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Abstract

Periodic semiconductor nano-structures for the enhanced photovoltaic devices
by
Hyo-Jin Ahn
Doctor of Philosophy in Department of Energy/Chemical engineering
Ulsan National Institute of Science and Technology
Professor Ji-Hyun Jang

The photovoltaic devices which convert the solar energy to the electrons or chemical materials become
very important clean energy devices due to the environmental pollution from the fossil energy. The
Dye-sensitized Solar cell (DSSC) which generates the electron-hole pairs using solar light and
photoelectrochemical cell (PEC), one of the promising clean energy solar cells for capturing and storing
solar energy by splitting water into a hydrogen and oxygen gas have received extensive attention
because of high performance and low price. Enhancing optical property is the one of the fascinate
strategy for the increasing the properties of photovoltaic devices.

Interference lithography (IL) is a very convenient and fast method to fabricate the twol/three-
dimensional polymer template in a submicrometer scale. By combining an IL technique and
hydrothermal growth, the high crystalline periodic semiconductor nanowires such as ZnO, TiO; and
Fe,0Oscan be fabricated. The 2D patterned semiconductor nanowires can be considered as a diffraction
grating layer which can enhance the optical property for increasing the overall performance of
photovoltaic devices such as DSSC and PEC.

In this thesis, | studied on the synergetic effects of the IL technique and the hydrothermal growth method
for enhancing the optical properties. The patterned nanowires with a subwavelength scale that act as the
diffraction grating layer can increase the optical path in the photovoltaic devices. Especially, the
absorption of visible wavelength of solar light (400nm ~ 800nm), a major source to generate the
electron-hole pairs in the photovoltaic cells can be enhanced by the pattern nanowires. The outstanding
properties of the 2D patterned nanowires suggest the great potential in energy-related devices such as
DSSCs, PEC cells and sensor devices such as SERS.
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Figure 4. Confirmation of prepared TiO hybrid sample: (a) XRD patterns of TiO, nanostructures. (b)
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(b) Diffuse reflectance spectra and (c) UV-vis absorption spectra of the pure TiO»-NC structure, pure
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Figure 8. The photo-to-electron conversion efficiency of devices fabricated with and without the TiO-
scattering and AR layer: (a) The incident photon-to-current collection efficiency (IPCE) spectra. (b)
Current-voltage (I-V) curves for DSSCs using the hybrid structure (P-NWs+NC) and P25 NC. A
schematic illustration of a DSSC with the hybrid type photoanode is inserted.

[Chapter 3]

Figure 1. Schemes shows the fabrication process of the surface deposited hierarchical SERS substrate.
(I) Double exposure through interference lithography (IL). The blue arrows display the direction of the
laser beams. (II) IL template synthesized on the ZnO seed layer. (lII) ZnO NWSs grown in the circular
holes of the 2-D square lattice. (IV) Hierarchical Au NPs coated ZnO NWs (Au NPs/ZnO NWSs) in SU-
8 templates. (V) Hierarchical Au NPs/ZnO NWs.

Figure 2. SEM, TEM and XRD of ZnO NWs and Au NPs/ZnO NWs: (a) SEM images of ZnO NWs
growth on FTO glass and (b) Top-view SEM of Au NPs/ZnO NWs. The insets in (a) and (b) are cross
sectional images of the ZnO NWs and a macro image of the Au NPs/ZnO NWs, respectively. (¢c) TEM
image of the gold coated ZnO NWs. The inset is the closed-up image of the Au NP/ZnO NW. (d) XRD
of ZnO NWs before (lower) and after (upper) Au deposition. The inset is a magnified image of
rectangular area of the Au NPs/ZnO NWs.

Figure 3. SEM images of (a) Su-8 polymer template, (b) Su-8/ZnO NW substrate, (c) patterned ZnO
NW and (d) hp Au/ZnO nanostructures.

Figure 4. (a) Absorbance of the P-Au/ZnO NW, P-ZnO NW, Au/ZnONW and ZnO. (b) Raman data of
the P-Au/ZnO NW and Au/ZnO NW with crystal violet.

Figure 5. (a) I-V curve of the hp-Au NPs/ZnO NWs, Au/ZnO ZnONw and ZnO with optical filter. (b)
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I-V curve of hp-Au NPs/ZnO NWs after 30cycles working. (c) 1-V curves under both UV and visible
illumination. (d) I-t curves of the samples with light-chopping conditions. The insets in a and c are
illustrations showing the PEC mechanism of the ZnO NWs photoanodes.

[Chapter 4]

Figure. 1 Schemes for the fabrication procedures of d-DGNSs. (I) Interference Lithography technique
for fabrication periodic polymer template. (11) O, plasma etching of circular SU-8 for making diamond
shape. (I11) R.1.E etching for DGN shape of gold. (IVV) Removal of the SU-8 polymer template (V) gold
deposition on the DGN.

Figure. 2 SEM images of (a) a square pattern of air cylinders in a SU-8 film after baking and
development of the double exposure IL pattern. (b) Sharply pointed diamond shaped posts of SU-8
fabricated via oxygen plasma etching of the photoresist on the gold substrate. (¢) 350 nm DGN with
200 nm spacing between edges after metal RIE of the gold film and removal of the remaining SU-8. (d)
A dual-scale 350 nm d-DGN after deposition of gold nanoparticles. The inset is a close-up image of the
rectangular area showing gold nanoparticle separation. Note that the preferential accumulation of gold

nanoparticles is apparent along the edges/tips of the nanoposts.

Figure 3. TEM image of as-prepared Au nanoparticles.

Figure 4. SEM images of low magnification mode: a) 350nm sized SU-8 polymer template with sharp-
edges. b) 200nm sized DGN gap between end of edges. ¢) DGN with Au NPs.

Figure. 5 Reflection spectrums of a pristine Au film, 350 nm of DGN and 500 nm of DGN substrates
with a height of 300 nm on the cleaned silicon substrate. The direct camera image of each sample with

the size of 1 cm x 1 cm, representing the reflectivity spectra in the visible range, appears at the right.

Figure. 6 SERS spectrum of DGNs with size of 350 nm and 3 different densities of Au NPs by 629.5
nm Raman laser with a power of 0.1mW. (a) The SERS spectrum of DGN-29 vs. pristine Au
nanoparticles substrate. (b) The SERS spectrum of DGN-29, d-DGN-44, and d-DGN-78. The SEM
images of (c) pristine gold NP, (d) DGN-29, d-DGN-44, and (e) d-DGN-78 substrates. The inset images
in the each SEM image are normalized light intensity ((|E[?) distribution of electric field distribution of

the each morphology on the top view via the height of the 300nm diamonal gold array
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Figure 7. Simulated Electric field distribution of (a) circular shape and (b) diamonal shape of gold
structure with the 350nm diameter and 500nm periodicity.

Figure. 8 (a) SERS spectrum of DGN taken at 632.5 nm laser excitation with a power of 0.1 mW; (b—
d) SEM images of SERS substrates: Au NPs on flat Silicon substrate (b); d-DGN with the dimonal
dimension of 350 nm arrays (c); and d-DGN with the dimonal dimension of 500 nm posts (d). The
corresponding calculated electric field enhancements are given. The power of the lasers are normalized

to the same scale for comparison. The highest plasmonic behavior of the structure in (c) is observed.

[Chapter 5]

Figure 1. Scheme for fabrication of a MoS,/Ti-Fe;Os3 photoanode for the PEC cell. (I) Hydrothermal
growth of FeOOH with TiCls. (1) Annealing of Ti doped FeEOOH at 800°C for 20 min in the furnace.
(111 Drop-casting of (NH4):MoS40n Ti-Fe;Os. (IV) Annealing of Ti-Fe;O3/(NH4).MoS, at 700°C for 1

h with sulfur powder sitting aside in the CVD chamber under an Ar gas condition.

Figure 2. TEM images of (a) Ti-doped hematite (Ti-Fe.O3), (b) 10-MoSy/Ti-Fe203, (c) 100-MoS,/Ti-
Fe;03 and (d) 1000-MoS,/Ti-Fe;0s. The thickness of the MoSy layer was controlled by changing the
concentration of the (NH4)2MoSssolution from 10 pwt% to 1000 uwt%.

Figure 3. X-Ray photoelectron spectroscopy scans for (a) Mo and (b) S binding energies of amorphous
MoS;.

Figure 4. (a) UV/Vis absorbance of Ti-Fe,Osand 10-MoS,/Ti-Fe,Os. The inset in the Tauc plot (ahv)?
as a function of photon energy presents the optical bandgap (Eg) of 2.1 eV and 2.07 eV for Ti-Fe,Os and
MoS,/Ti-Fe,0s, respectively. (b) Schematic illustration of band energies and charge transfer process at
the p-n junction of MoS,/Ti-Fe;0s. (c) The PL spectra of Ti-Fe,O3 and 10-MoS,/Ti-Fe;Os. (d) The
photodegradation of methylene blue by Ti-Fe;O3; and 10-MoS,/Ti-Fe;Osat 1.5Vrke.

Figure 5. (@) I-V curve of Ti-Fe;03;, 10-M0S,/Ti-Fe;03, 100-MoS,/Ti-Fe;03 and 1000-MoS,/Ti-Fe;0s3,
respectively. (b) Nyquist plots measured under illumination of Ti-Fe;Os, 10-Mo0S,/Ti-Fe,0Os, 100-
MoS,/Ti-Fe;O3 and 1000-MoS,/Ti-Fe,Oz measured at 1.50 V vs REH. The inset is an equivalent circuit
model for fitting the experimental data. (c) IPCE curve of Ti-Fe,Os and 10-MoS,/Ti-Fe;0s. (d) Dark
current of Ti-Fe2O3; and MoS,/Ti-Fe203 by the O, reduction reaction with Oz bubbling in 1M NaOH.
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Figure 6. (a) 1-V curve of Ti-Fe;Os, 10-M0S,/Ti-Fe;O3, Co-Pi/10-MoS,/Ti-Fe;Os, respectively. (b) I-t
curve of Co-Pi/10-MoS,/Ti-Fe0s.

[Chapter 6]

Figure 1. a) Scheme of the fabrication procedures of Ih-P25. A SEM image of Ih-P25. b) Top
view SEM image of patterned TiO>-NWs (the bottom layer of Ih-P25). The inset shows a TE
M image of the rutile phase TiO, NWs with the lattice constant of 0.326 nm. c) Top view S
EM image of the patterned nanocrystalline TiO. layer for anti-reflection (the top layer of Ih-P
25). The inset shows a TEM image of the anatase phase TiO, nanoparticles with the lattice ¢

onstant of 0.352 nm.

Figure 2. SEM image of bottom layer (a, p-TiO2 NWSs), top layer of antireflection layer (b, p-P25) of
Ih-P25.

Figure 3. BET of 1h-P25 (a) and P25 (b). The inset is pore-size distribution. The surface area are
summarized in the table.

Figure 4. X-ray diffraction (XRD) patterns of as-prepared TiO, NWs and p-P25.

Figure 5. Optical features of P25 and In-P25 (p-P25/p-NWs). (a) Reflectivity, (b) Diffuse reflectivity,
and (c) UV-visible spectrum of P25 and Ih-P25 under UV-visible light irradiation. (d) UV-visible
absorbance spectrum of P25 and |h-P25 before and after the deposition of CdSe. The inset image shows

the TEM image of CdSe QD with lattice spacing of 0.31nm decorated on TiO,.

Figure 6. Optical features of P25 P25/p-NWs, p-P25, and 1h-P25 (p-P25/p-NWs). (a) Reflectivity, (b)

Diffuse reflector spectrum of the samples under UV-visible irradiation.

Figure 7. TEM images of (a) CdSe and (b) CdSe/lh-P25.

Figure 8. Transmittance spectra of the UV-cutoff filter

Figure 9. Experimental setup for PEC measurements.



Figure 10. PEC performance of P25, Ih-P25, CdSe/P25, and CdSe/lh-P25 under 1 sun irradiati
on (100 mwW/cm?). (a) J-V curve of P25 control and Ih-P25 under UV-visible and dark condit
ions. (b) Schematic diagram showing hydrogen generating mechanism of CdSe/lh-P25. (c) J-V curv
e of CdSe/P25 and CdSe/lh-P25 under UV-visible, visible light irradiation, and dark conditions.
(d) Measurement of the IPCE (incident photon-to-electron conversion efficiency).

Figure 11. (a) The chronoamperometry curve of CdSe/lh-P25 at a bias of 0.5 V under UV-visible and
visible light irradition. (b) Nyquist plots of CdSe/P25 and CdSe/lh-P25. The inset shows an equivalent
circuit used for fitting data. (¢) Voc vs. time profile of CdSe/P25 and CdSe/lh-P25. (d) The electron
lifetime calculated from the V.. decay.

Figure 12. J-t curve of CdSe/lh-P25 under UV-visible illumination at a fixed bias of 0.5 V vs. Ag/AgCl,

showing reasonable stability of the QD-sensitized PEC device.

Figure 13. Photoconversion efficiency of the PEC cell with CdSe/lh-P25 electrode as a function of

applied potential.

Figure 14. Nyquist plots of P25, Ih-P25, CdSe/lh-P25, and CdSe/lh-P25. The inset shows an equivalent

circuit used for fitting data.
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Chapter 1. Introduction of Periodic Nano-structure for Photovoltaic Device.

The demands for the clean energy is successively increased as time goes by due to the environmental
pollution and lack of the fossil energy materials. The photovoltaic devices which can convert photon
energy into the electron or chemical energy have been received extensive focus since solar light is
almost unlimited energy source and they do not make any environmental pollution when they fabricate
the electron or chemical materials.:® However, the efficiency of the photovoltaic devices are still low
to use it as real energy source due to low absorption, high recombination and poor surface are for energy
materials. To address these problems, the size control is very efficient. We can manipulate the optical
properties of the materials with the periodicity which has several hundred nanometer to increase the
light absorption of the photovoltaic devices and extremely increase surface area of the energy materials
with the tens of nm scale size.*® The periodic structures of subwavelength size materials can be used as
the special optical layer such as antireflection layer, diffraction grating and light trapping layer.” The
Moth-eye which composed of very fine periodic protuberances is the representative antireflection layer
from the nature. The working of a moth eye surface can be understood in terms of a gradually changing
refractive index variation of the surface layer from unity to that of the bulk material. If without a periodic
protuberance layer the Fresnel reflection coefficient at an interface of two media is equal to [(ni-
n2)/(ni+n2)] &, where n; and n; are the refractive indices of the media. However, we can consider the
net reflectance as the resultant of an infinite series of reflections at each incremental change in index.
Because each reflection is attributed to a different depth from the surface, each will have a different
phase. When the transition occurred over an optical distance of A/2, there will be destructive interface
and the reflectance will fall to zero. The spacing d of the protuberances should be sufficiently small that
periodic structure cannot be resolved by the incident light. If spacing d is increased, the array will
become the diffraction grating. *

Because most of photovoltaic devices do not absorb the 100% of solar light to generating the photo-
excited electron-hole pairs, the scattering or light trapping layers were adopted to increase the light
absorption. Although large sized TiO- particles were widely used for the efficient Mie scattering on the
20 nm sized TiO; paste, large particles reduces the surface area for the dye absorption. The other way
to increase the light absorption is using anti-reflection layer under the TiO, nanoparticle film. They
reduce the reflection by acting similar to the diffraction grating layer. To fabricate the periodic structures
for anti-reflection layer, photolithography process was widely used such as X-ray lithography, UV
lithography. The X-ray lithography and UV lithography have been used to fabricate the 10~100nm of
periodicity and several micrometer sized periodicity, respectively. These dimensions have the
disadvantages for the increasing light scattering or anti-reflection since the visible light do not

effectively react with the higher and lower dimensions than its wavelength (400nm~800nm).*2 To
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address improper dimension match to visible wave length, we used the interference lithography
technique as explained below.™

The issue of high surface area in the energy device field is very important for high performance since
the electron-hole transfer or electron-hole generations are related with the surface are of the energy
materials.** High efficiency photovoltaic devices means that fast and large amount of charge exchange
or transfer from materials to the electrolyte solution or charge collector. To increase the surface area of
the materials, the tens of nanometer size pores are very efficient. If the pore size become several
nanometer, electrolyte was not infiltrated in the materials and devices couldn’t work. The self-
assembled silica or polystyrene nanoparticles were widely used as the template converting materials to
inverse opal structures.’-*° In this thesis, we fabricated the periodic anti-reflection layer for enhancing
photovoltaic devices and high surface area of 3D-garaphene and 3D-Fe,O3 for the high performance
photovoltaic devices such as Dye-sensitized solar cell (DSSCs) or Photoelectrochemical water splitting
cell (PEC) by using interference lithography, soft-lithography and 3D silica template. The periodic
materials can increase the performance of photovoltaic devices by increasing optical property and

enhancing surface area of the materials.

1.1 Mie scaterring

The Mie scattering is the representative phenomena of interaction between subwavelength scale
materials and light. Common light scattering theory can be divided in terms of two theoretical category.
One is the Rayleigh scattering which describes the light scattering by spheres which are much smaller
than the wavelength of light. The intensity of the Rayleigh scattered electromagnetic wave is
significantly increased when the ratio of particle size to wavelength is increased. When the particle size
is greater than about 10% of the wavelength of the light, the Rayleigh scattering model is broken down.
If the particle size is larger than this, Mie scattering model can be used to analysis of the scattered waves.
It is relatively independent of wavelength and it is larger in the forward direction than in the reverse
direction. The greater the particle size, the more of the light is scattered in the forward direction.?%-2

The diffraction grating is also very effective optical layer with a periodic array, which splits and
diffracts light into several radiations in different directions. The directions of these radiations is affected
by the spacing of the grating and the wavelength of the light.?® The diffraction grating layer which
composed of a set of slits of spacing d, that should be wider than the wavelength to cause diffraction is
idle. After diffraction grating layer was resolved by light, the diffracted light consist of the sum of
interfering wave components arising from each slit in the grating. The phenomenon of constructive and
destructive interference is occurred by changing the path length through grating layers. So the peaks

and valleys are created due to the interferences of wave. When the path difference between the light
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from adjacent slits is equal to half the wavelength, 1/2, the waves are canceled and create the points of
minimum intensity. However, when the path difference is 4, the waves are added each other and create

the points of maximum intensity. 2

1.2 Photonic crystal

The photonic crystals are periodic dielectric nanostructures that can create the optical band gap similar
way that ionic lattices affect electron band gap in solids. Photonic crystals can be fabricated for one,
two, or three dimensions. One-dimensional photonic crystals can be generated by depositing or stacking
the layers. Two-dimensional ones can be fabricated by drilling holes or photolithography on the
substrate. To fabricate the three-dimensional ones, stacking 2D layer, two-photon lithography, self-
assembly of nano-spheres were widely used. Photonic crystals can reflect specific wave length as the
scale dimension of the periodic structures. These diverse dimensional periodic structures can enhance
the performance of the photovoltaic devices such as Dye-sensitized solar cell (DSSCs) or

Photoelectrochemical water splitting cell (PEC) by increasing optical properties. 262’

1.3 Interference Lithography

To fabricate the subwavelength scale template, photo-lithography is a very sophisticate, efficient,
and fast technique. However, traditional photolithography should need the photo mask to fabricate the
exact shape of the template and size of the mask is limited in the micro scale due to diffraction from
the mask. The Su-8 is a negative photoresist which is widely used in the photolithography. It is very
viscous polymer that can be spun or spread over a thickness ranging from hundreds of nanometer to
hundreds of micrometers.
The Interference Lithography (IL) can complement the problems of the traditional photolithography. In
the IL setup, from hundreds of nanometer to micron size of polymer template can be fabricated without
photomask. In this work, the set-up of IL is made of He-Cd (365 nm) laser, pinhole, Lloyd’s mirror and
several optics. The Lloyd’s-Mirror consists of an aluminum mirror (Edmund optics), which has a high
reflectivity (> 92%) for the He-Cd laser, was placed vertically to the sample holder. To enhance the UV
reflectivity over a broad range of angles, the aluminium mirror was chosen. The laser is passed through
spatial filter and expended through a pinhole to generate a Gaussian beam with a 20 cm in diameter at
the sample holder. The substrate on the sample holder received the two beam which composed of the
directly exposed and reflected UV beam by mirror at same time. The periodicity can be determined by
the incident angle and the size of the polymer template can be varied by the heating and exposure time.

The periodicity can be calculated by equation 1.1
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=— (equation 1.1)

Where P is periodicity, A is the wave length of laser and © is an incident angle.??®

1.4 Hydrothermal growth.

Hydrothermal growth can be explained as a method of synthesis of single crystals such as
semiconductor nanowire which depends on the solubility of materials under high pressure with hot
water. The nanowire growth is conducted in a tools composed of a steel autoclave with nutrients in the
water. A temperature and concentration of nutrient is main factors to determine size and diameter of the
nanowires. The hydrothermal method has the some advantages over the other method including the
ability to fabricate crystalline phases which are unstable at the melting point.The Hydrothermal growth
is also specially proper to the growth of large good-quality nanowires while maintaining good control
over their composition. For example, the Titanium dioxide (TiO,) nanowire can be synthesized through

equation 1.2 in the Titanium precursor solution in water and HCI.

TiCls + H,O &HCI + Ti (IV) complex (equation 1.2)

2Ti (IV) complex &
TiO,

The dehydration of the 2Ti (IV) complexes can fabricate the TiO, nanowires along the [001] direction.
The morphology of the TiO; can be determined by temperature of growth chamber and concentration

of Ti procusors. 1920

1.5 Dye-sensitized solar cell (DSSC)

Dye-sensitized solar cell is one of the most efficient solar cell which composed of working electrode,
electrolyte and counter electrode. The dye on the TiO; paste in the working electrode are absorb the
light and generate the electron-hole pairs. The excited electron can be reached to the counter electrode
and the holes are recovered by the iodine electrolyte. After restore the dye, the iodine ions can be
diffused to the counter electrode and are reduced at the counter electrode. Repeating this cycle, the

DSSC cell can be worked for a long time.?#%°
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1.6 Photoelectrochemical cell (PEC)

The PEC water splitting is a method which convert solar energy to chemical energy in the form of
oxygen and hydrogen gas by using semiconductor materials. The set-up of the PEC cell consist of the
photoanode, electrolyte, reference electrode and counter electrode. When the semiconductor materials
absorb the light which is similar energy of the band gap of semiconductor, the electron-hole pairs are
generated in the semiconductor. The electrons are flowed to the counter electrode to react with the
hydrogen ion and then the hydrogen gas are generated. The hole from semiconductors can move to the

interface semiconductor-electrolyte and react with the water which generate the oxygen gas.??°
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Chapter 2. Power Conversion Efficiency Enhancement Based on the Bio-inspired Hierarchical
Antireflection Layer in Dye Sensitized Solar Cell

1. Introduction

The dye-sensitized solar cell (DSSC), a solar cell composed of a few-um of nanoparticle TiO, layer
decorated with a dye as a working electrode and a layer of Pt nanoparticles deposited onto a Fluorine
doped tin oxide (FTO) as a counter electrode, has attracted much attention due to its high performance
and low fabrication cost.>2 Electrons generated by the photoexcitation of dyes by solar light irradiation
transfer via the TiO, nanoparticle thin film to the collecting FTO substrate fabricating a closed circuit
by offering electron back to the dyes through the iodine electrolyte solution. It is particularly important
to apply a properly designed structure with a maximized light absorption for realizing a highly efficient
DSSC, because the power conversion efficiency (PCE) of the DSSC strongly depends on the absorption
properties of the solar cell.>® It has been elucidated that the periodic morphology of device is widely
believed to be major factor for efficient light trapping.® For example, rough surface at the back or front
of the TiO2/dye in the thin nanoparticle layers can enhance the path length of the light by scattering and
consequently increase absorption.”

A diffraction grating (DG) is an optical equipment with a few hundred nanometers scale of periodic
structure, which splits photon into several beams travelling in diffraction paths.® After light is resolved
by the grating, the diffracted light is consisted of the sum of interfering wave components stemming
from each slit in the grating. It has been studied that the optical path length can be enhanced via
scattering or diffraction.®° In fact, higher order diffracted light can have advantage in light harvesting
in that it may induce total inter reflection (TIR) in addition to providing longer optical interaction
lengths.

Nanocrystallline-TiO, (NC-TiO,) particles with a diameter of 25 nm, which have been widely used for
the creation of the working electrode in the conventional DSSC with a large surface area, thereby
maximizing the photoexcitation of dye molecules. However, they are poor light scatterers; this results
in relatively low light harvesting in the red and near-infrared region of the light spectrum, because
effective scatterings are mainly occurred by structures which have a sub-wavelength dimension.
Alternatively, a new type of optical component, monodisperse TiO, beads with a few nanometer-sized
diameter, has been adopted as a highly efficient scatterer to enhance the light path length in the solar
cell.’** However, the efficiency of DSSC is limited by a relatively low V. due to their lower surface
area caused by the adoption of larger particles. Upon this background, a comprehensive knowledge of

the relation between the efficient light trapping structures and the surface area of the active materials is
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important to design and optimize a highly efficient DSSCs.

To increase the PCE of solar cells, the introduction of antireflection (AR) layer is one of effective way
with relatively low-cost. Anti-reflection layers have been widely used for increasing efficiency of
silicon solar cell, since silicon reflected much solar light which cannot be used as source of
photoexcitation for solar cell.®>** The AR structure of moth-eye surface® or grating-like structures in
the yellow and brown colored cuticle of the Oriental hornet have good examples of bio-inspired optical
elements increasing the solar collections achieved by a textured surface of the antireflection layer.*"°
A subwavelength scale dimension grating layer work for these purposes since the dimensions of these
structures which are much smaller than the wavelength of light can absorb more photon by the effective
interference of light. The nanoporous structures allows the manipulation of the effective refractive index
between the air and material, which helps reduce light losses in the nanostructure. The high-
performance DSSCs with an interface between relatively low refractive index of FTO layer and the high
refractive index TiO, need a periodic diffraction grating surface as an antireflective layer to reduce
reflectance and to enhance optical path length of the diffracted light for maximized light trapping.
Interference lithography (1L)?%?? is an efficient, trustworthy and dependable method for the creation of
large area, defect-free nanostructures by transferring the light intensity distribution into a light sensitive
medium. Through the proper choice of beam parameters, the volume fraction and geometry of the
polymer nanostructures can be exactly controlled. An advantage of IL in filed where solar light is used
as a source for photoexcitation is that it allow easy access to periodic structures with a scale of a
subwavelength without defects, whose size is especially important for effective light trapping.

Here we report the synergic effect of a bio-inspired AR layer in the form of a 2-dimensional (2D) TiO.
diffraction grating (DG) fabricated via IL with a working electrode of TiO nanocrystalline thin film in
a DSSC in order to increased light trapping property. The size of holes in the polymer templates was
determined through control of the wave vectors and polarization vectors of the exposed laser. After TiO;
nanowires (NWs) were grown by hydrothermal growth in the periodic holes of polymer templates, the
polymer templates are removed by sintering at high temperature. A dual-scale nano-periodic pattern,
which not only exhibits superior antireflection but also increased scattering/diffraction has been applied
to minimize the loss in surface area. In contrast with a conventional DSSC, the hybrid structure with
the dual-scale AR layer demonstrates stronger light absorption in the UV-visible region, leading to both
a greater PCE and IPCE in the overall spectral range. The improved performance of the DSSC coupled
with the periodic AR layer can be explained by the maximized photon trapping in the visible light region
of the solar spectrum by the introduction of a high index-contrast nano-periodic structure with
comparable lattice parameters to the wavelength of exposed light. The high performance of the hybrid
nanostructures as photoanode in a DSSC indicates that properly designed hybrid nano-structures will

open up the possibility of enhanced performance for energy related materials such as the electrodes for
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silicon, organic solar cells and the substrates for surface enhanced Raman spectroscopy.

2. Experimental and characterization

2.1 Fabrication of 2-dimensional Diffraction Grating layer in Polymer template

The FTO substrates were cleaned using ultra-sonication with acetone, IPA, and de-ionized water for 10
min and dried by N2 gas blowing. A 300 nm thick Su-8 photoresist film was deposited by spin-coating
at 3000rpm on a 40mM of TiCl, treated FTO substrate. 2-dimensional square patterns with circular
holes template were fabricated using interference lithography. The Su-8/FTO samples were double
exposed for 8 x 8s by 90 degrees rotating the sample. Before developing the Su-8 photoresist using
PGMEA, a post-exposure bake was carried out at 75 °C for 10min. The diameter and periodic cycle of

the patterns were found to be 380 nm and 550 nm, respectively, from SEM measurements.

2.2 Fabrication of DSSC with the photoanode coupled with the hierarchical AR layer

TiO2 NWs were grown by placing the substrates which have the 2-D polymer periodic pattern fabricated
via IL in the solution of 20 mL of toluene, 0.5g of tetrabutyl titanate, 0.5 mL of titanium tetrachloride
(1 M in toluene), and 1 mL of hydrochloric acid (37 wt %) in 30mL of the teflon reactor at 180°C for
1h. The 2-D periodic polymer template was removed by sintering at 500°C for 1h. A layer of NC-TiO-
(solaronix Ti-nanoxide T/SP) was pasted on top of pre-patterned rutile nanowires by doctor blading
followed by heating at 120 °C for 10 min. The film was then burned out at 500 °C for 30 min. This
doctor blading procedure with paste (coating, drying, and sintering) was repeated to obtain a 12 um of
working electrode. The TiO; electrode was immersed in a 0.5 mM N-719 dye (Solaronix) solution in a
solution of acetonitrile and tert-butyl alcohol (v/v: 1:1) and kept at room temperature for 18 hrs. A
commercial available Pt catalyst (Solaronix platiso T) was coated on the FTO glass and sintered at
4300C for 30min to fabricate a platinum counter electrode. The preparation procedure of Pt coating was
repeated 3times to obtain high performance. The dye-deposited TiO, with a dimension of 0.21 cm? (7
mm x 3 mm) and a platinum counter-electrode were assembled into a sandwich-type cell and sealed
with hot-melt surlyn (Solaronix) with a thickness of 60 um. An iodine electrolyte (Solaronix lodolyte

AN-50) was injected via a hole on the back side of the Pt counter electrode.

2.3 Characterization

Photovoltaic efficiency of the DSSC was measured under AM 1.5 illumination (100 mWcm?, Oriel).
EIS measurement was conducted using a potentiostat (prinstone, Versa STAT 3, AMETEK) and the data
were fitted by using Zsimpwin 3.21 software. The acquired frequency ranged from 0.01Hz to 100 kHz
with 10 mV AC amplitude. IPCE data were also carried out using an EQE system (Model QEX7) by
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PV Measurements Inc. (Boulder, Colorado). The SEM images were obtained by a scanning electron
microscope (FEI/USA Nanonova 230). The absorbance and reflectance spectrum were obtained using
a Cary-100 conc UV/vis/NIR spectrophotometer (Varian). The diffuse reflectivity was collected by
using a Belsorp max (Bel Japan). The NC-TiO- film thickness was measured using a surface profiler
(P-6 KLA_Tencor/USA)

3. Results and Discussion

In a wide search of motivating organisms, moths confirmed to have the most efficient capabilities for
the efficiency of solar cells in that it shows an extraordinary anti-reflective ability that is essential to
their sight abilities. Several methods have been attempted to mimic moth-eye structure with a 2D pattern
substrate, each approximately 200 nm high and spaced on 300 nm holes.* 2*% Figure 1a shows the
schematic illustration for the fabrication of TiO, working electrode (V) with 2D rutile NW moth-eye
inspired AR layer (1V) in the DSSC device (VI). As shown in the Figure 1b, the SEM images of a 2-
dimensional patterned TiO2 NWSs grown in the holes of the polymer template generated by IL are shown.
The SU-8 polymer template (1) fabricated here is an inverse structure of moth-eye motivated 500 nm-
thick 2D square periodic pattern with diameter of 380 nm. The dimensions of the SU-8 templates were
fabricated so that can efficiently reduce the reflectance as well as scatter the photons for an increased
photon trapping ability. The TiO, NWs in the SU-8 template were grown using modified hydrothermal
methods.** The diameter and length of the nanowires can be tuned by changing the reaction times,
concentrations of the precursors, and through other means. In particular, we have varied the amounts of
precursor solutions in order to acquire TiO, NWs with diameters of 20-30 nm in a single SU-8 hole. A
hierarchically patterned dual-scale TiO, NWs structure has been planned to minimize the loss of surface
area for dye deposition and to obtain the superior antireflection and increased diffraction properties.
Finally, the periodic SU-8 polymer patterns were burned out by sintering. Figure 1(c) is a SEM image
of cross-sectional view of a NC-TiO, working electrode coupled with 2D patterned TiO, AR layer.
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Figure 1. Schematic illustration for the fabrication of TiO. nanocrystalline electrode with moth-eye
motivated anti-reflection layer in DSSC device (a) and SEM images of the TiO, nanowires (b, c): (b)
The hybrid hierarchically patterned TiO> antireflection layer (IV). Inset image shows a cross-sectional
image of dual-scale TiO2 nanowires. (c) Cross-sectional image of the working electrode (V) consisted

of a layer of NC-TiO2 and an underlying patterned anti-reflection layer in TiOx.
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The photoanode (V) fabricated in this study is a double layered hierarchical nanostructure composed of
a thin under-layer of AR (or DG) consisted of approximately 70-80 nm of TiO, nanowires with
diameters of from 20 nm to 30 nm and heights of 500 nm in circular holes of 380 nm diameter in a
square lattice and a 5mm- thick upper-layer of a conventional NC-TiO. structure. The surface area of
the 5.5 mm-thick double layered structure obtained by BET was 109 cm?g, which is slightly lower than
that for a compact pure nanocrystalline TiO>-NC film (117 cm?/g) due to the presence of the 500 nm-
thick layer of larger scale patterns. Figure 2 shows the X-ray diffraction (XRD) pattern of
hydrothermally prepared TiO, nanowires after calcination in air for 1hr at 550 °C. As-synthesized
nanowires are rutile TiO, phase with a peaks in the (211), (101), and (110) planes as confirmed by
JCPDS # 88-1175. The crystal structure of the annealed sample could be further proved by TEM
measurement. Figure 2b shows a high-magnification TEM images of the TiO, nanowires verifying that
the nanowires are crystalline with an lattice constant d-spacing of 0.24nm and 0.32 nm corresponding
to (211) and (110) planes, respectively, of rutle TiO-, It can be seen that the sintered TiO, nanowires are
well connected and faceted NWs with an average diameter of about 20-30 nm in the rutile phase, in
agreement with the obtained XRD pattern.

The enhanced antireflection property due to the coupling of properly designed underlying 300 hm
thick dual-scale AR layer can be quantified by the reflection spectra measured by shining the light from
the front glass side on a 5 um thick P25 NC-TiOzand 5.3 um of hierarchical nanostructures composed
of 300 nm underlying periodic patterned TiO, NWs layer and 5 um NC-TiO; upper layer. In this
configuration, the light goes through air/glass/FTO/(P-TiO, NWs/)TiO2 NC hybrid structures from air
to the TiO, NC layer, and it is thought that the majority of reflectance happens from the interface of
FTO (n=1.7) and TiO2(n=2.49) due to the remarkable difference of the refractive index. Figure 3a shows
that the hierarchical TiO; structure with an underlying patterned TiO, nanowires layer gives much lower
reflectance as compared to the reference structure with a pure TiO2 nanocrystalline structure over the
entire spectral range (nearly one order of magnitude lower at 460 nm). This means that much more light
is absorbed by dyes and can be used in the light harvesting process in the DSSC solar cell. This is
attributed to the gradual change of the refractive index due to the presence of the periodic patterned
TiO2 NW layer with the capability of modulating the effective refractive index according to the periodic
vacancies of the patterned structure interface between the FTO glass and TiO, NC layers in the hybrid
structure.

Next, in order to elucidate the intensity of diffusely reflected light under light irradiation on the TiO-
hybrid substrate, the diffuse reflection spectrum of a pure TiO; thin film made from P25 nanocrystals,
a hierarchically patterned anti-reflection layer of TiO, NWs, and hybrid nanostructure were measured.
Interestingly, compared to the P25 NC-TiO; film, the films with a very thin AR layer showed

significantly higher diffuse reflection spectra in the visible spectrum of light wavelenghts (from 450 nm
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- 650 nm), indicating that the absorbed light was efficiently scattered within the nanostructure film. This
is attributed to increase of the light path within the TiO, nanostructure by adoption of a few hundred
nanometer scale in the antireflection layer. The diffuse reflection spectrum do not show any slight
difference between back side irradiation and front side irradiation. UV-vis spectroscopic experiments
were further obtained so as to elucidate the final optical property of hybrid nanostructured TiO, with
and without an antireflection layer. Figure 3c shows the UV-vis extinction spectra of a 5 um thick plain
NC-TiO; layer, 500 nm thick antireflection layer, and 550 nm height hybrid structure consisted of the
two aforementioned layers illuminated at normal incidence from the glass side. The absorbance of peaks
spanning 300 to 400 nm were allocated to the absorbance of the traditional TiO, nanoparticles.
Interestingly, the latter two samples (even the 500 nm thick TiO>-AR layer) demonstrated a more intense
and wider spectroscopy with a broad and high absorption band ranging from 400 to 650 nm at the
absorption maxima at 525 nm, 550 nm than the conventional TiO> nanocrystalline sample, even though
a number of TiO, nanoparticles is much lower than that of NC-TiO; structure. The absorbance
maximum for the hybrid hierarchical structure (P-NWs+NC) shows a blue-shift compared with that of
periodic TiO2 AR layer (P-NWs) due to the nanometer size of NC-TiO.. The increased UV absorption
of both samples with the diffraction grating (or AR) is ascribed to the synergy of scattering and
antireflection effect taken by the higher size of nanostructures in the periodic patterned TiO, nanowires.
As expected from the previous results, compared with the conventional layer of NC-TiO;, the hybrid
double layer structure assembled with an AR layer (P-NWSs) in a larger dimension reduces the
reflectance of the photons and adopt longer effective light path lengths and thus a clear and high

absorbance band in the longer wavelength region ranging from 450 nm to 800 nm.
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Flgure 2: SEM images of a) SU-8 polymer template pattern b) perlodlc TiO; nanowires grown on FTO

glass
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Figure 3. SEM images of a) TiO, nanowires; b) Cross-sectional view image of TiO, nanowires

31



(110)

211
(101) i

(111)

Intensity(a.u)

20 25 30 35 40 45 50 55 60 65 70 75 80
Degree (26)

Figure 4. Confirmation of prepared TiO hybrid sample: (a) XRD patterns of TiO, nanostructures. (b)
HRTEM image of TiO, nanostructures.
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Figure 5. (a) Reflectivity spectrum measured, within the visible light wavelength range, on the pure
TiO2-NC structure and hybrid structure with an additional AR layer of TiO, nanostructure (P-NWs+NC).
(b) Diffuse reflectance spectra and (c) UV-vis absorption spectra of the pure TiO,-NC structure, pure
patterned TiO, NWSs structure, and hybrid structure composed of pure P25 NC and an additional AR

layer of patterned TiO2, NWs. All the measurements were taken without dye or electrolyte.

33



80 L L L L

70F

— G00NM Wwire

3

Reflectance/%
)

30 F
20F
10
0 » » » »
40 50 60 70 80
wavelength/nm

Figure 6. The reflectivity of 600 nm TiO2, NWs

34



w

Absorbance
N

0 L L L L L L L L 1
300 350 400 450 500 550 600 650 700 750 800
Wavelength/nm

Figure 7. Absorbance spectra of TiO, NWs after N-719 dye absorption: a) 5.5 um hybrid structure; b)

500 nm TiO2 NWs; ¢) 5 um NC-TiO- structure

35



To study the characteristics of the hybrid nanostructures as a photoanode for solar cells, the photovoltaic
performances were obtained at 1-sun illumination condition. The incident photon-to-electron
conversion efficiency (IPCE), the number of photoexcited electrons per incident photon, measured for
the conventional TiO; anode and hybrid structure, is shown in Figure 4a. The broad IPCE curves,
covering the visible spectrum from 380 nm-770 nm, exhibit a maximum of 60 % and 70% at 530-560
nm for the nanocrystalline TiO,-NC film and hybrid structure, respectively, which proves the better
PCE in hybrid cell. Current-voltage curves of the reference TiO,-NC film cell and hybrid structure and
a schematic diagram of a DSSC with a hybrid type photoanode are depicted in Figure 4b. The power
conversion efficiency (h) of the hybrid structure with a periodic grating layer/Smm-thick TiO;
nanocrystalline and the reference TiO» nanocrystalline cell with the same thickness is 6.5 % and 5.0 %,
respectively. The efficiency of the enhanced photon trapping structure demonstrates 30% enhancement
compared with the reference cell, which implies that a hierarchically patterned TiO: layer with relevant
dimensions has a crucial impact on the efficiency of photovoltaic devices. Importantly, it can be seen
that the photocurrent density of Js in the hybrid structure is notably higher while the open-circuit voltage
(Voc) is not affected by the added AR layer between TiO2 NC and FTO, as shown in table 1. This is
different from previously reported data that showed degradation of the Vo and fill factor due to the
greatly decreased surface area when a large beads scattering layer was used as light trapping structures.
In our procedure, the fill factor (FF) is slightly decreased in the hybrid structure indicating the slower
carrier mobility probably due to another junction between the NC-TiO2 and AR layers. However, the
Vocremains the same due to the minimum loss in surface area of the hierarchically patterned structure.
In order to obtain better insight into the dynamics of interfacial charge transfer processes, which
are tightly related to the difference in current-voltage efficiency between two kinds of
photoanode based DSSCs, electrochemical impedance spectroscopy (EIS) measurements on
symmetrical dummy cells composed of two identical electrodes were carried out. The high
frequency (around 100kHz) represents the sheet resistance (Rs) and the peaks between 1000Hz
and 1Hz corresponds to the charge-transfer resistance (Rc) at the TiO2/dye/electrolyte interface,
respectively in the Nyquist plots of the symmetric cells. As shown in Table 1, the periodic TiO>
hybrid structure has a lower Rs (Rs =1.9) than the traditional TiO, photoanode (Rs=2.4), which
exhibits the efficient photon trapping at the interface between the FTO substrates and TiO>
nanowires AR layer as well as good adhesion to the substrate in the periodic hybrid structure.
The strong connection between FTO and TiO2 nanowires is likely due to the direct growth of
TiO2 nanowires on the FTO substrate in hybrid structure compared to the rough bonding taken
by heating of NC-TiO> in the reference electrode. However, the Re value of the periodic TiO-
hybrid structure was 0.96, which is slightly higher than 0.8 of the reference. This exhibits that
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the reference TiO- electrode has a lower resistance at the interface of photoanode and iodine
electrolyte than the TiO- hybrid-hierarchical structure with an additional interface of TiO2 NWs
and NC-TiOz does, which also explains lower fill factor in the hybrid structure (The additional
resistance curve for this interface was not observed in the Nyquist plot). Although the hybrid
structure have a slightly larger resistance and therefore, lower FF than the reference electrode,
Jsc of hybrid structure is much higher than that of the reference, resulting in 30% of the overall
power conversion efficiency enhancement, indicating that light harvesting by the introduction
of a modified antireflective layer with minimum loss in surface area and the ability for higher
scattering is efficiently balanced by the loss in interfacial resistance caused by the addition of
another interface. We believe that further investigation of characteristics of the photovoltaic
device can fully optimize charge mobility and recombination rates.
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Figure 8. The photo-to-electron conversion efficiency of devices fabricated with and without the TiO-
scattering and AR layer: (a) The incident photon-to-current collection efficiency (IPCE) spectra. (b)
Current-voltage (I-V) curves for DSSCs using the hybrid structure (P-NWs+NC) and P25 NC. A
schematic illustration of a DSSC with the hybrid type photoanode is inserted.

Table 1 Photovoltaic characteristics of the hybrid structure and conventional TiO, anode

Voc (MV) Jsc Pmax Fill Factor Rs Rt Efficiency
Reference 729 11.3 1.4 60.5 2.4 0.8 5.0
Hybrid 729 15.6 1.5 57.6 1.9 0.96 6.5
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4, Conclution

In conclusion, we have fabricated periodic hybrid TiO; structure incorporating a modified bio-inspired
antireflection layer as photoanodes for use in DSSCs. A 500 nm thick hierarchically periodic 2D
diffraction grating was introduced to maximize light trapping via effective lower reflection and
increased photon scattering triggered by the dimensions of the nanostructure, which are comparable to
the wavelength of exposed light. The photon trapping hybrid structure with minimum loss of surface
area, achieved by the diffraction and antireflection, leads to a remarkable enhancement of absorbance
in the red spectral range, resulting in a 30% increase in overall performance relative to solar cells
prepared using pure P25 TiO- electrodes of same thickness. These results exhibit that the designed
methodology is a low-cost and deterministic approach for achieving efficiency increase by photon

trapping in a thin film DSSC.
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Chapter 3. Hierarchical Metal/Semiconductor Nanostructure for Efficient Water Splitting

1. Introduction

The conversion of photon energy into chemical fuel through photoelectrochemcial water splitting
(PEC) process is of the good clean energy source for the mankind. > Solar water splitting is a method
to generate the hydrogen and oxygen by using reaction between photo-electrode, photons and water.*®
Among the photo-electrode, metal oxide semiconductors such as Fe;Oz, CuO, ZnO and TiO; have been
widely elucidated for the photoanode due to their proper flatband potential, high corrosion resistance
and low electrical resistance.®> Although metal oxides have the many advantages for solar water
splitting, they have the a large bandgap, lead to the poor light absorbance in the visible light region (400
nm~800 nm) and low performance of PEC. Metal/semiconductor junctions®'’ shows the many
advantages in the PEC such as superior recitification, hot electron generation and photocatalytic
property since the metal nanoparticles can improve the visible light absorption by occurring the surface
plasmon and providing a Shottky barrier which can reduce the electron-hole recombinations.*®2° For
example, Ag or Au deposited semiconductors have exhibit increased performances in charge transfer
processes between semiconductor and electrolyte by changes of the Fermi level.?

Zinc Oxide (ZnO) is a n-type semiconductor with a large band gap (~3.3eV) and proper conductivity
showing superior efficiency in DSSC, organic solar cells and photocatalytic water splitting. The
realization of synthesis of different morphologies such as terapods, nanotubes and nanowires also
permit to many applications of the ZnO nanostructures. The major limitation for the usage of ZnO as a
photoanode for solar water splitting is an its large bandgap, leading to the poor photoexcitation in the
visible light region as mentioned before.’*?* The surface coating of a photo-absorber having high PEC
performance such as CdS and CdSe quantum dots (QD) has been reported to address the poor PEC
efficiency limitation of ZnO through the enhancement in the photoreaction to the visible light.?* It has
been also reported that plasmon of the metal NPs can enhance the PEC efficiency because of the
decreases in recombination of the electron-hole pairs near the surface of the semiconductor.'4%

Surface enhanced Raman scattering (SERS) is a highly sensitive sensor that could be operated by the
excitation of the surface plasmon in optical, biological and chemical sensing.?28 To fabricate the highly
sensitive SERS substrate, metal nanoparticle suspension®®3! and rough surfaces® and periodic metal
array®® have been designed and proposed.

The benefits of periodic patterned arrays compared with disordered scattered NPs and bulk film are
related with the fact that the many optical properties of materials that are useful in fields such as
biosensors, nano-optics and SERS could be notably affected by the geometries and dimensions of the
periodic units.!3343% Furthermore, periodically patterned nanostructures allow for highly reliable SERS

substrates in coverage of large area for applications.®
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Interference lithography (IL) is a sophisticated technique to quickly fabricate periodic nano-structures
by transferring the laser intensity distribution into a photoresist in large area without defects.3"*

The morphology and geometry of the nanostructures could be controlled via the proper choice of laser
components of IL which is a good method to fabricate the sensitive SERS sbustrate.

In this work, We hypothesize that synergetic effect of plasmon from metal NP and photon trapping
effect of periodic semiconductor nanostructures can address the limitation of ZnO with a large band gap
for PEC and potentially enhance the performance of solar water splitting. Light trapping in the
nanostructure can be increased by appropriate design of geometry and morphology of periodic
structures, and the photon absorbance of semiconductors with a large bandgap can be increased by

deposition of visible active metal NPs.

2. Experimental Procedures

2.1 Chemicals used

Chloroauric acid (Sigma-Aldrich, >99.9%), sodium citrate (Sigma-Aldrich, >98%), Zinc nitrate
hexahydrate (Sigma-Aldrich, >98%), Hexamethylenetetramine (HMTA) (Sigma-Aldrich, >98%),
Sodium hydroxide (Duksan pure chemical Is) Ethanol. All chemicals were used without further

purification.

2.2 Fabrication of 2D patterns via interference lithography

The substrates were cleaned using ultra-sonication with acetone, isopropanol and de-ionized water for
10 min respectively and dried by nitrogen blowing. A 200 nm of ZnO seed layer is sputtered onto the
substrate. A 100nm thickness of photoresist film was obtained by spin coating at 3000rpm on the ZnO
sputtered substrate. The 2D square patterns with circular holes were fabricated via interference
lithography. The exposure time was 6 x 6s. Before developing the photoresist using PGMEA, post-
exposure bake was done at 55 °C for 10min. The diameter and pitch of patterns were found to be 380

nm and 550 nm, respectively from SEM measurements.

2.3 ZnO NWs growth via hydrothermal method

The ZnO NWs growth was carried out by suspending the wafer upside-down in a glass bottle filled with
an aqueous solution of zinc nitrate hydrate (25 mM) and hexamethylenetetramine (25 mM) at 90°C for

2 hr 30 min. After the reaction, substrate was removed from the growth solution, rinsed with ethanol
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and deionized water, and dried. 30 mM of chloroauric acid was dissolved in ethanol to which 1% wt of
sodium citrate dissolved in water was added. The mixture was heated to 100°C for 30 min and then
allowed to cool down naturally along with substrate. The pH of the prepared solution was adjusted to
be 8~9 using 1M NaOH solution before deposition. The samples were washed with D. I. water and
ethanol.

2.4 Characterization

The structure of the ZnO NWs was taken using NOVA NANOSEM 230 FESEM. The powder
diffraction data was obtained using Rigaku D/MAZX 2500V/PC HPXRD. The SERS spectrums were
obtained by using alpha 300S spectrograph from WITEC. The instrument uses an Olympus BX-40
microscope with a 100 X (0.9 N.A) objective with a power of 0.1 mW of the 632.8 nm line from an
electrically cooled He-Ne laser. The laser spot size in these studies was approximately 429 nm. In this

work, all sample integration time for single measurement was set to 20 s.

2.5 EF calculations

The enhancement factor was calculated using the following formula:

EF=

where | and N correspond to the intensity of the Raman band and number of molecules being probed,
respectively, and the subscript refers to the SERS and bulk cases. lpuk and Npyx Were estimated from the
Raman spectra of 1x107 M of crystal violet solution. NpuxWas calculated to be 2.9x10°. The Nsers Was
calculated to be 7.3x10'° molecules. The number of gold NPs adsorbed on the ZnO NW and
subsequently the number of crystal violet molecules was calculated based on a laser spot size of 1 um
and a focal depth of 34.6 um. The enhancement factors were calculated to be 4.75x10’ for p-Au
NPs/ZnO NWs and 1.5x108 for Au NPs/ZnO NWs.

2.6 Photo electrochemical (PEC) Measurement

The PEC measurements were done using Ag/AgCl, Pt wire, and Au NPs/ZnO NWSs/FTO as a reference
electrode, as a counter electrode, and as a working electrode, respectively, in 0.5 M of Na,SO4 (pH =
6.8) electrolyte solution. Newport solar simulator (M-91190A) was used to illuminate the sunlight at
AM 1.5 condition. Enhanced aluminum mirror ( edmundoptics) was used to reflect the light onto the

sample.The power of the solar simulator was measured to be 80 mW/cm? The electrochemical data
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was measured using Princeton Applied research VersaSTAT3 potentiostat. Linear sweep
voltammograms were obtained from -0.5V to 1.1 V range with a scan rate of 10 mV/S under the
illumination of AM 1.5 except for dark sample. Chronoamperometry measurements were measured at
+0.5V while the simulator was switched on and off every 10 seconds manually using the shutter to
record the increase in photocurrent. The PEC performances of ZnO NWs solely in the visible range
were acquired by the solar simulator coupled with the UV cutoff filter (1> 420 nm). The transmittance

of the light passing through the filter was given in fig S5.
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3. Results and Discussion

In this work, we reported a hierarchical hybrid metal/semiconductor nanostructure fabricated by greatly
reproducible polymer Su-8 templates synthesized through IL as a superior candidate for a water splitting
cell with a broad absorption band in visible light for PEC as well as a very sensitive SERS substrate.
The photoanode composed of ZnO nanowires (ZnO NWSs) and gold nanoparticles (Au NPs) were
fabricated by using hydrothermal growth and solution coating method, respectively. The periodic
patterned ZnO NWs were synthesized by using hydrothermal growth of ZnO NWs in the holes of SU-
8 polymeric templates. The hierarchically patterned Au NPs/ZnO NWs (hp-Au NPs/ZnO NWs) exhibit
increased photon absorbance in the UV-visible region, resulting in both higher SERS signal and better
efficiency in the PEC than those of the un-patterned Au NPs decorated ZnO NWs (Au NPs/ZnO NWs).
The enhanced PEC performance of the hierarchical Au/ZnO NWs structures is attributed to the
increased plasmon-induced electron transfer because of the enhanced scattering of the absorption of
photon via the synergetic effect of the two types of geometries. The superior performance of the
hierarchical Au/ZnO NW nanostructures as the photoanoes for PEC demonstrate that appropriate
proposed metal/semiconductor heterojunctions has the great potential for solar-energy related materials.
The four process steps for hp-Au NPs/ZnO NWSs nanostructures have shown in Figure 1. First, a 200
nm height of ZnO seed layer was coated onto the prepared FTO glass using a RF-sputtering. The ZnO
seed layer was confirmed to be crystalline and [110] direction, which is optimized condition for the
epitaxial growth of ZnO NWs via XRD measurement (displayed in the supporting information). The
periodic Su-8 polymer templates with 300nm holes and 500nm pitch size were synthesized on the ZnO
seed layer coated FTO glass through IL via double exposure of He-Cd laser beam with double exposure
of substrate by rotating 90°. Second, ZnO nanowires were synthesized in circular holes of periodically
patterned SU-8 template using the hydrothermal growth method. The reaction time and density of the
precursors were decided to generate a proper diameter and height for nanowires in holes of 2D lattices.
Third, the Au NP was decorated onto ZnO NWs using a solution-based technique, and the inter particle

distances between the Au NPs were varied by the density of the precursor solution.

47



ZnO

IL

m——

hotoresist
ZnO seed layer
Siwafer

Gold
deposition

S—

Su-8
removal

Figure 1. Schemes shows the fabrication process of the surface deposited hierarchical SERS substrate.
(I) Double exposure through interference lithography (IL). The blue arrows display the direction of the
laser beams. (II) IL template synthesized on the ZnO seed layer. (lII) ZnO NWSs grown in the circular
holes of the 2-D square lattice. (IV) Hierarchical Au NPs coated ZnO NWs (Au NPs/ZnO NWSs) in SU-
8 templates. (V) Hierarchical Au NPs/ZnO NWs.
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Figure 2. SEM, TEM and XRD of ZnO NWs and Au NPs/ZnO NWs: (a) SEM images of ZnO NWs
growth on FTO glass and (b) Top-view SEM of Au NPs/ZnO NWs. The insets in (a) and (b) are cross
sectional images of the ZnO NWs and a macro image of the Au NPs/ZnO NWs, respectively. (¢c) TEM
image of the gold coated ZnO NWs. The inset is the closed-up image of the Au NP/ZnO NW. (d) XRD
of ZnO NWs before (lower) and after (upper) Au deposition. The inset is a magnified image of
rectangular area of the Au NPs/ZnO NWs.
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Figure 3. SEM images of (a) Su-8 polymer template, (b) Su-8/ZnO NW substrate, (c) patterned ZnO
NW and (d) hp Au/ZnO nanostructures.
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Finally, the periodic SU-8 patterns were got rid of using an oxygen plasma condition. The plain (non-
patterned) Au NPs/ZnO NWs were prepared using the same procedures as that used for the periodic
patterned structure without fabrication of the SU-8 patterning and oxygen plasma treatment.

Figure 2 shows the results of the characterization of the ZnO NWs and Au NP decorated ZnO
nanowires. The height and diameter of the nanowires were 550-750 nm and 65-95 nm, respectively, as
displayed in Figure 2 a. The cross sectional view of the ZnO nanowires in the inset exhibits that as-
grown ZnO nanowires with a smooth surfaces and uniform holes could be taken vertically. The TEM
and SEM images of the Au nanoparticle decorated ZnO nanowires (Au NPs/ZnO NWSs) are shown in
Figures 2b and c. The surfaces of the ZnO nanowires are decorated with gold nanoparticles with high
reproducibility as shown in the Figure 2c. The radius of the gold nanoparticle tightly attached to the
wall of ZnO NWs was determined to be approximately 6 nm from TEM images. The inset image is the
high-resolution TEM image exhibiting gold nanoparticles and ZnO nanowire with the lattice constant
of 0.24 nm and 0.26 nm, respectively. The XRD data of the ZnO NWs and Au NPs/ZnO are included
in Figure 2 d. The peak at near 35° corresponding to (002) plane and two small peaks corresponding to
the (101) and (100) planes mean a strong crystalline of as-grown ZnO nanowires. The peaks for the Au
NPs/ZnO NWs depicts that there are the further small peaks at 26=44.46° and 38.24°, corresponding to
the (200) and (111) plane of the gold-metal, respectively, demonstrating the deposition and
polycrystalline property of Au NPs. The inset image of the Figure 2d in the spectra of Au NPs/ZnO
NWs was illustrated because of the slightly small content of gold nanoparticles, and a then a low peak
intensity, compared with the measured peaks of the ZnO NWs. The SEM images of the morphologies
at each step of the making proceed for the hp-Au NPs/ZnO NWs are shown in Figure 3. The Su-8
polymeric template designed this work is a original two-dimensional (2-D) periodic holes array
synthesized through IL. As shown in Figure 3a, the period length and diameter of the Su-8
polymeric template in the circular hole arrays were 550 nm and 380 nm, respectively. The
dimensions of the SU-8 polymeric lattice were proposed so as to maximize the photon trapping property
caused by the increased scattering in the morphologies with a radius similar to the wavelength of the
visible light and to secure large space to grow the almost 15 ZnO NWs for the decoration of many Au
NPs.% Further improvement of the periodicity of the patterns trigger the SERS effect to be reduced and
results in poor absorption. The SEM image of the ZnO nanowires synthesized in the periodic SU-8
template is shown in Figure 3 b. Commonly, the efficiency of PEC can be enhanced by improving the
length of the nanowires.® But synthesis of longer ZnO nanowires in the vacant holes of the SU-8
template with a specific thickness often resulted in the generation of tilted ZnO nanowires.The longer
ZnO nanowires grown in adjacent Su-8 holes that are almost connected and then reducing the property

of pattern nature as shown in Figure S7.
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Figure 4. (a) Absorbance of the P-Au/ZnO NW, P-ZnO NW, Au/ZnONW and ZnO. (b) Raman data of
the P-Au/ZnO NW and Au/ZnO NW with crystal violet.
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This may be addressed by additional optimization of the synthesis step such as by hydrothermal growth
of ZnO nanowires through an epitaxial growth or by using a high aspect ratio periodic SU-8 template.
The gold NPs coating on the ZnO NWs were conducted on polymeric template as a mask such that gold
nanoparticles would only be deposited on the surface of ZnO NWs as displayed in Figure 3 c. The
morphologies of the Au NPs/ZnO nanowires taken from the removal of the polymer template were
shown in Figure 3 d, offering obvious proof of the uniformly decorated gold nanoparticles over a large
area. The structures obtained in this work are periodic hierarchical pattern nanostructures consisted of
cluster of almost 15 ZnO nanowires with diameters of 55 to 95 nm and leng of 550 to 650nm, uniformly
decorated with approximately 13nm of Au nanoparticles with an inter-particle distance of about 14nm,
in the periodic pattern with circular holes of 190 nm in radius.

The UV-vis spectra was measured so as to elucidate the optical property of the ZnO nanowires. The
UV-Vis absorption spectroscopy of the non-patterned and hp-ZnO nanowires, and the non-patterned
and hp-Au NPs/ZnO NWs synthesized on the FTO glass obtained at vertical irradiation as shown in
Figure 4a. The shoulder band peak at 527 nm in the latter 2 spectra are the property of plasmon
absorbance of the Au nanoparticles on the ZnO nanowires and are slightly shifted toward red color
compared to those of Pure gold nanoparticles (520 nm). The absorbance peak from 300 to 400 nm was
corresponding to the bandgap energy of the ZnO nanowires. Importantly, the periodic hierarchical
pattern samples including hp-ZnO NWs and hp-Au NPs/ZnO NWSs) exhibited more wider and intense
spectra with a broad absorbance from 400 to 800 nm than that of non-patterned samples. Although the
numbers of both gold nanoparticles and ZnO nanowires in periodic hierarchical pattern sample are
lower than those of the densely packed non-patterned samples. The increased UV absorption of the
periodic hierarchical pattern sample can be ascribed to the mixing scattering effect taken by the coupling
of different size in the hierarchical pattern. Generally, the intensity of scattering can be controlled by
light incident angle, polarization and a relation of the ratio of the particle diameter to the wavelength of
light.*° For example, working electrode composed of 25 nm of nanocrystalline TiO, (nc-TiOz) with
lager TiO; particles was exhibited increased photocurrent density in Dye sensitized solar cell.*
Compared with the single layer of the nc-TiO, where the light was weakly scattered, the double layers
assembled with larger particles and thus with longer effective light path lengths can have much greater
light trapping effect via multiple scattering, i.e. Mie scattering where electromagnetic radiation is
scattered by a particle with the size of diameter-to-wavelength ratio approaching 1. Therefore,
combination of two dimensions in periodic hierarchical morphology (380 nm of circular holes and 12
nm of NPs) can maximize the light trapping, resulting in a strong and broad absorbance band in the
visible light region (400 nm — 800nm) in a similar way. Upon this result, the spectra of SERS measured
from 1 x 10~ "M of crystal violet (CV) solution on the hp-Au NPs/ZnO NWs with the excitation at 633
nm is compared with that of the plain Au NPs/ZnO NWs (Figure 4 b). The SERS results exhibited great
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improvement in the hp-Au NPs/ ZnO NWs, which is well matched with the absorbance spectroscopy
in Figure 4 a. The enhancement factor (EF) surveyed for hp-Au NPs/ ZnO NWs was 1.5 x 108 as
calculated in the supporting information.
The higher SERS EF of the periodic hierarchical structures than that non-patterned structure is attributed
to the favorable absorbance of the plasmon resonances of gold nanoparticles enhanced by the increased
photon wave surrounding them because of the bigger dimensions of patterned ZnO NWs (380nm in
diameter). Furthermore, the inter particle distance between the Au NPs in the periodic hierarchical
structure is 10-15nm, which is satisfied to take a localized hot spot via the increased collective
oscillation by the adjacent nanoparticles.
In this situation, the bundle of Au NPs in a single unit cell of the large scale pattern could be considered
as cluster with the combined plasmonic effects of many small NPs. Hence, the combination of two
different dimensional size in the hierarchical structures can maximize the absorbance of the surface
plasmons by balancing the promoted dipolar plasmon resonance and increased photon trapping.
The performance of PEC was obtained using closed circuit composed of Au NPs/ZnO NWs, Pt mesh
and Ag/AgCI as a photoanode, a counter electrode and a reference electrode, in 0.5M of Na,SO.
(pH=6.8) electrolyte solution, and the photoresponses are included in Figure 5. The surface plasmon
enhanced PEC mechanism of Au NPs/ZnO nanowires is illustrated in Figure 5 a and c. After the
plasmon generated electrons are moved from gold nanoparticles to ZnO nanowires, the oxygen
evolution reaction was occurred at the surface of oxidized Au NPs or of the ZnO semiconductor. The
photoexcited electrons from Au NPs and ZnO Nws are flowed and collected at counter electrode where
the hydrogen gas is generated by the reducing H* ions, while the photoexcited holes can be extracted to
the interface of ZnO NW/electrolyte and reacted with the OH" ions to generate the oxygen gas. The
current-voltage curve of ZnO NWs and Au NPs/ZnO nanowires under 1sun condition is shown in Figure
5 a. The UV cutoff filter ( A > 420 nm) was used so as to elucidate the PEC performance of ZnO NWs
solely in the visible light. The photocurrent density of Au NPs/ZnO nanowires shows the approximately
3.5times higher than that of the ZnO NWs at 0.5 V indicating that Au NPs can effectively absorb the
visible light by the resonace of surface plasmon. Furthermore, the hp-Au NPs/ZnO nanowires display
more enhanced photocurrent than non-patterned Au NPs/ZnO NWs against all voltage regions. This is
attributed to electrons generated by more highly localized surface plasmon are easily extracted to
surface of ZnO NWs without a recombination.!® Thus, the enhanced PEC performance becomes higher
when increased by plasmonic gold nanoparticles with a higher excitation.

The stability of the PEC performance of the hp-Au NPs/ZnO NWs photoanode after 30 on/off
illumination cycles was confirmed in Figure 5 b.

When solar light including UV and Visible region were shined without UV cutoff filter, the PEC

performance of ZnO nanowires was enhanced by a factor of ~30 because the additional direct excitation
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of electrons in ZnO nanowires by increased UV light absorbance. The photocurrent density of hp-Au
NPs/ZnO NWs and Au NPs/ZnO NWs was 4.2 and 1.8 times higher than that of ZnO NWs at 0.5V,
respectively. This result can further support the water splitting mechanism of ZnO NWs based on
surface plasmon excitation and the efficient photon trapping effect. The photoresponses over time (I-t
curve) of the samples were measured at + 0.5 V with chopped illumination of AM 1.5 at a rate of 10 s
exposure followed by 10 s nonillumination, as shown in Figure 5 d. The sharp spike/dip shape in the I-
t curve during the on/off irradiation cycles imply the fast transfer of photoexcited electrons in ZnO NWs.
Overall, photocurrent and the rate of the solar water splitting in the hp-Au NPs/ZnO NWs are more
prominent because of the increased photon trapping effect, which also can explain the contribution of
electric field enhancement of surface plasmon to the photocatalytic conversion reaction. This study
conclusively exhibited a correspondence between the SERS property and the performance of PEC
reaction proceeding by hot electron transfer and other possible charge transfer mechanism between Au
NPs and ZnO NWs.
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4, Conclusion

In conclusion, by combining Au NPs with ZnO NWs, we have fabricated hierarchical
metal/semiconductor nanostructures with excellent performance for surface plasmon enhanced water
splitting under visible light illumination. We also experimentally demonstrated a positive relationship
between SERS properties and the rate of plasmon enhanced photocatalytic water splitting by the
comparison of plain Au NPs/ZnO NWs with hierarchically patterned Au NPs/ZnO NWs. The improved
absorbance and enhanced photoconversion effi ciency of hierarchically patterned Au NPs/ZnO NWs
are obtained as a result of the maximized scattering effect, by the coupling of the large scale period of
the nanostructure into the small scale of the NW diameter. Interference lithography-base fabrication of
hierarchical Au NP/ZnO NWs enables the straightforward integration of multiple dimensions of
nanostructures with a large coverage area and high reproducibility. The excellent performance of the
hierarchical Au/ZnO nanostructures enables greater potential for semiconductor/metal hybrid structures

for application in energy-related materials and photocatalysts with high electron collections.
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I-V curve of hp-Au NPs/ZnO NWs after 30cycles working. (c) 1-V curves under both UV and visible
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illustrations showing the PEC mechanism of the ZnO NWs photoanodes.
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Chapter 4. An optimal substrate design for SERS: dual-scale diamond-shaped gold nano-
structures fabricated via interference lithography

1. Indroduction

The fabrication of metal nanostructures such as periodic arrays, plate or nanoparticles has received great
attention due to its superior optical properties such as scattering and plasmonic effect for the
biomaterials, optical devices and nano electronic.'® Surface enhanced Raman scattering (SERS), which
apply the localized surface plasmons by an electromagnetic wave in metal nanostructures, is one of the
very strong sensing method, allowing for real time, non-destructive, and very sensitive measurement
for detection of organic-inorganic species and biomoleuces.®*! The very weak Raman signals which
comes from even single molecule detection can be increased up to 10 to 10" times at “hot spots” by
controlling the morphology for increase of the electric field.*? The control of the inter particle distance
and structure and morphology of the metal nanoparticle in the nanometer scale i.e. interactions of inter-
particles, as well as the effect of sharp shape, which can occur remarkably enhanced local
electromagnetic fields have been studied for increase of SERS signal. Thus, a properly rough surface
with a disordered nanoparticles with smaller size than the wavelength of light has been designed a
highly sensitive SERS, because the contribution of plasmon oscillation is more active by nanometer
size of particles than by larger particles.?? There are major factors for enhancing the sensitivity of SERS
substrate such as rough surface of metal, small metal nanoparticle and periodic metalstructures in
submicrolength, among them, the periodic nanostructures have merits because the periodicity and inter-
particle distance of the metal nano-structures which are tightly related to increase of SPR can be
controllable.

Interference lithography (IL) is a sophisticated technique to quickly fabricate periodic nano-structures
by transferring the laser intensity distribution into a photoresist in large area without defects.®”% The
morphology and geometry of the nanostructures could be controlled via the proper choice of laser
components of IL which is a good method to fabricate the sensitive SERS sbustrate. ; this in turn will
affect SPR coupling, which can be varied to optimize the SERS reaction for a given signal. Furthermore,
the periodic structures by IL can be controllable optimization by providing a uniformly and reliable
substrate which solves the reproducibility problem in SERS Whereas, the enhancement factor (EF) of
SERS substrate by interference lithography is still low (10° to 10°) because the dimension and distance
between adjacent nanostructure is too large to occur the SPR effect by wavelength of light.282°
However, The lager dimensional structures, which can increase the light scattering and diffraction by
reacted with generally available Raman laser for SERS measurement, are also be considered as a

supporters for highly sensitive SERS substrate by helping increase the light path which can occur the
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SPR effect of small metal nanoparticles. Therefore, nanometer scale structures on the few hundred nm
scale, which greatly affect the absorption properties, i.e. effective light trapping,®* caused by the
maximized scattering events and the increase in the path length of the light, are also important for
rational and controllable design of further optimized SERS substrates.

Here, we report the highly sensitive and reliable SERS substrate using a few hundred nanometer sized
diamond-shaped Au nanoarrays (DGN) which decorated with a few tens nanometer scale of gold
nanoparticles via interfere lithography (IL) and solution deposition. We discuss the synergetic effect of
SPR and light scattering on the SERS signal by both simulation and experimental method. The much
enhanced SERS performance of gold nanoparticle decorated DGNs (d-DGNs) demonstrates that
appropriate proposed hybrid nanostructures can result in enhanced energy materials such as working
electrodes for solar cell and PEC cell as well as SERS substrate. The merits of IL in the synthesis of
hybrid structures are that they permit facile design to dual scale structures with a dimension of a few
hundred nanometers with uniform condition, where the size of the morphologies are essential for

sufficient light scattering in visible range as origin of SERS excitation.
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2. Experimental

Chemicals used

4-aminothiophenol (Sigma-Aldrich, 97%), SU-8 2010 (microchem), 1-methoxy-2-propanol acetate
(SAMCHUN,99%), (3-mercaptopropyl)-trimethoxysilane (Sigma-Aldrich,95%), acetone
(Skchemicals,99.5%), isopropanol (Skchemicals 99.5%), ethanol (Fisher scientific,99.9%), chloroauric
acid (Sigma-Aldrich, >99.9%), sodium citrate (Sigma-Aldrich, >98%), zinc nitrate hexahydrate
(Sigma-Aldrich, >98%), hexamethylenetetramine (HMTA) (Sigma-Aldrich, >98%), sodium hydroxide
(Duksan pure chemicals) Ethanol, crystal violet(CV) (Sigma-Aldrich, >90%). All chemicals were used

without further purification.

Fabrication of DGN patterns via interference lithography

The silicon substrates were cleaned using ultra-sonication with acetone, IPA and DI water for
15min and blow away by N2 gas. A 5nm of Chrome layer and 300nm height of Au were coated
by e-beam evaporator on the prepared substrate. In the case of

A 5nm Cr layer and 300 nm thick Au film was deposited by e-beam evaporator onto the Si
substrate. A Cr/Au coated substrate was dipped in ethanol solution of 10mM 4-ATP (4-
aminothiopheol) for 8 hours to attach 4-ATP SAMS monolayer on gold film. After remove the
residue of 4-ATP, a 500 nm thick photoresist film was coated by spincoating at 3000rpm on the
Au substrate to fabricate periodic patterns with circular holes through interference lithography.
The Su-8 coated samples were double exposed for 6 x 6s by rotating the sample 90 degrees.

A post-exposure bake and hard-bake procedures were conducted for 10min at 75°C and 95°C,
respectively, before develop eh Su-8 photoresist by propylene glycol monomethyl ether acetate.
After plasma treatment (1.5 Torr using Room Air, 18W) for 10 min on patterned SU-8 gold
substrate, the gold is partially etched away by metal reactive ion etching (metal RIE) at 2m

Torr of Clo/Ar (10sccm:40sccm) condition.

Attachment of gold nanoparticles on the DGN substrate.

The ethanol solution of 30 mM of chloroauric acid was mixed with solution of 1% of sodium
citrate. The mixture was placed in the oven at 100°C for 30min and stay it cool down to room

temperature. The pH of the mixture solution was optimized to be 8 using NaOH solution.
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3. Results and Discussion

The illustrations of the figure 1 depict the synthesis procedure to fabricate d-DGNSs. First, a 300nm of
gold film was coated on the cleaned silicon substrate and monolayer of 4-aminothiophenol was coated
on Au film to enhance the adhesion between polymer photoresist and gold. A two-dimensional periodic
patterns of holes in 300nm height Su-8 photoresist were fabricated thorough IL composed of 325nm of
He-Cd laser. To fabricate the 350nm and 550nm holes in Su-8, periodicity of template with 550nm and
800nm was used, respectively. For shape control of DGNs we used a hardening process

The hardening treatment, which help increase the durability of Su-8 polymer template was conducted
to shape control of DGNs more easily. The O, plasma was treated on periodic Su-8 patterns to fabricate
the diamond shape of polymer template with sharp edge by etched away thinly connected regions in
Su-8.% The thickness of Su-8 reduced to 300nm and the circular walls were removed and diamond
shaped polymer template was fabricated by the isotropic O, plasma etching. To fabricate the diamond-
shaped gold arrays, the open region of the Au film were etched away using a R.1.E process. As distance
between hole-hole become longer, length between the edges of the arrays, the sharpness of gold posts
become shorter by varying the tip angle from 80 to 30 degree after RIE reaction. Then, the residue Su-
8 polymer was fully etched by the long-time O plasma. Finally, clusters of 25-35nm of Au NPs which
increase the SPR effect were decorated by hydrothermal growth on diamond shaped gold arrays and Si
substrate using a precursor of Au.

The SEM images of the nanostructures during the fabrication steps for the d-DGN are shown in Figure
2. Figure 4a shows that height, period and diameter of periodic polymer template designed in this work
are a 500nm, 550nm and 350nm, respectively, synthesized through IL.The periodic diamond shaped
Su-8 arrays with a length of 350 nm and distance between the each edges in from 150nm — 200nm
fabricated by O, plasma treatment as shown in figure 4b. Figure 4c is a SEM image of the d-DGN
followed by RIE etching to get rid of the open region of gold substrate between the posts. The design
of a diamond shape which has the 4 sharp edge is selected rather than a cylindrical Au post shape so
that get the higher EF because the sharp edge can increased intensity of SPR along the faces and these
results are well matched the simulation data. The d-DGNs synthesized from deposition of Au NPs on
the surface of the DGNs, showing clear proof of the uniformly decorated gold nanoparticles over a large
area with 25-30nm diameters are shown in Figure 4d.? Even though the periodicities of Au NPs are
slightly random, the gap between Au NPs is considered to less than 8 nm because of the high
concentrations of Au NPs, that is essential to take remarkably enhanced SERS signal.

Furthermore, it is notable that the AU NPs has preferred to grow at the end of diamond gold posts and

this tendency will facilitates to increase the localized surface plasmon.
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Figure. 2 SEM images of (a) a square pattern of air cylinders in a SU-8 film after baking and
development of the double exposure IL pattern. (b) Sharply pointed diamond shaped posts of SU-8
fabricated via oxygen plasma etching of the photoresist on the gold substrate. (c) 350 nm DGN with
200 nm spacing between edges after metal RIE of the gold film and removal of the remaining SU-8. (d)
A dual-scale 350 nm d-DGN after deposition of gold nanoparticles. The inset is a close-up image of the
rectangular area showing gold nanoparticle separation. Note that the preferential accumulation of gold
nanoparticles is apparent along the edges/tips of the nanoposts.
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Figure 3. TEM image of as-prepared Au nanoparticles.
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The absorbance spectrum of the gold nanostructure were measured so as to elucidate the effects of
morphological properties and dimensions and the reflection properties of the hybrid samples also are
taken as shown in Figure. 5. The 300nm of height and 350nm of periodicity of DGNs and 300nm of
height and 800 nm of periodicity of DGNs film on silicon substrates are shown Figure 5. The high
reflectance peaks of at pristine Au film from 500nm was corresponded to the nature optical property of
the gold. As compared with pristine Au film, the 350nm DGNs and 500nm DGNs exhibited much
reduced reflectance in the visible region which shows the light trapping nature of the periodic metal
structures. The direct-camera images in Figure 5. are well matched with the UV-vis spectrum. The
density of the gold film, 350nm DGNs, and 500nm DGNs is measured to be 100, 29.6 and 19.07 % of
gold by calculating the SEM images, the very enhanced in UV-vis absorption peak of 350nm DGNs
and 500nm DGNSs is because of the higher input of the scattering property. The maximize SER intensity
is taken when the minimum reflectance of an Au surface react with the Raman laser wavelength. The

350nm DGNs display a reflectance minimum 629.5nm and thus are assumed to exhibit the highest
SERS signal for 629.5 nm Raman laser however the 500nm DGNs display a red-shift of reflectance
minimum around 700nm. The increased UV-vis spectrum of 350nm DGNSs in the visible region in range
from 550nm to 650nm, demonstrates the largest SPR attributable to sufficient light because of the well
matched sizes of the DGN structure for scattering/diffraction with irradiated light in the visible range.
The effect of the number of DGN structure and the gap between gold nanoparticles on SERS intensity
was studied by examination of the EF measured from 1x107 M of CV solution on a pristine gold film
of irregularly decorated 30 nm gold nanoparticles and 3 DGNs with a stable diamond shaped
morphology of 350nm with a 629.5nm Raman laser. The DGN without Au NPs between gold nanoposts
(29% of gold density, denoted as DGN-29), a DGN with irregularly decorated 30nm Au NPs with a
density of 44% (denoted as d-DGN-44), and a DGN with irregularly deposited 30nm Au NPs with a
density of 78% (denoted as d-DGN-78) are examined. The average density of Au NPs on Si substrate
was optimized by changing the cycles of gold deposition and the density of gold precursor solution,
giving a manipulative substrate to study the increase of SERS. The average size of Au NPs sometimes
enhances reaching to 80-90 nm in diameter in the d-DGN-78 because of the synthesis of clusters.

The comparison of SERS spectra of CV on the pristine gold NPs and pristine gold nanopost is included
in Figure 4a. The peak at 1172 cm* of CV is used to calculate the SERS EF.

As compared with the very small peak of the DGN-29 sample (without Au nanoparticles between DGNs)
which well matched with the small EF values of the few hundred sized pattern nanostructures similar

to as reported elsewhere,?? the examined SERS peaks at 1591, 1371, 1172, 914 and 804 cm™are easily
obvious for the Au NPs substrate. The EFs of pristine Au NPs substrate and DGN-29 were obtained to

be 2.3x10%and 2.6x10°, respectively. The large differences approximately two order between the Au

NPs and DGN-29 can be attributed to the feature that extreme ratio of the EF comes from the excitation
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of the surface plasmon resonance mode supported by few tens of gold nanoparticles, however, the
mulipole resonance, which may come from a few hundreds of larger particle, result in a relevantly lower
EF at the visible range excitation.??3-3 Furthermore, Figure 6b shows the importance of the density of
gold structures for SERS enhancement was demonstrated by the comparison of the EF values for d-
DGN78, d-DGN-44 and DGN-29. Because decorated lower size Au NPs take advantages of dipolar
plamons, the gold nanoparticle decorated DGN nanostructures shows higher EF of SERS intensity. In
addition, inset images in each figures shows the more density of Au NPs DGN have, the more enhanced
EF signal is measured. The normalized light intensity ([E[?) distribution of the simulation data shows
the average gap between particle-particle is lower, the total electromagnetic fields are increased by
coupling of the metal nanopartiels. When the interpaticle distance in the d-DGN-78 is less than 10nm,
which is satisfied the condition for the optimizing their coupling with adjacent metal nanoparticles, the
bundles of Au NPs can become the clusters for combining plasmonic oscillation of the many small Au
NPs. This result is well matched with recent reports which explore the SERS enhancement of the electric
field via metal nanoparticle clusters in small gaps.2>“4! As compared with EF of d-DGN-78, the EF of
both DGN-29 and d-DGN-44 is lower due to low EM coupling. Therefore, the highly enhanced EF in
the d-DGN-78 can be attributed by synergetic effect of high surface plasmon resonance from small Au
NPs and the increased scattered light source for the excitation of the SPR of Au NPs from the light
trapping effect by DGN posts. The surface plasmon resonace acrroding to a function of the the
morphologies was designed through finite-difference time domain (FDTD) simulation.*>** A laser of

632.5 nm wavelength transferred vertically to the specimen with linear polarization along the
perpendicular direction. The enhanced electromagnetic wave near sharp edge of DGN is specially
noticeable when the polarization of the irradiated electromagnetic wave is parallel to the diamonal shape

DGN as shown in the simulation data.
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Figure 4. SEM images of low magnification mode: a) 350nm sized SU-8 polymer template with
sharp-edges. b) 200nm sized DGN gap between end of edges. ¢) DGN with Au NPs.
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in the each SEM image are normalized light intensity ((|E[) distribution of electric field distribution of
the each morphology on the top view via the height of the 300nm diamonal gold array
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The simulated intensity of electromagnetic waves in the inset of Figure 6f exhibits the highest SPR,
which is well matched to the experimental data. The highest SPR property is attributed to the favorable
excitation of the SPR of small Au NPs promoted by the multiple scattering feature of the lager DGN
array: the optical resonance of the larger DGN spread the optical light surrounding it. The increased
optical wave has the more chances to interact with the decorated small Au NPs and promote larger value
than the plasmonic strength from small Au NPs alone. We compared the SERS of irregularly spread Au
NPs, 350nm DGN and 500nm DGN so as to further study the influence of the size of the DGN structures
on light trapping and very intensive SERS. The peaks of SERS shown Figure. 8a for a uniform pristine

30nm of Au NPs and Au NPs decorated on 350 nm diamonal DGN and 500 nm diamonal DGN, each
with the similar areal density of 77%. The EF of SERS is calculated as 2.3 x 108, 2 x10°, and 7.8 x108,
respectively from 632.5nm of Raman laser. The 10 times and 3 times higher EF of SERS of Au NPs
decorated 350nm DGN than that of pristine Au NPs film and Au NPs/500 nm DGN is obtained due to
light trapping effects. It is noteworthy that the EF of 350nm d-DGNs is higher than 500nm d-DGNs
because 350nm DGN arrays can be interacted better than 500nm d-DGNs with 632.5nm laser.

This correlates well with the previous experiments on metal coated spheres with various diameters
ranging from 350 nm to 800 nm made from polystyrene beads; the 350 nm diameter sphere exhibited
the greatest plasmonic peak at an excitation of 633 nm.*#6 The FDTD simulations also verify the
comparison of the electric field enhancement between simple gold nanoparticles substrate and two
dimensions of diamond-shaped 300 nm-thick gold nanoposts (350 nm and 500 nm diagonal dimension).
From our systematic approach, we suggest that the compact assembly of small particles is not the best
choice to construct enhanced hot spots within a certain area. If the minimum density and suitably small
size of gold nanoparticles are maintained, the total EM field can be further enhanced by the introduction
of a properly designed larger dimension structure with the capability of maximizing the absorption of
the light for plasmonic excitation. Additionally, the d-DGN structure provides a highly repeatable EF
compared to the pure gold nanoparticle pristine substrate due to the uniformity of gold deposition
performed on the pre-patterned substrate, which is one of the most challenging issues for reliable SERS
measurements. For example, the SERS spectra from 10 random locations on each sample are quite

similar for 9 out of 10 samples.
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Figure 7. Simulated Electric field distribution of (a) circular shape and (b) diamonal shape of gold

structure with the 350nm diameter and 500nm periodicity.
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Figure. 8 (a) SERS spectrum of DGN taken at 632.5 nm laser excitation with a power of 0.1 mW; (b—
d) SEM images of SERS substrates: Au NPs on flat Silicon substrate (b); d-DGN with the dimonal
dimension of 350 nm arrays (c); and d-DGN with the dimonal dimension of 500 nm posts (d). The
corresponding calculated electric field enhancements are given. The power of the lasers are normalized

to the same scale for comparison. The highest plasmonic behavior of the structure in (c) is observed.
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4. Conclusion

In conclusion, we successfully fabricated a Au NPs decorated DGNs as a highly sensitive and
reproducible SERS substrate by using interference lithography which can control the morphology of
the gold arrays. A DGN with a diamonal size of 350nm was designed to obtain maximum photon
trapping effects through increased light scattering because of the dimensions of the nanostructure, which
are similar dimension to the wavelength of the incident laser. The photon trapping in the d-DGN
morphology with well controlled density of Au NPs results in an extremely enhancement in the
absorbance of the visible light range, leading to a reliable SERS EF of higher than 10°. These results
exhibit that the synergy of a dual-scale structure is a good approach for achieving maximized SERS
enhancement by light trapping in the larger dimension structures as well as enhanced plasmon excitation

in the smaller size particles.
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Chapter 5. MoS,/Ti-doped a-Fe;O3; Heterojunctions for Enhanced Photoelectrochemical

Performance

1. Introduction

Photoelectrochemical (PEC) cells that convert solar energy to a hydrogen gas has attracted much
attention since Honda and Fujishima demonstrated the first application of titanium dioxide (TiO;) in

1972.%*However, the large band gap of TiO, (3.1-3.3eV) hinders absorption of visible light and limits

the solar-to-hydrogen efficiency to 2.2% under AM 1.5 illumination® © To substitute the TiO,
photoanode for the PEC cell, many semiconductor materials with a lower band gap have been
researched, for example, Fe;Os, BiVO,, WO; and TazNs.”* Among many semiconductors, hematite (o-
Fe203) is one of the most fascinating photoanode materials with a high theoretical maximum solar-to-
hydrogen efficiency of 16%, a relatively low bandgap (2.1-2.2 eV), low cost, high chemical stability,
non-toxicity and abundance.'*

However, several problems, such as a very short diffusion length, low conduction band bottom and
short carrier life time, have prevented hematite from achieving the practical excellent PEC performance
of a-Fe,03.1%1" To overcome these drawbacks, diverse methods have been investigated such as doping
of a-Fe;03 by elements, morphology control and adoption of catalysts on the surface of a-Fe;Os. Si, Ti
and Pt have been widely used as dopants to enhance PEC performance by increasing the electrical
conductivity, crystallinity and hole diffuse length.'® 8 1° For example, nanotubes, nanowires, ultrathin
sheets and 3D-inverse opal structures of a-Fe;O3 with facile hole/electron transfer pathways have been
suggested to solve these issues of a-Fe,03.2% Besides, applying catalysts such as Co-Pi and IrO; on
the surface of a-Fe,O3 has been suggested to improve the PEC performance by reducing the onset
potential 224
Recently, the p-n heterojunction has been tried to enhance the PEC performance of the photoanode
because it is hard to obtain maximum PEC performance using a single material photoanode because of
the fixed bandgap, band position and poor charge separation of photogenerated electrons/holes. It has
been reported that the electric field created in the p-n junctions of semiconductors not only suppresses
the charge recombination but also enhances the photogeneration of electron-hole pairs.?>%

The molybdenum disulfide (M0S), a two-dimensional (2D) sheet with an optical band gap of 1.8 eV,

falling in the visible range, has received great attention in phototransistors,® gas sensors,® electro-
catalysts® and other applications due to its unique electronic, mechanical and optical properties.
Moreover, the MoS; thin layer, which is considered as a p-type semiconductor,® can easily extract the
holes from a photoexcited absorber by fabricating the p-n junction with an n-type semiconductor, such
as MoS,/CdS or MoS,/rGO junctions.®* 3 The simplest way of synthesizing MoS; structures is by the
hydrothermal method using ammonium thiomolybdate precursors. However the thermal decomposition
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of ammonium thiomolybdate into MoSz, NHs, S is inevitable at temperatures above 800°C. The low
temperature-hydrothermal growth yields MoS; but with some impurities or non-stoichiometric portions
that are commonly denoted as amorphous MoSx.* It has been reported that MoSx , which can be
synthesized with a cost-effective method, also showed high electrocatalytic properties in
hydrodesulfurization (HDS)*, oxygen reduction reaction (ORR)*® and hydrogen evolution reaction
(HER).***! However, studies on the electron-hole transport properties of MoSx have barely been
reported in the PEC cells.

In this study, we report a p-n heterojunction of MoSy and Ti-Fe,Os for enhanced PEC cells fabricated
via a simple hydrothermal growth and CVD synthesis. The best PEC performance of MoS, /Ti-Fe;Os
was obtained by optimizing the thickness of the amorphous MoSx layer in the p-n junction. MoS,/Ti-
Fe,O3 had 150% and 240% improved PEC efficiency over Ti-Fe.Os and pristine Fe;Os, respectively,
which can be attributed to the reduced charge recombination and back reaction and the enhanced carrier

transport to the electrolyte solution.

2. Experimental section

2.1 Preparation of Ti-Fe,Oz and MoSx/Ti-Fe;O3
For the synthesis of Ti doped Fe2Os (Ti-Fe203), the FTO substrate was immersed in a mixture
of 2.4 ul of TiClz and 40 ml of FeCls*6H20 and kept in a convection oven at 100 °C with a
ramp rate of 1 °C/min for 4 hrs. The samples were washed with DI water and EtOH. Finally -
FeOOH was annealed at 550 °C for 1 h and 800 °C for 20 min in the furnace.
To fabricate precursors of MoSx, 0.1 wt% of (NHs)MoSs in DMF was diluted to the proper
concentration. The 10 pwt%, 100 uwt% and 1000 uwt% of (NH4)MoS. solution was drop-
casted on Ti-Fe203 for 10-MoSx/Ti-Fe203, 100-MoSx/Ti-Fe203 and 1000-MoSx/Ti-Fe20s,
respectively, and annealed at 100 °C for 10 min. To fabricate MoS/Ti-Fe>O3z, the (NHs)Mo0S4
treated Ti-Fe,O3 was placed in a quartz tube with an outer diameter of 2 inches and heated at

700 °C under Ar (200 sccm) atmosphere with sulfur powder in alumina boat for 1 h.

2.2 Photoelectrochemical measurement

The PEC performance of the Ti-Fe>Os and MoS,/Ti-Fe2Oz electrodes was explored in a three-
cell electrode system under front-side illumination of AM 1.5 G. An Ag/AgCl electrode and a
Pt mesh were used as reference and counter electrodes, respectively. A solution of 1 M NaOH
was used as an electrolyte. The exposed area of the working electrode was an exact value of
0.287 cm?. Photocurrent stability tests were carried out by measuring the photocurrent

produced under chopped light irradiation (light/dark cycles of 30 s) at a bias of 1.50 V versus
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RHE. ). IPCE measurements were also conducted using an EQE system (Model QEX7) by PV
Measurements Inc. (Boulder, Colorado) with 3 electrode system. Electrochemical impedance
spectroscopy (EIS) was carried out at a frequency range from 100 kHz to 0.1 Hz using a
potentiostat at 1.50 Vrue. The photodegradation of methylene blue (MB) was measured by
separately immersing Ti-Fe;Os and MoSy/Ti-Fe>03 in 100ml of the MB solution (50mg/l in
water) under illumination. After the given exposure period, the absorbance change of MB was

tracked by a UV-visible spectrophotometer to compare the photocatalytic activity.
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Figure 1. Scheme for fabrication of a MoS,/Ti-Fe;O3 photoanode for the PEC cell. (I) Hydrothermal
growth of FeOOH with TiCls. (1) Annealing of Ti doped FeOOH at 800°C for 20 min in the furnace.
(1) Drop-casting of (NH1).MoS4on Ti-Fe;Os. (IV) Annealing of Ti-Fe;Os/(NH4),M0S4 at 700°C for 1
h with sulfur powder sitting aside in the CVD chamber under an Ar gas condition.
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3. Results and Discussion

The MoSx/Ti-Fe,O3 photoanode for the PEC cells was fabricated by a combination of the hydrothermal
growth method and CVD growth method as shown in Figure 1. First, a thin layer of Ti-doped B-FeOOH
nanowires (in yellow) was grown on the pre-cleaned FTO glass substrate by dipping in a mixture of
FeCls*6H,0 and TiCl; solutions. To convert Ti-doped B-FeOOH to Ti-Fe;O3, B-FEOOH/FTO was two-
step heated in the furnace at 5500C for 1 h and 800 oC for 20 min. The high temperature annealing is
known to enhance the PEC performance of Ti-Fe,Os, due to the creation of improved crystallinity of a-
Fe,03 as confirmed by XRD (Figure S1). To deposit MoSy on the surface of Ti-Fe,Os, the (NH4)2MoS4
solution was drop-casted on Ti-Fe;O3 and the sample was placed on the hotplate at 1000C. The prepared
(NH4)2M0S4/Ti-Fe,O3 sample was annealed at 7000C for 1 h in Ar atmosphere CVD conditions with
sulfur powders in an alumina boat which allowed it to be evaporated for the conversion into MoS,/Ti-
Fe,0s. Figure 2a is the TEM image of Ti-doped Fe203 with a lattice spacing of 0.25 nm, which
corresponded to the (110) lattice of a-Fe203. Figures 2b-2d show the variation in the thickness of the
MoSy layer coated on the surface of Ti-Fe203 after the CVD reaction. The phase of the thin MoSy layer
was amorphous whereas a clear surface of Ti-Fe,O3 with the lattice spacing of 0.25 nm was observed,
as can be seen in Figure 2b (The further confirmation of MoSx will be discussed in the following section).
As shown in the TEM image, the thickness of MoSx increased by increasing the concentration of the
precursor solution, (NH4)2M0S., from 10 puwt% to 1000 uwt% (10-MoSx, 100-MoSy, and 1000-MoSx
was designated accordingly). Measurements of 1 nm, 3.25 nm, and 18.5 nm of the MoSy layer on the
surface of a-Fe203 were observed in 10- MoSy/Ti-Fe,O3 (Figure 2b), 100- MoS,/Ti-Fe,0; (Figure 2c)
and 1000- MoS,/Ti-Fe;O3 (Figure 2d), respectively. We found that the one with the uniform distribution
of the thinnest MoSx layer (10- MoSy/Ti-Fe;O3) exhibited the best PEC performance, as will be

illustrated in Figure 5.
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Figure 2. TEM images of (a) Ti-doped hematite (Ti-Fe.O3), (b) 10-MoS,/Ti-Fe;0s, (c) 100-MoS,/Ti-
Fe,Os3 and (d) 1000-MoS,/Ti-Fe,Os. The thickness of the MoSy layer was controlled by changing the
concentration of the (NH4)2Mo0S4solution from 10 pwt% to 1000 puwt%.
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To investigate the composition of MoSx more clearly, X-ray photoelectron spectroscopy (XPS)
analysis and energy dispersive X-ray spectrometer (EDX) were performed. The XPS peaks at
226.1 eV, 228.6 eV and 231.9 eV in Figure 3(a) correspond to S 2s, Mo** 3ds/2, and Mo** 3ds2,
respectively.?® The small Mo®* peaks at the 233.4 eV and 235.0 eV represent the presence of a
trace amount of MoOs at the surface of MoS,/Ti-Fe,O3 as described in other studies.?’? The
S 2p spectrum of MoSx was split into two S doublets (S% and S, %), and the SO4% peaks are
shown in Figure 3(b). The XPS peaks at 160.7 eV and 162.2 eV are attributed to S*, and 163.3
eV and 164.5 eV are attributed to S;%. The SO4* peak at a higher binding energy indicates a
side product of MoOs during the MoSy formation on the hematite substrate.?” However, MoOs
does not affect the PEC performance since it is already etched away in the pre-treatment NaOH
solution and does not remain in the final product.*®

The EDX mapping data of MoSx/Ti-Fe,O3 as seen in Figure S4 confirm the uniform
distribution of Fe, O, S and Mo on the hematite nanorod. It should be noted that the uniformly-
coated MoSx layer can protect Fe,Oz from reductions by generated oxygen gas which occur at
the surface of the MoSy layer and help the facile hole transfer driven by the electrostatic field
at the p-n junction of MoSx and Ti-Fe2Oz. The optical band gap and valence band maximum
(VBM) was obtained to specify the creation of the p-n junction of MoSy/Ti-Fe.Q03z, as shown in
the inset of Figure 4(a) and Figure S5, respectively. To confirm the electrical property of the
MoSx film, a Mott-Schottky plot was obtained at an AC frequency of 10kHz in the dark
condition with 0.5M NaSO4 electrolyte. The MoSx film showed a negative slope in the Mott-
Schottky plot, indicating p-type behavior, as shown in Figure S6.% % The slightly increased
absorbance of MoSy/Ti-Fe2O3 over that of Ti-Fe2Os was detected in the range of 430-550 nm.
This can be attributed to the absorption of MoSx in this range as shown in Figure S7. The Tauc
plot in the inset of Figure 4(a) provides the optical band gap of MoSx and Ti-Fe,O3 with 2.07
eV and 2.1 eV, respectively, which is in agreement with the previous reports.?*“ Since the
VBM is 0.78 eV for MoSx and 1.65 eV for Ti-Fe;Os, as obtained in Figure S5, the band
positions of MoSx/Ti-Fe2Ozcan be drawn as shown in Figure 4(b). The electron-hole transfer
mechanism behind the p-n junction of MoSx and Ti-Fe20s is as follows: When MoSx and Ti-
Fe,O3 were in contact, band bending occurred to get an equilibrium of Fermi level, which
created the p-n junction. Upon light excitation, electrons were excited from the valence band
(VB) to the conduction band (CB) of Ti-doped Fe;Os and MoSx.
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Figure 4. (a) UV/Vis absorbance of Ti-Fe;Ozand 10-MoS,/Ti-Fe,0s. The inset in the Tauc plot  (ahv)?
as a function of photon energy presents the optical bandgap (Eg) of 2.1 eV and 2.07 eV for Ti-Fe,Os and
MoS,/Ti-Fe 03, respectively. (b) Schematic illustration of band energies and charge transfer process at
the p-n junction of MoS,/Ti-Fe20s. (¢) The PL spectra of Ti-Fe,O3 and 10-MoS,/Ti-Fe;Os. (d) The
photodegradation of methylene blue by Ti-Fe;O3; and 10-MoS,/Ti-Fe;Osat 1.5Vrke.
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The electron from CB of MoSx was then transferred to CB of Ti-Fe2Os due to the energy
level difference as shown in Figure 4b. The holes from VB of Ti-Fe>Os were transferred to VB
of MoSx driven by the electrostatic field and reacted with OH™ to create O, gas, whereas
electrons that had arrived at the Pt counter electrode through FTO glass generated the H> gas.
Therefore, the internal electrostatic field in the space charge region of the p-n junction region
can promote the extraction of the photo-induced carriers, which leads to increased O, and H>
generation in the PEC cell by providing effectively separated pathways of electrons and holes.
The charge trapping and recombination of photoinduced electron-hole pairs in the
semiconductor were measured by the photoluminescene (PL) spectrum. The PL intensity of
10-MoSy/Ti-Fe,Oz was much weaker than that of Ti-Fe.Os in the range from 450 nm to 600
nm under excitation at 400 nm as shown in Figure 4(c). This result indicates the fast electron-
hole transfer between Ti-Fe,O3 and MoSx, which can be attributed to the presence of the p-n
junction in the MoS,/Ti-Fe20s. The photodegradation of methylene blue (MB) provides more
direct evidence of the degree of electron-hole recombination in the semiconductor, because
MB reacts with the holes accumulated at the surface of the semiconductor under illumination.*’
Each photoanode (Ti-Fe2Ozand 10-MoSx/Ti-Fe203) was immersed in 100 ml of MB solution
(50mg/ml in water) and shined by an AM 1.5 solar spectrum at 1.5 Vrue. After the given
exposure period, the absorbance change of MB was tracked by a UV-Visible spectrophotometer
to compare the photocatalytic activity of the photoanodes. As shown in Figure 4(d), the
concentration of MB (C/C,) for 10-MoSx/Ti-Fe203 was lower than that of Ti-Fe2O3, implying
an enhanced hole transfer process to the MB solution due to the suppressed recombination of
excitons in the 10-MoSx/Ti-Fe2O3 heterojunction.

Figure 5 (a) displays the photocurrent-potential curves of Ti-Fe;O3, 10-MoSx/Ti-Fe,0s, 100-
MoSx/Ti-Fe203 and 1000-MoS,/Ti-Fe,O3zunder one-sun (100 mW c¢m?) illumination with the
Ag/AgCl reference electrode, platinum counter electrode and 1 M NaOH (PH 13.6) solution of
the electrolyte. 10-MoSx/Ti-Fe2O3 showed respectively 150% and 240% higher photocurrent
density (3.03 mA cm) than Ti-Fe20s3 (2.00 mA cm2) and pristine a-Fe2O3 (Figure S8) at RHE

1.50 V. It should be noted that the thickness of the MoSx sheets did affect the PEC performance.
As the thickness of MoSy increased from 1 nm to 18.5 nm, the photocurrent density decreased
from 3.03 mA cm? to 0.5 mA cm at RHE 1.50 V as shown in Figure 5(a). This significant
decrease in photocurrent with the increase in MoSx layer thickness can be attributed to the

trade-off between the positive role of MoSy for the creation of the p-n junction and the low
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Figure 5. (a) 1-V curve of Ti-Fe203, 10-MoS«/Ti-Fe203, 100-MoS,/Ti-Fe;03 and 1000-MoS,/Ti-Fe;0s,
respectively. (b) Nyquist plots measured under illumination of Ti-Fe;Os;, 10-MoS,/Ti-Fe,0s, 100-
MoS,/Ti-Fe;03 and 1000-MoS,/Ti-Fe2O3 measured at 1.50 V vs REH. The inset is an equivalent circuit
model for fitting the experimental data. (c) IPCE curve of Ti-Fe;O3 and 10-MoS,/Ti-Fe;0s. (d) Dark
current of Ti-Fe,03; and MoS,/Ti-Fe203 by the O reduction reaction with O, bubbling in 1M NaOH.
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electrical conductivity of the amorphous MoSx layer where the holes are trapped.
To elucidate the thickness effect of MoSx and the charge transfer process at the
electrolyte/MoS,/Ti-Fe203, electrochemical impedance spectroscopy (EIS) was measured as
shown in Figure 5(b). The EIS was measured at a frequency range from 100 kHz to 0.1 Hz at
1.50 Vrre in @ 1 M NaOH electrolyte under A.M. 1.5 illumination. The Nyquit plots of
photoanodes were interpreted by the circuit shown in the inset of Figure 5(b) which is
composed of a 2RC or 3RC circuit and summarized in Table S1. The equivalent circuit consists
of a sheet resistance of Ti-Fe,O3/FTO, Rs, a space charge capacitance of the bulk hematite, Ci,
a capacitance of interface between MoSx/Ti-Fe20s3, C», a space charge capacitance of interface
between electrolyte/MoSx or electrolyte/Ti-Fe,Os, Cs, the resistance of the inside of bulk Ti-
Fe20s, Ry, the charge transfer resistance between MoS,/Ti-Fe2O3, Rz, and the charge transfer
resistance between the electrolyte/MoSxor electrolyte/Ti-Fe,Os, R3.*84°
The Rs, the left onset point in the Nyquist plot, commonly displays the sheet resistance in the
PEC system. As can be seen in Figure 5(b), the presence of the additional MoSx layer did not
change the sheet resistance of MoSx/Ti-Fe:O3 from that of Ti-Fe.Os. The Ry refers to the
recombination resistance inside bulk Fe.O3. 10-MoSx/Ti-Fe203 had the smallest R; and highest
C: value compared with other photoanodes. The low R: value in 10-MoS,/Ti-Fe>Os can be
attributed to the reduced recombination and easy extraction of holes from Ti-Fe>Ozthrough the
thin (~1 nm) MoSx layer in the p-n heterojunction. However, 1000-MoS,/Ti-H exhibited the
highest R1 and lowest C; which indicates the thick MoSy layer disturbed hole-extraction from
Ti-Fe203 and increased the recombination in the Ti-Fe>Os. The resistance between MoSx/Ti-
Fe203 (R2) also increased with an increase in the thickness of the MoSx layers as shown Table
S1. It is clear that even at a high potential (1.50 Vren), the hole extraction through thick MoSx
layers was difficult due to high resistance through the amorphous thick (~18.5 nm) MoSx layer.
Water oxidation that occurs by the reaction between water and holes from the photoanode in
water splitting generally showed the largest charge transfer resistance (Rs3), and a double layer
capacitance (Cs) can be observed at the interface of the electrolyte/photoanode. The R3 value
of the 10-MoSy/Ti-Fe,O3 sample was 4.45 times lower than that of Ti-Fe;Os, which can be
attributed to the superior photocatalytic property and easy hole extraction through MoSx and
reduced recombination. On the other hand, 1000-Ti-Fe.O3 with the 18.5 nm thick MoSx layer
had a high R3 value and a low C3 value, which demonstrates the poor water oxidation

behaviors due to the inefficient hole extraction through the amorphous thick MoSy layer.
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Figure 5(c) shows the incident photon-to-current efficiency (IPCE) of 10-MoS/Ti-Fe203
and Ti-Fe2Oz according to the incident light wavelength. The IPCE data were measured at an
applied potential of 1.50 V (vs. RHE) in an 1 M NaOH solution. The IPCE value of the 10-
MoSx/Ti-Fe;O3 at 380 nm was 58.15%, about 20% greater than Ti-Fe.O3, and showed overall
higher values in the overall wavelength ranges, which agrees with the previous data.

It is known that a back reaction, a reduction of created oxygen gases at the hematite/O-
interface, degrades the PEC performance by capturing the photo-excited electrons. Dapeng et
al. reported an efficient way to reduce the surface corrosion caused by the back reaction. 2°
Even the very thin TiO layer on the Ti-doped a-Fe>Os prevented direct contact of Oz with a-
Fe»Oz3 surface, which in turn hindered the reduction of the O. with excited electrons in a-Fe2Osa.
As shown in Figure 5 (d), the dark current of pristine Ti-Fe2Oz and MoS,/Ti-Fe2Os were
measured in the Oz-saturated 1 M NaOH solution under oxygen gas bubbling in the range of
0.50 Vrre and 0.80 VrHe. The high dark current density was observed for Ti-Fe.Oz due to the
oxygen reduction reaction, whereas the dark current of MoS,/Ti-Fe.O3 was greatly reduced.
Therefore, the MoSy thin layers efficiently protected the surface of Ti-Fe2Os from the back
reaction and contributed to the enhanced PEC performance of Ti-Fe2Os. Preventing photo-
corrosion and instability of the photoanode in the electrolyte solution is a critical issue for
securing the durability of the PEC cells. The cobalt-phosphate (Co-Pi) has been widely used to
enhance the PCE performance and stability of Fe2Os, because a thin layer of Co-Pi reduces the
chance of direct contact between the surface of the final electrode and the electrolyte, exhibiting
superior oxygen evolution performance.® In order to address the instability of MoSx and Fe,Os
in the electrolyte solution, Co-Pi passivation layers were deposited by using photo-assisted
electrodeposition, as reported elsewhere on the surface of MoSx/Ti-Fe;03.3! As shown in the
Figure 6(a), Co-Pi/10-MoS,/Ti-Fe,03 was 3.23 mA/cm?at 1.50 Vrue and the cathodic shift of
onset potential (0.85 VrHe), Which indicates enhanced PEC performance compared with that
of MoS,/Ti-Fe.Oz and Ti-Fe2Os. To observe the stability of the photoanode over time, the
chronoamperometric I-t curve of Co-Pi/10-MoSx/Ti-Fe2O3 was measured at RHE 1.23V with
a chopped illumination of A.M 1.5 under 30 s exposure on/off cycles up to 900 s in 1 M NaOH
solution. The enhanced stability comes from the effective separation between the alkaline-

weak-MoSx*? and NaOH electrolyte due to a thin Co-Pi layer on the MoSx.
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4. Conclusion
In conclusion, we demonstrated the positive effect of the creation of the p-n junction of

MoSy/Ti-Fe;O3 in PEC performance fabricated via a simple hydrothermal growth and drop-
casting method due to facile electron-hole transfer driven by an electrostatic field. The
optimized Ti-Fe.O3 with thin MoSx layer (~1 nm) showed a photocurrent density of 3.03
mA/cm? at RHE 1.50 V, which is 150% and 240% higher than that of Ti-Fe,O3z and o-FezOs,
respectively. The instability of the MoSx layer in an alkaline solution was addressed by
depositing a thin Co-Pi layer on the MoSyx. All the data, including XPS, TEM, IPCE, PL, EIS
and chronoamperometric I-t curve clearly confirmed the enhanced performance of MoSy/Ti-

Fe>Oz3 by the creation of a p-n junction with a facile electron-hole transport pathway.
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Chapter 6. Optimization of Quantum Dot-Sensitized Photoelectrode for Realization of visible
Light Hydrogen Generation

1.Introduction

Photoelectrochemical (PEC) cells which can convert solar energy to the chemical energy such oxygen
gas and hydrogen gas have received great attention.!” A Titanium dioxide (TiO,) has been considered
as a very good photoanode in PEC cells due to its superior catalytic properties, facile electron-transfer
feature, high chemical resistance and safe against toxicity.®!* Whereas, usage of the TiO, as a
photoanode in PEC cell is limited by low photo-catalytic property due to the large bandgap of 3.2 eV,
which can not absorb the visible light region.

Cadmium selenide Quantum-dots (CdSe QDs) have been applied as a high performance PEC materials
with proper bandgap for the visible light and relevant energy level align for the water oxidation and
reduction potential.'?® Even though CdSe quantum dot decorated TiO, PEC photoanodes have been
reported many times, those are relate to the studies about veil the properties of the CdSe quantum dot it
means that less attention has been focused to maximizing the performance of CdSe QD/TiO; system.
P25 , a commercially available TiO2 materials with 75% anatase phase and 25% rutile phase, have been
widely used a photovoltaic systems such as DSSCs, Organic solar cell and PEC cells.*”-

The novelty of the P25 is that it supply high surface area for active sites due to the high surface energy
from notable feature of nanoparticle the a few tens of nanometer dimensions. However, the drawback
of nano-scale P25 nanoparticles is not only low photoreaction by large band over visible light but also
large reflectance at the interface of air and TiO, having a high refractive index. When dimensions of
nanostructures are similar to the wavelength of irradiated light, the absorbance properties of the
nanostructures can be improve in the range of visible light through light harvesting, which increase the
possibility of absorbance by CdSe quantum dots.’®2! Thus, proper dimensional change of a P25
photoanode should maximize the power conversion performance of CdSe QD PEC cell.

In this chapter, we suggested an efficient strategy to enhancing generation of hydrogen gas using visible
light illumination through an superior QDs-sensitized photoanode with enhanced light-harvesting
ability. The light-harvesting P25 (Ih-P25) working electrode, composed of light trapping layer and anti-
reflectance layer, is fabricated using a 12-um height of P25 TiO2 film with nanocrystalline particles
(25nm) and a 150 nm height two dimensional patterned TiO, layer on top of the film and a 350nm
height of TiO, nanowire at the bottom. The arrangement of the light-harvesting layer at both the top
and the bottom of the mesoporous TiO; layer allows for absorbed light to be captured, thereby achieving
maximum intensity within a wide solar spectrum range.

Moreover, CdSe QDs/Ih-P25 can extend the capability of photocalytic property of P25 to visible range
by adding the lower bandgap of CdSe QDs than that of P25. The photocurrent density of CdSe QDs/Ih-
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P25 is approximately 18.7 mA/cm?, which is 35% higher than that of the CdSe QDs/P25 at 0.5 Vagiagci
under 1 sun irradiation. Furthermore, a remarkably high photocurrent of 16.4 mA/cm? was measured
with the UV filter (A > 420 nm) illumination by CdSe QDs/Ih-P25, indicating the reliable of synthesis
of hydrogen gas exclusively by visible light. The notably enhanced efficiency of CdSe QDs/Ih-P25
decorated by the increased light trapping structures composed of light scattering layer and anti-reflector
layer is an effective design to maximized P25 photoanode in PEC system.

2.Experimental Procedure

2.1 Chemicals used

Titanium isopropoxide, hydrochloric acid (37 wt%), P25-TiO2 (ENB Korea, 20 nm), Cadmium acetate
dihydrate (reagent grade, 98%) and Selenium (powder, 99.99%). All chemicals were purchased from

Sigma-Aldrich, and all chemicals were used without further purification.

2.2 Characterization

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 XRay
Diffractometer D/IMAZX 2500V/PC from 200 to 800. The diffuse reflectivity and UVvisible extinction
spectra were measured using a Cary 5000 UV/Vis/NIR and Cary-100 corns spectrophotometer (Varian),
respectively. IPCE measurements were also conducted using an EQE system (Model QEX7) by PV
Measurements Inc. (Boulder, Colorado). The surface area was collected by using a Belsorpmax(Bel

Japan).

2.3 Fabrication of p-TiO2NWs and p-PDMS

The FTO glass was cleaned using acetone and IPA in the bath of sonicator for 10min and nitrogen
blowing. A height of 300nm Su-8 film was coated on the prepared FTO glass and annealed at 100°C for
40min to remove the PEGDA solvent. The Su-8 coated samples were double exposed for 6 x 6s
by rotating the sample 90 degrees. A post-exposure bake and hard-bake procedures were
conducted for 10min at 75°C and 95°C, respectively, before develop eh Su-8 photoresist by
propylene glycol monomethyl ether acetate. The patterned SU8 film on FTO glass was placed in a
Teflon reactor vertically with a solution of 50 mL of water, 50 mL of HCI, and 5mL of titanium
isopropoxide and then heated at 1800C for 65 min to grow TiO2 NWs.[1] The TiO2 NWs/SU8 sample

was annealed in a furnace at 5000C for 30 min to remove the organic template and increase the
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crystallinity of the TiO2 NWS. In the case of p-PDMS, PDMS precursors were poured on 300 nm thick
patterned SU8 on a SiO2wafer and placed in a vacuum chamber to remove air bubbles from the PDMS.
The PDMS/SU8 sample was heated at 800C for 1h for curing and the patterned PDMS was separated
from the SU8 template.

2.4 Fabrication of the Ih-P25 electrode

P25 paste (ENB Korea, 20 nm) was coated on the top of p-TiO2 NWs and annealed at 5000C for 30min
to produce a 12um thick layer. In order to fabricate top patterned P25, a soft lithography method was
applied. After the P25 paste was imprinted by p-PDMS on 12um thick P25/p-TiO2 NWs, the sample
was heated at 550C for 50min to remove the residual solvent used for the P25 paste. The sample was
placed in a furnace at 5000C for 30min to obtain 12um thick p-P25/Ti0O2 NWs (Ih P-25).

2.5 Fabrication of CdSe/lh-P25

The CdSe layer was deposited on the surface of Ih-P25 using a successive ionic layer adsorption and
reaction (SILAR) process. To deposit CdSe onto 1h-P25 and P25, the sample was immersed into a 50
mM Cd(Ac)2 - 2H20 ethanol solution for 1min, washed with absolute ethanol, immersed into Na2SeSQO3
solution for 1min, and cleaned using D.l. water. The Na2SeSQOz solution was synthesized by dissolving
0.01 mol Se powder in a 0.1M Na2SOs3 solution at 90oC for 9 hours. These procedures were repeated
15 times to obtain the best performance and the samples were drawn out from a glove box filled with
nitrogen gas.
2.6 Calculation of effective refractive index of antireflection (AR) layer
The volume ratio of TiO; : air = 0.55 : 0.45 from the SEM image. On the basis of the effective medium
theory, the effective refractive index nar can be calculated as 1.93 by the following equation

nar= [ 0.55 X (nrio2)g+0.45 X (nair)q]1/q, g=2/3.

Here, ntio2 is 2.488 for anatase and nar is 1.

2.7 Photoelectrochemical (PEC) Measurement

The performance of PEC was measured for P25, 1h-P25 samples using Pt counter electrode and
Ag/AgCl reference electrode, respectively, in a poly-sulfide electrolyte of 0.24M NazS and 0.35M
Na,SO; solution with the pH 12. The power of the solar simulator was measured to be 100 mW/cm?
The electrochemical data were measured using a Princeton Applied research VersaSTAT 3 potentiostat.
Linear sweep voltammograms were obtained by increasing the voltage from -0.6 V to 1.1 V for only
TiO, samples and -0.9 V to 1.0 V for CdSe QDs/TiO, samples with a scan rate of 0.02 V/s under
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irradiation of AM 1.5. current-time measurements were taken at 0.5V agagc1 during the solar source was
switched on and off cycles every 10 seconds, manually using the shutter. The PEC performances of
structures only in the visible range were acquired by the solar simulator coupled with a UV cutoff filter

(A> 420 nm).

2.8 Efficiency calculations
The chronoamperometric I-t studies on CdSe/lh-P25 as a function of applied over potential at 100
mW/cm2 was measured, from which the photocurrent values have been taken for the efficiency

measurements. The efficiency of the device was calculated using the following equation

Jp X (Efev - |Eapp| )

(o)

n % = X 100%

|Eapp| — |Emeas_ ancl

where J, is the measured photocurrent in mA/cm2, E%rev is constant value as 1.23 V for the Ag/AgCI

reference electrode, |Eagpl is the term related to the applied potential calculated through upper equation

and lo is the intensity of incident light in mW cm-2. Emess is the potential at which photocurrent was
measured under AM 1.5. Eqc is the potential at which photocurrent measured under open circuit
potential (OCP)

3. Result and Discussion

The illustration of the fabrication procedures of 1h-P25 is depicted in Figure 1. a. First, a 500nm height
of Su-8 polymer template (1) was synthesis through IL and the 500nm height of TiO2 NWs (11) pattern
was grown in the air holes of SU-8.222 The growth of pattern TiO, NWs on the SU-8/FTO substrate
increase the optical property and provide a strong boding between FTO and TiO, NWSs, which help
easily transfer electrons from the TiO; to the current collector. Second, P25 NPs were coated as film
morphology with a thickness of 11.5 um (111) after removal of the Su-8 template by heating.

The thickness of the P25 layer was optimized to attain the highest efficiency based on previous
experiments.’®? Third, the top surface of the 11.5-um thick mesoporous P25 nanostructure was
patterned by imprinting a 150-nm thick mesoporous TiO 2 square pattern on the top, resulting in a total
thickness of 12 um. A cross-sectional scanning electron microscopy (SEM) image of the Ih-P25
photoanode (V) with a confi guration of the photon-trapping bottom layer, mesoporous P25 middle

layer, and thin top AR layer is shown in the right panel (V1) of Figure 1 a. This illustrates the creation
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Figure 1. a) Scheme of the fabrication procedures of Ih-P25. A SEM image of Ih-P25. b) Top
view SEM image of patterned TiO-NWs (the bottom layer of Ih-P25). The inset shows a TE
M image of the rutile phase TiO, NWs with the lattice constant of 0.326 nm. c) Top view S
EM image of the patterned nanocrystalline TiO. layer for anti-reflection (the top layer of Ih-P
25). The inset shows a TEM image of the anatase phase TiO. nanoparticles with the lattice ¢

onstant of 0.352 nm.
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Figure 2. SEM image of bottom layer (a, p-TiO2 NWSs), top layer of antireflection layer (b, p-P25) of
Ih-P25.
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of a highly improved light-harvesting mechanism at both ends. Once the light with substantially reduced
refl ection enters the 1h-P25 electrode, it is scattered by the large scale TiO 2 NW pattern at the bottom,
which permits multiple passes of greatly absorbed photons. Figure 1 b is an SEM image of the thin
bottom layer of square TiO 2 NW patterns with a diameter of 500 nm. The dimensions of the square
patterns were determined so as to effi ciently trap light while a suffi cient surface area was secured
because of the smaller diameter of the NW bundles, as optimized in our previous studies.?>?® XRD
studies in Figure S3 in the Supporting Information indicate the formation of nanocrystalline TiO 2 in
the rutile form (JCPDS card 01-073-1765) with a lattice spacing of around 0.326 nm. Figure 1 c is an
SEM image of top-patterned P25 achieved by stamping a P25 layer using poly(dimethylsiloxane)
(PDMS) molds followed by fi nal sintering. The dimensions of the topsurface pattern were fi xed so as
to maximize the AR effects, which were inspired by the features of a moth’s eye. [ 5b, 7 ] The volume
fraction of TiO 2 in the AR layer was measured to be 0.55 based on the captured SEM image, giving an
effective refractive index of 1.93, as calculated in the Supporting Information. The surface area of the
Ih-P25 electrode obtained by Brunauer—Emmett—Teller (BET) measurements was 105 m2 g —1 , which
is comparable to that of a compact fi Im of P25 (113 m 2 g —1 ) as described in Figure S2 (Supporting
Information), because of coupling of the light-harvesting layers in the form of hierarchical
nanostructures. The light-harvesting effects achieved by incorporating large-scale, thin layers onto both
sides of a P25 electrode can be quantifi ed by the refl ection spectra and diffuse reflection spectra. The
refl ection spectra were obtained by shining light on a 12-um thick P25 fi Im and 12-um thick Ih-P25
film from top to bottom. When light passed from air to the TiO 2 nanocrystalline layered control (bulk)
fi Im, we expected the majority of light to be refl ected at the interface of air (n=1)and TiO2 (n =

2.49) because of the substantial difference in refractive index. Compared to the P25 fi Im with 60%
reflectance at a wavelength of 600 nm, the Ih-P25 fi Im exhibited a considerably lower reflectance value,
indicating an increased amount of absorbed light in [h-P25. We attributed this to the modifi ed refractive
index of the patterned P25 layer ( n AR = 1.93) at the top of the Ih-P25 electrode, which permitted a
gradual change of the refractive index from 1 (in air) to 1.93 (in the patterned P25 layer) to 2.49 (in the
plain P25 in the middle). Another type of light harvesting, the increased intensity of scattered light due
to photon trapping in the 12-um thick Ih-P25 fi Im under beam irradiation, was demonstrated by the
diffuse reflectance spectra, as shown in Figure 2 b. The Ih-P25 fi Im with only a 500-nm thick patterned
TiO2 NW layer at the bottom showed a much higher diffuse refl ection spectra in the visible spectrum
of light (400-800 nm), indicating that the absorbed light was intensely scattered within the
nanostructure fi Im. The synergy of adding both of these light-harvesting layers onto the P25 film were
evaluated by UV-vis spectroscopy measurements of a 12-um thick P25 and 1h-P25 fi Im by illuminating
light from top to bottom at normal incidence (Figure 2 c). A photograph of the Ih-25 fi Im showing a

distinct opalescent color because of the periodic patterns in the light-harvesting layers is shown next to
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Figure 3. BET of 1h-P25 (a) and P25 (b). The inset is pore-size distribution. The
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that of a P25 film in the inset of Figure 2 c. Pristine TiO, nanoparticles absorb light in the 300 to 350
nmrange. Similar intensity values were obtained for an intense and broad absorption band ranging from
350 to 800 nm when the two-sided light-harvesting layer was implemented. We attributed this to the
synergetic assembly of the AR and photon-trapping layers within the larger dimensions of the
hierarchical nanostructures. (The controlled measurements of the optical properties from the separate
AR and photontrapping layers are presented in Figure S4, Supporting Information.) Quantum dots (QDs)
were further deposited onto a Ih-P25 electrode to realize photoconversion devices able to operate under
solely visible light via multiple excitations by single-photon absorption of the QDs. When CdSe QDs
were incorporated onto the mesoporous TiO 2 structure via 15 cycles of successive ionic layer
adsorption and reaction (SILAR), a greatly enhanced working capability of this Ih-P25 electrode relative
to that of pristine P25 was observed in the visible wavelength region, as presented in Figure 2 d. The
inset in this Figure is the TEM image of a CdSe QD with a diameter of 4-5 nm and lattice spacing of
0.31 nm deposited on Ih-P25. More TEM images of QDs with detailed features are shown in Figure S5
in the Supporting Information. It should be noted that the greatly increased absorption of CdSe/lh-P25
indicates more effi cient sensitization of the QDs and is attributable to a higher and wider optical density
of Ih-P25 above the band edge of CdSe (ca. 630 nm). The hydrogen generating effi ciency of the samples
supported by light harvesting was investigated by photo-electrochemical measurements on a P25
control sample, 1h-P25, CdSe/P25, and CdSe/ Ih-P25 electrode. Ag/AgCI, a Pt mesh, and as-prepared
samples were used as the reference electrode, counter electrode, and working electrode, respectively, in
a 0.24 m Na,S and 0.35 m Na,SOs electrolyte solution. Here the sulfide in the electrolyte serves as a
sacrificial agent for the reduction of the CdSe QDs, as commonly adapted in many QD-based studies.?®
Figure 3 a presents linear sweep voltammograms of the pristine P25 and 1h-P25 samples, which
provides the current densities of photoexcited electrons under AM 1.5 G simulated sunlight illumination
(UV-vis, 100 mW cm —2 ). The photocurrent density of 1h-P25 reached 1.45 mA/cm? at an applied bias
of 0.5 V, which is approximately 40% greater than that of the optimized P25 control sample, indicating
the strong potential of pristine Ih-P25 in photoconversion systems. Figure 3 ¢ compares the linear sweep
voltammograms of CdSe/lh-P25 and CdSe/P25. When Ih-P25 is augmented by CdSe QDs the electrons
in the conduction band of TiO, , which can either be transferred from the conduction band of CdSe or
directly excited from the valence band of TiO., are drawn to the counter electrode, thus generating
hydrogen, whereas the holes that have diffused to the surface of TiO, or CdSe are involved in the
oxidizing of S* and SOs*, as illustrated in Figure 3 b. (An image capturing the generation of a large
amount of H gas is presented in Figure S7, Supporting Information). The photocurrent density of
CdSe/ln-P25 increased by 13.4 times the amount before introduction of the CdSe and reached about
18.7 mA/cm? . This is the highest recorded value in the world attained among similar QD-sensitized

TiO 2 PEC devices and is 21.4% greater than that obtained from an optimized control sample, CdSe/P25,
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under the same illumination of 100 mW/cm? . More surprisingly, the photocurrent density of CdSe/lh-
P25 created by only visible light illumination (red dotted line, AM 1.5 G, using a cutoff fi lter (>420
nm)) reached 16.4 mA/cm? which is also greater than that obtained under UV-vis irradiation in other
comprehensive studies, including the CdSe/P25 in this study, all of which clearly indicates the
realization of a CdSe/lh-P25 electrode capable of using only visible light (see Figure 3 c). This
surprising result was achieved by the large enhancement in absorption of 1h-P25 in the visible range via
effi cient light harvesting, provided by a wavelength overlap of the light harvesting from the TiO;
electrode and the excitation of CdSe. The incident photon-to-current effi ciency (IPCE) curves of
CdSe/lh-P25 at a photocurrent of 18.7 mA/cm? exhibited much higher values than those of CdSe/P25
in the entire wavelength range, with a maximum IPCE value of 70.1% (48.1% for CdSe/P25) at 510
nm, as shown in Figure 3 d. Furthermore, the greatly enhanced and wide responses from 350 to 600 nm
refl ect the enhanced quantum effi ciency of CdSe/lh-P25 in the visible region for hydrogen generation
supported by light harvesting. Figure 4 a shows the chronoamperometric I-t curves of CdSe/lh-P25
measured at an applied potential of 0.5 V with chopped illumination of AM 1.5 G for UV-vis and
visible light under 10 s exposure using on/off cycles. The sharp increase to the maximum and fast decay
to zero of the photocurrent density for both cases during the on/off illumination cycles indicates the fast
transport of photogenerated electrons from CdSe/Ih-P25 to the FTO substrate. In order to gain a better
insight into the fast electron transfer mechanism in Ih-P25, the electrochemical impedance spectroscopy
(EIS) measurements were performed at a frequency range of 100 kHz to 0.1 Hz and a bias of 0.6 V
under AM 1.5 G light illumination with an amplitude of 10 mV. The Nyquist plots obtained by EIS
measurements are shown in Figure 4 b with an equivalent circuit used for fi tting the data as an inset.
The high-frequency intercept on the real axis represents the sheet resistance ( Rs ) of the device, which
indicates the tight bonding between the TiO, nanostructures and FTO substrate for both CdSe/P25 and
CdSe/In-P25. The Nyquist plots are further composed of two semicircles: a smaller one ( R1) at a high
frequency range, in which the diameter represents the charge-transfer resistance at the interfaces of the
electrolyte/ Pt counter electrode and a larger one ( R 2 ) at an intermediate frequency region, which
conveys the transport phenomena at the TiO, /QD/electrolyte interface. It can be clearly seen that
CdSe/In-P25 shows the better overall impedance curve with a lower value of R1 and R2 , as shown in
Figure 4 b and Table 1 . Importantly, the much smaller diameter of the second semicircle ( R2 : 13 Q
cm 2 vs. 28.6 Q cm 2 ) for the CdSe/lh-P25 sample clearly indicates a lower interfacial charge-transfer
resistance between the TiO 2 electrode and the electrolyte and thus a faster interfacial charge transfer
to the electron donor/acceptor. Furthermore, the electron recombination

kinetics were studied by monitoring the photovoltage decay upon terminating the illumination on the

CdSe/P25 and CdSe/lh-P25 samples, which allows the photoelectron lifetime to be evaluated.
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Figure 7. TEM images of (a) CdSe and (b) CdSe/lh-P25.
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Figure 9. Experimental setup for PEC measurements.
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Photoexcited electrons in the CdSe QDs are transferred to the conduction bands of TiO 2 and are stored
within the TiO, nanostructures by initial illumination. Once the light is turned off, the electron density
in the conduction band of TiO, decays mainly because of recombination of electrons and holes. Figure

4 ¢ plots the V oc decay as a function of time for CdSe/P25 and CdSe/lh-P25. It is clear that a much
slower V oc decay rate is found for the CdSe/lIh-P25 electrode as compared to the CdSe/P25 electrode,
suggesting slower recombination kinetics in CdSe/lh-P25. The average lifetime (t n) of photoexcited
electrons before recombination can be calculated from the following equation

where k B is the Boltzmann’s constant, T is the temperature, e is the elementary charge, and V oc is the
open-circuit voltage at time t . Figure 4 d shows the calculated t n as a function of V oc for CdSe/P25
and CdSe/lh-P25. CdSe/lh-P25 clearly shows a longer lifetime of the photoexcited electrons than
CdSe/P25, which verifi es the facile electron transport with a more effective separation of the photo-

generated electron—hole pairs.

116



Q

p  =———]h-P25
—p_25

=y
o

e dark

o
T

2
J (mA/cm’)

o
T

0.0 i > y

04 02
V vs. Ag/AgClI

12 40 -08 -06

n&

[——Cdsellh-P25 UV-Vis
[= - ~Cdsellh-P25 Vis
——CdSelP25 UV-Vis

-
«©

-
(4]

[= « «CdSelP25Vis
[ dark

-
n
¥

Current (mA/cm’)
L] w

(2]

o

06 -04 0.2 0.0 0.2

Voltage (V)

14 12 -1.0 -08

=== CdSe/P25

=== CdSe/lh-P25

'}

400

500 600 700

Wavelength (nm)

Figure 10. PEC performance of P25, Ih-P25, CdSe/P25, and CdSe/lh-P25 under 1 sun irradiati
on (100 mwW/cm?). (a) J-V curve of P25 control and Ih-P25 under UV-visible and dark condit

ions. (b) Schematic diagram showing hydrogen generating mechanism of CdSe/lh-P25. (c) J-V curv
e of CdSe/P25 and CdSe/lh-P25 under UV-visible, visible light irradiation, and dark conditions.

(d) Measurement of the IPCE (incident photon-to-electron conversion efficiency).

117



-0.20

a — ) b 16
t  CdSe/lh-P25 UVAGs [
—Vis 14| ——CdSellh-P25
20,1 < [ —e—CdSe/P25
‘? s NNN A A A 12}
- » | N E 1 5
] M NN —~10f
< £ Lk
é : 8 CPE1 CPE2
) 10 | :E’
s | N SF
= A
5 R
8 fF [
L 2k
0 . ﬂm_Ld_H_ﬁ.&AA_ﬁ_l: 0 4 L N . . L N N
0 50 100 150 200 250 300 5 10 15 20 25 30 35 40 45
Time (s) Z(ocm?)
000,
C o1 d 1
on; off = CdSe/P25
025 = ~——CdSellh-P25
7]
~100
@
03} E
=
8 -
> = CdSe/P25 =
04} —— CdSellh-P25 5
5 10
Q
s
05} |
_06 i i i i i 1 i A A i 1 1
0 50 100 150 200 250 300 050 045 040 -035 -030 025
Timels V_/ Vvs AgCl

Figure 11. (a) The chronoamperometry curve of CdSe/lh-P25 at a bias of 0.5 V under UV-visible and
visible light irradition. (b) Nyquist plots of CdSe/P25 and CdSe/lh-P25. The inset shows an equivalent
circuit used for fitting data. (c) Voc vs. time profile of CdSe/P25 and CdSe/lh-P25. (d) The electron

lifetime calculated from the V. decay.

Table 1. EIS responses of CdSe/P25 and CdSe/Ih-P25.

Rs(Q/cm’) Ri(Q/cm’)  ReQ/cm’)  CPEL(Flcm)  CPE2(Ficm’)
CdSe/lh-P25 7.285 6.1 13.0 9.0x10™" 9.3x10°
CdSe/P25 7.285 7.1 28.6 9.5x10™ 6.3x10°
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4. Conclusion

In summary, we successfully optimized an electrode material for photoconversion devices to harvest
light, supported by photon trapping and AR effects while retaining an adequate surface area by creating
a hierarchical type two-sided layer. The observed optical properties verify the outstanding light-
harvesting phenomena of Ih-P25, which lead to remarkable benefi ts in the hydrogen generation reaction
of a TiO 2 semiconductor in the UV-vis range. The photocurrent of CdSe/lh-P25 (18.7 mAcm —2 ) was

1.35 times greater than that of a CdSe/P25 photoelectrode. More importantly, the CdSe/ Ih-P25 electrode
had a current density of 16.4 mA cm —2 under light-fi Itered conditions (visible light only), which is the
highest reported value in the visible range thus far. The excellent performance of CdSe/Ih-P25 for both
UV-vis and visible light illumination suggests that systematic engineering of the light can provide an

innovative means of designing photoactive materials with maximum photoconversion efficiency.
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