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Abstract

In this thesis, strategically designed nanostructures were fabricated by various
methods and applied to several devices using solar energy conversion to
enhance their performance through their many advantages such as enormous
surface area, and light trapping effect efc.

To absorb the much more light energy for the efficient photoanode in the photo-
electrochemical water splitting system, plasmonic effect of gold nano-particles
and lower bandgap energy materials (CdSe and hematite) were used with the
special three-dimensional patterned nano-structures such as surface textured
inverse opal structure, hybrid structure and square patterned current collector.
The structures trapped the incident light with the enormous surface area to help
the visible light absorption and the charge transfer at the interfaces. As the
results, photocurrent density values of the photoanodes were significantly
improved. In addition, three-dimensionally mesoporous graphene-based
nanostructure was fabricated via relatively simple procedure and utilized to the
solar steam generation for the desalination of seawater. Therefore, the
photothermal conversion and steam generation rate were dramatically improved
compared with other control samples and pure water due to the advantages such
as significantly enormous evaporation sites and capability of easy vapor-
escaping to the air.

By strategically designing to have the capabilities needed for a variety of
applications respectively, we could achieve the significantly enhanced
efficiency much easily and effectively. There are a unlimited methods to make
nanostructures with more interesting shapes, and a lot of applications that can
maximize performance by using them effectively. Thus, this approach will

continue to be applied effectively in various fields in the future.
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Chapter 1

Introduction (Literature review)

1.1 Motivations

Recently, nanotechnology has been widely applied to many fields such as the materials,
sensors, bio, and energy etc. The unit of “nano” means one billionth of one as shown in
Figure 1.1. It is corresponding to the size of about three to four atoms. It means a technology
that can control or change a very small (atomic scale) design. As it can has a lot of
advantages to many applications, the scope of its use has expanded to include the
manufacture of highly integrated devices, manufacturing of high performance sensors, and
accurate diagnosis or curing system etc. Additionally, various nanomaterials can also improve
the performance of many energy devices such as the photovoltaic facilities (dye-sensitized
solar cells containing the nano-scaled semiconductor materials that mimic natural
photosynthesis from green plants), wind power facilities (organic nano-materials utilization
as coatings on the rotor blades of turbines for lower weight and increase of the energy yield),
and lithium-ion batteries (improved storage capacity, stability, and lifespan efc. by the nano-
optimized manufacturing procedures) efc. Figure 1.2 shows the variety of energy fields for
the nano-materials applications classified according to the priority reported at the European
GENNESYS project. They also explain that nanotechnology in the energy field will give the
significant impact to the efficiency of energy conversion and storage as the current
performance barriers are overcome in the very short period. Especially, the most powerful
and potential energy resource, solar energy, could be much improved to utilize and global
funding has been supported a lot. In this thesis, various methods of making patterned
nanostructures would be presented with their effect to improve the performance of solar
energy conversion systems by utilizing many advantages strategically such as the photo-
electrochemical water splitting for hydrogen generation and solar steam generation for

seawater desalination and wastewater decontamination efc.
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1.2 Fabrication of the periodic patterned structures

1.2.1 Self assembly

Self-assembly is the certified and reliable technique to attain outstanding qualities for various
interesting shaped and periodically patterned nanostructures. Assembly of tiny unit cells to
form the periodic patterned structures by the interaction of themselves is the self assembly.
With the available neighboring interactions and forces between the tiny unit cells and without
any external directions, any elements could be arranged by the assembled spontaneously,
which results the self-aligned and assembled nanostructures. Figure 1.3 shows the self
assembled micelle shape block copolymers that can be transformed slightly through a series
of procedures such as the addition of organic solvents and anisotropic growth ezc. In addition
to such spherical or disk-like shapes, nanostructures can be formed with a lamellar structure
or a number of other interesting shaped patterns. Furthermore, self assembly can be combined
other techniques for making periodic patterned nanostructures. Figure 1.4 shows the regular
metal vapor deposition treated onto the self assembled colloidal particles to make the two-
dimensional nanostructures. It is the one of examples of combined technique with lithography

that will be described from now on.
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1.2.2 Lithography

Lithography has been the most effective technique in manufacturing fields of integrated
devices, periodic pattened structures and microchips efc. There are various kinds of
lithography techniques and their applications are even more varied as shown in Table 1.1.
The lithography techniques are broadly divided into two types by the use of shadow masks;
masked lithography and maskless lithography. Masked lithography can have a high
throughput since the patterns can be fabricated over a wide area simultaneously using the
mask (or mold). The representative masked lithography techniques are soft lithography and
imprint lithography efc. On the other hand, maskless lithography includes electron beam
lithography, focused ion beam lithography, and scanning probe lithography, which fabricates
arbitrary patterns by a serial writing without the masks. These techniques create ultrahigh-
resolution patterns of arbitrary shapes with a minimum feature size of a few nanometers.
However, it is inappropriate for mass production due to the very low throughput. Here, the
photolithography has been broadly used as both the masked and maskless methods.
Interference photolithography, which uses interference phenomenon of multiple laser beams
to fabricate periodically patternd nanostructures, is a very effective technique for forming
clear and defect-free structures with very precise and fine patterns, and high throughput. The
representative masked photolithography is the proximity field nanopatterning, called as PnP.
Figure 1.5 shows the schematic illustration of procedures for the fabrication of three-
dimensional (3D) patterned nanostructures using a periodic patterned high-resolution phase
mask. Placing such a phase mask onto the surface of a solid state photoresist polymer film
leads to intimate, conformal contact driven by van der Waals forces at the first and second
steps. When a laser beam is passing through a periodically patterned phase mask, a certain
3D interference phenomenon occurs in the photoresist film. Through this phenomenon, the
patterns same as the interference are formed by cross-linking reactions in the photoresist film
at third step. Finally, a developing process that rinses off non-crosslinked photoresist
materials can be used to obtain elaborately formed 3D periodic-patterned structures. The one
of the maskless methods of photolithography techniques is the multi-beam interference
lithography. Figure 1.6 shows the schematic illustration of procedures for the fabrication of
holographic patterns using four laser beams from multiple directions, forming diamond-like
interference. Same as the previous PnP lithography process, a structure with the same patterns

as the interference patterns are fabricated elaborately through cross-linking and developing

5



processes. These 3D patterned nanostructures made by various lithography techniques are
applied to four major fields such as electronics and microsystems, medical and biotech, optics
and photonics, and environment and energy harvesting, as shown in Table 1.1. In addition,
rapid development of modern technology has created a number of 3D patterned
nanostructures applicable fields, and the lithography technique must serve as a major role in

mnovation.



Table 1.1 Specifications and applications of the major lithography techniques.’

Lithography Technique

Minimum
Feature Size

Throughput

Applications

Photolithography
(contact & proximity
printings)

Photolithography

(projection printing)

Electron beam lithography

Focused ion beam

lithography

Soft lithography

Nanoimprint lithography

Dip-pen lithography

2-3 pm M2

a few tens of
nanometers
(37 nm) !

<5 nm ¥

~20 nm with a
minimal lateral
dimension of 5
nm

a few tens of
nanometers to
micrometers & !
(30 nm) ¥

6-40 nm 141318

a few tens of

nanometers 1940,
43]

very high

high - very high

(60-80 wafers/hr)
[1]

very low [

(8 hrs to write a
chip pattern)

very low El

high

high
(> 5 wafers/hr) 1

very low — low,

possibly medium
B39]

typical patterning in
laboratory level and
production of various
MEMS devices

commercial products and
advanced electronics
including advanced ICs [,
CPU chips

masks Pland ICs
production. patterning in
R&D including photonic
crystals, channels for
nanofluidics !
patterning in R&D
including hole arrays %
134 bull’s-eye structure
1321 plasmonic lens 17

LOCs for various
applications ['**°

bio-sensors 27, bio-
electronics ¥, LOCs: nano

. 097,102,
channels. nano wires |
104]

bio-electronics **), bio-

SENnsors [40]. gas sensors (21




-
Al

PDODDBD
DDDDDDE

DEPDDDEDI
rﬂbmnnn
- DBDBDI

P
=
]
8
"
-
b

Figure 1.5 Scheme for the procedures of 3D patterned nanostructures through the PnP
technique.®
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1.3 Advantages for efficient energy devices

1.3.1 Surface to volume ratio

The multi-dimensional nanostructures made by previous methods can be applied to various
energy devices for their performance improvement due to the several advantages. The first
one of the advantages is the excellent surface to volume ratio, compared with the bulk
equivalents. Figure 1.7 shows the typical example for the higher surface to volume ratio of
nanostructures by using cubes. When the bulk cube is divided into eight smaller cubes again
and again hierarchically, surface to volume ratio increases exponentially. Thus, assuming that
such a unit cell is reduced to a nanometer scale size, the surface to volume ratio must be
tremendously large. In other words, the total amount of exposed surfaces increased
exponentially by dividing the cube into smaller components, but the total volume doesn’t
change from the initial value. The enormous surface area means the improvement of the
reactions that can occur on the surface such as the physical ion adsorption and interfacial
charge transfer efc. As the result, this much increased surface area is the very important

advantage in that the 3D patterned nanostructures are utilized in various fields.



Increase of surface area to volume ratio (SA:V)

a)

b)

S. Area = 12[u?
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SA/V ratio = 24:1
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Volume =1 u?

SA/V ratio = 384:1

Figure 1.7 Surface area to volume ratio. The increment of surface area vs. volume is

graphically represented from the lowest ratio to the highest ratio.®
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1.3.2 Light trapping effect

The incident light is reflected and refracted when it meets the surface of certain material (i.e.
at the interface of two media). When the light is incident to a flat film, the significant portion
of light energy cannot be absorbed by the Bragg reflection and transmission. On the other
hand, Figure 1.8 is a sketch showing the heterojunctions of CdS quantum dots attached to the
TiO; frame structure and the multiple-scattering phenomenon into the patterned nanostructure.
The frame structure shows the periodic patterns to get the photonic bandgap property as the
photonic crystal structure. Photonic crystals modulate the propagation of the certain
wavelength of light. As the result of the multiple-scattering effect, the most energy of incident
light can be absorbed by the structure.

In addition, nanostructures can be applied as the anti-reflection layer as shown in Figure 1.9.
The anti-reflection layer prevents the loss of light energy by the reflection at the surface.
Reflectance of incident light from the air to the certain structure can be calculated by the
Equation (1) with the refractive indices of the two media forming the interface, the air and

the structure here.

ng— ng2
Equation (1) : R=—=—>
ns+ no

Where n;s is the refractive index of structure and n, is the refractive index of air. Reflectance
can be reduced as the difference between two refractive indices becomes smaller. When the
layer with a medium refractive index between the air and the titania is formed, the energy of
the incident light can be absorbed much more with the reduced reflection. We can combine the
two upper phenomena; multiple-scattering into the photonic crystal and anti-reflection effects,
to trap the incident light into the strategically designed hybrid structure effectively for the

tremendous absorbance of light energy.
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Figure 1.8 Sketch showing the multiple-scattering of incident light into the photonic crystal

nanostructure.’
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1.3.3 Plasmonic effect

A plasmon is the concept to explain collective oscillation of free electrons in a metal. For the
case of nanoparticles, plasmons exist at the surface with localization. In other words,
plasmons take the form of surface plasmons confined to the surfaces of metals and interact
strongly with light, resulting in polaritons. It might be called as the localized surface plasmon;
collective oscillations of delocalized electrons in response to an external electric field around
the metallic nanoparticles that are excited by incident light. Localized surface plasmons
enhance the electric field near the surface of the nanoparticles. Figure 1.10 shows the
collective oscillation maximized at the resonance wavelength, which occurs at the visible
wavelength region for noble metal nanoparticles such as the gold and silver etc. Such a strong
electric field has larger magnitude than one of the incident light, and has the property of an
evanescent wave that decreases exponentially as it is far from the interface in the vertical
direction. This surface plasmon resonance phenomenon means that light energy is converted
into surface plasmon and accumulated on the surface of the metal nanoparticles. As the size
of nanoparticles, affected wavelength of the incident light could be changed as shown in
Figure 1.11. Hot electrons generated at the surface of metal nanoparticles can be transferred
to the adjacent semiconductor frame materials over the junction barrier. This light
controllable surface plasmon resonance phenomenon can be useful for light trapping effect in

various energy devices using solar energy conversion what we will discuss from now on.
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1.4 Applications of solar energy conversion

Energy is the most important factor as the major driving force for all machinery industry as
well as all living things in everyday life. There are numerous energy resources which we are
using in the earth such as fossil fuels, nuclear power, renewable energy resources etc. Fossil
fuels which occupy the largest portion of the global energy consumption until now have been
considered as the most important energy resource after industry revolution generation.
However, they cause a serious environmental pollution problem with ill effects on all human
beings and eco-system, and depletion of fossil fuel reserves is not the topic of future far from
now, due to the dramatic increase of global energy consumption. World power consumption
was estimated to be about 17 terawatt in 2015, and the expected power in 2050 is around 30
terawatt.'*"!> Many studies have been reported about the alternative energy solutions instead
of fossil fuels which must be able to contribute to this challenge to cause the global scale
appreciable impact because the demand for fossil fuels is continuously increasing day by day
and finding new oil sources becomes very harder with the soaring prices for the products
from crude oil and petroleum.'® 7 In addition, a lot of social issues were raised such as
drastic climate change, environmental degradation, political instability in major oil-producing
nations, and need for new more advanced techniques for driving new oil/gas sources etc. The
serious reliance on fossil fuels has negative effects of political and socioecological issues in
the terms of economic dependence for oil-producing nations.'®

On the other hand, the renewable energy resources have been utilized with gradually
increased dependence with the various critical advantages such as eco-friendly working
system and significantly abundant resources etc. The most of renewable energy resources
such as the solar energy, wind power, geothermal power, and hydropower etc. generate the
main source of energy as the form of electricity and recently, a lot of researches for
generation of electricity by the energy conversion and for storage of electricity have been
studied to improve the efficiency of energy conversion and to have sufficient energy density
and power density owing to greater mass- and charge-transfer properties. Among them, solar
energy is the most powerful and semi-permanent renewable and sustainable energy resource.
The amount of solar energy reaching the earth for one hour is greater than the global energy
consumption for one year.!” Figure 1.12 shows the global energy potential of renewable and
non-renewable energy resources. The area of the circles is proportional to the amount of

supplied energy. Renewable energy sources represent terawatts, and non-renewable energy
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sources show their potential in terawatt-hour units based on estimated reserves. Global
energy consumption in 2013 was 15.97 terawatt, corresponding to 139,891 terawatt-years or
12730.4 Mtoe. For the case of non-renewable resources, if the amount of remaining reserves
is exhausted in 30 years, the area of the circle is the amounts we can consume each year.
Non-renewable energy sources with limited reserves are nearing depletion issues, and only
the wind power and solar energy represent the amount of power that can overcome global
energy consumption by themselves in renewable energy sources. Considering the various
social situations mentioned above, solar energy is the obvious candidate for the most
potential renewable energy resource we can find to alternate fossil fuels. Solar energy can be
harvested in various different ways.??* For example, photosynthesis, which plays an
important role in all life on the earth, can convert sunlight into chemical energy as the
biomass. Biomass can be produced in plants that have low water and fertilizer requirements
without any competition for food production. Other resources such as wind power and wave
power which are indirectly affected resources from solar energy can also generate electricity,
although relatively small amount. This thesis focuses on two methods of using the energy of
sunlight. The first one is to use solar energy to break chemical bonds and store energy in a
chemical form, which is to split the water by absorbing solar energy, that is, producing the
potential hydrogen fuel from water, the richest resource on the earth.>*2® It is called as the
“photoelectrochemical water splitting” for hydrogen generation. The second one, “solar
steam generation”, is the photothermal conversion form to generate the vapors of freshwater
with the desalination of seawater by the thermal evaporating procedures and decontaminate

of wastewater.
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Figure 1.12 The global energy potential comparing energy resources by their potential.?’
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1.4.1 Photoelectrochemical water splitting

Hydrogen fuel is the one of the most effective resources to address global problems related to
energy. Unlike fossil fuels, hydrogen fuel reactions don't produce major reasons for
greenhouse gases such as carbon monoxide, carbon dioxide, sulfur dioxide, or suspended
molecules etc. Hence, the utilization of hydrogen fuels will be increased with the reduction of
greenhouse gas emissions so that the environmental health could be improved as well as the
air quality. Herman Kuipers, head of exploration research at Royal Dutch Shell, commented
on hydrogen fuel: “We are at the peak of the oil age but the beginning of the hydrogen age.
Anything else is an interim solution. The transition will be very messy, and will take many
technological paths. ... but the future will be hydrogen-fuel cells.” On the earth, there are
hydrogen fuels in the form of water as one of the most abundant resources, and hydrogen
fuels have the greatest potential in the future.

The characters of Jules Verne's novel “The Mysterious Island”, Cyrus Smith, emphasized the
importance of water as a fuel resource through the famous saying, "Water is the coal of the
future."”® Solar energy has enormous capacity to meet present and future global energy
demands in an environmentally friendly manner by hydrogen fuel generation from water
through efficient conversion to electrical and chemical energy. Many semiconductor materials
can be applied as photocatalysts which are energy harvesting systems that efficiently split
water under sunlight illumination conditions. In other words, Light in the visible wavelength
range which occupies about 50% of the sunlight spectrum has enough energy to split water
into hydrogen gas and oxygen gas. Unfortunately, water cannot absorb the light energy to be
split by itself without any supporting materials called as photocatalysts. Water splitting can be
carried out through the various techniques such as electrolysis, photoelectrolysis,
photocatalysis or photoelectrochemical (PEC) and thermochemical reactions, and
biophotolysis etc. The semiconductor materials are capable of capturing photons with energy
higher than its bandgap energy so that electrons can be excited from the valence band to the
conduction band.?*** The free energy change for the conversion of one water molecule into
hydrogen gas and the half of oxygen gas under standard conditions is AG = +237.2 kJ/mol
(~4.92 eV), which corresponds to AE® = 1.23 V per electron transferred according to the
Nernst equation. In order to drive this reaction, the photoactive anode material must absorb
radiant light to make its electrode potential higher than 1.23 V. If the photoanode material is
irradiated by light that has energy greater than the band gap of the photoactive material, then

19



the electrons of the valence band will be excited into the conduction band while the holes
remain in the valence band.** Figure 1.13 shows the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) using electrons/holes generated under illumination. Figure
1.14 shows the band-edge positions of conduction and valence band versus the normal
hydrogen electrode (NHE) for various p-type and n-type semiconductors used in PEC water
splitting system. Several the n-type semiconductors which have large band gap energy (such
as TiOz) are placed around the O2/H20O reduction potential, but they cannot show the high
photocurrent densities. On the other hand, the p-type semiconductor materials which have the
smaller bandgap energies place their conduction/valence bands more negatively so that the
reactions at the H'/H, potentials are well suitable. The over-potentials which are required for
water oxidation and reduction are the very important factor for the alignment of the
conduction and valence band-edges to be suitable to potentials of OER and HER respectively.
For example, water splitting can be negligible or very slow when the valence band potential
doesn’t be placed sufficiently positive for water oxidation or the conduction band potential
doesn’t be placed sufficiently negative for proton reduction.

In this way, the charge carriers generated by the sunlight can participate in reactions in which
water is reduced and oxidized to hydrogen and oxygen, respectively PEC systems should be
operated with highly competitive in cost and great solar-to-chemical conversion efficiency for
a long operating period to satisfy the goals to be an ideal fuel. Numerous approaches which
are applied to a lot of semiconductor materials have improved to several properties, but they
cannot still successfully satisfy the standard of performance, design, cost, and stability.
Therefore, an ideal photocatalyst is still one of the remaining challenges in the chemical
industry for effective hydrogen fuel generation. However, insufficient mobility of charge
carriers and narrow absorption range of photocatalysts could reduce the efficiency of solar

energy conversion systems.
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As shown in Figure 1.15, schematic energy diagram indicates the basic principles in a
photoelectrochemical water splitting cell using a photoactive semiconductor material as a
photoanode for the OER and a counter metal electrode as a cathode for the HER. There are
several main steps such as the light absorption, charge transport, and surface chemical
reactions. Light energy of incident photons greater than the band gap energy of photoactive
semiconductor materials can be absorbed with an efficiency of light absorption. The electric
field separates electrons to the cathode along the charge collector and an external circuit, and
holes to interface of electrolyte, respectively. Charge transport means the ratio for the photo-
generated electron/hole pairs to success reaching the respective interfaces of photoanode at
the opposite sides each other. Holes are transferred toward the electrolyte to take part in the
OER. Electrons are transferred to the cathode through the external circuit so that they take
part in the HER. An electrochemical equipment supports the water splitting by applying an

external potential that can provide additional driving force to the charge carriers.

1
H,0+2 h* - 5 0, + 2 H* (OER by oxidation)
2 H*+ 2 e~ > H, (HER by reduction)

1
H,0 - > O, + H, (Total water splitting reaction)

To perform those reactions, generated electrons and holes by light energy absorption in the
semiconductor material electrode must be transported without recombination to the interfaces.
The energy required for water splitting photoelectrochemically at a semiconductor
photoelectrode with consideration of losses due to the concentration and kinetic over-
potentials is frequently reported as about 2 eV per electron-hole pair generated.*> ¢ As the
result, four electron—hole pairs must be generated in a photo-induced process for OER at the
photoanode.

The incident photon-to-current conversion efficiency (IPCE) of photoanode can be calculated
by

1240 x |

IPCE (%) :W X 100 %
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where J represents the photocurrent density (mA/cm?), A is the wavelength of incident light
(nm), and / is the intensity of incident light (mW/cm?).
Then, the overall solar energy conversion efficiency can be calculated by

] X (E19ex —E )

n (%):f X 100 %

where E is the bias voltage applied against the counter electrode (= 0 V for the photoanode)
and E%.y is usually 1.23 V (pH = 0) for the reactions of water splitting.

As the result of previous calculations, the solar-to-hydrogen efficiency for a

photoelectrochemical water splitting system can be expressed as

J x1.23

light

n (%) = 100 %
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Figure 1.15 A schematic energy diagram for a photoanode (n-type semiconductor).’’
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Here, there are the several criteria that an ideal photoanode material should have. First, as I
already mentioned before, with respect to efficiencies of processes with energy losses, a more
practical bandgap energy is about 2 eV (the bandgap energy must be greater than 1.23 eV).
The photoanode can be working by the energy from the visible light and shorter ultraviolet
wavelength which occupy about 55% of incident sunlight spectrum. Second, band-edges
should be placed for bandgap to cover the reduction potentials of water splitting reactions.
Third, the mobility and lifetime of electron-hole should be secured sufficiently to allow
reaching to the active sites, because the materials with few defects and small size of particles
inhibit recombination of generated electron-hole pairs. Fourth, the OER rate must be
dramatically greater than the one of recombination. Finally, the materials have to be stable
chemically in an aqueous solution and under illuminating conditions to prevent itself being
oxidized by photogenerated holes instead of water. However, there is the quite large
difference of performances between an actual and an ideal photoanode as shown in Figure
1.16. There are three main factors limiting performance as the increase to anodic potential
such as generation of electron/hole pairs by light absorption of semiconductor material,
charge transfer within photoanode and at the photoanode/electrolyte interface.

As discussed above, many semiconductor materials can be used as electrode materials which
can absorb the sunlight of ultraviolet and visible wavelength for water splitting. To improve
the performance for the efficient solar light energy conversion, two of mainly studied
approaches recently such as the improvement of the light absorbance and the charge-transfer
in photoelectrochemical water splitting system. In this regard, strategically designed
nanostructures should be introduced as promising materials. Nanometer-scale designed
structures have many interesting properties compared with corresponding bulk materials such
as the excellent surface to volume ratio and light trapping effect etc. Recently, nano-
structured photoelectrode materials are very attractive and considerable attention in the
development of the photoelectrochemical water splitting system. Figure 1.17 shows various
approaches to satisfy the demands of the photoelectrochemical water splitting in

nanotechnology field.
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1.4.2 Solar steam generation

The combination of solar energy and water has been very attractive in a slightly different
studies recently. Solar steam generation is one of the most important fields in the global
modern society due to the applicable devices in the broad range such as power generation,
seawater desalination systems, decontamination of wastewater and sterilization systems.*” >
Solar steam generation techniques which have been carried out until now depends on the
surface of photoabsorber to absorb sunlight energy, and convert the solar energy to heat as
followed by the efficient transferring the accumulated heat to the bulk seawater directly or
through the intermediate transfer media to produce vapors by evaporation.* ** The devices
require a high concentration of generated heat to overcome the high loss of light energy and
heat at the surface. For the design, the photothermal system must be added complexity with
high cost. Therefore, high efficient photothermal conversion system with competitive cost
and strategic designs reducing energy loss should be developed for the solar steam generation.
Recently, nano-structured photothermal systems have been widely studied with the
absorption of light energy over a broadband wavelength of sunlight spectrum as low cost and
promising approaches. At the beginning of the research of this field, nanoparticles minimize
their surface energy loss as the volumetric absorbers by constant temperature in the fluid so
that thermal conductivity can be improved such as the dispersed gold nanoparticles in a bulk
seawater achieve a solar-thermal-conversion efficiency of about 24%.%*" Nevertheless, the
significant portion of light energy cannot be absorbed by the high scattering, and the heat
generated by the conversion of the absorbed light energy cannot be concentrated. The
efficiency of solar steam generation by the evaporation indicates considerably lower value
through the conductive loss of the whole bulk solution.*® To address this issue, floating film
type devices have been suggested to localize the generated heat by the photoabsorber
materials onto air/solution interface such as paper, carbon foams, anodic aluminum oxides,
and cellulose membranes efc.**>* Thermal insulators were additionally introduced between
photoabsorber and bulk solution to perform the thermal localization much efficiently at the
interface and to minimize the conductive heat loss to the bulk solution, which could be
effectively accomplished through the cooperation of water transport by the capillary force.>>-
8 Figure 1.18 shows the schematic illustration to explain working procedures of solar steam
generation in the film type floating devices. At first, solar light energy was harvested by the
photoabsorber which could be micro-structured for the light trapping effect, and then
27



converted into heat to evaporate the water at interface. The thermal insulation layer is made
by the materials which have a low thermal conductivity to localize generated heat at the
interface. Also, it must have the water transporting channels which work through the
capillary force as shown in the figure. Photoabsorbers have been usually studied using
various carbon-based black materials, noble metal nanoparticles to occur plasmonic effect
and nano-structured semiconductors for efficient absorption over a broadband wavelength of

whole sunlight spectrum.
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Representative materials for the candidates of photoabsorbers is divided by mainly three
types such as carbon-based black materials, metals which can occur plasmonic effect, and
semiconductor materials. At first, amorphous carbon doesn't have crystallinity in a large
range and it usually contains hydrogen and nitrogen. It has very high light absorption
properties to the broadband wavelength of light with the composition of a mixed sp? and sp®
bondings due to dense energy levels of the relatively free m electrons. Moreover, excellent
stability secured by the aromatic functional groups makes the materials inactive at
atmospheric temperatures and insoluble in aqueous solutions and other organic solvents.>
Conventional carbon-based materials with the n-band can absorb the visible wavelength of
sunlight due to optical transitions. However, a moderate reflection of about 10% at the
interface with air limits absorption of light energy.®® To overcome the limit, there are various
approaches using strategically designed nanostructures, such as vertically aligned carbon
nanotubes and porous graphene ezc.’’"% In this way, a large number of microscaled cavities
are formed for light trapping effect, which confine light into the structures that enhance the
absorption of light energy significantly by the lengthened pathway of multiple light
scattering.®® Figure 1.19 shows the structural design of carbon-based double layer for heat
localization with the steam generating performance and photothermal efficiency. Chen et al.
reported double-layered structure which consists of the exfoliated graphite and carbon foam
as a photoabsorber at the top and thermal insulator, respectively. The exfoliated graphite
layer forms a high-temperature region at the top of the double-layer structure, and the
solution transported through the carbon foam is evaporated at the high-temperature region to
release into the air. Due to the insulating effect of the carbon foam, the device of double-layer
structure records the highest evaporation rate as much as 2.4 times higher than pure water and
it is corresponding to about 85% of solar-thermal efficiency under 10 sun illumination

condition.
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Second method for the photothermal conversion is utilization of plasmon resonance which is
a unique optical phenomenon of metal nanostructures. When the frequency of electrons'
oscillation is well-matched with the one of incident light, the excitation of the electrons is
caused collectively with the coherent oscillation for the incident electromagnetic field.
Therefore, in case of heat generation by plasmon resonance effect of metal nanoparticles,
many electrons make the heat conversion very strong by following the Joule mechanism.®7
By the scattering of electrons, the hot carriers redistribute their energy so that the plasmonic
element is the remarkably heated. Then, the generated heat is further transferred to
surrounding environment by the conduction.”!

Due to its very fragile durability, the metal nanostructures for plasmon resonance need the
supporting layers such as the paper-supported films®*’>7*, anodized aluminum oxide
membranes’* and filter papers’ etc. Gold decorated airlaid paper was reported as the
photoabsorber onto the supporting layer which can also serve as a thermal insulating.
(Figure 1.20)> The airlaid paper supporting layer can make the light absorption increase
with the multiple scattering of incident light by the increased surface roughness, and can
transport the solution by the strong capillary flow of the microscale pores within the structure
for the sufficient replenishment of interfacial evaporation. The gold-deposited airlaid paper
device generates localized heat only at the surface of solution while bulk solution still
remains at the relatively lower temperature. Effective steam generation under 4.5 sun
illumination condition is well-shown compared with control samples and the photothermal
conversion efficiency is about the 78% while the efficiency of the pristine gold film is just

45%. In addition, the critical advantage of this plasmonic heat conversion is the reliable

stability during the recycles by multiple times.
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Black semiconductors are studied as the photoabsorber materials due to their various
advantages such as low cytotoxicity and competitive cost.’* 7*"’ Heat dissipation by the
semiconductor photoabsorbers is performed by the excitation and relaxation process of
photo-generated electron/hole pairs. The most photons with the higher energy than the
bandgap of semiconductors can lead to the excitation of electrons above the conduction band
edge. The electrons and holes generated through the photon energy absorption relax to the
edges of the conduction band and valence band respectively to convert from the energy of
relaxation process in form of heat. The effect of this mechanism is remarkably decreased for
the semiconductor materials with broad bandgap energy in which significantly lower portion
of the absorbed light energy in the generated electron/hole pairs dissipate heat at the
relaxation process. Photoabsorber materials should have a high capability of light absorption
and less emissivity to ensure the high photothermal conversion efficiency. They should have
the competitive cost of the abundant element for the mass-production in the industrial fields.
In terms of this points, titanium oxide is one of very proper materials due to the low cost,
high light absorption, and very good thermal stability etc.® The most popular titanium
dioxide has a very large bandgap energy (about 3.2 eV), however, a black titania made by the
self-structural modification methods such as the self-doped Ti**/oxygen vacancy, or
incorporation of hydrogen doping etc. was reported to have narrow bandgap (about 1.5 eV)
which can absorb overall sunlight spectrum from 2011.%" TiOx (x<2) with color tunable from
white to black can be synthesized by the reduction procedure using a magnesium to the
commercial P25.7° The increase of magnesium reduces the contents of oxygen of TiOx with
the decrease of x value, which means the improvement of light absorption. TiOx synthesized
in this way was spin-coated on the surface of a stainless steel mesh after the surface super-
hydrophobization step to confirm its performance as a photoabsorber material, resulting in a
50% of photothermal efficiency under 1 sun illumination. In addition, black titania with a
unique nanocage structure which can cause the light trapping effect was also reported and it
shows the improvement of photothermal efficiency up to about 71%.%*

Figure 1.21 shows the T1,03; nanoparticles deposited cellulose membranes for efficient solar
steam generation. The much narrow bandgap and nanoscaled particles enable very high light
energy absorption in full spectrum range, resulting in about 92.5% of absorption capacity,
greater than most photoabsorber materials. Solar steam generation rate is 1.32 kg/m*h under 1

illumination, which is 2.65 times higher than the pure water.
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Figure 1.21 (A) A real image and SEM cross-section image of the Ti;O3; nanoparticle
loaded cellulose membrane. (B) Thermographic image and the real image of the solar steam
generation under 7 sun illumination condition. (C) Diffuse reflectance spectra analysis. (D)

Evaporation cycle performance under different intensities of illuminated sunlight.
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Chapter 2

Photoelectrochemical Water Splitting

2.1 Optimization for visible light Photoelectrochemical water
splitting: gold-coated and surface-textured TiO: inverse opal

nano-networks

Adapted with permission from ref. 60. Copyright 2013 Royal Society of Chemistry

2.1.1 Introduction

The conversion of solar energy to hydrogen by a water splitting process is an attractive
approach to achieve clean and renewable energy systems. Photoelectrochemical (PEC) water
splitting is a chemical process of electrolysis of water by sunlight generating hydrogen.! The
PEC cells are typically designed with metal oxide semiconductors that operate at particular
wavelengths of light/energies as photoelectrodes and noble metals as counter electrodes.
Among the metal oxide semiconductors being intensively investigated (e.g., TiO>**, ZnO>$,
Fex03"-%, WO5% 1%, and CuxO'"1?), TiO; is very promising since it has flat band potential, fast
electron pathways, photo-chemical stability, and good corrosion resistance in aqueous
solutions.'> However, TiO; has a large bandgap, which results in a limited photoresponse and

overall low efficiency in the visible region. A strategy for bandgap engineering of TiO2, such

14,15 17-19

as fabrication of an array of nanowires'* !> or nanotubes,'¢!® doping of heteroatoms,'”! and

coating of quantum dots,?*%*

is thus necessary for efficient hydrogen generation. Metal/semi-
conductor contacts have shown a great interfacial charge transfer mechanism such as hot
electron injection and plasmon resonance energy transfer (PRET).>*?® For example, a
metallic nanostructure can enhance optical absorption in the range of visible light through
excitation of the surface plasmons, resulting in excitation of electrons in the semiconductor at

energies well below the semiconductor’s bandgap; this in turn allows for a predominance of

electrons in the conduction band of a semiconductor. Light absorption is an important issue
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for active materials in these systems because utilization of maximal absorption of light is
strongly correlated with conversion efficiency of photons to electrons.?’ It has been reported
that metal NPs can exhibit outstanding absorption via scattering when the size is comparable
to or larger than the wavelength of light.®*! However, with an increased size of the metal,

the surface plasmon resonance (SPR),* %

which is expected to be achievable by metal NPs
and is mainly supported by a dipolar plasmon mode in small size particles, disappears,
resulting in inefficient excitation of electrons.

Alternatively, on the basis of its relatively large dimensions, an inverse opal (I10) structure
can be suggested as a photon trapping structure that can readily interact with light in the UV-
visible region.>* 3> A photon trapping effect is a phenomenon in which the effective optical
path length is increased by several times, triggered by an interaction between an object and
light, i.e., scattering. TiO> inverse opal structures (TIO) have been studied as photocatalysts™
36.37 and electrodes for dye-sensitized solar cells (DSSCs) ***° during the past decade.
However, a rather low surface area relative to P-25 (Degussa), a standard active material for
photoconversion systems has hampered the broad use of TIO in those areas. Therefore,
systematically balancing two opposing factors, surface area and light trapping effects, is
crucial to maximizing the power conversion efficiency in TIO-based systems; The pore size
should be decreased to less than about 30 nm to increase the surface area for maximal contact
of dye molecules onto the surface of the active materials.*'** On the other hand, large scale
structures over a few hundred nanometers are needed in order to obtain an efficient light
trapping effect caused by the interaction between objects with proper dimensions and incident
light.***" In this regard, a hierarchical structure is advantageous in that it can facilitate these
two important properties simultaneously by accommodating two different dimensions in the
structure.’

Here, we report an optimized gold NP-coated and surface-textured TIO (Au/st-T1O) structure
in the form of larger scale TIO coated with smaller scale nanostructures and Au NPs. This
structure can potentially broaden the range of photoconversion below the band gap of TiO: by
enhancing the light harvesting effect and surface plasmon-enhanced electron transfer. The
surface-textured TIO (st-TIO) is created by the selective removal of one domain in the layer
of TiO>—containing block copolymer precursors coated on the surface of TIO during the

sintering process. By careful control of the large scale dimensions and introduction of small

scale textures, we can successfully optimize the light trapping effect while securing sufficient
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surface area for reaction sites. Furthermore, the visible working capability in hydrogen
generation of the Au/st-TIO structure is realized by the synergistic effect of photon trapping
and a plasmon-enhanced transfer mechanism observed in the metal/semiconductor contact.
The excellent photocatalytic activity of the properly designed Au/st-TIO structure provides

strong potential for engineering of light in hydrogen generation systems.
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2.1.2 Experimental procedures

2.1.2.1 Fabrication of TIO

PS nanospheres with different diameters (d = 130 nm, 350 nm, and 600 nm) were synthesized
via Colvin’s method.*® Mono-dispersed PS nanospheres were assembled onto a TiO thin
layer coated FTO, which ensures good contact between the final TIO structure and the
substrate. An O; plasma treated FTO substrate was dip-coated with 40 mM of TiCls aqueous
solution followed by annealing at 70 °C for 30 minutes. Scotch tape was applied to make a
window with an area of 5 mm x 5 mm for the assembly of PS spheres. PS spheres were
assembled by spin coating.’* The height of the assembled PS layers was determined by the
number of spin coating. Then, the samples were annealed at 85 °C for 1 hour on a hot plate so
that assembled-PS nanospheres adhere well to the substrate. 1 pl of 0.9 M of TiCls solution
(water:ethanol=1:1) was infiltrated into the self-assembled PS opal structures. The TiCls/PS
composite was then heated at 500 °C for 1 hour, providing a solution-gelation reaction and
calcinations of PS nanospheres. A TiCls aqueous solution was treated once again to make
efficient electron transport networks.>> ¢ In the present case, conducting sol-gel chemistry
within the PS template resulted in a decrease in diameter of 17 % for the formation of TIO
networks. Furthermore, the creation of cracks is inevitable in the fabrication process of the

TIO structure, as reported in previous studies.?% 3% 40-37. 38

2.1.2.2 Fabrication of st-TIO and Au-NP coated st-T1O

The TIO networks were dip-coated in a diluted solution of triblock copolymer, poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (EO20PO70EOQ20, M =
5800).> The solution was aged at 55 °C for 2 hours. After the yellow liquid turned into a
bright yellow forming powder, the sample was removed from the vial and heated at 90 °C for
10 hours. Finally samples were washed with deionized water and ethanol followed by the
heat treatment at 500 °C for 1 hour to calcine the block copolymer domains. For the gold NP
coating on st-TIO, 30 mM of chloroauric acid was dissolved in ethanol, to which 1 wt.% of
sodium citrate dissolved in water was added. The pH of the prepared solution was adjusted to
be 8~9 before deposition. The mixture containing st-TIO structure was heated to 100°C for
30 min. and then allowed to cool naturally. The samples were washed with D. 1. water and

ethanol.
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2.1.2.3 PEC measurements

The PEC performance of the electrodes was evaluated in a three-cell electrode system under
front-side illumination of AM 1.5 G using a potentiostat (Princeton Applied research
VersaSTAT3, AMETEK). An Ag/AgCl electrode and a Pt mesh were used as reference and
counter electrodes, respectively. The electrolyte was a solution of 0.24 M Na,S and 0.35 M
Na>SO0s. The working electrode with an exposed area of 0.25 cm? was illuminated from the
front side. The photoresponse was measured under chopped illumination from a Newport
solar simulator equipped with an AM 1.5G filter, calibrated with a standard Si solar cell
simulating AM 1.5G. Photocurrent stability tests were carried out by measuring the
photocurrent produced under chopped light irradiation (light/dark cycles of 10 s) at a fixed
bias of +0.5 V versus Ag/AgCl.
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2.1.3 Results and discussion

Figure 2.1.1 shows the four steps of the fabrication process for the Au/st-TIO structure.
First, surface-activated polystyrene (PS) beads obtained by treatment with Triton X-100 were
self-assembled using a spin-coating method into polycrystalline opals with a face-centered
cubic (FCC) structure (I) on a FTO substrate with a thickness of 2.4 um.*®* A TiCls aqueous
solution was then infiltrated into the 3D assembly of PS followed by annealing in air, which
induced the gelation of TiO> sol and calcination of PS simultaneously, thus forming the TIO
structure (III). After the third step, mesoporous structures composed of ~9 nm of TiO:
textures are created by hydrothermal reaction of TiO> precursors and a thin layer of triblock
copolymer solution and the second sintering of the sample. The targeted structure is st-TIO
(IV) of a few hundred nanometer scale textured with mesoporous TiO; less than tens of
nanometers in diameter. Finally, gold nanoparticles of approximately 30 nm in diameter are

deposited onto st-TIO via a hydrothermal method (V).*
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Figure 2.1.1 Schematic illustration of the fabrication process for a Au/st-TIO structure. I)
Self-assembly of PS on FTO. II) 3D assembly of PS infiltrated by TiCls solutions. IIT) TIO
formed by the removal of PS and sol-gel reaction of TiO; precursors. IV) A st-T1O created by
selective removal of one domain in the triblock copolymer film. V) A Au/st-TIO obtained by

hydrothermal deposition of Au NPs on st-TIO.

45



Figure 2.1.2 presents scanning electron microscopy (SEM) images of the structure according
to each step of the fabrication process (as described in the experimental section) of a visible
light working electrode for surface plasmon-enhanced hydrogen generation, corresponding to
the pristine PS assembly, TIO, st-TIO, and Au NP-coated st-TIO (Au/st-TIO). Figure 2.1.2a
is a SEM image of a 3D assembly of PS with a diameter of 350 nm and a thickness of about
2.4 um. The nearly face-centered cubic (FCC) crystal of the compact opal structure was
found, as reported elsewhere.*® Figure 2.1.2b is a SEM image of a 3D network of TiO>
obtained by the gelation of TiCls followed by the removal of the 3D assembly of PS by
sintering at 500 °C. Low-density TIO showing an underlying FCC lattice is apparent from the
SEM image. The dimensions of the TIO generated from the removal of the PS template were
reduced to approximately 83 % of the original thickness due to shrinkage induced by the sol-
gel reaction. We varied the diameters of the PS spheres and sintering conditions in order to
optimize light harvesting capability. Figure 2.1.2¢ is a SEM image of st-TIO that clearly
shows the creation of small scale textures. The inset shows a close-up image of the st-TIO
with a larger diameter of air holes of 290 nm and a beam diameter of ~ 40 nm coated with
TiO: textures with a smaller diameter of ~ 9 nm. The small size textures are attributable to the
selective removal of PPO domains formed by the assembly of the PEO-PPO-PEO triblock
copolymer. Figure 2.1.2d shows the ~ 30 nm Au-NPs deposited on st-TIO with a dimension
of 290 nm (fabricated from 350 nm PS nanospheres). The inset confirms the presence of two
types of smaller scale nanostructures (TiO» textures and Au-NPs). The brighter spots
represent Au NPs, due to the larger reflection/scattering cross section of Au during the

process of imaging in SEM.

46



Figure 2.1.2 Morphological characterization of the structures. a) SEM image of the 3D
assembly of PS. The inset shows the cross-sectional image of the 3D assembly. b) SEM
image of TIO networks created from infiltration of TiCls followed by gelation of TiO> sol and
removal of the PS assembly. ¢) SEM image of st-TIO networks with a diameter of 350 nm
coated with small TiO; textures with a diameter of 9 nm in the form of a hierarchical
structure. The inset is a close-up image of st-TIO. d) SEM image of gold-NP coated st-TIO.

The inset shows the presence of gold NPs and the mesoporous TiO» textures.
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Figure 2.1.3a shows a high-resolution transmission electron microscopy (TEM) image of
the as-prepared st-TIO that confirms the TiO; is crystalline with an interplanar d-spacing of
0.31 nm corresponding to the (101) plane It is seen that the st-TIO is a mesoporous structure
with a diameter of about 9 nm and tightly connected with a thick layer of TIO in a beam
diameter of ~ 40 nm. There was a tendency in the experiment for TiO textures to aggregate
and form mesoporous clusters with a diameter of ~20 nm as marked in Figure 2.1.3a. Figure
2.1.3b is a TEM image of the surface of the Au/st-TIO showing the presence of two types of
nanoscale structures. The two different degrees of interplanar spacing, 0.31 and 0.22 nm in
Figures 2.1.3a and 2.1.3b, indicate the textures of anatase TiO, and the Au NPs respectively.
X-ray diffraction (XRD) measurements were made to further confirm the formation of TiO»
after the sol-gel reaction and application of the hydrothermal method. Figure 2.1.3¢ shows
the XRD pattern of the sol-gel fabricated TiO> nanostructures (TIO), st-TIO created from
hydrothermal treatment of the block copolymer on the surface of TIO, and Au/st-TIO
fabricated by hydrothermal deposition of Au NPs on st-TIO. The X-ray diffraction analysis
verifies that the as-synthesized st-TIOs are in an anatase phase with enhancement at 25° and
38° corresponding to the (101) and (004) planes, as confirmed by # JCPDS 84-1286. These
peaks confirm that the TiCls is completely converted to crystalline anatase TiO2, which
indicates the presence of feasible conducting pathways in TIO networks. The XRD peaks of
Au/st-TIO with enhancement at 38°, 44°, 65° and 77°, corresponding to the planes of (111),
(200), (220) and (311), confirm the crystalline nature of the Au. Furthermore, the TiO:
textures maintain spacing and a 2 theta value in the Au/st-TIO as shown in the TEM images
and XRD data, respectively, indicating the stability of the TiO> nanostructure in the basic
condition that is applied for the deposition of Au NPs or the photocatalytic hydrogen

generation reaction (see the experimental section).
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Figure 2.1.3 TEM images and XRD of st-TIO and Au/st-TIO networks. a) TEM image of
the st-TIO structure. The close-up image in the inset confirms the single crystalline phase of
as-prepared st-TIO with an interplanar spacing of 0.31 nm. b) TEM image of Au/st-TIO
structure. The interplanar spacing of 0.22 represents the Au NPs. ¢) XRD of TIO and st-TIO,
and Au/st-T1O from bottom to top. The numbers in brackets in black and in pink represent the

lattice planes of anatase TiO2 and gold NPs, respectively.
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The enhanced optical properties due to the introduction of properly designed dimensions and
Au NPs can be quantified by shining light on the front side of a P-25 control sample, TIO
samples, st-TIO samples, and Au/st-TIO samples (from the top to the FTO substrate). Figure
2.1.4a compares the UV-Vis extinction spectra of a 2 um thick NC-TiO; film (P-25), and
similar thicknesses of TIO structures fabricated from PS with diameters of 130 nm, 350 nm,
and 600 nm at normal incidence. All UV-vis absorption spectra are normalized by the
thickness of the corresponding samples. P-25 was chosen as a control sample since it has
shown excellent performance as a working electrode in photovoltaic devices. The absorption
peaks spanning from 300 to 400 nm were assigned to the absorption of the conventional TiO2
nanoparticles. Unlike the previously reported results on the photon trapping effects based on
the slow photon propagation mechanism of photonic crystal structures at the bandgap edge™
36, the TIO samples assembled by simple spin-coating methods did not show specific
reflectance peaks due to the polycrystalline nature of the opal structure with some defects.
However, the TIO samples without the perfect photonic bandgaps, thus no slow photons at
normal incidence, still demonstrated a strong and broad absorption band ranging from 400 to
800 nm due to scattering, relative to the P-25 control sample, even though the density of TiO»
in the TIO samples with larger scale air holes (300 nm) is much lower than that of P-25,
which is densely packed with much smaller (25 nm in diameter) scale TiO: particles. The
enhanced absorption of the TIO samples in this region is attributed to the photon trapping
effect obtained by the larger dimensions of TIO, which can readily interact with light in the
visible region. This implies that much more light is able to participate in the light harvesting
process in the TIO structure acting as a mirror: some photons that are not absorbed upon their
first passage are scattered by the TIO frame again, effectively giving those photon multi-
passes through the networks. However, compared to the large absorption cross-section of the
TIO structure at a long wavelength, the absorption in the UV range of TIO is still less than
that of the P-25 control sample, which is likely due to the low areal density of the TIO
samples. We hypothesized that the addition of smaller dimensions to TIO by surface-
texturing could successfully address this problem. In fact, the surface area of TIO (350 nm in
diameter) obtained by BET is increased by surface-texturing from 33.9 m?/g to 124.9 m%/g,
exceeding the value (117 m?/g) of P-25, as shown in Figure 2.1.5. As a result, the cross-
sectional area of UV-vis absorption is substantially improved after surface-texturing of the

corresponding plain TIO in the entire wavelength region for all the cases as shown in Figure
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2.1.4b. This implies that the low density of TIO could be overcome by the adoption of a
mesoporous hierarchical structure. The optimal structure with the maximum cross-section
area achieved by integration of small dimensions in the UV-absorption curve is st-TIO with a
diameter of a 350 nm, as shown in Table 2.1.1. The intensity of the photon trapping effect
caused by scattered light under beam irradiation on the device was further investigated by
comparing the diffuse reflection spectra of a P-25 control film and st-TIO with different
dimensions. As can be seen in Figure 2.1.4¢, compared to the P-25 control film, the st-TIO
structures showed significantly higher diffuse reflection spectra in the visible spectrum of
light (400 nm - 800 nm), indicating that the absorbed light was efficiently scattered within the
nanostructure film. This result confirms extension of the path length of the light within the
TIO with a few hundred nanometers scale. Here, our approach is different from other
methods that pursue hierarchical TIO®’ in that we maximize the surface area by surface-
texturing of TIO without filling air holes with small dimension structures. This makes it
possible to maintain a refractive index contrast between the large scale TIO frame and air,
which is essential for the photon trapping effect.’”>! As a result, st-TIO with a diameter of
350 nm and 600 nm had a much larger photon trapping effect than P-25 and the light
scattering factor of st-TIO was significant in the entire wavelength region. On the other hand,
there was only a slight light scattering effect for the TIO made from 130 nm PS nanospheres,
which was likely due to inefficient interaction between the relatively smaller dimension
nanostructures and exposed light. We observed that the light scattering effect increased with
an increase in the pore size in the range of the wavelength-scale of exposed light. The
optimized dimension of the st-TIO frame is 350 nm, which allows excellent photon-trapping
effects while retaining appropriate surface area, according to the data in Table 1. Figure
2.1.4d compares the final UV-vis absorption spectra of st-TIO and Au/st-TIO, demonstrating
the potential for surface plasmon resonance in the metal/semiconductor interfaces. A broad
absorption covering a range of 500-700 nm with an absorption maximum at about 540 nm
appeared in the spectra of all Au/st-TIO samples, and is attributed to enhanced surface

plasmons in Au NPs.
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Figure 2.1.4 Optical properties of the P-25, TIO, st-TIO and Au/st-TIO structure made
from PS spheres with different diameters. (a) UV-vis absorption spectra of the samples with a
diameter of 130 nm, 350 nm, and 600 nm. (b) UV-vis absorption spectra of the TIO networks
before and after surface texturing. (c) Diffuse reflectance spectra of the samples with a
diameter of 130 nm, 350 nm, and 600 nm. (d) UV-vis absorption spectra of Au-NP coated st-
TIO with a diameter of 350 nm and 600 nm.
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Figure 2.1.5 a) Comparison the surface area of nanostructures. b) The N> adsorption-

desorption isotherm curve of the st-TIO with a diameter of 350 nm.
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In order to investigate the hydrogen generation activity of the samples, photo-electrochemical
measurements were carried out directly on P-25 control samples, TIO, st-TIO, and Au-NP
coated st-TT1O. Ag/AgCl, a Pt mesh, and as-prepared samples are used as a reference electrode,
counter electrode, and working electrode, respectively, in a 0.24 M Na>S/0.35 M Na,SOs
electrolyte solution. As shown in Figure 2.1.6a illustrating the electron transfer mechanism
of Au/st-TIO, after the electrons are transferred from gold nanoparticles to the conduction
band of TiO; upon illumination, the electrons travel to the counter electrode where the
hydrogen generation reaction is driven. Meanwhile, the holes diffused to the surface of TiO>
or Au oxidize S* and SO3*.>% >3 In detail, the photocatalytic hydrogen generation proceeds by
the following three steps: (a) incident photons are absorbed by the Au NPs, which is creating
electrons; (b) the electrons are transferred from Au NPs to the conduction band of TiO»; (c)
the electrons transferred from TiO; to the counter electrode reduce the hydrogen ions,
whereas the holes induce the oxidation reaction at the surface of the working electrode.
Figure 2.1.6b presents linear-sweep voltammograms of P-25 and st-TIOs, which can be
explained by the direct photoexcitation of electrons from the valence band of TiO,, under AM
1.5 G simulated sunlight illumination. All st-TIO samples show higher photocurrent density
than the P-25 control sample, which is likely due to having an adequate surface area and
additional photon trapping effects. This suggests that the larger dimensions in st-TIO trigger
favorable photon trapping effects and help to transfer collected electrons more efficiently
through the 3D connectivity of TIO. The photocurrent density of the st-TIO with a diameter
of 350 nm, an optimized one as proved in Figure 2.1.4 and Table 2.1.1, is approximately 2
times greater than that of the P-25 control sample at an applied bias of +0.5 V. Furthermore,
when the system is supported by surface plasmon resonance, the photocurrent density reaches
~ 0.8 mA/cm?, which is about three times higher than that obtained with bare TIO under
illumination of 100 mW/cm? (Figure 2.1.7). More surprisingly, as shown in Figure 2.1.6c,
the photocurrent density of Au/st-TIO created by only visible light illumination (in red, AM
1.5 with a cutoff filter (>420 nm)) is almost 1/5 and 1/8 of that of the Au/P-25 sample and the
same sample, illuminated by UV-visible light, respectively, indicating that the optimized
structure has solely visible light working capability. Overall, the power conversion efficiency
of Au/st-TIO under the UV-visible illumination (~2.58 times larger than that of P-25) is
enhanced by a factor of 2.07 and 2.86 by the adoption of surface texturing and surface-

plasmon mechanism, respectively, as shown in Figure 2.1.7, which can be supported by the
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IPCE data in Figure 2.1.8. Figure 2.1.6d shows the photoresponse over time (I-t curve) of
the Au/st-TIO measured at +0.5 V with chopped illumination of AM 1.5 at a rate of 10 s
exposure followed by 10 s non-illumination. The sharp spike in the photocurrent during the
on/off illumination cycles indicates suitably fast two step transport of photogenerated

electrons from Au NPs to the current collector via the textures of TiO; and the interior of the

TiO; networks.
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Figure 2.1.6 Photocurrent response of plain P-25, TIO, st-TIO and Au/st-TIO under AM
1.5 illumination. (a) Schematic diagram showing the hydrogen generation mechanism of
Au/st-TIO. (b) I-V curve of P-25 and st-TIO structures with different diameters. (c) I-V curve
of Au/P-25 under UV-visible and Au/st-TIO structures with a diameter of 350 nm under UV-
visible, visible light illumination, and dark conditions. (d) I-t curve of Au/st-TIO structures
with a diameter of 350 nm at a bias of +0.5V under UV-visible illumination. The

photocurrents of all samples are normalized by their thicknesses.
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Table 2.1.1 Comparison of UV-visible cross-sectional area obtained by the integration of

UV-visible absorption curve from 300 to 800 nm and 420 to 800 nm for UV-vis and Visible

values, respectively.

TIO st-TIO Au/st-TIO
UV-vis UV-vis Visible UV-vis Visible
130 148.01 192.45 78.29 -
350 143.03 219.80 123.21 289.88 179.88
600 136.39 175.25 115.24 220.34 143.32
P-25 156.21 55.18 -

Figure 2.1.7 Experimental setup of PEC measurement.
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Figure 2.1.8 IPCE measurement of Au/st-TIO, st-TIO and TIO under UV-visible range
illumination (300-800 nm). The inset is the zoomed-up image of IPCE data showing the
increment of Au/st-TIO and st-TIO in the visible region.

58



2.1.4 Conclusion

In conclusion, we report a finely designed st-TIO structure that efficiently balances light
trapping effects and surface area requirements by the introduction of a surface-textured
coating onto a TIO structure with dimensions of a few hundred nanometer scale. The
observed optical properties confirm large light harvesting effects in the TIO in the long
wavelength region, which facilitate the hydrogen generation reaction of a TiO2 semiconductor
in the UV-vis range. The st-TIO was further optimized as a visible light working hydrogen
generation electrode by the introduction of Au NPs, which facilitate surface plasmon-
enhanced hydrogen generation. The photocurrent of Au/st-TIO was 2.58 times greater than
that of the conventional P-25 photoelectrode, which is recognized for outstanding
performance. The excellent performance of Au/st-TIO suggests that this strategy can provide

a new route to design photoactive materials via systematic engineering of light.
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2.2 Towards visible light hydrogen generation: quantum dot-

sensitization via efficient light harvesting of hybrid-TiO:

Adapted with permission from ref. 45. Copyright 2013 Springer Nature

2.2.1 Introduction

Photoelectrochemical (PEC) cells are useful devices designed for the chemical process of
generating hydrogen via electrolysis of water, namely water splitting, under irradiation of a
broad spectrum of sunlight.'* In general, PEC devices are composed of photoelectrodes,
where oxidation/reduction of water occurs with response to sunlight, and appropriate aqueous
electrolytes containing a redox couple.’” TiO: has proven to be a promising photoelectrode in
photoconversion systems due to its flat band potential, fast electron transfer mechanism, and
photoelectrochemical stability in most aqueous solutions.’'® However, the use of TiO; as a
single electrode material is fundamentally hampered by its large bandgap (3.2 eV), thus
resulting in truncated and inclusively low efficiency in the visible region, which accounts for
more than half of the entire sunlight spectrum. Accordingly, extending the light absorption
window of the photoelectrode to visible light is considered critical to increase the efficiency
of photoconversion.!'""* Notable efforts to lower the bandgap of TiO, include doping of

14-16

heteroatoms or coating of metal or semiconductor particles utilizing excitation of surface

17-19 5, 20, 21

plasmons or quantum dot-sensitization, permitting excitation of electrons in the
photoelectrodes at energies much below TiO:’s original energy bandgap. >** Among these
approaches, quantum dot-sensitization has drawn considerable attention since it has shown an
enhanced interfacial charge transfer mechanism via multiple excitations by single photon
absorption.

Light harvesting refers to enhancement of absorbed light via either photon trapping’ or
anti-reflection (AR),?° leading to an increase in the fraction of available light.*!:*? It has
been reported that nanostructures can exhibit excellent absorption properties in the visible
region via light harvesting, when their dimensions are comparable to the wavelength of
light.* By enhancing absorption in the visible range via light harvesting, it becomes possible
to more effectively sensitize quantum dots with a bandgap in the range of visible light,

leading to maximal power conversion efficiency of quantum dot-based PEC cells.
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Mesoporous TiO2 nanostructures fabricated by P25 with a mean diameter of about 25 nm
have been widely used for fabrication of the working electrode in dye-sensitized solar
systems, a representative photoconversion system, due to their advantage of large surface
area for adsorption of dye molecules. However, the small particles are not able to efficiently
harvest light in the red and near-infrared regions of the light spectrum and they also reflect a
large amount of light due to the high refractive index of TiO. Proper modification of the P25
photoelectrode is thus needed and careful design of quantum dot-sensitized devices based on
a light harvesting mechanism is crucial to maximize the efficiency in photoconversion
systems.

Here, we report an optimized quantum dot-sensitized hybrid-TiO> (QD/H-TiO2) electrode
sandwiched with light harvesting layers. The H-TiO> electrode is constructed using a 4.5 pm
thick mesoporous TiO> film made of crystalline nanoparticles (25 nm) and additionally a 500
nm-thick patterned mesoporous TiO: layer on the top and 1 pm-thick surface-textured TIO
(st-TTIO) layer on the bottom, both with diameters on the order of hundreds of nanometers,
with the capability of AR and photon trapping, respectively, contributing to maximized light
harvesting. The configuration of the light harvesting layer sitting on both the bottom and top
of the mesoporous TiO» layer provides devices with similar mechanism to mirrors in a laser,
where entrapped light is enhanced by repeated reflection at both ends and thus maximizes the
intensity of the absorbed light at a wider solar spectrum. Furthermore, CdSe/H-TiO> greatly
broadens the range of photoconversion below the band gap of H-TiO> by enhanced quantum
dot-sensitized electron transport substantially supported by the light harvesting mechanism of
H-TiO2. Under AM 1.5 G simulated sunlight illumination, the maximum photocurrent density
of CdSe/H-TiO reaches ~ 16.2 mA/cm?, which is 35% higher than that of the optimized
control sample (CdSe/P25), at an applied bias of 0.5 V versus Ag/AgCl. More surprisingly,
the photocurrent from hydrogen generation of CdSe/H-TiO> solely by the visible spectrum
reaches ~ 14.2 mA/cm?, which is the highest record value in the visible range and almost 88 %
of that obtained under UV-visible irradiation. The greatly improved performance of CdSe/H-
TiO2, which is attributable to the ability of light harvesting of H-TiO», suggests the strong

need for engineering light in photoconversion systems.
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2.2.2 Experimental procedures

2.2.2.1 Fabrication of p-P25 and H-TiO:

In order to fabricate p-P25, a 5 mm x 5 mm size patterned PDMS with 500 nm thickness was
prepared from the patterned SU8 with air holes with diameter of 500 nm and 500 nm in
thickness. Scotch tape was attached to the FTO substrate to define the sample size as 5 mm x
5 mm. P25 paste was placed and flattened via the doctor blade method so that paste had
uniform height corresponding with that of the scotch tape. The P25 paste was imprinted by
the patterned PDMS with proper pressure so that no air bubbles formed. After annealing the
samples at 55 °C for 45 min to remove the residual solvent, the patterned PDMS and the
scotch tape were peeled off. The PDMS can be reused after washing with ethanol. The
sample was heated at 500 °C for 30 min for calcination, followed by TiClsy treatment with a
concentration of 40 mM at 70 °C for 30 min and final heat treatment at 500 °C for 30 min.
When the st-TIO/FTO substrate was replaced by a FTO substrate, a H-TiO> structure was

created.

2.2.2.2 Fabrication of CdSe/H-TiO:

The successive ionic layer adsorption and reaction (SILAR) process was used to deposit
CdSe onto a H-TiO»/FTO substrate. A sodium selenosulfate (Na;SeSO3) solution was
prepared by dissolving 0.01 mol Se powder in a 0.1 M Na>SOj3 solution at 90 °C for 9 hours.
To assemble CdSe onto H-TiO>, the H-TiO»/FTO substrate was dipped into a 50 mM Cd(Ac):
- 2H,0 ethanol solution for 1 min, washed with ethanol for 30s, and then dipped into a
Na»SeSOs3 solution for 1 min and rinsed with D.I. water for 30s. Finally, the CdSe/H-TiO>
substrate was dried by blowing nitrogen gas. The two-step dipping procedure is defined as
one SILAR cycle. This procedure was repeated twenty times to obtain the desired

performance of CdSe and carried out in a glove box filled with nitrogen gas.

2.2.2.3 Characterizations

The morphology of the structures was examined by SEM (NOVA NANOSEM 230 FESEM,

15kV), TEM (JEM-2100, 200kV). The powder diffraction data were obtained using a Rigaku

Co. High Power X-Ray Diffractometer D/MAZX 2500V/PC from 20° to 80°. Optical

properties measurement (Absorbance, Reflection, Transmission) of structures were

investigated by UV-visible spectroscopy (VARIAN, Cary 100). The diffuse reflection was
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measured using a Cary 5000 UV/Vis/NIR. Photoluminescence (PL) spectrum of the CdSe/H-
TiO, was measured by spectrofluorometer (JASCO, FP-8500). Photoconversion efficiency

was confirmed using IPCE measurement system (QEX10, Pv measurements).

2.2.2.4 PEC measurements

The PEC performance of the TiO, electrodes was exploited in a three-cell electrode system
under front-side illumination of AM 1.5 G (Newport solar simulator) using a potentiostat
(Princeton Applied research VersaSTAT3, AMETEK). An Ag/AgCl electrode and a Pt mesh
were used as reference and counter electrodes, respectively. A solution of 0.24 M Na,S and
0.35 M Na;SOs was used as an electrolyte and sacrificial solution. An exposed area of the
working electrode was 0.25 cm’. The photoresponse was evaluated under chopped
illumination from a Newport solar simulator equipped with an AM 1.5 G filter, calibrated
with a standard Si solar cell simulating AM 1.5 G. The power of the solar simulator was
measured to be 100 mW/cm?. Photocurrent stability tests were carried out by measuring the
photocurrent produced under chopped light irradiation (light/dark cycles of 10 s) at a bias of
0.5 V versus Ag / AgCl. The PEC performances in the visible range were acquired by the
solar simulator coupled with a UV cutoff filter (A> 420 nm). EIS measurement were

performed under the same condition of gas evolutions under illumination of AM 1.5 G.

2.2.2.5 Calculation of effective refractive index of antireflection layer
The volume ratio of TiO : air = 0.46 : 0.54 from the SEM image. On the basis of the
effective medium theory,>? the effective refractive index npg can be calculated as 1.629 by

the following equation
1
q 2
npg =[0.46 X (npp,) + 0.54 x(myu1[9, q = 2/3

Here, nrjo, is 2.488 for anatase and ng;, is 1.
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2.2.3 Results and discussion

H-TiO> was fabricated by the following four steps, as shown in Figure 2.2.1a. First, surface-
activated polystyrene beads (PS) obtained by treatment with Triton X-100 were self-
assembled using Colvin’s method** into a few layers of a hexagonal structure on a FTO
substrate with a thickness of 1 pm.

PS structures were infiltrated with a TiCls aqueous solution and annealed in an air condition,
inducing gelation of a TiO> sol and calcination of PS simultaneously, and thus forming the
TIO structure (I). Second, a surface textured titanium inverse opal (st-TIO, II) coated with a
diameter of 7 nm TiO2 mesoporous structures was created by selective removal of triblock
copolymer domains from the coated layer containing TiO: precursors and block copolymers
on TIO. In principle, the st-TIO has been designed to minimize the loss of surface area for
reaction sites while achieving a photon trapping effect. Third, P25 mesoporous structures (I1I)
were deposited onto the st-TIO with a thickness of 5 um. Fourth, a top-patterned mesoporous
P25 nanostructure (p-P25, IV) was created by imprinting using a 500 nm thick PDMS mold
with 500 nm diameter and 600 nm pitch square patterns followed by the sintering process.
The targeted structure is H-TiO2, composed of a 4.5 um thick mesoporous TiO: layer with a
double sided energy harvesting layer comprising a 1 pm-thick st-TIO layer of a few hundred
nanometer scale on the bottom and a 500 nm thick mesoporous TiO; square pattern on the top,
giving a total thickness of 6 um. Figure 2.2.1b is a scanning electron microscopy (SEM)
image of the st-TIO structure (II) with air holes with a diameter of 290 nm. The dimension of
the TIO was determined so as to efficiently scatter light for maximized light trapping as
optimized in our previous reports.”” 3> 3° Figure 2.2.1¢ is a SEM image of patterned
mesoporous TiO> structures obtained by stamping a P25 layer using the PDMS molds
followed by final sintering. The dimensions were fixed for the maximized AR effects, based
on the previous reports.”®?° The volume fraction of TiO> in the AR layer is found to be 0.46
based on SEM imaging and the effective refractive index of the AR layer is 1.62 as calculated
in the Experimental procedures part. Figure 2.2.1d is a cross-sectional image of the H-TiO>
photoanode (V) sandwiched by a thin upper-layer of AR and a photon trapping under-layer.
The surface area of the 6 pum-thick H-TiO, obtained by BET was 119 m?/g, which is
comparable to that of a compact mesoporous TiO>-nanocrystalline film (117 m?/g), as shown

in Figure 2.2.2. Figure 2.2.1e illustrates the engineering mechanism of absorbed light to
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maximize the intensity of the light. When compared to a conventional P25 electrode, wherein
a large portion of light is not only reflected but also limited to having a single
pass through the device, H-TiO; offers a much improved mechanism for light harvesting.
Here, the double sided-large dimension structures function as a mirror at both ends:
maximally absorbed photons by the help of the AR layer on the top, simultaneously acting as
a total internal reflection barrier due to the higher index of TiO: than air when back scattered
light propagates from TiO; to the air side, are scattered further by the st-TIO frame on the
bottom, permitting effective light harvesting via multi-passes of entrapped photons through

the entire device.
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Figure 2.2.1 Schematic illustrations and electron microscopy images of TiO; structures. (a)
Schematic illustration of the fabrication process for the hybrid TiO> structure (H-TiO.). (b)
Top view SEM image of st-TIO for photon trapping. The inset shows transmittance electron
microscopy (TEM) image of the mesoporous surface textured-TIO (st-TIO). (c¢) Top view
SEM image of the patterned mesoporous TiO; layer for anti-reflection. The inset shows the
close-up image of the P25 particles. (d) Cross-sectional SEM image of H-TiO>. (¢) Schematic
illustration of pathway of incoming light engineered by H-TiO> compared with the case of

P25.
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The enhanced AR property and photon trapping effects due to coupling of properly designed
double-sided light harvesting layers can be quantified by the (specular angle) reflection
spectra and diffuse reflection spectra, respectively. The reflection spectra were obtained by
shining light from a 5 um thick pure P25 and 5 um top-surface patterned mesoporous P25 (p-
P25) composed of 4.5 um-thick P25 and an upper layer of patterns with a diameter of 500 nm
and 500 nm thickness. P25 was chosen as a control sample since it has been shown to have
excellent features as a working electrode in photovoltaic devices. In this configuration, the
light passes through air/(TiO2 patterns)/nanocrystalline TiO; interfaces from air to the TiO>
nanocrystalline layer, and it is assumed that the majority of reflectance originates from the
interface of air (n=1) and TiO> (n=2.49) due to the notable difference of the refractive index.
Figure 2.2.3a shows that p-P25 gives ~ 20% lower reflectance as compared to the pure TiO>
structure over the entire spectral range. This implies that much more light is able to
participate in the photoconversion process in p-P25. This is attributable to the gradual change
in the refractive index between the air and TiO, nanocrystalline layers in p-P25 (1/1.63/2.49,
nar = 1.63 as calculated in the Experimental procedures), since the porosity of the patterned
TiO; layer can modulate the effective refractive index of the diffraction grating layer.? 3637
In order to investigate the intensity of scattered light under beam irradiation on the device, the
diffuse reflectance spectra of 6 um-thick TiO; films made in the form of P25, P25/st-TIO,
and H-TiO> were measured as shown in Figure 2.2.3b. A schematic illustration of the
samples is shown in Figure 2.2.3e. Interestingly, compared to the pristine P25 film, both
films with a 1pum-thick st-TIO layer (P25/st-TIO and H-TiO;) showed significantly higher
diffuse reflection spectra in the visible spectrum of light (380 - 800 nm), indicating that the
absorbed light was efficiently scattered within the nanostructure film. The effect of
introduction of the light harvesting layers into the P25 film was further exploited by the
transmittance spectra by shining light from top to bottom (Figure 2.2.3¢). As expected from
the low absorption coefficient of P25 in the visible region, a significant fraction of the light
passes through 6 um-thick P25 at the longer wavelength range, which clearly shows light
harvesting did not occur (black curve). However, when a 1 pm-thick st-TIO layer was
introduced into 5 pm-thick P25 on the bottom, creating 6 pum-thick hybrid samples (blue and
red curves), the transmission of light is greatly reduced, indicating that most of the light is re-
absorbed by the structure in the devices. This is ascribed to the introduction of a few hundred

nanometer scale structure as the photon trapping layer. Finally, UV-visible spectroscopic
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measurements were undertaken in order to explore the ultimate optical response of
nanostructured TiO, with and without light harvesting layers. Figure 2.2.3d shows the UV-
visible absorption spectra of an all 6 pum-thick plain P25, p-P25, P25/st-TIO, and H-TiO»
illuminated at normal incidence from the air side. The absorption peaks spanning from 350 to
400 nm were assigned to the absorption of the conventional TiO; nanoparticles. An intense
and wider spectrum with a broad absorption band ranging from 400 to 800 nm compared to
pure P25 is achieved when either a top or bottom light harvesting layer is adopted. Notably,
st-TIO contributed more to increment of the absorption band than anti-reflective p-P25 layer,
implying the greater influence of photon trapping effects than AR effects on light harvesting.
Conclusively, when the double sided layer is applied, greatly enhanced UV spectra in the
visible range are observed, even though the density of TiO> particles is lower than that of P25.
The enhanced UV absorption of H-TiO; is attributed to the synergetic combination of AR and
photon trapping effects obtained by the larger dimension nanostructures, which allow for
longer effective light path lengths and thus create a clear and strong absorption band in the

longer wavelength region ranging from 400 nm to 800 nm.
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Figure 2.2.3 Optical properties of P25, p-P25, P25/st-T1O, and H-TiO; (p-P25/st-TIO). (a)
Reflectance spectra recorded, within the UV-visible light wavelength range, on the pure P25
and top-surface patterned P25 (p-P25). (b) Diffuse reflectance spectra of P25, P25/st-TI1O,
and H-TiO», (c) Transmittance spectra, (d) UV-visible absorption spectra, and (e) Schematic
illustration of P25, p-P25, P25/st-T10O, and H-TiO».
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In order to further enhance the working capability of H-TiO: in the visible wavelength
region, CdSe quantum dots (QDs) were deposited onto the H-TiO> structure. The deposition
of CdSe on TiO2 was carried out via 20 cycles of successive ionic layer adsorption and
reaction (SILAR) method. Figure 2.2.4a presents TEM images of the CdSe QDs deposited
onto H-TiO». Slightly randomly deposited spherical QDs with an average particle size of 5
nm with lattice spacings of 0.35 and 0.20 nm, which are consistent with the known values for
the (002) and (103) planes of CdSe are observed. The enhanced optical properties due to the
introduction of QDs on the hybrid samples are compared with the properties observed for
CdSe/P25 and pure H-TiO; in Figure 2.2.4b. An apparent increase and broadening in the
optical density near the band gap of CdSe covering a range of 400 - 800 nm confirms the
creation of CdSe nanoparticles and the ability of QD sensitization. It should be noted that the
overlap of the excitation wavelength of QDs and the regions of the wavelength with great
absorption of H-TiO; is crucial to maximize the efficient sensitization of QDs. CdSe/P25 also
presents enhanced absorption after the deposition of CdSe, yet with a much lower absorption
coefficient than that of CdSe/H-TiO», likely due to low absorption of pristine P25 in the
visible region where CdSe is excited. Figure 2.2.4¢ presents photoluminescence (PL) spectra
of the CdSe QDs and CdSe/H-TiO,. Compared to the PL spectrum of CdSe, which shows a
typical near-band-edge emission at 630 nm, that of CdSe/H-TiO: is remarkably quenched.
This clearly indicates a facile electron transfer mechanism at the interface between CdSe and

TiO2 nanoparticles, and thus low likelihood of electron-hole recombination within CdSe.

74



(on

—CdSe/P25
_CHSE."H-'HO2 —_—CdSe
il ¢ i = ———CdSe/H-TiO
5 = 5 ,
= s <
s : L]
@ 21
2 ‘B
5 c
a 2
= =
o = F
7] -
f=] o
< L
L] g L] 4 L] : 3 L] = L] X L L L] L]
300 400 500 800 700 800 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 2.2.4 Characterization of quantum dots: (a) TEM images of CdSe/H-TiO>. The
image in the right panel is a close-up image of the rectangular area of the left image. (b) UV
absorption spectra of P25 and H-TiO, before and after the deposition of CdSe. (c)
Photoluminescence spectra of CdSe and CdSe/H-TiO».
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In order to investigate the hydrogen generating efficiency of the samples, photo-
electrochemical measurements were carried out on a P25 control sample, p-P25, P25/st-TIO,
H-TiO», and CdSe/H-TiO: using Ag/AgCl, a Pt mesh, and as-prepared samples as a reference
electrode, counter electrode, and working electrode, respectively, in a 0.24 M NaxS and 0.35
M Na>SO; electrolyte solution. This solution is commonly used as an electrolyte for quantum
dot-based PEC systems, serving as the sacrificial agent. As shown in Figure 2.2.5a, which
illustrates the electron transfer mechanism of CdSe/H-TiO», after the excited electrons are
transferred from quantum dots to the conduction band of TiO:, the electrons are withdrawn to
the counter electrode where the hydrogen generation reaction occurs (An image capturing a
large amount of H, gas generation is presented in Figure 2.2.6 along with a movie clip).*%%
Meanwhile, the holes diffused to the surface of TiO, or CdSe oxidize S** and SO;*". Figure
2.2.5b presents linear sweep voltammograms of the pristine P25, p-P25, P25/st-TIO, and H-
TiO2, which is described by the direct photoexcitation of electrons from the valence band of
TiO2, under AM 1.5 G simulated sunlight illumination (100 mW/cm?). All samples with a
light harvesting layer show higher photocurrent density than the P25 control sample.
Surprisingly, the photocurrent density of an optimized H-TiO» reaches ~ 1.65 mA/cm? at an
applied bias of 0.5 V,** which is approximately 2.5 times greater than that of the P25 control
sample. This is the highest reported value of current density achieved using a single TiO>
electrode material, implying that our approach to maximize light harvesting via engineering
structural control is successful and also suggesting massive potential of pristine H-TiO> in
photoconversion systems. Figure 2.2.5¢ compares linear sweep voltammograms of CdSe/H-
TiO, and CdSe/P25. When the system is further supported by QD sensitization, the
photocurrent density of CdSe/H-TiOx reaches ~ 16.2 mA/cm?, 35% higher than that obtained
with CdSe/P25, under illumination of 100 mW/cm?. More surprisingly, as shown in Figure
2.2.5¢, the photocurrent density of CdSe/H-TiO; created by only visible light illumination
(blue curve, AM 1.5, a cutoff filter (>420 nm)) reaches ~ 14.2 mA/cm?, ~ 88 % of that of UV-
visible irradiation (red curve) and comparable to the values under UV-visible irradiation in

other detailed studies,*'*

clearly indicating solely visible working capability of CdSe/H-TiOx.
This surprising result is ascribed to the large enhancement of absorption of H-TiO: in the
visible range, which matches well with the excitation wavelength of CdSe, via efficient light
harvesting. Figure 2.2.5d shows the photoresponse over time (J-t curve) of CdSe/H-TiO>

measured at 0.5 V with chopped illumination of AM 1.5 at a rate of 10 s exposure followed
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by 10 s non-illumination for UV-visible and visible light. The sharp spike in the photocurrent
for both cases during the on/off illumination cycles indicates fast transport of photogenerated
electrons from QDs to the current collector via the interior TiO, networks in accordance with
the result of the PL study (Figure 2.2.4c). The greater values in the photocurrent density of
CdSe/H-TiO; than in that of CdSe/P25 can be confirmed by a lower internal resistance
measured by the electrochemical impedance spectroscopy (EIS). The measurement was
conducted at a frequency range from 100 kHz to 0.1 Hz under open circuit voltage conditions,
which provides the curves composed of two semicircles. A small (first) semicircle at a high
frequency represents the charge transfer resistance at the interfaces of the electrolyte / Pt
counter electrode whereas a large (second) semicircle at an intermediate frequency conveys
the transport resistance of electrons at the TiO»/QD/electrolyte interface.** A much smaller
diameter of the second semicircle in CdSe/H-TiO: indicates a lower interfacial charge
transfer resistance between the TiO> electrode and electrolytes and thus a more effective
separation of photo-generated electron-hole pairs (a faster interfacial charge transfer to the
electron donor/acceptor). The incident photon-to-electron conversion efficiency (IPCE) of
CdSe/H-TiO; exhibits overall higher values than that of CdSe/P25 with a maximum [IPCE
value of 70.1% (43.7% for CdSe/P25) at 575 nm, as shown in Figure 2.2.5e. Importantly,
much stronger and broader responses of CdSe/H-TiO> were achieved than those of CdSe/P25
from 400 to 630 nm, clearly indicating that CdSe/H-TiO> offers superior quantum efficiency

in water splitting in the visible region via light harvesting.
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Figure 2.2.5 Schematic diagram and photocurrent response of P25 control, CdSe/P25, H-
TiO2, and CdSe/H-TiO, under AM 1.5 illumination (100 mW/cm?). (a) Schematic diagram
showing the hydrogen generating mechanism of CdSe/H-TiO (b) Linear sweep voltammetry
measurements of P25, p-P25, P25/st-T10O, and H-TiO; under UV-visible and dark conditions.
(c) Linear sweep voltammetry measurements of CdSe/P25 and CdSe/H-TiO; under UV-
visible, visible light illumination, and dark conditions. (d) J-t curve of CdSe/H-TiO> at a bias
of 0.5 V under UV-visible and visible light illumination. (e) EIS response of P25 and H-TiO».
The measurement was conducted at a frequency range from 100 kHz to 0.1 Hz under open
circuit voltage conditions. (f) Measurement of the incident photon-to-electron conversion
efficiency. All experiments were performed with a 0.24 M NaS and 0.35 M NaxSO3
electrolyte (pH = 12) and 100 mW/cm? xenon lamp coupled with a UV/IR filter as the light
source.
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Figure 2.2.6 Experimental setup for PEC measurements showing the presence of a large
bubble created from the aggregation of a large amount of H> bubbles near the Pt counter

electrode. The movie clip is included.
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2.2.4 Conclusion

In conclusion, we report a finely designed H-TiO: structure that maximizes light harvesting
triggered by the configuration of a double sided layer with a few hundred nanometer scale
while retaining the sufficient surface area. The observed optical properties confirm excellent
light harvesting effects in the H-TiO: structure, which can facilitate the water splitting
reaction of a TiO, semiconductor in the UV-visible range. The photocurrent of CdSe/H-TiO>
(~ 16.2 mA/cm?) was 35% greater than that of the representative CdSe/P25 photoelectrode,
which is clearly recognized for outstanding performance. Importantly, CdSe/H-TiO, under
filtered exposure (A > 420 nm) conditions recorded current density of ~ 14.2 mA/cm?, the
highest value in the visible range, which is attributable to the overlap of the excitation
wavelength of CdSe with the wavelength where light harvesting is observed. The excellent
performance of CdSe/H-TiO; suggests that this strategy can provide a novel route to design
photoactive materials via systematic engineering of light for maximum photoconversion

efficiency.
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2.3 a-Fe203 on patterned fluorine doped tin oxide for efficient

photoelectrochemical water splitting

Adapted with permission from ref. 29. Copyright 2015 Royal Society of Chemistry

2.3.1 Introduction

In the last decade, the generation of hydrogen gas has been extensively studied as a promising
method for renewable green energy sources. Among its most attractive features are that it
does not create byproducts of pollutants during the energy generation reaction and it can be
directly applied as a fuel for combustion. Hydrogen gas can be easily obtained from water
molecules via the photocatalytic process of water splitting in photoelectrochemical (PEC)
systems. In order to enable PEC water splitting, a semiconductor material that can efficiently
absorb the energy of sunlight is necessary. A variety of semiconductor photoanode materials
(TiO2', ZnO* °, WOs% 7, etc.) have been studied in the context of criteria such as cost
effectiveness, chemical stability, and proper bandgap energy and band edge position in the
energy diagram. As the PEC water splitting field has rapidly developed, interest in the
working capability under visible light, which occupies nearly half of the portion of sunlight,
has gradually increased. Materials that have small bandgap energy falling into the visible
region thus have become essential for efficient water splitting systems.

a-Fe2Os (hematite) has attracted a great deal of attention due to the advantages of a
low bandgap energy of 2.1 ~ 2.2 eV, which covers the visible light range, and low cost,
stability, and abundance.® ® Despite these advantages, some factors that cause high
recombination rates, such as short carrier lifetime (~ 1 ps)'’, poor light absorption near
the band edge'!!, and very short hole diffusion length ranging in a few nanometers'* '3
must still be overcome. These problems have restricted the charge separation and
charge collection properties accordingly, resulting in significantly degraded
performance. To date, many strategies have been explored to overcome the
aforementioned limitations of hematite for PEC devices by enhancing the electronic
and optical properties; i.e. nanostructuring the photoelectrodes (nanotubes, nanowires,

flower shape and inverse opal etc.)!*!®

and doping with some heteroatoms (Sn, Co and
Ti etc.)!® 192! etc. Alternatively, interlayer structures with better crystallinity between

the current collector and the hematite structures were suggested for facile transport of

8 4



electrons to the electrode.?? Building a p-n junction at the interface of NiO/hematite®?
or silicon/hematite®* helps deliver the generated electrons toward the current collector
before recombination occurs. Several enhanced conductive materials such as
antimony-doped tin oxide (ATO), gold, graphene, carbon nanotubes (CNTs) etc.?>"?8
have been researched for the same reason.

Fluorine doped tin oxide (FTO) is a widely used transparent conducting electrode in photo-
electronic systems such as solar cells and PEC water splitting because of its remarkable
advantages in cost and chemical stability. Recently, patterned-FTO (p-FTO) having light
scattering effects has been suggested as an efficient conducting layer in DSSCs (Scheme
2.3.1)%.

We hypothesized that a three dimensional p-FTO structure could serve as not only a light
scattering layer, but also a direct electron transporting network with very facile processes in a
PEC water splitting system. It was found that a worm-like hematite structure coated on a p-
FTO exhibits a photocurrent density of 1.88 mA/cm?, a 1.7 times increase in comparison with

a corresponding structure on an unpatterned FTO substrate.
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2.3.2 [Experimental procedures

2.3.2.1 Preparation of patterned FTO (p-FTO)

The FTO substrate was washed by sequential ultrasonication in acetone, isopropanol,
deionized water, and ethanol for 10min. each followed by nitrogen blowing. A SU-8
solution (SU-8:CP = 1:2.25) was spin-coated on the cleaned FTO at 3000 rpm for 30 s
followed by prebaking on a hotplate at 100°C for 30min. The photoresist-coated FTO
was double-exposed under a 365 nm laser source to make square patterns via
interference lithography. To determine the pitch distance and the hole diameter of the
patterns, the angle of Lloyd’s mirror and the time of exposure were varied. The
exposed samples were post-baked on the hotplate at 70 °C for 10 min. The unexposed
regions were then removed in a propylene glycol monomethyletheracetate solution for
a minute and washed in isopropyl alcohol for 30s, resulting in SU-8 square patterns.
Reactive ion etching (RIE) was performed to vertically etch FTO. The plasma was
generated at a pressure of 40mTorr with a RF power of 300W. The gas pressure ratio
of CF4, CHF3, Ar, and Oz was around 2:9:1:1. p-FTO was created after removal of the
residue of SU-8 by annealing at 500 °C for an hour.

2.3.2.2 Preparation of the a-Fe:Os3 on p-FTO

The fabrication of the worm-like a-Fe2Os layer followed the procedure previously
reported by this group.! 30 ml of a 150 mM FeCls - 6H,O aqueous solution was
transferred into a Teflon-lined autoclave, and the substrates were reclined on the inside
of the autoclave facing the p-FTO side to the wall. After 6hrs of reaction at 100 °C, a
uniform layer of FeOOH was formed on the p-FTO substrate. The substrates were
thoroughly rinsed with D.I. water and ethanol. The samples were then annealed at 550
°C in air for one hour to convert FEOOH to a hematite film. To enhance the

crystallinity of hematite, the samples were further annealed at 800 °C in air for 20 min.

2.3.2.3 PEC measurements

The PEC performance of a-Fe;O3 on p-FTO was explored in a three-cell electrode
system under front-side illumination of AM 1.5G and 100 mW/cm? using 300W
power from a Xe lamp. An Ag/AgCl (KCI sat.) electrode and a Pt mesh were used a
reference and counter electrode, respectively. A solution of 1M NaOH (pH 13.6) was
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used as an electrolyte. The exposed area of the working electrode was set to be 0.25
cm? by making a window with scotch tape. Photocurrent stability tests were carried
out by measuring the photocurrent produced under chopped light irradiation
(light/dark cycles of 10s.) at a bias of 1.5 V vs. RHE. EIS was carried out at a
frequency range from 100 kHz to 0.1 Hz.
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2.3.3 Results and discussion

Patterned a-Fe,O3 was fabricated via three steps, as shown in Scheme 2.3.1. Square patterns
of SU-8 were built on the pre-cleaned FTO via the interference lithography (IL) technique. p-
FTO was created through reactive ion etching (RIE) of patterned SU-8 coated FTO using SU-
8 patterns as a mask. The residues of the photoresists were removed by sintering at high
temperature. The worm-like hematite was deposited on p-FTO by a method reported
elsewhere.

The morphologies of p-FTO and patterned a-Fe>O3 on p-FTO are characterized by atomic
force microscopy (AFM) and scanning electron microscopy (SEM) observations. The height
and the pitch of the SU-8 patterns were about 400 nm and 560 nm, respectively, as shown in
Figure 2.3.1. The morphology of p-FTO after RIE and the annealing steps to remove the
residues of the SU-8 patterns is shown in Figure 2.3.2a and 2.3.2b. The detailed conditions
of the RIE process are provided in the experimental part of Supplementary Information.
Uniform height and a clear hole shape were difficult to achieve due to the rough surface of
bare FTO. Figure 2.3.2¢ shows the worm-like hematite layer with a similar overall
morphology to that of p-FTO. The worm-like a-Fe;O3 is one of the well-known hematite
structures that has shown excellent performance in PEC systems.® The patterned worm-like
hematite materials were densely grown on p-FTO, as shown in Figure 2.3.2¢, proving strong
potential for a large surface area and light scattering caused by the interactions between the

periodically aligned patterned-structure and the exposed light.
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Figure 2.3.1 SEM images of SU-8 patterns on FTO; the top and cross-section view.

Figure 2.3.2 Atomic force microscope (AFM) and scanning electron microscope (SEM)
images of p-FTO and patterned a-FexOs on p-FTO. a) The three-dimensional surface
morphology and the depth profile of p-FTO, b) Top view and side view of p-FTO (inset
image, scale bar is 250 nm), and c) Top view and side view of a-Fe>Os/p-FTO (inset image,

scale bar is 250 nm).

90



Figure 2.3.3 shows the optical properties of p-FTO through an analysis of the UV-
visible spectroscopy results. The diffuse reflectance in Figure 2.3.3a compares the
degree of light scattering of bare FTO and p-FTO. The 3D p-FTO improves light
scattering effects in the visible range due to the nanostructures that interact well with
the exposing light. It has been reported that the direction of incident light changes in a
variety of ways when meeting different media. The effect can be larger with certain
materials having a rough surface or periodic structure on a hundreds of nanometer
scale and a large refractive index. The large intensity of light scattering accounts for
the longer pathways of light in the structure, as shown in the schematic image
(Scheme 2.3.2). The light absorbance is very important because it is strongly related
with how much of the light is utilized for the generation of photocurrent in the PEC
cells. Ultimately, the substantially enhanced light scattering effect of p-FTO with a
three-dimensional structure improves the light absorption of the catalyst, and thus
enhances the photocurrent under the UV-visible region. The greatly increased
absorption of a-Fe203 coated on p-FTO compared with bare FTO over all wavelength

regions is shown in Figure 2.3.3b.
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Figure 2.3.3 Optical properties of a-Fe;Os/bare FTO and a-Fe;Os/p-FTO: a) Diffuse

reflectance and b) absorption spectra.
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The photocurrent densities of a-Fe2O3; on bare FTO and p-FTO were measured at a
potential range from 0.4 V to 2 V vs. RHE under AM 1.5 G simulated sunlight
illumination, as shown in Figure 2.3.4a. a-Fe;O3/FTO and a-Fe;O3/p-FTO
respectively had a photocurrent density of 1.1 mA/cm? and 1.88 mA/cm? at 1.5 V vs.
RHE. Compared to the photocurrent density of a-Fe>O3, which is similar to the values
reported in other a-Fe>Os studies,!® the value on p-FTO is 1.7 times higher under UV-
visible light illumination. This improvement can be attributed to enhanced light
absorption and rapid transfer of photogenerated electrons. p-FTO enables 1) the light to
have longer paths via efficient scattering, and thus enhanced absorption, and ii)
photogenerated electrons to reach the current collector rapidly by providing a shorter
migration length between a-Fe>Os; and the three-dimensional current collector
substrate, as described in the schematic diagram (Scheme 2.3.2).

In order to explore the improved electron transfer behavior of a-Fe,O3/p-FTO, the EIS
responses of a-Fe:O3/FTO and a-FexOs/p-FTO were measured in 1 M NaOH
electrolyte at a frequency range from 100 kHz to 0.1 Hz under illumination of AM 1.5
G, as shown in Figure 2.3.4b. The intercepts with the real axis at the high—frequency
region represent the Rs (equivalent series resistance) values, corresponding to the
contact resistance between the a-Fe.Os; electrode material and the current collector
substrate. The lower Rs value of a-FexO3/p-FTO (21.9 Q) than that of a-Fe;O3/FTO
(33.7 Q) implies facile transport of electrons achieved by short migration paths
through the a-Fe»O3 active material directly contacting the 3D p-FTO current collector.
The diameter of the semicircle at the middle frequency region is related with Re,
which corresponds to the interfacial charge transfer resistance between the a-Fe2O3
layer and the electrolyte. a-Fe;O3/p-FTO had a lower Ret value, indicating improved
transport behavior of holes due to a decrease of bulk recombination achieved by the
rapid transfer of electrons to the 3D-current collector.

The current density-time curves of a-Fe2O3z on bare FTO and p-FTO were obtained by
a chopped illumination of AM 1.5 G at an interval of 10 s on/off for UV-visible light
at 1.5 V vs. RHE (Figure 2.3.4c). The abrupt occurrence and decay of the
photocurrent density with sharp rectangular shapes during the on/off illumination
sequence implies fast conduction of photo-generated electrons from a-Fe;O3 to p-FTO.

Photocurrent in the J-t curves remained constant and closely matched that of the J-V
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curves in Figure 2.3.4a, indicating that the a-Fe>Os; materials are very stable over
many cycles.

The incident photon-to-electron conversion efficiency (IPCE), with a rapid increase at
about 580 nm corresponding to roughly 2.14 and 2.17 eV band gap energy of a-
Fe203/FTO and a-FexO3/p-FTO, is shown in Figure 2.3.4d. The IPCE curve of a-
Fe203/p-FTO slightly increased at about 675 nm wavelength. The IPCE value of 65 %
at 300 nm a-Fe203/p-FTO showed overall improved performance compared with a-

Fe;Os/bare FTO. This is consistent with the result of Tauc plots in Figure 2.3.5.
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Figure 2.3.4 The photoelectrochemical properties of a-Fe2O3; on bare FTO and p-FTO (a)
Linear sweep voltammetry curves (LSV, photocurrent - potential curves) of a-Fe2O3/FTO and
p-FTO under UV-visible light and dark conditions. (b) Nyquist plots of a-Fe>O3/FTO and a-
Fe,Os/p-FTO to investigate the electrochemical impedance spectroscopy (EIS) responses. (¢)
Photocurrent-time (J-t) curves of a-Fe;O3/FTO and a-Fe,Os/p-FTO at a bias of 1.5 V vs.
RHE under UV-visible light illumination. (d) Measurement of the incident photon-to-

electron conversion efficiency.
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2.3.4 Conclusion

Despite the very attractive properties of hematite as a photoanode in water splitting systems,
many limitations remain. We overcome these issues by simply coupling a three-
dimensionally and periodically patterned current collector, p-FTO, with worm-like a-Fe;Os.
p-FTO was fabricated by a facile RIE method of SU-8 square patterns generated via
interference lithography on a commercial FTO substrate. p-FTO provides enhanced light
scattering effects and rapid and direct transfer pathways to the current collectors, leading to
enhancement of the photocurrent density achieved by reducing recombination of
photogenerated electrons and holes. Hematite on p-FTO showed 1.7 times improved
photocurrent density relative to the corresponding structure on bare FTO. This is meaningful
since key problems of hematite photoanodes for photoelectrochemical water splitting were

overcome efficiently by simple patterning of the current collectors.
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Chapter 3

Solar Steam Generation

3.1 Mesoporous Three-Dimensional Graphene Networks for

Highly Efficient Solar Desalination under 1 sun Illumination

Adapted with permission from ref. 39. Copyright 2018 American Chemical Society

3.1.1 Introduction

The earth is facing serious environmental problems such as a lack of clean fuel and fresh
water supplies, which will be indispensable in the future with a rapid growth of modern
industry, population expansion, and accompanying serious environmental pollution
problems.! Solar energy is a critical energy source, with pure, free, inexhaustible, and fairly
accessible properties at any location, including developing countries and remote areas
without basic infrastructures. Although water is one of the most abundant resources on earth,
covering three-quarters of the earth’s surface, 97% is seawater. An efficient desalination
technique of this abundant seawater using solar energy without extra energy input could thus
be a promising solution to supply fresh water to human beings in the future.? > Solar
desalination occurs in nature by bulk heating of seawater to produce rain with unlimited
energy supply and minimum environmental impact. However, as an alternative technique for
obtaining fresh water, it is highly limited by poor light-to-heat conversion efficiency because
of the failure of heat localization by heat loss to bulk water, as well as inappropriate
structures for generated vapor molecules to escape.’ ® Therefore, recent studies have focused
on generating a localized high temperature only at the surface of seawater, which facilitates
efficient steam generation under 1 sun solar irradiation without any artificial concentration of
light or electric power.”? 12 These results were achieved by ensuring maximum absorption of
active materials in the full solar spectrum range (from 300 to 2500 nm), hydrophilic surface

property, effective thermal insulation from bulk water, and an efficient escape process for

101



generated vapor bubbles with minimal heat loss."* ' Recently, a wood piece has been

suggested as a good thermal insulator with earth-abundance, hydrophilic surface, low
distortion, and efficient water transportation properties in the field of solar steam

generation.?’ 2> Wu et al. developed a low cost and scalable photothermal system by coating

nature produced wood with polydopamine.?* Despite effective heat loss interception, the
device reported relatively low evaporation rate and solar steam generation efficiency under 1
sun illumination because of insufficient solar absorption.”> As efficient photoabsorbers,
highly absorptive 3D graphene based materials have recently attracted great attention. Zhang
et al. reported a vertically aligned graphene sheet membrane with an appropriate structure to
release vapor, a hydrophilic surface, and high absorption for excellent photothermal
transduction.’® However, the macroporous structure with over 10 pm pores decreases the
surface area for vapor generation, and mass production would be difficult because of the very
complex fabrication procedure.?’ Mass-productive, 3D porous graphene based materials with
a large surface area, outstanding light absorption, and an excellent photothermal transduction
property is meanwhile one of the most attractive active materials for scalable and efficient
solar desalination.”®** Here, we report a simple design of a gram-scale, hydrophilic, and
mesoporous three-dimensional graphene network (3DGN)-based solar desalination device for
efficient solar steam generation. About 92% solar-to-vapor conversion efficiency with a 1.64
kg/m*h of evaporation rate is achieved under 1 sun illumination condition because of the
synergistic effect of the enormously large surface area of the mesoporous 3D graphene
structure, a hydrophilic surface with various functional groups, and high absorbance over the

broadband sunlight wavelength.
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3.1.2 Experimental procedures

3.1.2.1 Materials

PVA (My = 31,000-50,000), NiCl>-6H>O, and 7 nm fumed silica were obtained from Sigma-
Aldrich Chemical Company. Graphite powder and sodium chloride were purchased from Bay
Carbon Inc. and Samchun Chemical, respectively. All chemicals were used without any

further purification.

3.1.2.2 Preparation of GO Sheets.

GO was prepared from graphite powder by the Hummer’s method. For purification, GO was
washed by rinsing with 1 wt % HCI and filtrated with enough deionized (DI) water. GO was
then centrifuged with DI water several times until the pH of the solution became neutral.
Finally, the GO sheets were stacked by precipitation of a dispersed aqueous solution onto the

wood piece via a drop casting method.

3.1.2.3 Preparation of 3DGN (3DGN-Ni).

PVA (10 wt %) was dissolved in DI water at 90 °C and then mixed with a NiCl, aqueous
solution. Thin PVA/NICL films were prepared by self-assembly of colloidal silica NPs. The
prepared composite was dried in a vacuum oven for one day. The prepared composite was
annealed at 1000 °C for 30 min. in 100 sccm of Hz in an Ar atmosphere at 4 Torr with a
20 °C/min. heating rate. After annealing, the samples were cooled to room temperature
rapidly followed by immersion into an etching solution consisting of HF and HCI for 48 h. to
remove the colloidal silica template and nickel simultaneously. For the 3DGN-Ni sample, a

NaOH aqueous solution was used as the etching solution to remove the colloidal silica only.

3.1.2.4 Preparation of the Photoabsorbers on the Wood Piece.

A wood piece was prepared by a radial cut of a round wood stick with 1.5 cm thickness. The
wood piece’s cylindrical-shaped vessel structures with a high aspect ratio enable it to float
when partially dipped into a 3.5% NaCl aqueous solution (simulated seawater) during

measurement of the solar desalination efficiency. Various quantities of completely dried
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3DGN (3DGN-Ni) were dispersed in 1 mL of DI water. Using the well-dispersed aqueous
solution, 3DGN (3DGN-Ni) was uniformly deposited on the wood piece via a facile drop

casting method.

3.1.2.5 Characterization.

The characterization was investigated by scanning electron microscopy (Hitach High-
Technologies S-4800), transmission electron microscopy (TEM) (JEOL JEM-2100), Raman
spectroscopy (WITec alpha300R), XPS (Thermo Fisher K-alpha), UV-Vis-NIR spectroscopy
(Agilent Cary 5000), and ion chromatography (Thermo Fisher Scientific ICP 1600 for cation
and ICP 2100 for anion). Thermal conductivity of powder samples was measured by the
thermal constant analyzer (Hot Disk TPS 2500S). Steam Generation Measurements. The
temperature and mass change by the evaporation of water for GO, 3DGN-Ni, and 3DGN on
the bare wood and water only (none) were measured under the irradiation of simulated solar
illumination (Sol2A class ABA 94062A, 1000 W Xenon lamp, Newport) at a power density
of 1 kW/m?. The temperature was measured using a thermographic camera, and the mass
change from evaporation was investigated with an outer thermal insulation layer (about 1 cm
thick styrofoam) using an electronic microbalance with an accuracy of 0.1 mg every 1 min. A
cylindrical shape wood piece with 1.5 cm thickness was floated on the surface of water in a

10 mL glass beaker with 2.2 cm diameter and 4.5 cm height.
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3.1.3 Results and discussion

Mesoporous 3DGNs designed to have ultrahigh absorption of sunlight and to release
generated vapors efficiently in the air-pockets were mass-produced as a photoabsorber
material by the procedure depicted in Scheme 3.1.1a. Briefly, annealing poly vinyl alcohol
(PVA)/nickel precursors wrapped onto silica nanospheres in a hydrogen environment reduced
nickel ions and generated few-layer graphene sheets by precipitation of carbon on the surface
of aggregated nickel particles. Silica nanospheres and aggregated nickel compounds served as
the template and catalyst, respectively, for the growth of mesoporous graphene. Etching a
silica-only compound or both a nickel and silica compound creates mesoporous 3DGN-Ni or
3DGN with a few nanometer-sized pores, respectively. Scheme 3.1.1b shows the design of a
highly efficient, inexpensive, and environment friendly solar desalination device constructed
with the photoabsorber material (3DGN) at the top surface and a water transporting water
transporting layer (wood piece) on the body. The mesopores in the 3DGN enhance the light
absorption via multiple scattering of absorbed light and help the generated vapors escape into
the air, as shown in the zoomed in the circle of Scheme 3.1.1b. The wettable wood piece
provides very efficient water paths by capillary force because of the presence of dense,
vertically aligned tube structures with a few tens of micrometer vessels, as shown in Figure
3.1.1. The wood piece also served as a thermal insulator at the interface between the bulk

seawater and the photoabsorber material because of its very low thermal conductivity (~0.45
W/mK for wet-state wood), as reported.”” The heat loss of the generated steam to the bulk
water intrinsically reduces the solar-to-vapor conversion efficiency because the heating of
bulk water is not necessary and generated steam may condense back to bulk water. Floating
the insulating wood piece, which places photoabsorber materials at the water—air interface,
localizes the intense heat on the evaporative surface, resulting in the efficient generation of

water bubbles without heat loss to the bulk seawater.
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Scheme 3.1.1 Schematic of the (a) 3DGN fabrication procedure and (b) the working

process of the 3DGN-based solar desalination device. The right inset shows multiple

scattering of light and the formation of water bubbles in the mesoporous structure of 3DGN.

Figure 3.1.1 Digital camera image (a) and scanning electron microscopy (SEM) images (b-

d) of the wood piece water transport medium.
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In this study, we compared the photo-thermal energy conversion performance of 3DGN with
graphene oxide (GO) and 3DGN-Ni as a representative photoabsorber of broadly studied

carbon materials'® 28 2°

and the photoabsorber with enhanced thermal conductivity
incorporating nickel compounds®® (0.1855 W/mK (3DGN-Ni) vs. 0.073 W/mK (3DGN)
measured by the thermal constant analyzer), respectively. Figure 3.1.2 shows the
morphologies of GO, 3DGN-Ni, and 3DGN, which have large differences in the porosity of
their structures. The GO sample was prepared by precipitation of GO sheets exfoliated by
Hummer’s method. An abundant portion of pores in 3DGN-Ni and 3DGN are observed after
etching templates, whereas GO forms a sheet-like structure without many pores, which
implies that the generated vapors in GO cannot readily escape into the air (Figure 3.1.2a).
Compared to 3DGN (Figure 3.1.2¢), 3DGN-Ni is a less porous structure with agglomerated
nickel particles on the surface formed during the high temperature annealing process (Figure
3.1.2b). Figure 3.1.2d confirms the presence of many pores enveloped by 3-7 layers of
graphene (See the inset). Releasing the generated vapor molecules is very important for
continuous and efficient generation of vapor molecules since the high heat capacity of water
vapor molecules trapped in the structure of the photoabsorber material inhibits the
temperature increase of the photoabsorber material. If the water layer is not sufficiently
shallow in the large inner pore, the vapors are liquefied back before escaping while the vapor
bubbles travel through the water region.’! Therefore, the presence of micro/mesopores in the
photoabsorber material is essential for vaporized water bubbles to escape into the air and thus
for efficient solar vapor generation. The mesoporous cavities partitioned by a few layers of
graphene not only facilitate the evaporation of smaller water droplet by providing appropriate
cavities for the generation of the vapor but also enhance the absorption property due to
multiple scattering of light,*> and thus lead to high photo-thermal energy conversion
efficiency (Scheme 3.1.1b). The surface areas and pore size distributions of GO, 3DGN-Ni,
and 3DGN were examined by Brunauer—Emmett—Teller (BET) and Barrett—Joyner—
Hallender (BJH) methods, respectively. Figure 3.1.3 shows that the surface areas of GO,
3DGN-Ni, and 3DGN were about 5 cm*/g, 306 cm?/g, and 1203 cm?/g, respectively, with a

rapidly increased portion of micro/mesopores with an increase of the surface area.
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3DGN-Ni

Figure 3.1.2 Morphologies of (a) GO, (b) 3DGN-Ni, and (¢, d) 3DGN confirmed via

electron microscopy. The inset is a magnified TEM image of few-layered graphene sheets.
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Figure 3.1.4 shows digital camera images of the photoabsorber materials on the wood post
and various characterization results of the photoabsorber materials including the bare wood
transport medium. 3DGN-Ni and 3DGN look dark black whereas GO is dark grey, when the
same amount of photoabsorber materials are loaded, indicating higher absorption of 3DGN
based materials than GO (Figure 3.1.4a). As can be seen in the Raman spectra (Figure
3.1.4b), the characteristic D-band (~1350 cm™!) and G-band (~1600 cm ') were observed for
all photoabsorber materials, whereas the 2D-band (~2700 cm™!) only appeared in 3DGN-Ni
and 3DGN, implying the presence of a greater portion of graphitic regions than in GO. To
generate the steam effectively via the thermal evaporation of transferred seawater, solar
desalination device should have the photoabsorber material containing a high light absorption
and efficient energy conversion from sunlight to heat. For a quantitative characterization of
the photoabsorber materials, the absorption spectra were measured in the broadband solar
spectrum ranging from 300 to 2500 nm wavelength via UV-Vis-NIR spectrometry (Figure
3.1.4¢). While the GO sheets exhibited an absorbance value of around 90%, both 3DGN-Ni
and 3DGN exhibit higher absorption exceeding 97% in the full range of the spectrum. 3DGN
has slightly higher absorption than 3DGN-Ni, due to the greater content of mesoporous
structure, which causes the light scattering in 3DGN. This is confirmed by the reflectance
spectra of 3DGN and 3DGN-Ni in Figure 3.1.5. The average absorbance of the bare wood
was found to be only ~50% in the ultraviolet and visible regions and ~40% in the near-
infrared region. Figure 3.1.4d shows the Cls X-ray photoelectron spectroscopy (XPS) peak
of 3DGN (The whole range of the spectrum with both C and O contents is given in Figure
3.1.6). The Cls peak is deconvoluted into four types of carbon peaks, C-C (aromatic) at
~284.2 eV, C-0O (hydroxyl and epoxy) at ~285.7 eV, C=0 (carbonyl) at ~287.2 eV, and O-
C=0 (carboxyl) at ~288.5 eV, indicating the abundant presence of hydrophilic functional
groups in the structures. A water droplet dropped on the surface of 3DGN leaked into 3DGN
in a few seconds, confirming the hydrophilic surface property of the mesoporous structure.
The XPS analyses of GO and 3DGN-Ni in Figure 3.1.6 indicate a similar surface property to
that of 3DGN.
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With desirable features such as ultrahigh sunlight absorption and hydrophilicity of
mesoporous 3DGN, and the low thermal conductivity of the wood piece with minimum heat
loss, the 3DGN deposited wood piece can be used directly as an efficient solar steam
generation device. The prepared solar desalination devices were placed under a solar
simulator (AM 1.5, 1000W Xenon lamp, Newport) while the top surface of the
photoabsorbers was fully wet in about 20 seconds by water transferred via the vertical path of
the wood piece from bulk seawater at ~24 °C and ~20% humidity. After 1 sun solar
illumination for one hour, the temperature on the top surface of the photo-absorbers (GO,
3DGN-Ni, and 3DGN) rapidly increased from room temperature to around 41.8 °C, 46.2 °C,
and 61.0 °C, respectively, as shown in Figure 3.1.7a. The temperature at the surface of the
bare wood and bulk water remained at 34.3 °C and 30.1 °C, respectively, since no
photothermal conversion mechanism is operative. 3DGN showed the largest temperature
increase among all samples, indicating that it provides the most effective photothermal
conversion efficiency. This is ascribed to the synergistic effects of excellent solar absorption,
a hydrophilic surface property, and a mesoporous structure of 3DGN. The lower temperature
differences before/after illumination for GO than 3DGN and 3DGN-Ni are attributed to the
lower light absorption properties and porosities. The much greater solar-to-thermal energy
conversion of 3DGN than 3DGN-Ni with a similar absorption property and wettability but
lower thermal conductivity is attributed to the larger amount of micro/mesopores that greatly
facilitate the evaporation of water bubbles without heat loss into the air in 3DGN. By
combining the highly absorptive and mesoporous materials onto the wood post, the large
temperature increase on the surface of the 3DGN under the 1 sun illumination resulted in the
appearance of vapor bubbles, which indicates active evaporation of water (Figure 3.1.8). The
digital camera image of 3DGN and thermographic images of GO, 3DGN-Ni, and 3DGN
deposited wood posts on saline water reveal the temperature variations between the top of the
photoabsorber materials and the bulk saline water after the sunlight illumination. The large
temperature difference between the top and bottom of the devices demonstrates that the
insulating wood post not only acts as a water transport medium but also effectively localizes
the heat at the surface of the photoabsorber material and thus minimizes the heat loss into
bulk water. As a result, the temperature difference in 3DGN, the most effective
photoabsorber, was about 36.5 °C while the values were 17.7 °C and 22.3 °C for GO and
3DGN-Nj, respectively, after 1 hour of solar illumination with 1 kW/m?.

113



60°C

60 3DGN
— 55
(&)
2_ 50
2 45 3DGN-Ni
= GO
S 40
(<}
g— 35 Bare wood
0 None
- 30

25

0 10 20 30 40 50 60

Time (min.) 21°C

Figure 3.1.7 (a) Temperature changes at the top of bulk saline water, bare wood, and
photoabsorber materials (GO, 3DGN-Ni, and 3DGN) on wood pieces. (b) DC image of
3DGN and thermographic images of (¢) GO (d) 3DGN-Ni, and (e) 3DGN on the wood piece
under 1 sun illumination for 1 hour. Amounts of photoabsorber materials are the same at 20

mg.

. .\ l
. -e=Vapor
- _4= bubbles

Figure 3.1.8 (a) Vapor bubbles (numerous white dots) on the surface of photoabsorber
materials and (b) evaporated vapor flow to the air generated under 6 sun illumination

condition.
114



To evaluate the solar-to-vapor conversion efficiency and the desalination ability of GO,
3DGN-Ni, and 3DGN deposited on the wood post under simulated solar illumination (1
kW/m?), the mass change of 3.5% saline water was measured, as shown in Figure 3.1.9. All
evaporation rates were measured at a steady state after illumination of simulated sunlight for
1 hour. Under a solar intensity of 1 kW/m?, the mass change rate of the wood post with 20
mg of 3DGN was as high as about 1.64 kg/m*-h, which is approximately 4.82 times higher
than that of saline water only (about 0.34 kg/m*h). The steam generation rate of the bare
wood remains at only 0.72 kg/m?h, which indicates the important role of the increased
optical absorption with the efficient photoabsorber materials. GO and 3DGN-Ni samples on
the wood posts present mass change rates of 1.42 and 1.49 kg/m?h, respectively, because
lower light absorption (Figure 3.1.4b and Figure 3.1.5) and less pore content with lower
surface area of the photoabsorber materials hinder fast steam generation. The solar-to-vapor

conversion efficiency () was calculated by the followed Equations (3.1.1).

Equations (3.1.1): n=—2—  (Q. = mA+ mCAT
A Copt Qs

where A is the cross-sectional area of light illumination, Cop is the optical concentration, and
Qs is the intensity of the normal direct solar irradiation (1 kW/m?). Q. denotes the power
consumed for steam generation, m is the mass flux by the energy converted from solar to heat
only without natural evaporation in a dark condition (no illumination, Figure 3.1.10), A is
the latent heat of the phase change from water to vapor, C is the specific heat capacity of
water (4.2 J/g'K), and AT denotes the temperature increase of the water. As shown in Figure
3.1.9b, pure water was found to have an efficiency of 14.7% under an illumination of 1
kW/m?. For efficient solar-to-vapor conversion of the photoabsorber materials, which is
directly related with the evaporation rate, a high temperature difference via efficient
photothermal energy conversion, large surface area, and high micro/meso-porosity is very
important to generate vapor molecules and to facilitate their escape into the air. The
evaporation rates were consistent with the tendencies of these properties for the
photoabsorber materials (GO, 3DGN-Ni, and 3DGN), as already confirmed. Although the
three photoabsorbers have relatively small differences in the absorbance for the whole
sunlight spectrum range, the greater portion of micro/mesopores and larger surface area of

3DGN facilitate a much higher evaporation rate and efficient solar-to-vapor conversion. The
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mass changes for various amounts of 3DGN deposited on wood posts were also investigated
to optimize the solar-to-vapor conversion efficiency, as shown in Figure 3.1.9c. The values
of mass change show saturation at 20 mg of 3DGN since the bottom thick 3DGN layer
stacked with more than 20 mg of 3DGN could not absorb the sunlight to effectively increase
the temperature and to generate vapor. As shown in Figure 3.1.9b, 3DGN (20 mg) on the
wood sample has an efficiency of 91.8% with an evaporation rate of 1.64 kg/m*h, which is
superior to the best values in the previously reported literature (Table 3.1.1). 91.4 % and
76.6 % of the original value were maintained after 20 cycles and 6 hours continuous
irradiation, which prove relatively good durability of our device (Figure 3.1.11). To
systematically evaluate the effect of desalination, the difference in salinity between simulated
seawater and collected vapor was measured by inductively coupled plasma mass-
spectroscopy (ICP-MS). The concentrations of sodium and chloride ions in the collected
vapor were dramatically decreased compared with the concentrations of ions in simulated
seawater before solar desalination of the porous 3DGN-based device. As shown in Figure
3.1.9d, the salinity of the vapor collected via the desalination process was far below the
salinity levels of safe drinking-water defined by the World Health Organization (WHO) and
the US Environmental Protection Agency (EPA) standards.’
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Figure 3.1.9 (a) Vapor-evaporation-induced mass changes of water with solar desalination
devices constructed by 20 mg of GO, 3DGN-Ni, and 3DGN on the wood posts as a function
of time under solar illumination of 1 kW/m2. (b) Solar-to-vapor conversion efficiency
calculated by the rate of mass change after sunlight illumination for 1 hour. (c) Vapor-
evaporation-induced mass changes of water of with various amount of 3DGN under solar
illumination of 1 kW/m2. (d) Measured density of ions in the simulated seawater sample
(3.5%) before (black) and after (red) desalination with recommended global average salinity

bars for drinking water.
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Table 3.1.1 The comparison of solar desalination efficiency of the 3DGN deposited on the

wood piece with previously reported device measured under 1 sun illumination.

Solar-Vapor

Solar Desalination Mass Change )
Device (kg/m’h) Cor.lversmn Reference
Efficiency (%)
3DGN / wood 1.64 91.8 This study
h-G foam 1.4 91.4 Adv. Mater., 2017 (24
GDY/CuO CF 1.55 91 Chem. Mater., 2017 B
VA-GSM 1.62 86.5 ACS Nano, 2017 [¢]
3D-CG/GN 1.25 85.6 Adv. Mater., 2017 B4
Porous N-doped graphene 1.50 80 Adv. Mater., 2015 [
GO /2D water path 1.45 80 PNAS, 2016 [1%)
Carbonized mushroom 1.475 78 Adv. Mater., 2017 3¢
F-wood 1.05 72 ACS Appl. Mater. Interfaces, 2017 B¢
Al NPs/ AAM 1 58 Nat. Photonics, 2016 "1

118



Q

2.0

Evaporation rate (kglmzh)

Figure 3.1.11

(=3

1.8}
1.6}
1.4]
1.2}
1.0}
0.8f
0.6f
0.4}
0.2}
0.0l

(=
[ ] NE
| |
| | L] llllIl......... _a
ora%| X
Q
]
©
| ..
c
o
el
(1]
|
o
o
(4]
=
w
2 4 6 8 10 12 14 16 18 20
Time (h.)

(b) long-time stability.

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Mass change [kglmzl
b o 4 b h b b Lo

76.6%

-

Time (h.)

e
(=)

o
¥

-0.4
-0.6
-0.8
-1.0
-1.2
1.4

Mass change (kg/m?)

-1.6

— 5 g of seawater
——17.5 g of seawater
——10 g of seawater

Figure 3.1.12 Mass change as the different quantities of seawater.

0 600 1200 1800 2400 3000 3600
Time (s)

119

o -

o -

Durability evaluation through the confirmation of (a) cyclic perfomance and



3.1.4 Conclusion

Mass-producible 3DGN exhibits excellent properties as an optimized photoabsorber material
for an efficient solar desalination device including outstanding photo-absorption of over 90%
at broadband wavelength of sunlight and a micro/mesoporous structure with a large surface
area of more than 1200 m2/g, which helps vapors to easily nucleate and escape into the air.
Furthermore, the wood post delivers the water from the bulk to sites of evaporation and
enables the heat generated from the 3DGN photo-absorber material to localize only at the
surface via thermal insulation and thereby minimize the heat loss to the bulk water. 3DGN
deposited on a wood post can serve as an effective solar desalination device with excellent
solar-to-vapor conversion efficiency of over 91.8%, about 35% higher than the efficiency of
the broadly used GO deposited on a wood post under the same sunlight illumination
condition (one sun, 1 kW/m?). This is superior to the world-record values documented in
previously reported studies. Since the entire device consists of mass-producible and
inexpensive materials, it can provide a straightforward solution for the serious global water

scarcity problem.
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