was not covered by TiO, (inset of
Figure 5.10e). Exposure of the Pt NP was because TiCl, precursors would preferentially
attach to the hydrophilic CNFs surface that possesses abundant hydroxyl sites rather than
the inert Pt surface.’®# Meanwhile, the high temperature ALD process heat-treated the
Pt NP simultaneously. This process was very helpful for improving the crystallinity of Pt
NPs, removing chemical residues, and forming close contacts with TiO, crystals.
Long-range-ordered Pt lattices now can be clearly observed from HRTEM. The lattice
spacing of the Pt NP was measured to be 0.39 and 0.23 nm, corresponding to Pt (100) and
(111) planes respectively. The anatase TiO, and crystalline Pt phases were also verified by
the XRD spectra on all three Pt-TiO, samples (Figure 5.11d).

To fully demonstrate the advantage of cellulose templating, the out-of-electrolyte
capillary design*”® was used to test the photocatalytic water splitting behavior of the Pt
NP decorated TiO, nanofiber network. The schematic setup is shown in Figure 5.12a.The
fibrous Pt-TiO; structure was attached to a piece of untreated CNFs network. The bottom
part of the CNF block was placed in a methanol solution to draw and transport the
electrolyte to the Pt-TiO, photoactive surfaces. The testing apparatus for measuring
volumes of photocatalyzed gas evolution is shown in Figure 5.1 (see experimental section
for detailed measurement procedures). Upon illumination by a 70 W cm? Xe lamp
source, H, rapidly evolved in air from the Pt-TiO, porous structure (no bubbles were
formed in the electrolyte) and was collected in a quartz flask (Figure 5.1). In this

capillary photocatalytic water splitting process, the electrolyte was continuously supplied
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through the CNF network taking the advantage of its excellent hydrophilic property and
filled the mesopores within the Pt-TiO, network. When photoexcited electron-hole pairs
were generated, they quickly dissociated at the Pt-TiO, interface with the electrons
moving to the Pt NPs to reduce water generating H»; and holes moving to the TiO,
nanofibers to oxidize the electrolyte. Similar to capillary PEC, enhanced photocatalytic
reaction kinetics could be expected from the dynamic electrolyte supply and infinitesimal
active electrolyte volume.*”

The amount of H, generation was quantified for both capillary and conventional
in-electrolyte setups using Residue Gas Analyzer (RGA) (see details in experiment
section). Under the illumination of 70 W cm 2 Xe lamp source, the capillary setup of one
gram Pt-TiO, photocatalyst (Sample T1) exhibited significantly higher H, yields
compared to the in-electrolyte setup; while the H, production from both setups
monotonically increased as a function of time (Figure 5.12b). Initially, 4.6 mL H, was
produced after 10 minutes illumination from the capillary setup (black curve), which was
three times higher than that from the in-electrolyte setup (red curve). With elongated
reaction time, the H, generation rates decreased gradually and demonstrated a tendency
of saturation after ~100 minutes of continuous reaction. The attenuation in Hoproduction
was more significant in the capillary setup, and thus the ratio between the yields of the
two setups was reduced from ~3.07 (at 10 minutes) to ~1.68 (at 80 minutes). Similar

remarkable photocatalytic performance gain by the capillary setup, as well as the H,



117

15} T
R
10} o9
. oWy
#®» cH,0H \“_e\ec“
8, Ho 5t
e H,
] H*
0 1 1 1 1 1
0 20 40 60 80 100
lllumination time (min)
(c) 20 : (d) s :
—a—T1 Capillary Capillary
-5 —e—T2 — S .
‘_EI —T3 TE' el /.
-~ e Ay
I I o A ™
‘s G 4t
€ € ey
> = & a T
A T3
< < e
|
0 1 1 1 1 0 1 1
0 60 100 160 200 260 0 15

5 . .. 10
lllumination time (min) lllumination time (min)

Figure 5.12. (a) Schematics of the novel capillary design by using CNFs block for photocatalytic H,
evolution. (b) H, yield of 3D nanofibrous Pt-TiO, sample T1 from both capillary design (black) and
in-electrolyte design (red). (c) H, yield of three Pt-TiO,photocatalyst samples (T1, T2, and T3) versus
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purging indicates a good stability of the capillary setup for photocatalytic reaction. (d) Magnified H,
evolution curves of the first 15 min in the presence of T1, T2 and T3 photocatalyst. Derived initial H,

production rates were calculated by the indicated dashed lines.
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production attenuation phenomenon were both observed from Pt-TiO, Samples T2 and
T3 that had higher Pt loading (Figure 5.13a and b).

To further investigate the reason of H, production attenuation, the reaction system
was reset after 120 minutes photocatalytic reaction. The resetting process included
blocking off illumination, replacing methanol solution, and 30-minute system purging
with argon (Ar) gas. After the system resetting, the initial H, generation recovered to its
original rate for all three Pt-TiO, samples (T1, T2, and T3). The same attenuation
phenomenon was also observed from longer time photocatalytic reaction time (Figure
5.12c). These results revealed that the catalytic performance of the Pt-TiO, structure was
not impacted by the long-term operation and the attenuation of H, production rate would
be a result of kinetic factors. This kind of reaction rate drop was often observed in

high-rate H, generation and other electrochemical processes,>68190:191

particularly
when the redox reactions occurred within very close vicinity.">*% Therefore, the
non-linearity of H, yield versus time could be attributed to the reduced concentration of
methanol solution and the accumulation of absorbed product molecules (e.g. CH,O and
probably trace of H,) impeding the accessibility of reactants.

Considering the kinetic factors that majorly influenced the long-term H; production,
the initial H, generation rate was analyzed to understand the intrinsic photocatalytic
properties. Figure 5.12d shows the amount of H, collected at a few time intervals within

the first 15 minutes of illumination, from which the initial H, generation rate was

obtained from the slop of the dash line that connected the original zero and first collected
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Figure 5.13. H, vyield of Pt-TiO,in capillary setup and in-electrolyte setup from photocatalyst (a) T2

and (b) T3. (c,d) The comparison of H, amount from three 3D Pt-TiO,composites (T1, T2, and T3). In

both capillary (c) and in-electrolyte setup (d), T3 photocatalyst exhibits the best ability on H,

production.
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data point.®"'® Same process was also applied to analyze the H, data of the
in-electrolyte setup (Figure 5.14). All the data are summarized in Table 5.3. In general,
the initial H, generation rate of capillary setups were significantly higher than those
obtained from the in-electrolyte setup owing to less electrolyte related light scattering and
better local reaction kinetics that we discovered in previous study.'’® Specifically, the
capillary setup exhibited an initial H, generation rate of 100.56 mmolg*h™ from the
Pt-TiO, photocatalyst T1; whereas the in-electrolyte setup from the same photocatalyst
had only 25.88 mmolg™h™. The improvement by capillary setup reached 287%. The
highest initial H, generation rate (138.69 mmolg™h™) was found from photocatalyst T2
that had higher Pt NP loading. However, the corresponding enhancement from capillary
setup was reduced to 123%. When the Pt loading further increased to 11.05% (sample
T3), the initial H, generation rates of both setups decreased to 128.30 mmolg™h™, 44.82
mmolg™h™, respectively, where the enhancement ratio jumped back to 186%.

The parabola relation between H, yield and Pt wt% (Figure 5.15) is in accordance
with other published studies on metal catalysts loading. %% While the absolute H,
yield further rose when the Pt NP loading increased, the difference between the capillary
and in-electrolyte setup reduced. The less sensitive H, generation rate to Pt loading of the
capillary setup indicates that the capillary setup is more kinetically favorable and the
room of improvement is more limited compared to the conventional in-electrolyte

3

configuration.'®®, The overall significantly higher performance of the capillary

photocatalytic design (Table 5.3) clearly shows this setup can further enhance the H,
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Figure 5.14. Magnified H, evolution curves in in-electrolyte setup of the first 15 min in the presence

of T1. Derived initial H, production rates were calculated by the indicated dashed lines.

Table 5.3. Summary of the physical properties and photocatalytic activity of three 3D Pt-TiO,

photocatalysts (T1, T2, and T3).

Pt-TiO, Average Pt Pt wit % SeeT H, Production Initial H, Production
Sample Size (hm) ° (migY Set up Rate(mmolg™h™)
Capillary 100.56
T1 15 2.3 134.23
In electrolyte 25.88
Capillary 138.69
T2 12 7.72 128.04
In electrolyte 62.11
Capillary 128.30
T3 10 11.05 166.45
In electrolyte 44.82
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evolution in addition to those achieved by other strategies, such as optimizations of
Pt-TiO, surface area and Pt-loading amount. Given other key kinetic factors being
well-engineered, the maximum H; evolution efficiency could be improved by
implementing the capillary photocatalytic design.
5.4 Conclusion

In summary, the aldehyde-functionalization of CNFs is an effective strategy to
introduce Pt NPs onto CNF surfaces by on-site Pt ion reduction. High concentration of Pt
NP loading (up to 11.05 wt%) was achieved on NalO,-treated CNFs surfaces via on-site
aldehyde reduction. Owing to the drastic differences in the hydrophilic behavior of the Pt
and CNF surfaces, subsequent ALD of TiO, could be selectively deposited on CNFs and
keep the Pt NP uncovered. The high temperature ALD process also simultaneously
improved the crystallinity of Pt NPs and removed the CNF template leaving a pure
anatase phased TiO, nanofiber network decorated with high-density Pt NPs. The fibrous
Pt-TiO, network photocatalyst was integrated with CNF strips to develop the capillary
setup of photocatalyzed water splitting. Owing to the excellent hydrophilic property of
CNFs, capillary force quickly and continuously supplied methanol electrolyte solution to
the Pt-TiO, catalytic sites that were placed outside of the solution. Better reaction kinetics
and higher efficiency were achieved from the capillary design compared to conventional
in-electrolyte reaction. The initial H, generation rates were found to be 100.56-138.69
mmolg*h™*for the capillary setup based on different Pt NP loading, which was 123.3-287 %

larger than conventional in-electrolyte setup (25.88-62.11 mmolg*th™). The
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cellulose-based nanomanufacturing technique holds a great promise for large-area,
low-cost, and green fabrication of functional nanomaterials. The capillary photocatalytic
design mimics the mass transport process in natural photosynthesis, where the interaction
between light and reaction sites is no longer limited by the volume, surface and depth of
electrolyte. Therefore, this 3D nanofibrous Pt-TiO, photocatalyst offers a brand new

solution for improving the throughput of photocatalytic hydrogen productions.
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Chapter 6. Hierarchical 3D VO, Nanorod@Si Nanowire

Architecture for High Performance Supercapacitor

6.1 Introduction

As one of the most promising strategies for next generation energy storage,
electrochemical supercapacitor has received considerable attention worldwide owing to
its high-power density, fast charging/discharging, excellent cycling stability, and low
maintenance.’**%" Electrochemical double-layer capacitors (EDLCS) is one major type
of supercapacitor design that stores electrical energy by accumulating ions on electrode
surface resulting in the high energy density and high-rate capability.>® Pseudocapacitor,
on the other hand, makes use of fast redox reactions or phase changes at the surface or
subsurface of active materials with the potential to achieve higher energy density than
EDLCs.> Generally, high-capacitance electrode requires a high surface area and good
electrical conductivity. These features are strongly related to the electrochemical double
layer capacitance and/or electrochemical activity of electrode surfaces.*> Therefore, one
major strategy to improve the performance of supercapacitors is to construct complex
nanostructured electrodes with hierarchical geometric structure, adequate charge transport
properties, as well as suitable thickness and surface chemical properties.

3D hierarchical nanostructures have been increasingly studied in electrochemical
applications due to their extremely large surface-to-volume ratio, better permeability and

more surface active sites.>*1431%200203 Qwing to the extraordinary capability of
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conformal and pinhole-free coating management, ALD was often used for directly
depositing active materials on 3D nanostructured templates for supercapacitor electrode
fabrication.®® *°° The high quality ALD films are essential for controlling ion
intercalation and diffusion into the bulk electrodes to achieve high capacity.>*®’
Meanwhile, the 3D nano-templates need to be conductive for rapid and low-loss charge
transport. In order to integrate all the desired features in one coherent heterostructure, an
emerging attractive concept is to directly synthesize nanostructure arrays from
pseudocapacitive materials on conductive nano-templates as binder-free electrodes. The
SPCVD technique developed in our lab has the unique capability of growing uniform
TiO, nanorod (NR) branches among dense and deep Si NW arrays, offering a novel
hierarchical 3D NW architecture with enhanced electrical and electrochemical
properties.®* Further understanding of the growth kinetics’ suggested this technique
could be broadly applied to other functional materials, such as VOx NR branches for
supercapacitor applications. In this configuration, many advantages such as high surface
area, multiple accessible electroactive sites, short ion transport pathways and superior
electron collection efficiency would be simultaneously achieved to deliver high specific
capacitance, sustained cycle life and rate performance. Driven by this hypothesis, in this
work, pseudocapacitive VO, NRs branches were synthesized on Si NW backbones
creating a unique 3D hierarchical VO, NRs@Si NWs structure. Superior electrochemical

performance of the structure was demonstrated. In addition, the calcination atmosphere

could tune the chemical compositions of VOx NRs and manipulate their supercapacitor
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performance. This development presents a new 3D nanomaterial platform for
high-performance supercapacitor electrodes design.
6.2 Experiment Section

Preparation of 3D hierarchical VO, NRs@Si NWs heterostructure. The Highly
orientated 3um long Si NWs arrays were fabricated via metal assisted chemical etching
method.®* Thereafter, VO, NRs were grown by SPCVD on Si NWs arrays in a
home-made ALD system using VOCI3; and H,O as precursors. In the SPCVD process, the
as-received Si NWs arrays were placed at the center of the stainless steel ALD chamber.
A constant flow of 40 sccm N, was applied into the chamber as the carrier gas, which
provided a background pressure of 4.2 Torr. The chamber temperature was kept at 650°C.
In a typical VO4 NRs growth process, VOCI3 and H,O vapor precursors were pulsed into
the chamber for 1.5 s and 0.75 s respectively and separated by purging N, for 60s. Thus,
one growth cycle included 0.75 s of H,O pulsing + 60s of N, purging + 1.5 s of VOCl;
pulsing + 60s of N, purging. After 400-cycle growth, the chamber was cooled down to
room temperature naturally under N, flow.

To prepare for the electrochemical characterization, the as-received VO,@Si
heterostructure was loaded in the ALD chamber again for 100-cycle VO film
overcoating. The growth conditions were 1 s of H,O pulsing + 60s of N, purging + 0.5 s
of VOCI; pulsing + 60s of N, purging at 350 °C. Some samples were then annealed in
H, and O, at 500 °C for 8 hours to engineer the chemical compositions of the VOx NRs.

Using the same deposition condition, 500-cycle ALD VO film was also deposited on Si
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NWs as a reference sample.

Structural Characterization. The morphologies of the 3D hierarchical VOx NRs@Si
NWs heterostructures were characterized by LEO 1530 GEMINI scanning electron
microscopy (Zeiss, Germany). Tecnai TF-30 transmission electron microscopy (FEI, OR,
USA) and X-ray diffraction (Bruker D8, Bruker, MA, USA) were implemented to study
the crystal structure. XPS measurements were conducted for the elemental analysis on a
Thermo Scientific K-alpha XPS system with Al Ka source.

Electrochemical Measurements. The electrochemical measurements were performed
in an electrochemical cell of three-electrode systems. The VO, NRs@Si NWs were
covered by epoxy leaving an exposed active area of ~ 0.5 cm? The reference and counter
electrodes were saturated calomel electrode (SCE) and Pt, respectively. 8 M LiCl solution
(Sigma-Aldrich, 99.99%) was used as the electrolyte. All electrodes were connected to a
potentiostat system (Metrohm Inc., Riverview, FL) for the electrochemical measurements.
Cyclic voltammetry (CV) curves were measured in a suitable potential window based on
the samples’ characteristics with scanning rates ranging from 1 mVs™ to 2 Vs™. The
galvanostatic charge-discharge (C-D) performances of all samples were measured under
the current density varied from 0.5 Ag™ to 20 Ag™ in their corresponding potential
window. The electrochemical impedance spectroscopy (EIS) measurements were
conducted by applying 10 mV alternative signal versus the open-circuit voltage in the

frequency range of 100 kHz to 0. 1 Hz.
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6.3 Results and Discussion

Figures 6.1a and b present a typical morphology of as-synthesized VO, NRs@Si
NWs hierarchical structure. Dense VOyx NRs branched from Si NW bundles and
protruded outward radially (Figure 6.1a). Higher magnification image reveals that the
dimensions of the NR branches were ~250 nm in length and ~30 nm in diameter (inset of
Figure 6.1a). Similar to the SPCVD TO; NRs result, the VO, NRs were uniformly
distributed along the entire side surfaces of the Si NWs that were 3um in length and only
~100—-200 nm apart from each other (Figure 6.1b). The VOx NRs exhibited a rectangular
prism shape, and were all rooted on the Si surfaces (inset of Figure 6.1b). After annealing
at 500°C in H; and O, atmosphere, the morphology and hierarchical structure of VO
NRs were well preserved (Figure c, d, respectively), suggesting the VO, NRs had good
thermal stability.

TEM was used to further study the morphology and crystal structure of the VO, NRs.
Figure 6.2a shows a TEM image of VO NRs rooted on Si NW surface. The surfaces of
Si backbone are uniformly covered by ultrathin NRs (Figure 6.2a). Closer observation
showed the rectangular shape of the NR with a flat tip surface (Figure 6.2b).
Corresponding selected area diffraction (SAED) pattern (inset of figure 6.2b) confirmed
single crystallinity of the vanadium pentoxide (V,0s) phase. From the HRTEM image as
shown in Figure 6.2 c, the lattice fringes was identified with an interplanar spacing of
0.29 and 0.34 nm, which was indexed as the (301) and (110) planes of V,0s, respectively.

Notably, some NR exhibited a sword-like tip whereas their diameter was nearly identical
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Figure 6.1. SEM of typical morphologies of different VO, NRs@Si NWs hierarchical structures. (a)
top view and (b) cross section view of as-synthesized one; insets indicating the dimensions of the NR
branches were ~250 nm in length and ~30 nm in diameter. (c,d) VO, NRs@Si NWs after thermal

annealing in H; (c) and O, (d). The hierarchical structures were well preserved.
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Figure 6.2. TEM images of typical morphologies and crystal structures of different VO, NRs@Si
NWs hierarchical structures. (a) Si backbone are uniformly covered by ultrathin NRs. (b) HRTEM
image show the rectangular shape of the NR with a flat tip surface. Inset SAED pattern confirmed
single crystallinity of the V,05 phase, and (c) the lattice fringes were indexed as the (301) and (110)
planes of V,0s, respectively. (d) VO, NRs was also found for some NR. (e) After H, annealing, a ~2
nm percolated layer was observed on the NR surface. (f) XRD characterization indicating the mixed

phase and phase evolution of VO, NRs upon different heat treatments.



132

to the flat-tip NRs. Nonetheless, these NRs were found to be the VO, phase. As shown by
the HRTEM (Figure 6.2 d), the lattice spacing was determined to be 0.23, 0.25 and 0.25
nm from FFT, matching well to the (020), (211) and (211) planes of VO,. Therefore,
the as-synthesized VO, NRs contained both V,0sand VO, phases. Figure 6.2 e shows a
VO« NR after annealing in H, atmosphere. A ~2 nm percolated layer (mixture of
amorphous and polycrystalline particles) was formed on the NR surface (Inset of Figure
6.2 ¢e).

XRD was used to further analyze the mixed phase and phase evolution of VOx NRs
upon different heat treatments. As shown in Figure 6.2 f, both V,0s and VO, exhibited
significant signal in the as-received VO, NR@Si samples. After H, treatment, the VO,
phase became more dominant in the sample. Annealing the sample in O, atmosphere
completely converted the VO, phase into V,0s. The mixed-valent of VOy has been found
beneficial for the electrochemical pseudocapacitor application.>*?%* It was also found that
the pure V,0s was obtained from ALD VO films grown at 350 ° C. The
temperature-related phase variation was consistent with others’ work where different
valance states of vanadium was obtained in chemical vapor deposition of VO at different
temperature using the same precursors (VOCI; and H,0).2%%:2%

The surface chemistry and elemental information of VO, NRs and films are one
essential factor for the supercapacitor performance, and they were studied by XPS. Figure

6.3a shows the full spectra of XPS survey scans from VOy films, as-received, H-treated

and O-treated VO« NRs, in which elements of Si, V and O can be clearly identified. To
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Figure 6.3. XPS characterization of VO, NRs and films (a) Full XPS spectra. (b) V 2p scan near 520
eV. (c) The deconvoluted spectra for V 2p peak of all samples upon different prepare conditions. The
mixed valence states were found in as-synthesized NRs. H, treatment introduced more mixed valence

states, whereas O, treatment converted it into pure V,Os pahse. The same pure V,0s pahse was

observed on ALD VOXx film sample.
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analyze the surface chemical states, the \V 2p region near 520 eV of the XPS spectra were
examined (Figure 6.3 b). All samples exhibited a typical two-peak structure (V 2p 3, and
V 2p 112) due to the spin-orbit splitting. Broader V 2ps;, and V 2p1, peaks were observed
in as-synthesized VO, NRs and H, treated VOx NRs compared to those of O, treated VO
NRs and VO films. In order to elucidate the different chemical binding states of V
elements, the deconvoluted spectra for V 2p peaks were investigated (Figure 6.3c). The
binding energies of V°*, V**, and V** valence states to the V 2p 5, peak could be assigned
at 518.0, 516.4, and 514.8 eV, respectively. For the V 2p 1, peak, such binding energies
were assigned at 525.4, 524.1, and 522.4 eV, respectively.*** The V°* and V** states were
observed in as-synthesized VOx NRs, which was consistent to the TEM and XRD results.
The valence states would be further reduced by extra H, treatment, and therefore, the V**
states were discovered in Ho-VO, NRs. However, V**-related structure was not observed
from the XRD spectra, suggesting the amount of V** may not be significant enough to
form as isolated phase and they might be contained in the percolated thin layer outside of
the NRs. No lower chemical states of vanadium were observed from the oxygen-treated
sample, further confirming that the VO, NRs were fully transferred to the V,0s. The pure
V05 phase was also obtained for the ALD vanadium oxide film sample.

The mixed valence states of metal oxide has been found being able to enable
multiple charge storage mechanisms with small internal resistance, and highly reversible
and faster charge transfer kinetics.>> Owing to the mixed compositions of vanadium oxide,

excellent surface/body ratios, and high conductive trunks, the 3D hierarchical VO
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NRs@Si NWs heterostructure from SPCVD could be a promising electrode structure for
supercapacitor design. Cyclic voltammetry (CV) measurement was performed on
as-synthesized VO, NRs in an 8 M LiCl solution with a scan rate from 1 mVs™ to 2 Vs
(Figure 6.4a). The 1.2 V potential window (-0.5 V to 0.7 V) is the maximum value of
VO, based supercapacitors in LiCl electrolyte.**>?°” Although there was no distinct sharp
redox peaks in the CV profile, the shape of the curve deviated from the ideal rectangle,
implying its faradaic pseudocapacitive nature.’”® Weak but broad peaks were observed at
-0.4V and 0.4 V indicating the charge exchange between the VOx NRs and the LiCl
electrolyte was almost independent to the applied voltage. This characteristic was very
similar to that of hydrous ruthenium oxide, which was a characteristic of ideal
pseudocapacitor-like materials.?®*?*® Moreover, the symmetric shape of the CV curve
suggested that the VO, NRs@Si electrode was highly reversible up to 2 Vs . This rate
was higher than typically reported 0.1-1 V s* rates of oxide pseudocapacitors.?’ %%
The current showed relatively sharp switches at the boundaries of potential window,
which could be attributed to the fast ion diffusion?* and low electrode resistance?™ as a
result of the branched hierarchical nanoarchitecture, the reduced vanadium valence states,
and the highly conductive Si backbone.

The VO phase-related electrochemical performance was then studied on hydrogen-
and oxygen-treated samples. CV curves of H,-VO, NRs were shown in Figure 6.4 b. The

broad peak in the central region of the curve was typically related to battery-like Faradaic

reactions.?” Such reactions were proposed to be the manifestation of
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intercalating process. This is possibly due to the existence of surface percolated layer,
which might facilitate the insertion of Li ions into the VOx NRs and may even reach the
Si underneath. The H»-VOx NRs therefore exhibited a relatively poor stability in
electrochemical reactions and higher degree of deviation from a rectangular CV curve.
However, the synergistic effect of VOx and Si was likely introduced in the
electrochemical reaction.”** Thus, larger potential window of 1.3 V was obtained
compared to the as-synthesized VOx NRs. When the VO, NRs were converted to V,0s
NRs through oxygen annealing, the capacitance value significantly decreased as
evidenced by the lower current density and narrower potential window (Figure 6.4 c).
This behavior could be explained by the contribution of decreased electron transport due
to the high resistivity of V,0s. Nonetheless, V,0s is more chemical stable, which could
be beneficial to the conservation of 3D hierarchical nanoarchitecture in electrochemical
charging/discharging process. For comparison, the CV measurement was also applied on
VO film samples (Figure 6.4 d). The same 1V potential window was obtained due to its
pure V,0s component. However, the capacitance of ALD VO film was much lower,
which was mainly because of the low conductivity of the polycrystalline film and the
decreased surface area of the film geometry. Meanwhile, the unsymmetrical curve
indicated that the redox reaction was not very reversible, inferring the low chemical
stability of the ALD VO film during charging/discharging processes.

Galvanostatic C-D was further conducted to reveal the specific capacitance of the

supercapacitors at a constant current. The C-D profiles of each sample at different current
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densities from 0.5 to 20 Ag™ were shown in Figure 6.5. The distorted linear shapes
referred to the operation of pseudocapacitance for all samples, which further confirmed
the faradaic pseudocapacitive appearance of the CV curves. It is noteworthy that a clear
platform appeared when the charging process of H,-VO, NRs reached the positive
potential boundary (Figure 6.5 b). Such a platform could be a result of ion intercalation
and was usually observed in battery characterizations, which was consistent to the
battery-like CV curves of Ho-VOyx NRs.?**% In generally, all electrodes exhibited good
recyclability at high-current charging/discharging processes (Figure 6.6).

The specific capacitance as a function of the scanning rate and current density was
calculated from the CV curves. First, the area mass densities (o) of the active materials

were determined by the following equation:

g= melec_:lnsi NWs (61)

where mg is the total mass of the electrode, ms; nws iS the mass of corresponding Si
NWs substrate before the VO, growth, A is the area of the electrode. The active mass area
density were calculated to be 1.35X10° g cm™ (VO, NRs@Si NWs), 1.12X10° g cm™
(H-VO, NRs@Si NWSs), 1.65X10° g cm™ (0,-VOx NRs@Si NWSs), and 7.79X10° g
cm? (VO films@Si NWs). In the three-electrode system, the specific capacitance
based on the total mass of active material from CV data was calculated according to the

equation:

Cc=-2 (fV_+I(V)dV— f;Jr_I(V)dV) (6.2)

T 2mAv

where At is the discharging time; m is the total mass of active material which can be
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Figure 6.6. Repeated Charge-discharge behavior of fabricated VO-Si supercapacitor electrodes,



141

determined from the product of the area mass densities and active area of each electrode;
AV is the potential window of discharge; V" and V' are the negative and positive
boundary values of the potential window, respectively; 1 is the discharge current.

As shown in Figure 6.7 a, the as-received 3D hierarchical VOx NRs@Si NWs
electrode exhibited the highest specific capacitance of ~710 F g™ at the scan rate of 1
mVs™. Even at the ultra-high sweeping rate of 2 \/s™, the capacitance remains as high as
~580 F g, which was much higher than the reported values (~450 to 530 F g*) of
VO,-based supercapacitor electrodes.?’°3?%*21¢ Hydrogen treatment further improved the
specific capacitance over all scan rates. A specific capacitance of ~930 F g™* was achieved
at 1 mVs™ while the value decreased to ~590 F g™ at a scan rate of 2 V/s™. However, the
high-rate storage capability of the H,-VOxNRs electrode was suffered by its unstable
structures as discussed above. The most stable high-rate storage capability was obtained
from the oxygen-treated VO4 NRs, whereas the specific capacitance was much lower due
to its resistive V,0s component. The value was ~490 F g * at 1 mVsand remained at
~450 F g * when the scan rate increased up to 2 V/s™. Although the ALD VO film had the
same V,0s component and lower exposed surface area compared to the O,-VOx NRs, the
specific capacitance obtained at small scan rates was higher than that of O,-VOyNRs. It is
known that the pseudocapacitance of oxides can approach a very high value at low scan
rate (~ 1 mV s™) or when the particle sizes were very small, because under these two
conditions, electrolyte ions and electrons can both penetrate to the entire volume of

oxides.?* The less condensed polycrystalline V,Os film produced by ALD at 350 <C
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would promote the penetration of ions and electrons into the metal oxide. When the scan
rate was high, the specific capacitance of ALD film significantly decreased due to its low
stability under faster redox reactions.

The specific capacitance as a function of the discharging current density was

calculated from the C-D curves according to:

IAt
mAV

= (6.3)

As shown in Figure 6.7 b, with increasing current densities, the specific capacitance
of all four samples decreased gradually. This observation revealed an excellent high-rate
capability of the as-synthesized VOx NRs@Si NWs as high-performance supercapacitor
electrodes. Meanwhile, H, and O, annealing would further improve its specific
capacitance and high-rate capability, respectively. The long-term capacitance retentions
of all electrodes were evaluated by C-D characterization for 2000 cycles at a constant
current density of 2 Ag™ (Figure 6.8). The supercapacitor based on the as-synthesized
VOy NRs retained ~85% of the initial capacitance after 2000 cycles. Oxygen-treated
sample showed the best stability with 93% capacity retained after the same number of
charging/discharging cycles; while hydrogen-treated VO, NRs had 71% capacity retained.
The poorest stability was obtained from the VO films@Si NWs electrode, which only
retained 31% of its original capacitance.

Electrochemical impedance spectroscopy (EIS) was further performed to understand

the electronic or charge-carrier transport behavior of 3D hierarchical VO, NRs@Si NWSs

structures. Nyquist plots derived from the EIS data were presented in
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Figure 6.9. (a) Nyquist plots of different VO,-Si electrodes obtained over the frequency range of 100

kHz to 0.01 Hz by applying 10 mV alternative signal versus the open-circuit voltage; the smallest

circle diameter indicates the lowest of resistance in all VO, NRs@Si NW electrode (inset is magnified

figure at the high frequency). (b) Ragone plots of supercapacitors fabricated from different VO,-Si

architectures.
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Figure 6.9a with enlarged details shown in the inset. All four electrodes in this work
showed typical features of supercapacitors. In the high-frequency region, the size of the
semicircle implied the existence of charge-transfer resistance. As shown in the inset of
Figure 6.9 a, very small semicircles of both as-prepared and H, treated samples
evidenced the rapid charge transport in these two electrodes. Besides, the charge-transfer
resistances of all VOx NRs samples in this work were found to be ranging from ~6 to ~16
Q, which were comparable to the reported values (10-20 Q) of vanadium oxide-carbon
based electrodes and much lower than those of stacked and bulk V,0s electrodes (30-60
Q).>31% The equivalent series resistance (ESR) was determined from the first interception
on the real axis of the Nyquist curve, which represents on the total resistance from
electrolyte, electrodes, and the contact between the electrode and current
collectors.?%*?7218 small ESR was found from the as-synthesized and hydrogen-treated
electrodes due to their better charge transport behavior. In addition, the increased slope of
the line in the low-frequency region suggested an increased capacitive behavior for the
as-synthesized and H, treated VO, NRs.?1%?%

From the galvanostatic C-D results, the energy density (E) and power density (P) of
each 3D hierarchical VOx NRs@Si NWs structures were evaluated with a Ragone plot
(Figure 6.9 b). The energy and power densities were calculated from the charge/discharge

curves by the equations:

_ C(AV)?
T2

E (6.4)
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p= (6.5)

E
t
where E is the average energy density, C is the specific capacitance, AV is the discharge
potential window, P is the average power density, and t is the discharge time. Strikingly,
the as-synthesized 3D VO, NRs@Si NWs structure exhibited a very high energy density
of 145.5 W h kg at a power density of 264.1 W kg%, and 126.0 W h kg *at a power
density of 11.4 kW kg*. Both energy density and power density were even slightly
higher for H,-treated samples. Although the energy densities were significantly decreased
from V,0s based electrodes, these values were still better than the reported values of
commercial supercapacitors.
6.4 Conclusion

In summary, we successfully synthesized high-density 3D hierarchical VO
NRs@SiNWs structure for supercapacitor electrode development. The NW architecture
could offer large surface areas, good charge transport properties, and mix-valance
vanadium compositions. A 720 F g™ specific capacitance was achieved from such 3D
NW architecture at a discharging current density of 0.5A g™, which was 38.5 % higher
than that of VO films@Si NWs structure. This comparison evidenced that a 3D NW
architecture was superior to straight NW arrays for supercapacitor electrode design.
Moreover, calcination of VO, NRs in different atmospheres was able to engineer the
valence state and phase of VO, NRs, and thus tuned their supercapacitor performance.
The specific capacitance could be further improved by introducing more mix-valence

vanadium compositions through H, annealing, with the maximum value approached 950
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F g'at 0.5A g™ . O,annealing was able to convert all NRs to the pure V,0s phase, which
exhibited lower specific capacitances but enhanced high-rate capability and stability. The
as-synthesized VOx NRs had good cyclability with ~85% of the initial capacitance
retained after 2000 cycles. Both energy density and power density were significantly
improved by the 3D NW architectures compared to other reported regular geometries.
This facile and low-cost technique introduced a novel route toward high-performance

supercapacitor electrodes design using high-density 3D hierarchical NWs.



148

Chapter 7. Conclusion Remarks

ALD and SPCVD have been successfully utilized for the synthesis of various 3D
nanoarchitectures with enhanced performance in the fields of solar energy harvesting and
electrical energy storage. Accompanied with the rapid evolution of energy harvesting and
storage technologies, the ALD-based nanomanufacturing technique is showing great
potential to conduct large-area, low-cost, and simple fabrication of 3D mesoporous
nanomaterials in these rapidly growing fields.

Innovative strategies were developed in this dissertation to address the existing
challenges in photo-induced water splitting field and supercapacitor field in the following
three aspects.

First, nitrogen-doped 3D TiO, nanorods architecture was synthesized to overcome
the intrinsically light absorption constrains of metal oxide semiconductors. By
introducing both TiN and TiO, growth cycles during the SPCVD process, the PEC
activity was largely broaden to the visible light regime, and thus improved the overall
solar-to-chemical energy conversion efficiency.

Second, to further improve the porosity and surface area while maintain good redox
reaction kinetics, several 3D CNFs templated fibrous TiO, nanoarchitectures were
synthesized with enhanced PEC performance. By further taking the advantage of the
extreme hydrophilicity of CNF film, a novel capillary PEC process was invented. In this

approach, the redox reactions were implemented outside of the electrolyte body, and thus
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the water splitting reaction was no longer limited by the volume of water. The capillary
design was applied to PEC photoanode and direct hydrogen generation, where the
enhanced reaction kinetics and higher efficiency were obtained.

Third, to further explore the application potential of SPCVD in different material
systems and application directions, high-density VOx NRs were successfully synthesized
by SPCVD on dense Si NW forests. Yielding a 3D hierarchical VO,@Si NW architecture.
This structure was applied to supercapacitor development, which exhibited high energy
density, high-rate performance, and good stability.

The achievements presented in this dissertation open a new avenue of ALD toward
large-area and low-cost nanomanufacture of novel nanostructured functional materials
into the 3D space. Follow-up research along this line would have fundamental and
practical study two aspects. Fundamentally, more comprehensive understanding of the
nucleation and crystal growth Kinetics, particularly to the atomic level is desired.
Combining with atomistic simulation, this understanding can lead to a more general and
versatile nanomanufacturing technique for different materials and different 3D
geometries. Practically, understanding of the complex nanoscale morphology-related
electronic, electrochemical, optical and mechanical properties will guide the design and
development of more advanced nanomaterial systems for next generation energy

harvesting and storage applications.
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