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Abstract

As global energy consumption increases, various environmental issues, such as
climate change, and ocean acidification, due to excessive use of fossil fuels have
been raised. In this situation, the development of renewable and sustainable energy
production is one of the most pressing challenges today, as the transition from a
fossil fuel-based energy society to a clean energy society is essential. In this regard,
solar fuel production, which converts inexhaustible solar energy to chemical
energy, is a promising candidate for clean energy society. Solar fuel production has
been attracting a lot of attention because it is eco-friendly method using solar
energy to produce hydrogen fuel through water decomposition, or carbon-based
fuel through CO, conversion. Since this process occurs through a
photoelectrochemical reaction at photoelectrodes using semiconductor materials,
there have been numerous study on photoelectrodes for efficient solar fuel
production. Among the various candidate semiconducting materials, silicon is well
known as a promising material for photoelectrodes, because of its beneficial
properties for utilization of solar energy; narrow bandgap of 1.12 eV which is well
mated to the solar spectrum, long carrier diffusion length, and earth-abundance.
However, silicon has some limitations that are poor kinetic and catalytic activity
for photoelectrochemical reaction, and low stability when contacts to electrolyte in
a photoelectrochemical system. For efficient solar fuel production, it is essential to

fabricate silicon photocathodes with these limitations improved.



This thesis contains various engineering strategies to utilize silicon for
photocathode in solar fuel production. The silicon photoelectrodes are fabricated
and studied by applying engineering strategies with nanostructured catalysts
suitable for solar fuel production methods of solar water splitting for hydrogen fuel
production and CO, conversion for carbon-based fuel production. Firstly, in
chapter 1, the principles of solar water splitting and CO, conversion are described.
To design the efficient photocathode, it is essential to understand the principles of

photoelectrochemical reactions.

In chapter 2, silicon photocathodes with 3D/2D nanostructured transition metal
sulfides catalysts for solar water splitting are demonstrated. Nanostructured
transition metal sulfides are candidates for hydrogen evolution reaction in solar
water splitting, because they have an inherently large surface to volume ratios and
catalytic active edge sites. In transition metal sulfides, MoS, are widely studied
because it exhibits the highest catalytic activity at edge sites. To maximize exposed
edge sites of MoS,, the 2D vertically aligned MoS; thin films are synthesized in
this study. Furthermore, 3D Ni-Fe sulfides nanoparticles found as catalytic active
materials from DFT calculations are decorated on the vertically aligned MoS; thin
film catalysts. It is because catalytic activity for hydrogen evolution reaction is
enhanced at MoS,/Ni-Fe sulfides interface than that on MoS,. The transferable
2D/3D transition metal sulfide heterostructure thin film catalysts are synthesized
via one-step sulfurization process on thin film metal precursors using chemical
vapor deposition. Then the thin film catalysts are transferred onto silicon
photocathode and performance for photoelectrochemical hydrogen evolution

reaction is measured. The synthesized thin film catalyst on silicon photocathode
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exhibits remarkable performance: high photocurrent density (25.44 mA cm? at -0
V vs. RHE), lower onset potential (280 mV at 1.0 mA cm?), and long-term
stability (over 10 h). The improvement of photoelectrochemical properties of
synthesized photocathodes is attributed to its electrochemically-benign band
bending, which is revealed from spectroscopic analysis, by the introduction of Ni-
Fe sulfides nanoparticles. It facilitates efficient charge transport and inhibits the
charge accumulation at electrolyte interfaces. This study provides promising
strategies in developing high performance TMD-based electrocatalysts for practical

applications in a wide variety of photoelectrochemical energy conversion processes.

In chapter 3, silicon photocathodes with 3D nanostructured silver catalysts for
CO, utilization are demonstrated. In the CO; reduction reaction, product selectivity
is very important, because various products can be produced, such as CO, HCOOH,
CH,, through CO, reduction reactions. Therefore, it is essential to select a catalyst
that can selectively produce a desired product. Most of the studies on
electrocatalysts for electrochemical CO, reduction reaction is focused on metal
catalysts. Among various metal catalysts, silver catalysts are well known to
promote the electrochemical reduction reaction of CO, to CO. To maximize the
catalytic activity of silver catalysts for CO, reduction reaction, nanostructuring
strategies are performed on silver catalysts. Through an electrochemical oxidation-
reduction process, Ag catalysts are turned into nanostructured Ag catalysts with
tuned morphology, active sites, and electronic structure. However, because Ag
catalysts decorated on silicon photocathode inhibit the light absorption onto silicon
photocathode, an appropriate structure for photocathode design is needed. In this

study, a novel structure for photocathode using SiO, patterning is proposed for
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photoelectrochemical CO, reduction on silicon photocathodes. The synthesized
photocathode with the novel photocathode structure exhibits a low onset-potential
of -0.16 V vs. RHE, a large saturated photocurrent density of -9 mA/cm? at -1.23 V
vs. RHE, and faradaic efficiency for CO of 47 % at -0.6 V vs. RHE. This
photocathode can produce syngas in the ratio from 1:1 to 1:3, which is an
appropriate proportion for practical application. This work presents a new approach
for designing photocathodes with a balanced catalytic activity and light absorption
to improve the photoelectrochemical application for not only CO, reduction

reactions, but also water splitting or N, reduction reactions.

Keywords: Solar fuel production, Water splitting, CO, utilization,
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1.1. Introduction

Since the industrial revolution in the 19% century, mankind has been using fossil
fuels as the main energy source and has achieved explosive industrial
developments through this vast energy source. With this explosive development,
energy consumption has also increased exponentially. Global energy consumption,
which has been gradually increasing, reached about 600 EJ per year in 2019.111 As
shown in Figure 1.1, fossil fuels including oil, natural gas, and coal account for
more than 80% of this energy consumption. Fossil fuels have made it possible to
use so much energy, but now, such excessive use of fossil fuels has caused many
environmental problems. Fossil fuels emit CO, as they combust, consequently, the
concentration of CO, in the atmosphere is increasing due to the excessive use of
fossil fuels, as depicted in Figure 1.2(a). CO; is one of the greenhouse gases and
have been considered a majority contributor to the global warming and climate
change.[? 31 In addition, fossil fuels emit more than just CO, when burned. Harmful
chemicals like sulfur dioxide and nitrogen oxide are also released, causing many
environmental problems such as air pollution and ocean acidification. To solve
these environmental issues, numerous researches have focused on the development
of renewable and sustainable energy to replace fossil fuels. The most attractive
method for renewable and sustainable energy is solar fuel production, which is
sunlight-to-chemical energy conversion.[*¢ Solar fuel production, also called
artificial photosynthesis, can be realized by the photoelectrochemical (PEC)
reduction of water to hydrogen fuels (solar water splitting) or CO, to useful

hydrocarbons (CO; utilization).[7-8]
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Figure 1.2 (a) Global CO, emissions. (b) environmental issues caused by the use of fossil
fuels.
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1.2. Solar water splitting

1.2.1. Solar water splitting

For researches to develop a renewable and sustainable energy source, hydrogen
fuel has received a lot of attention since it is clean energy source when it combusts
generates no carbon-based by-products. Also, hydrogen has a high energy density
of 142 kJ/g, which is higher than fossil fuels.[’) Because of these advantages,
hydrogen fuel is emerging as a next-generation energy source. However, the most
used method for producing hydrogen fuel currently is the steam reforming process,
which uses steam on fossil fuels.' Steam reforming process consumes massive
amounts of fossil fuels, and emits a corresponding amount of CO,. Therefore, it is
essential to develop an eco-friendly way to produce hydrogen. In this respect, solar
water splitting is the most attractive method for eco-friendly hydrogen fuel
production, which can convert solar energy into storable hydrogen fuel without

CO; emission.
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1.2.2. Basics of solar water splitting

Photoelectrochemical cells for solar water splitting consists of three main
components: photocathode(cathode), photoanode(anode), and electrolyte.
Hydrogen is generated at the photocathode through proton reduction reaction,
which is hydrogen evolution reaction (HER). On the other side, oxidation reaction,
called oxygen evolution reaction, occurs at the photoanode, evolving oxygen.
Schematic diagram of solar water splitting is shown in Figure 1.3. At least one of
the electrodes must be a semiconductor for absorbing sunlight. The Gibbs free
energy change (AG) for conversion of one molecule of H,O into H, and O, under
standard conditions, is 237.2 kJ/mol, and corresponds to AE? = 1.23 V per electron
transferred according to the Nernst equation. The overall water reaction can be

expressed as follows:

Hydrogen evolution reaction (HER): 2 H* +2 ¢~ > H,
Oxygen evolution reaction (OER): H,O +2 h* = 1/2 Ox(g) + 2 H*

Overall water splitting: H;O = Hay(g) + 1/2 Ox(g)

19 1
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Figure 1.3. Schematic diagram of solar water splitting
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1.3. CO; utilization

1.3.1. photoelectrochemical CO, reduction

The production of renewable and sustainable hydrogen fuel from water is
attractive in terms of minimizing environmental crisis. Not only solar water
splitting, but CO, utilization is also the most promising approach for resolving
energy crisis. CO; utilization can store renewable energy, such as solar energy, as
chemicals and fuels, by converting renewable energy to electronic energy and then
on to chemical energy as shown in Figure 1.4. This can be realized through
photoelectrochemical (PEC) CO, reduction, which could produce valuable fuels
(alcohols or hydrocarbons) and fuel precursors for industrial process from CO, and
water. Two major aspects of CO, utilization are to reduce the atmospheric CO; and

to generate fuels from renewable and sustainable energy source.
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1.3.2. Basics of PEC CO; reduction

Photoelectrochemical cells for PEC CO, reduction is very similar to that for
solar water splitting. The three main components of cathode, anode, and electrolyte
also used in PEC CO; reduction. However, different from solar water splitting, the
reduction reaction occurring at the cathode is a CO; reduction reaction, not a
hydrogen evolution reaction. The corresponding oxidation half-reaction is OER, as
in the case of water splitting. When CO; is reduced, many products, such as carbon
monoxide, formic acid, and methane, can be produced through CO, reduction
reaction. Table 1.1 shows the formal redox potentials (E°) for various CO,
reduction reaction that is obtained from thermodynamic data.l'?l All potentials are
referenced to the standard hydrogen electrode (SHE). Because CO; can be reduced
into the various form of products, the selective production to target product is very

essential in CO, reduction reaction.

Table 1.1. Formal electrochemical redox potentials for the reduction of CO, and related
compounds in aqueous media

Reaction E’vs. SHE (V)
CO, +e 2 COx* -1.85
CO, + H,O +2 e > HCOO- + OH- -0.665
CO,+H,0+2e > CO+2O0OH -0.521
CO,+H,0 +2 e > CH;0H + 6 OH -0.399
CO,+H,O+2e > CHy+ 8 OH- -0.246
H,O+2e > H,+2OH- -0.414

23 1
1



1.4. Photocathode for solar fuel production

When conducting research for efficient photoelectrode design, generally, the
photocathode and photoanode are each studied separately as a half-cell system. In
half cell system, if photocathode is studied, anode material is used a conductive
material having high catalytic activity and stability for oxidation reaction to judge
the PEC performance of a fabricated photocathode. This thesis focuses on the
reduction reaction (hydrogen evolution reaction and CO, reduction reaction) so,

materials used as photocathode are designed.

1.4.1. Semiconductor/liquid junction

For designing materials for photocathode, semiconductor materials must be used
because photocathode should absorb UV or visible light radiation from sunlight.
Specifically, p-type semiconducting materials should be used for photocathode. It

can be explained by the semiconductor/liquid junction, shown in Figure 1.5.

Once the p-type photocathode contact to electrolyte, the major carriers, holes,
flow from the photocathode to the electrolyte, causing an electric field in the
photocathode near the interface until equilibrium. At equilibrium state, the
depletion region is formed, and the band of the p-type semiconductor bends
downward. This band bending facilitates transportation of electron to the
photocathode/electrolyte interface. When illuminated on the photocathode,

electron-hole pairs generated, and the electrons can be transported toward the
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interface due to the formed band bending. Then, reduction reactions can occur at

the photocathode/electrolyte interface.

Likewise, in the case of n-type semiconductors, in which the major carrier is the
electron, oppositely, upward band bending is formed. Therefore, the minor carrier,
hole, generates oxidation reaction at electrode/electrolyte interface. Because of this
phenomenon, in order to study a photocathode in which a reduction reaction occurs,

p-type semiconductors should be used as photocathode materials.
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1.4.2. PEC reduction reaction on photocathode

It is worth looking at how the PEC reduction reactions occur on a photocathode
under illumination of sunlight. Figure 1.6 shows the schematic of PEC reduction
reaction on a photocathode. Note that conduction band (Ec) potential of the p-type
semiconductor photocathode should be more negative than desired redox potentials,

H*/H,0, or CO, reduction reaction.

First of all, photogenerated charge carriers, electron-hole pairs, can be generated
when the light is irradiated to the photocathode and is absorbed on photocathode.
The number of photogenerated charge carriers depends on the bandgap of the
photocathode materials, because semiconductors can absorb light that has higher
energy than bandgap of materials. In non-equilibrium, steady-state illumination, the
photogenerated charge carriers are formed near the photocathode surface, which
can be represented using the concept called quasi-Fermi level. The quasi-Fermi
level is indicative of the distribution of electron (Eg,) and hole (Erp) under non-
equilibrium. It formed an electric field in the photocathode, and corresponding

voltage is called photovoltage or open-circuit voltage (Vo).

Secondly, the photogenerated charge carriers are separated and transported to
each electrode surface. Electrons move to cathode/electrolyte interface, and holes
move to anode/electrolyte interface through the connected circuit. The electrons
and holes are the source for reduction and oxidation reactions, it is need to
minimize loss of the charge carriers, such as the charge recombination. Charge
separation and transportation kinetics are related to characteristic of semiconductor

materials, for example, carrier diffusion length, crystallinity, and carrier mobility.
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Thirdly, the transported charge carriers are consumed for reduction and
oxidation reaction at each electrode surface. To facilitate reaction, charge trap sites
and the resistance between the electrodes and electrolyte should be minimized.
Finally, when a reaction occurs, selectivity towards the desired reaction is
important to avoid the formation of undesirable side products. Therefore, it is
required to figure out mechanisms of reactions can be occurred, and to design the

photocathode for selectively production of target products.

With these four key factors in mind, it is essential to select the appropriate
materials and use a variety of engineering strategies to design photocathodes for

efficient solar fuel productions.
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Figure 1.6. Schematic diagram of a simple PEC cell based on an p-type semiconductor
photocathode under an external bias.
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1.4.3. Candidate materials for photocathode

As mentioned in previous section, conduction band of semiconductor for
photocathode should be more negative than the redox potential of desired reduction
reaction. Band edge positions of some candidate materials for photocathode are
depicted in Figure 1.7, which is referenced from the prominent recent review

article.[!3]

Among the candidate semiconductor for photocathode shown in Figure 1.7,
silicon is an attractive material for photocathode in solar fuel production. Above all,
silicon has a narrow bandgap of 1.12 eV that can absorb a larger portion of the
solar spectrum from UV to near-infrared, giving it a high theoretical solar-to-fuel
(STF) efficiency. Also, silicon is one of the most abundant elements in the Earth’s
crust, and technology for fabricating silicon wafers is well developed, which makes

it to applied for photocathode to a relatively low cost.

However, silicon has several major drawbacks that make it difficult to use in
photocathode. First is instability of silicon in electrolyte.l' When silicon is
exposed to air or electrolyte, insulating native silicon oxide layers are formed due
to the thermodynamic oxidation potential. It causes Fermi level to be pinned,
interrupting the band bending in photocathode and increasing charge transfer
resistance at the photocathode/electrolyte interface. Secondly, reaction kinetics of
either the CO, reduction reaction or hydrogen evolution reaction are normally
multi-electron processes, which are generally sluggish on silicon surfaces.!!'’]
Therefore, the kinetically difficult reduction reactions efficiency is lowered on

silicon photocathode.
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Despite these limitations, due to the advantages of silicon, many studies are
being conducted to improve the properties of silicon photocathodes using various
engineering strategies. In this thesis, the studies are conducted to improve the
properties of silicon photocathode for each hydrogen evolution reaction and CO,
reduction reaction by using appropriate strategies that introducing nanostructured
catalysts on silicon photocathode. Since the hydrogen evolution reaction and the
CO; reduction reaction have different reaction mechanisms, nanostructure catalysts

specialized for each reaction was studied.
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Chapter 2

Water splitting on
3D/2D nanostructured TMDs catalysts
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2.1. Introduction

Sustainable hydrogen production via photoelectrochemical (PEC) water
splitting has been widely investigated as a promising alternative route to
meet the substantial hydrogen demand over the world.[!] Various
semiconductor materials, such as GaAs,!2! CuO,B! CdTel* and Si,’! have
been explored as light absorbers for PEC hydrogen evolution reaction
(HER). Silicon (p-Si) is a promising candidate for photocathodes because it
is highly abundant and has an ideal band gap (1.12 eV) for absorbing a wide
range of incident solar spectrum and band alignment for driving HER.
However, p-Si suffers from sluggish surface kinetics due to its high
hydrogen adsorption Gibbs free energy (4Gp). This induces a high surface
overpotential between the p-Si/electrolyte interface.l! Although precious
metals such as Pt, Pd and Rh are widely used as HER catalysts to resolve
such a problem of p-Si,[”%! their scarcity and high costs limit their practical
applications. Besides, p-Si is thermodynamically vulnerable to drive solar
water splitting in an acidic electrolyte. The surface of p-Si exposed to an
acidic medium rapidly forms oxides (SiO,) or silicic acid (H,SiO3)!1%.
Hence, integrating efficient non-noble-metal-based electrocatalysts with p-
Si photoelectrodes, while protecting the vulnerable surfaces of silicon, may

be a promising solution for making PEC water splitting practical.
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Two-dimensional transition metal disulfides (2D TMDs), in particular
MoS,, are promising candidates for replacing precious metal catalysts,
because they have inherently large surface to volume ratios and catalytically
active edge sites for HER.I'I"13] Tt has been reported theoretically and
experimentally that the 4Gy of sulfur at the edge of MoS, approaches near
zero, whereas the 4Gy at the basal plane reaches 2 eV.['*] Therefore,
substantial studies have been performed to activate the catalytically inert
basal planest'> 1] or maximize the exposure of the active edge sitel!”- 18] of
MoS; as an electrocatalyst. Interestingly, because the charge transfer along
the in-plane direction of the MoS, layer is superior to that through the out-
of-plane direction, the ideal structure of MoS, as an efficient HER
electrocatalyst is to vertically align all domains inside MoS,. The vertically
aligned MoS; (VMS) thin film with maximally exposed active edge sites
can be preferably grown by the kinetically controlled process.['”] Moreover,
the dangling-bonds-mediated strong bonding produced by the vertically
aligned domains in VMS can improve the adhesion and charge transfer
between the MoS, thin film and p-Si photocathodes, whereas the
horizontally grown MoS, may show poor those properties due to their weak

van der Waals forces.

Not only 2D layered TMDs but also 3D TMDs (MxSy, M = Co, Fe, Ni,

etc.) compounds, particularly bimetal compounds, have drawn significant
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attention owing to their outstanding catalytic activity for both HER and
OER.[20-23] Therefore, integration of 3D bimetal sulfides with 2D MoS, to
build novel heterostructures has been a plausible approach and widely
explored by many research groups.[?*261 However, most studies have grown
2D layered TMDs on Ni-based substrates to fabricate 2D TMD/3D Ni3S; or
directly synthesize 3D/2D TMD heterostructure catalysts in the powder
form. These approaches make it difficult to exquisitely control the physical
properties of TMD-based heterostructure catalysts with respect to the
possible variation in substrates and to use these catalysts in various
applications. The transferrable thin film catalysts are advantageous in that
they can be attached to any arbitrary substrate and have extensive
applicability compared with directly grown catalysts. To the best of our
knowledge, 3D bimetal sulfides/2D MoS, heterojunction thin film catalysts

for PEC water splitting have not been demonstrated yet.

In this chapter, we demonstrate large-area (12 cm x 12 cm) and
transferable 3D transition metal sulfide nanoparticles/2D vertically aligned
MoS; thin film catalysts for Si-based PEC hydrogen production for the first
time. Heterojunction thin films of VMS and the iron-nickel sulfide
nanoparticles (FNS NPs) are obtained via facile one-step process. The use of
transferable 3D/2D TMD heterostructure thin film catalysts leads to drastic

improvement in the PEC performance, especially in stability. The tailored
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FNS NPs on VMS induce favorable band alignment which facilitates an
efficient charge transport and inhibits the charge accumulation at the
VMS/electrolyte  interface, which is visualized by scanning

photoelectrochemical microscopy (SPECM).
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2.2. Experimental procedures

DFT-calculations. The density functional theory (DFT) -calculations was
conducted using the Vienna Ab initio Simulation Package (VASP) code based on
the projector augmented wave (PAW) pseudopotential.?’- 281 We selected 400 eV
for the cutoff energy for the plane-wave basis set. For supercells, k-space meshes
of4x4x1,4x4x1,and 2 x 1 x 1 were used for Fe-doped Ni;S,, MoS; basal
plane, and MoS; edge, respectively. The ionic configurations were relaxed until the
atomic forces were decreased to within 0.02 eV A-l. The entropy of H, gas was
taken from a thermodynamic table, and the zero-point energy of the H atom was

included

FNS NPs/VMS thin film synthesis. SiO, (300 nm)/Si wafers (1-10 Q-cm,
<100> plane, DASOM RMS Co., Ltd) were cleaned with conventional cleaning
procedures using a standard piranha solution (1:3 volume ratio of H,O,, 30% grade
and H,SO4, 95% grade) followed by ultrasonication in acetone, isopropyl alcohol,
and deionized (DI) water. A water purification system (Human Power, Human Co,
Ltd., 18.3 MQ-cm) was used to purify the DI water. The Mo (2 - 5 nm), Ni (0 — 1
nm), and Fe (0 — 1 nm) thin films with various Ni/Fe ratios were deposited by
using an electron beam evaporator (Korea Vacuum Tech Co, Ltd). To synthesize
the VMS thin films, we used the simple sulfurization process as follow. The N, and
H; (99.9999% high purity) gases were used for the sulfurization process in a
thermal chemical vapor deposition system (CVD). First, the CVD furnace was
heated to 550 °C and was maintained at this temperature for 30 min under flow of

N; and H,. By using mass flow controllers (MKS Co., Ltd, Type 1479A), the flow
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rates of N, and H, were set at 500 and 100 cm?® min’!, respectively, at which time
the pressure was 1 Torr. Subsequently, the sulfur powder (99.998%, Sigma-Aldrich,
213292) precursor was sublimated in the other heating zone with the temperature
set to 250 °C. The sulfurization process of Mo/Ni/Fe thin films took 15 min to
finish. After the sulfurization process, the CVD-grown thin films were coated with
the [poly(methyl methacrylate)] (PMMA) layer using a spin-coater. The PMMA
precursor was prepared by dissolving PMMA (GPC 10000, Sigma-Aldrich, 81497)
in chlorobenzene (99.5% purity, Sigma-Aldrich, 319996) with a concentration of 2
2/50 ml. The PMMA/thin films/SiO,/Si substrates were immersed in a buffered
oxide etchant to separate the thin films from the Si substrate by etching away the
Si0O, layers. The separated thin films were washed with DI water seven times to
clear away the residual etchants and were transferred onto arbitrary substrates.
After the PMMA/thin film membranes had completely adhered to the substrates,

the PMMA layers were removed using a hot acetone bath.

(Photo)electrochemical measurement. For the PEC measurements (Ivium
Technologies, Model: Nstat), a three-electrode system with a saturated calomel
electrode (SCE) as the reference electrode and a graphite rod (WonATech Co., Ltd)
as the counter electrode was used in a 0.5 M H,SO, standard electrolyte solution.
We used a graphite rod counter electrode instead of a Pt electrode to prevent the
deposition of Pt on the working electrode. The three-electrode system was set up
inside a quartz vessel, which protected the samples from UV absorption. The

conversion equation of potentials vs. RHE is expressed as the following equation:

Epug= EscptE5cpt0.059 X pH (Eep = 0.242 vs. SHE)
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where Escg is the experimentally measured potential vs. the saturated calomel
electrode, E’scr is the potential of the saturated calomel electrode with respect to
the standard hydrogen potential (SHE), and the pH of 0.5 M H,SOj4 is 0.27. A Xe
arc lamp (Abet Technologies, LS150) calibrated to an output of 100 mW c¢cm2 (AM
1.5 G condition) was used. The linear sweep with cathodic direction was carried
out with a scan rate of 10 mV s!. The incident-photon-to-current conversion
efficiency (ICPE) was measured with a light source and a monochromator
(DONGWOO OPTRON, MACI150), and the efficiency was calculated by the

following equation:

ljpn (mA/cm?) | x 1239.8 (V X nm)

IPCE ()=EQE (M= Poony (MW /cm?)x A (nm)

where jpn 1s the photocurrent of the sample, A is the wavelength and Pono 1s the
power of the monochromator. The external quantum efficiency was measured with
a standard Si photodiode. EIS measurement was performed by applying a constant
potential of 0.27 V vs. RHE near the open-circuit potential, and the sweeping

frequency range was from 250 kHz to 1 Hz using a 10 mV AC dither.

The Faradaic efficiencies were measured in a two-compartment
photoelectrochemical cell separated by the Nafion 117 membrane. Before reaction,
the two compartments of the reactor were degassed by bubbling with Ar gas for 30
min. During the reaction, the Ar gas was continuously flowed into the electrolyte in
the cathodic compartment with a rate of 20.0 sccm and vented directly into a gas-
sampling loop of a gas chromatography measurement system (Agilent GC 7890B),

which is equipped with a thermal conductivity detector and a micro-packed column
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(ShinCarbon ST 100/120). The Ar gas was used as the carrier gas and the evolved
H2 was detected by a thermal conductivity detector (TCD). A gas sample was
analyzed automatically every 8 min. The IMPS measurements were performed
using the PEC measurements (Ivium Technologies, Model: Nstat) combined with a
programmable light sources (Ivium Technologies, Model: ModuLight) in the
identical three-electrode system described above. A white LED with a wavelength
of 425~660 nm was used at a power of 5 mW cm. A modulation intensity of 10%
was used, and the frequency of the modulation was swept from 1 MHz down to 0.1

Hz.

SPECM measurement. The SPECM measurements were performed by an
Ivium potentiostat (Ivium Technologies, Compact-stat) with a three-electrode
system using a Pt wire counter electrode, saturated calomel reference electrode and
working electrode in a 0.5 M H,SO, standard electrolyte solution. The three-
electrode system was built inside a home-designed reaction bath. A 532-nm laser
was focused on the surface by a long-working-distance objective lens (Mitutoyo, M
Plan Apo 5%, N.A. =0.14, W.D. = 34 mm). The incident laser power was ~200 uW,
measured using a power meter (Newport, Ophir 7201500 Nava), and the focused
laser spot size was ~5 um in diameter. The focused laser spot was scanned using a
microstage or Galvano mirrors. Photocurrent was measured at constant voltage (-
0.1 V vs. RHE) and converted to voltage signal using a break-out box (Ivium
Technologies, Peripheral Port Expender) and a lock-in amplifier (Stanford

Research Systems, SR380) at an optical chopping frequency of ~100 Hz.

Characterization. The Raman spectra of the synthesized MoS, thin films were
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obtained with a Lab RAM HR (Horiba JobinYvon, Japan) at an excitation
wavelength of 532 nm. The structural study of synthesized MoS, thin films was
confirmed by a Bruker D8 advance diffractometer, equipped with a Cu Ka source.
AFM (XE-100, Park Systems) measurements were performed using non-contact-
mode with a scan rate of 0.5 Hz to identify the surface morphologies and
thicknesses of the synthesized MoS, thin films. Synchrotron radiation
photoelectron spectroscopy experiments were performed in an ultrahigh vacuum
chamber (base pressure of ca. 10-1° Torr) with a 4D beam line, equipped with an
electron analyzer and a heating element, at the Pohang Acceleration Laboratory.
The onset of photoemission, which corresponds to the vacuum level at the surface
of the MoS; thin film, was measured using an incident photon energy of 350 eV
with a negative bias on the sample. The results were corrected for charging effects
using Au 4f as an internal reference. To investigate the microstructures of the
synthesized MoS, thin films, TEM (JEOL JEM-2100F, 200 kV) was used. UV-
Visible spectroscopy (JASCO-670) was used to measure the transmittance and

absorption spectra of the synthesized MoS; thin films.
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2.3. Results and discussion

It is well known that the chemisorption energy between protons and the
electrocatalyst surface is closely correlated to the hydrogen evolution performance
of electrocatalysts. To elucidate the catalytic activity of the designed 3D/2D TMD
heterostructure electrocatalysts, we used DFT to calculate the AGy on the surface
of each catalyst. In Figure 2.1(a), the edge site of MoS, has a 4Gy significantly
lower than the H-basal plane of MoS,, which is close to zero. As reported by
Sabatier’s principle, a near-zero value of hydrogen binding energy is known as
optimal for catalysts because H can be likely attached to and desorb from the
catalyst surface to hydrogen evolution reaction. Thus, it can be concluded that the
vertically aligned MoS,, as illustrated in Figure 2.1(c), is advantageous in terms of
AGy compared with the pristine MoS,, shown in Figure 2.1(b). In addition, in such
a domain arrangement, the in-plane electron conductivity, which is characteristic of
2D layered MoS,, can be fully used. Furthermore, Ni;S, and Fe-doped NisS; are
also found to have significantly lower 4Gy than the H-basal plane of MoS,. These
results clearly show that these catalysts could exhibit better catalytic activity than
the basal plane of MoS,, though showing slightly high 4Gy than the edge-site of
MoS,. According to recent studies,’** 2°) however, the significantly decreased Gibbs
free energy at the interface between MoS; and Ni3S; or Fe-doped Ni3S, (FNS) was
predicted, promoting robust proton reduction at the interface. Therefore, if a 3D/2D
TMD heterostructure is implemented, the HER may be preferentially concentrated
at this active interface, suppressing the dissolution of MoS, during the HER, as

shown in Figure 2.1(d).
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Figure 2.1. (a) Free-energy diagram of H adsorption on the site of each catalyst from DFT
calculation. (b-d) Schematics of pristine MoS, (PMS), vertically aligned MoS, (VMS), and

Fe-doped Ni;S,/VMS heterostructure.
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The FNS/VMS thin films were synthesized by a simple one-step sulfurization
method of Fe/Ni/Mo-metal thin film precursors on SiO,/Si substrates. Figure 2.2(a)
presents a schematic of the CVD method used in this study. The 2 nm Mo layer
and subsequent Ni or Fe layers of various thicknesses were deposited onto a
Si0,/Si substrate using an e-beam evaporator. The total thickness of the Ni and Fe
layer with various combinations (Ni only, Ni:Fe = 9/1, 5/5, Fe only) is fixed to 1
nm. The VMS thin films were successfully synthesized by rapid sulfurization in a
CVD chamber at 550 °C for 15 min, whereas pristine MoS; (PMS) thin film was
synthesized at 900 °C for 30 min in a CVD chamber, similar to other reports.[30-31]
While the Mo layer becomes VMS, by changing the thickness ratio of the Ni/Fe
layer, the Ni/Fe layers are agglomerated to NizS, (Ni only, NS), Fe:Ni;S, (Ni/Fe=9,
FINOS), Ni:FeS, (Ni/Fe=1, FSN5S) and FeS, (Fe only, FS) nanoparticles on the
top of VMS, resulting in Ni;S,/VMS (NS/VMS), Fe:Ni;S,/VMS (FIN9S/VMS),
Ni:FeS,/VMS (F5N5S/VMS) and FeS,/VMS (FS/VMS), respectively. As shown in
Figure 2.2(b-c), the agglomerated nanoparticles have sizes ranging from a few
nanometers to one hundred nanometers. For the various characterizations of the
synthesized thin films and their application as HER catalysts, they had to be
transferred to a designated substrate. Glass, p-Si and SiO,/Si are extensively
utilized as substrates for such characterizations. Poly [methyl methacrylate]
(PMMA), the supporting polymer, was spin coated onto the synthesized thin films
for the typical wet transfer process. The PMMA/thin films were separated from the
Si0,/Si substrate by etching the SiO, layer in a bath of buffered oxide etchant.
Subsequently, the separated films were transferred onto arbitrary substrates. Figure

2.3 shows the photographs of the synthesized large-area (12 cm x 12 cm) thin films
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on glass substrates and corresponding Raman spectra at nine different positions,

respectively. The synthesized MoS, thin film was greenish yellow.
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Figure 2.2. (a) Schematic of experimental procedures and characterization of synthesized
3D metal sulfide decorated VMS. SEM images of (b) Fe/Ni/Mo metal precursors on SiO,
substrate and (c) synthesized metal sulfide on VMS. (d) AFM image of synthesized metal
sulfide on VMS. (e) Corresponding line profiles of height along the blue line in (d).
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Figure 2.3. (a) Photograph of synthesized VMS thin films on flexible and bare flexible
glass substrate. (b) Raman spectra of synthesized VMS thin films on flexible glass substrate
at each site.
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The atomic vibration modes of TMD thin films were inspected by Raman
spectroscopy.*”] The Raman spectra of the PMS, VMS and FNS NPs/VMS thin
films synthesized with various Ni/Fe precursor ratios are shown in Figure 2.4(a).
Two characteristic peaks, E',, (in-plane vibration) and A, (out-of-plane vibration),
appeared around 378 and 405 cm™!, respectively. The peak gap between these two
Raman modes (E!5, and A;,) of the MoS, layer strongly depends on the number of
stacked layers and indicates the overall thickness of MoS, thin films.[3?] The peak
gap between the E'», and A, modes was approximately 27 cm’!, indicating that the
synthesized thin films consist of multilayers. The Raman spectrum of the PMS
shows partially reduced peak widths than other VMS-based thin films, which is
attributed to the phonon confinement effect.33! Figure 2.2(d) and Figure 2.5 shows
the AFM images of PMS, VMS and FIN9S/VMS thin films for the study of their
surface morphologies. The very flat MoS, thin film with a root-mean-square
roughness of 0.52 nm was synthesized for the PMS thin film. The AFM image of
the VMS also shows that there is some wrinkle, but the flat film was obtained with
the root-mean-square roughness of 4.72 nm. However, the morphology of
FIN9S/VMS was different from those of the other two thin films. FNS NPs were
appeared on the VMS. Due to these particles, this thin film showed root-mean-
square roughness of 14.65 nm, which is more than that of PMS and VMS. The
crystalline structure of the synthesized TMD thin films was studied by X-ray
diffraction (XRD). Figure 2.6 presented the XRD patterns of the PMS, VMS,
FNS/VMS thin films. All the XRD patterns of synthesized thin films exhibited a
diffraction peak at 20 = 14°, which can be assigned to the (002) plane of 2H-MoS,.

Therefore, it can be confirmed that both PMS and VMS have a 2H-MoS,; phase.
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However, unfortunately, no diffraction peaks were found for FNS nanoparticles, it
is because the FNS nanoparticles is very small in size and have poor crystallinity.
The crystal structure of FNS was studied in TEM analysis, which will be described

later.
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Figure 2.5. AFM images of (a) PMS and (b) VMS. (c) corresponding line profiles of height
along the green line in (a). (d) Corresponding line profiles of height along the red line in

(b).
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Figure 2.6. X-ray diffraction patterns of synthesized thin films.
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The chemical components and atomic ratios of the synthesized thin films were
investigated using X-ray photoemission spectroscopy (XPS). The core level spectra
of Mo 3d, Ni 2p and Fe 2p were plotted (Figure 2.4(b-d)). In the Mo 3d core level
spectra, the Mo*" 3d;, and Mo*" 3ds, peaks of the FNS NPs/VMS thin films
slightly shifted to lower binding energies than the Mo*" 3d5,, and Mo*" 3ds,, peaks
of the PMS and VMS, which implies there is an electronic interaction between
FNS NPs and VMS.[?I The Ni 2p spectra in Figure 2.4(c) can be deconvoluted to
two spin-orbit doublets and two satellites. The binding energies at 854.4 eV for Ni
2p3» and 871.6 eV for Ni 2p, are spin-orbit characteristics of Ni?*, whereas the
binding energies at 856.5 eV for Ni 2ps;, and 874.1 eV for Ni 2p,,, are spin-orbit
characteristics of Ni*".341 The slight increase in the Ni3* peak in FIN9S/VMS is
inferred to be due to the rarely found NiFeSs phase (Figure 2.7). Figure 2.4(d)
displays the XPS spectra of the Fe 2p region, which shows two major peaks
centered at 720.9 and 707.8 eV assigned to Fe 2p;,» and Fe 2p;,, peaks, respectively.
Moreover, the spin energy separation between these two peaks is approximately 13

eV, implying the typical characteristic of FeS, spectra.(33 361
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Figure 2.7. The rarely found Ni,FeS, phase in
images of FIN9S/VMS thin film.
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The nanostructures of the synthesized thin film catalysts were investigated by
transmission electron microscopy (TEM). A high-resolution TEM (HRTEM)
image (Figure 2.8(a)) shows that the VMS thin film consists of highly dense,
vertically aligned domains which is comparable to former studies.?’-3%1 Figure
2.8(b-c) depict the cross-sectional TEM images after the introduction of the Ni
layer onto the Mo precursor. The VMS thin films synthesized together with Ni only
layers showed a nano-particulate surface, particle sizes ranging from a few
nanometers to one hundred nanometers. It can be seen that horizontally aligned
MoS; regions with the thickness of a few atomic layers exist on vertically aligned
MoS, underneath the nanoparticle, which indicates that the VMS thin film is not
fully vertically aligned due to the nanoparticle. The HRTEM image and electron
diffraction pattern achieved by the fast fourier transform in Figure 2.8(d) indicate
that the nanoparticles on the VMS thin film were the heazlewoodite Ni;S, (R32,
PDF Number 00-044-1418) with the d-spacings of 0.41 and 0.29 nm corresponding
to the (101) and (110) planes, respectively. The HRTEM images of the VMS thin
film synthesized with the Fe only layer as a precursor are shown in Figure 2.8(e-f).
Based on the HRTEM and the SAED, the nanoparticles on the VMS thin film were
identified as the marcasite FeS, (Pnnm, PDF Number 00-037-0475) with the d-
spacings of 0.22 and 0.17 nm corresponding to the (200) and (002) planes,
respectively. In addition, HRTEM images of the FIN9S/VMS and F5N5S/VMS
are acquired to identify their crystal structure. According to Figure 2.9(a-b), it is
clearly shown that the FIN9S/VMS has the same crystal structure with Ni;S,,
while FSNS5S has FeS; crystal structure. The TEM analysis indicates that when the

sulfurization process is conducted using the Ni/Fe/Mo precursor layer, Mo is
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converted to the 2D VMS layer, whereas the Ni/Fe layer becomes a particular-
shaped FNS NPs. Energy-dispersive X-ray spectrometry (EDS) mapping results of
the FIN9S/VMS/p-Si and FSN5S/VMS/p-Si are shown in Figure 2.8(g) and Figure
2.9(c). Based on the elemental distribution, Ni, Fe and S elements are
homogeneously distributed on the top 3D FNS NPs. Even though the precursor
layers were subsequently deposited in order of Fe, Ni and Mo, it is reasonable to
speculate that the top Fe and Ni layers are well alloyed and agglomerated to FNS

NPs on the VMS thin film.
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Figure 2.8. TEM images of the synthesized thin films. (a) VMS, (b—d) cross-sectional high-
resolution TEM images of Ni3S, NPs/VMS thin film, (¢ and f) high-resolution TEM images
of FeS, NPs/VMS thin film. (g) Cross-sectional HAADF-STEM image and EDS mapping
of FIN9S/VMS thin films on p-Si.
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d(110) = 0.29 nm

Figure 2.9. High resolution TEM images of (a) FIN9S/VMS and (b) FSN5S/VMS thin
films. (c) HAADF-STEM image and EDS mapping of FSN5S/VMS thin film.
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Because the MoS;-based thin film catalysts in this study are semitransparent,
most of the incident light is absorbed by underlying p-Si. Hence, it is imperative to
identify whether the photogenerated electrons at the surface of p-Si efficiently
transported toward the thin film catalyst/electrolyte interface for reducing protons
(H*). Band bending of the FNS NPs/VMS/p-Si heterostructures was explored by
ultraviolet photoemission spectroscopy (UPS) and XPS valence band spectra. The
secondary electron cut-off (SEC) spectra of bare p-Si, PMS/p-Si, VMS/p-Si, FNS
NPs/p-Si and reference Au foil electrodes are shown in Figure 2.10(a). All SEC
spectra were calibrated by the work function of the Au reference (5.1 eV). Given
that the photoelectrons have the escape depth of ~5 nm, shorter than the thickness
of thin film catalysts, the work functions of the p-Si and thin film catalysts can be
determined from the SEC as 4.7 eV, 4.3 eV and 4.4 eV for p-Si, PMS and VMS
respectively (see Figure 2.10(a), 2.11 and Table 2.1). Furthermore, the work
function of FNS NPs in Figure 2.10(a) was measured by transferring the separately
grown FNS NPs on p-Si to exclude the overlapping effect in SEC spectra between
FNS NPs and VMS. The work function values of FNS NPs are also summarized in
Figure 2.11 and Table 2.1. According to the XPS valence-band spectra plotted in
Figure 2.10(b), the energy differences between the Fermi level and valence band
maximum (Er - Ey) were obtained for bare p-Si (0.4 eV), PMS/p-Si (1.4 eV),
VMS/p-Si (1.1 eV) and Au reference electrode (0 eV). For the same reason as the
UPS measurements to rule out the overlapping effect, the Er - £y values of FNS
NPs were measured separately, as shown in Figure 2.10(b) and Table 2.1. From the
absorbance spectra in Figure 2.12, the optical band gaps of PMS and VMS were

calculated to be around 1.7 eV and 1.68 eV by the Tauc plot, whereas the reported
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values were utilized as the optical band gap of FNS NPs. Considering that the
VMS has the Er - Ey value of 1.12 eV, the transferred VMS thin film is an n-type
semiconductor, as in our previous study.!'” Interestingly, as illustrated in Figure
2.10(c), the Er - Ey value of the heazlewoodite Niz;S, NPs (Ni only), which is
known to have metallic nature, was almost 0 eV.[*0l As the content of Fe in FNS
NPs increases, the Er - Ey values were gradually increased. The marcasite FeS,
NPs (Fe only) showed the Er - Ey value of 0.42 eV with the optical band gap of

1.17 eV.I41
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. (a) Ultraviolet photoemission spectroscopy (UPS) and (b) X-ray

photoemission valence spectra of bare p-Si, PMS/p-Si, VMS/p-Si, NS/p-Si, FIN9S/p-Si,
F5NS5S/p-Si and FS/p-Si. Each measured value was corrected with Au reference. Energy
band diagrams of (c) NS or FIN9S/VMS/p-Si and (d) FS/VMS/p-Si heterojunction
photocathodes. (e) and (f) Schematics of the charge transfer for FNS/VMS/p-Si and
FS/VMS/p-Si photocathodes, respectively.
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Table 2.1. Calculated work function and £y — Er values of PMS/p-Si, VMS/p-Si, and FNS
NPs/p-Si photocathodes.

Work function Er— VBM
Photocathode
(eV) (eV)
Au 5.10 0
p-Si 4.70 0.40
PMS 4.34 1.36
VMS 4.36 1.12
NS (Ni3S») 431 0.033
FINOS 4.32 0.030
FSNSS 4.29 0.17
FS (FeS,) 4.32 0.38
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Based on these results, the flat band (Figure 2.13) and band bending diagrams
(Figure 2.10(c-d)) for the FNS NPs/VMS/p-Si heterostructure were obtained. The
p-Si and VMS form a p-n junction, inducing downward band bending in p-Si.
Because the work function of VMS is slightly higher than that of other FNS NPs,
downward band bending is induced when the VMS thin film is in equilibrium with
the FNS NPs. For the Ni3S, and FIN9S NPs as shown in Figure 2.10(c, e), thanks
to their metallic nature, the band bending diagram clearly shows that the
photogenerated electrons from p-Si could be easily transported to the
NPs/electrolyte interface without an electronic potential barrier. However, as
illustrated Figure 2.10(d, f), the FeS, NPs/VMS junction introduced the electronic
potential barrier at the interface that blocked the photogenerated electrons back to

the VMS layer and prevented the HER.
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PEC measurements were carried out with a standard three-electrode
configuration using a 0.5 M H,SO, solution as the electrolyte. Figure 2.14(a) shows
the photocurrent densities of the samples plotted as a function of potential vs.
reversible hydrogen electrode (RHE) under a simulated air mass (AM) 1.5 G
condition. The dark currents are shown as horizontal lines. The onset potential in
the J-V curve was defined as the potential where the photocurrent density reaches -
1 mA cm. Even though Si is a promising candidate material for photocathodes
because it has a narrow band gap, which enables effective absorption of a wide
portion of the incident solar spectrum, the bare p-Si photocathode showed a large
negative onset potential of -0.35 V. To drive HER on the p-Si photocathode,
additional potential must be required because of the carrier concentration and
kinetic overpotential issues.[*”] The kinetic overpotential could be overcome by
applying the PMS thin film catalyst on the p-Si photocathode, which shows the
anodic shift in the polarization curve (Figure 2.14(a)). Compared with the PMS/p-
Si photocathode, the onset potential of VMS/p-Si photocathode slightly enhanced
to 125 mV. While the PMS exposes the catalytically inert basal planes as the
terminating surface, VMS has the edge-terminated surface, which is the catalytic
active site.[*3] Therefore, the HER is more active on the VMS/p-Si photocathode
than on the PMS/p-Si, and it leads to a lower onset potential for the HER. The
catalytic activity of the metal precursor is extremely enhanced with the
introduction of Ni because metallic Ni3S; nanoparticles induce a downward band
bending and the resultant built-in potential at the VMS/Ni;S; interface,
consequently facilitating the electron transfer to the electrolyte, as mentioned in

Figure 2.10(c). Among the synthesized thin film catalysts/p-Si photocathodes, the
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FIN9S/VMS/p-Si photocathode exhibited the highest catalytic activity for HER.
The onset potentials of this photocathode markedly shifted toward the anodic
direction to 280 mV, and the photocurrent density at 0 V was -25.4 mA cm. This
value is even higher than the maximum photocurrent density (24.6 mA cm?) of
MoS,/p-Si photocathodes in our previous study.!!” However, the cathodic shift in
the onset potential is observed when the Fe ratio increases. This is because of the
metal (Ni3S;) to semiconductor (FeS;) transition of FNS NPs inducing the
electronic potential barriers at the NPs/VMS interface. The incident-photon-to-
current conversion efficiency (IPCE) spectra (Figure 2.14(b)) of the thin film
catalysts/p-Si were recorded at an applied potential of 0 V vs. RHE. Among the
synthesized thin films, the FIN9S/VMS thin film on the p-Si photocathode showed
the highest efficiency of above 60% in the wavelength range of 400-800 nm. The
IPCE increased until the Ni/Fe ratio reached 9, and IPCE decreased with the

increased amount of Fe, corresponding to the photocurrent density at 0 V vs. RHE.
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Figure 2.14. (a) Polarization curves of the synthesized photocathodes. (b) Incident
photon-to-current efficiency (IPCE) measurement of the synthesized photocathodes.
(c) Electrochemical impedance spectroscopy (EIS) analysis of the synthesized
photocathodes at 0 V vs. RHE.
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The electrochemical (EC) HER performance of the synthesized thin film
catalysts with various Ni/Fe ratios with iR-correction in 0.5 M H,SO; was
investigated. For the electrochemical measurement, the synthesized thin films were
transferred to the Au substrate. For comparison, we also plotted the linear sweep
voltammetry (LSV) curve of the Pt electrode. As shown in Figure 2.15, the EC
HER performance of the synthesized thin film showed the same trend as the PEC
HER performance. The introduction of Ni causes significant enhancement of
catalytic activity for the HER. The FIN9S/VMS thin film displays the highest
catalytic activity also in electrochemical measurement, which is a low
overpotential of 106 mV at a current density of 10 mA cm, as shown in Figure
2.15(a). Furthermore, we displayed the Tafel plots of the samples in Figure 2.15(b).
The reaction mechanism of HER can be explained by the Tafel slope, which
involves three steps: discharge (Volmer reaction, Tafel slope of 120 mV dec!),
desorption (Heyrovsky reaction, Tafel slope of 40 mV dec’') and recombination
steps (Tafel reaction, Tafel slope of 30 mV dec!).* In Figure 2.15(b), the
FIN9S/VMS on the Au electrode showed the lowest Tafel slope of 68.5 mV dec!.
On this cathode, HER most likely occurs via the Volmer-Heyrovsky mechanism,
which indicates that the rate-limiting step is the electrochemical desorption of H,gs
and H;0" to form hydrogen.[**] Considering that this catalyst has the form of a flat
thin film, which has a much lower surface area than other nanostructured catalysts,
this catalyst has a superior catalytic activity compared with the reported MoS,-

based catalysts, as shown in Table 2.2.
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Table 2.2. Comparison of experimental results with previously reported transition metal

sulfide catalysts.

Overpotential ;I;ﬁfeel
Electrocatalyst Type (mV) Vpd } Ref Electrolyte
@ 10 mA cm™ (m ) e
This 0.5M
FIN9S/VMS 106 68.5 study H,S0,
Defective-rich MoS, 208 160 [45] 21'2551\34
Au nanorods Thin film 220 71 [46] 0.5M
on MoS; nanosheet H,SO04
Vertically aligned 05M
MoS, nanosheets 421 84 [47] H SO
with graphene 24
Core-shell MoO:;- 0.5M
MoS; nanowires =175 =33 [48] H,S04
Ni-Co-MoS, 0.5M
nanoboxes 155 3l [25] H,S04
P, Se-co-doped
MoS, 110 49 [49] %551\61
nanosheets on CNTs P
MoS, nanosheets 44 8- 0.5M
on TiN nanorods 146-195 65.6 [50] H,S04
C0S,-MoS,/CNT Nanostruct 0.5M
08,-M0S,/CNTs anostructure 70 67 [51] H.SO,
Co-doped MoS; 05M
nanosheets on 90 50 [52] H.SO
Carbon Ea
Cu nanoparticle
deposited MoS, 0.5M
nanoflowers on GO 126 %0 [33] H,SO4
sheet
N-doped
Cu,S/MoS, 91 41 [54] 1 M KOH
nanorod arrays
NixS,-MoS; hybrid . _ 05M
microspheres Microstructure 290 55.6 [55] H,S0;
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Furthermore, electrochemical impedance spectroscopy (EIS) measurements
using a simplified equivalent circuit were conducted to investigate the surface
kinetics, as shown in Figure 2.14(c). The simplified equivalent circuit consisted of
constant phase elements (CPE) and charge-transfer resistance (R.). The impedance
spectra were measured at 0 V vs. RHE under the AM 1.5 G condition. The smallest
semicircular arc showed in the FIN9S/VMS/p-Si thin film catalyst, which indicates
that the electrode-to-electrolyte shuttling of electrons on this catalyst is faster when
compared with the other catalysts. This notable decrease in the overall impedance
is attributed to the appropriate bend bending and a built-in potential that formed at
each junction (VMS/p-Si, FIN9S/VMS). The overall sizes of the semicircular arc
for each synthesized photocathode correspond well with that of photocurrents at 0
V in Figure 2.14(a), as shown in Table 2.3. The charge-transfer resistance at the p-
Si/MoS; interfaces (R.;) showed a remarkable difference between the VMS and
PMS layers on p-Si. This is because the vertically aligned domains in the VMS thin
film act as conductive channels between p-Si and the electrolyte.’®! For the PMS
thin film, the photoelectron should go through the out-of-plane direction of layered
MoS,, which has intrinsically low conductivity.l'”! In addition, the R, of the metal
sulfide decorated VMS/p-Si photocathodes increased as the thickness of the Fe
precursor layer increased. This tendency is due to FeS, NPs, which cause electron

barriers and hinder the transfer of electrons, as mentioned earlier.
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Table 2.3. Charge transport resistance of synthesized photocathodes.

p-Si 2 2 2 2
photocathode R (Qcem) R, (Qem) R,,(Qem) R, (Qem)

PMS 2.10 161.50 143.692 N/A
VMS 5.51 88.82 87.40° N/A
NVMS 232 51.28 0.25 2.86
FIN9S/VMS 1.44 18.42 0.42 0.41
F5NSS/VMS 2.92 14.71 77.51 5.26
FS/VMS 4.32 55.84 113.42 0.55

Rs: The charge transport resistance at contact/p-Si.

Ret1: The charge transport resistance at p-Si/MoS,.

Rei2: The charge transport resistance at MoS,/FNS

Rei3: The charge transport resistance at FNS/electrolyte.
2 The charge transport resistance at MoS,/electrolyte.
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Chronoamperometric experiments were performed on PMS/p-Si, VMS/p-Si and
FIN9S/VMS/p-Si photocathodes to evaluate the passivation effect of the
synthesized thin film catalysts, as shown in Figure 2.16. For the PMS/p-Si
photocathode, the current was improved for 30 min during the measurement. This
is probably due to a self-optimizing effect by morphological changes (Figure 2.17),
because the hydrogen gas that evolved between the MoS; layers caused exfoliation
and fracture of the thin film and made it more porous.’”! Subsequently, the current
gradually decreased to only 43% of the initial current after 10 h. This is attributed
to the weak adhesion between PMS and Si via van der Waals force, resulting in the
PMS layer further peeling off from silicon. It is also because MoS; is oxidized to
oxide materials such as MoQOs, which are catalytically inactive for the hydrogen
evolution reaction, thereby decreasing the number of catalytic active sites.’® For
VMS/p-Si, stability was improved more than that of the PMS/p-Si. It is believed
that the edge-terminated surface of the VMS on silicon with the dangling bond at
the edge site strengthened the adhesion to silicon and prevents its peeling off.[¢]
However, as on PMS, the oxidation of MoS, occurred on VMS and the
performance deteriorated, leading to only 75% of the initial current remaining after

10 h.
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Figure 2.17. SEM images of PMS/p-Si photocathode (a) before and (b) after morphological
changes.
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For FIN9S/VMS/p-Si, highly stable performance was observed. No degradation
in photocurrent was observed even after 10 h. This is attributed to the band
structure, as shown in Figure 2.10(c). Because the photogenerated electrons are
concentrated on metal sulfides with lower energy states than that of VMS, the
oxidation of MoS; is suppressed. In this way, we can obtain high long-term
stability, up to 10 h, due to the effect of vertically aligned MoS, and metal sulfide
particles. Through the SEM, TEM, Raman spectra, XRD, and XPS analysis
measured after the stability test shown in Figure 2.18-19, it was confirmed that
there were no noticeable changes in the morphology and crystal structure of
FIN9S/VMS/p-Si photocathode. The Ni FeS,4 phase, which was present in a very
small amount before the stability test was not found in the TEM analysis conducted
after the stability test. The Ni,FeS, might have been reduced to the catalytically
active NizS,, probably leading to the improved current density of the
FIN9S/VMS/p-Si photocathode during operation. Furthermore, the Faradaic
efficiency was measured by analyzing the gas evolved during the
chronoamperometric experiment for the FIN9S/VMS/p-Si photocathode using gas
chromatography to confirm if the current flowed on the photocathode was actually
used for HER. As shown in Figure 2.16, the Faradaic efficiency was close to 100%,
confirming that all the current flowing through the photocathode participated in

HER.
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’ 50 nm

Figure 2.18. SEM images of FIN9S/VMS/p-Si photocathode (a) before and (b) after the
stability test. (c-d) TEM images of the FIN9S/VMS/p-Si photocathode after the stability
test. Red arrow: deposited Ga layer during TEM sample preparation using focused ion
beam (FIB) instrument. (e) Cross-sectional HAADF-STEM image and EDS mapping of
FIN9S/VMS/p-Si photocathode after the stability test.
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Figure 2. 19 . (a) Raman spectra and (b) XRD patterns of the FIN9S/VMS/p-Si
photocathode after the stability test. XPS analysis of the FIN9S/VMS/p-Si photocathode

after the stability test for (c) Mo 3d, (d) Ni 2p, and (e) Fe 2p.
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In most photocathodes, the accumulation of photogenerated charge carriers
could occur with a sufficient lifetime at both the heterointerface inside the
photocathode and the electrolyte/photoelectrode interface. The PEC performance
of the photoelectrode is determined by the competition between photogenerated
charge transfer and recombination. Therefore, to investigate the kinetic behaviors
of photogenerated charges at heterointerfaces, we conducted intensity modulated
photocurrent spectroscopy (IMPS) by probing the periodic changes in the
photocurrent in response to a sinusoidal intensity modulation of the incident light
illumination.3% 691 IMPS is a practical method to obtain the rate constants of charge
transfer (kians) and recombination (k..) for photoelectrodes under constant applied
bias. Figure 2.20(a) exhibits a Nyquist plot showing the complex photocurrent of
PMS/p-Si, VMS/p-Si, NS/VMS/p-Si, FIN9S/VMS/p-Si, FSN5S/VMS/p-Si and
FS/VMS/p-Si photocathodes resulting from light intensity modulation at 0 V vs.
RHE. The charge transfer efficiency, defined as kans/(Kirans T kiec), can be obtained
from the ratio of the low frequency to high frequency intercepts on the real
photocurrent axis. The apex of the semicircular arc, showing the maximum phase
shift, indicates the combined rate constant of charge transfer and recombination
(Ktrans T kvec). Therefore, kirans and k. values can be calculated by using the intercept
ratio on the real photocurrent axis and the frequency on the apex. The resulting
kirans and ke values of PMS/p-Si, VMS/p-Si, NS/VMS/p-Si, FIN9S/VMS/p-Si,
F5SN5S/VMS/p-Si and FS/VMS/p-Si photocathodes are summarized in Figure
2.20(b). It is worth noting that ks increased one order of magnitude for VMS/p-Si
when compared with PMS/p-Si. This is another clear evidence that, when the

photogenerated electrons are transported through MoS, thin film catalyst to the
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electrolyte, it is significantly more efficient to pass through the vertically aligned
domains of VMS than to hop layer by layer of PMS. Also, the k.. value shows the
minimum value at FIN9S/VMS/p-Si, the best sample, and increases rapidly as the
proportion of Fe increases in the thin film catalyst. This is due to the formation of
an electronic barrier on the FSN5SS/VMS and FS/VMS interface with an increase in

the Fe content, as shown in Figure 2.10(d and f).
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Figure 2.20. (a) IMPS Nyquist plot of fabricated photocathodes displaying the imaginary
photocurrent vs. the normalized real photocurrent at 0 V vs. RHE. (b) Rate constants of
charge transfer (ki.ns) and recombination (k...) extracted from the IMPS Nyquist plot. (c)
Optical image of as-synthesized patterned thin films and thin films transferred on p-Si with
corresponding photocurrent mapping image of device at 0.1 V vs. RHE.
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Spatially resolved PEC characterization was performed to directly evaluate and
visualize the photocatalytic activity of the FIN9S/VMS with that of other catalysts
on the same p-Si photocathode. SPECM is an in situ microscopic photocurrent
mapping system combined with the standard three-electrode configuration in a
home-designed reaction bath and a focused 532-nm laser by an optical objective
(see Figure 2.21). While the focused laser scans over the catalyst area using a
motorized microstage, the photocurrent corresponding to hydrogen generation is
measured and mapped based on the position of the laser spot. The focused spot size
is ~5.0 pm in diameter and the incident power is typically ~200 uW. Note that such
an analysis allows us to investigate the photocatalytic activities on various catalytic
surfaces without experimental sample-to-sample variations potentially existing in
conventional PEC measurements.[%!] For the SPECM measurement, we deposited
Mo, Ni and Fe thin films using a patterning mask with 100 um of holes through the
e-beam evaporator deposition method, and sulfurized the thin films. The optical
images of VMS, NS/VMS and FIN9S/VMS thin film catalysts on the SiO, and p-
Si substrates are shown in Figure 2.20(c). We visualized the intensity of the
photocurrent generated on each thin film catalyst into 3D mapping, as shown in Fig.
3.20(c). Based on previous PEC measurements, the intensity of the photocurrent of
the FIN9S/VMS thin film catalyst on p-Si was the highest. It was confirmed that
the photocurrent gradually decreased for NS/VMS and VMS thin film catalysts.
Similarly, Figure 2.22(a) shows an optical image of the specially designed
photocathode containing five spatially distinct regions, namely, FIN9S/VMS,
NS/VMS, VMS, PMS and bare p-Si. The photocurrent mapping image and line

profiles obtained at -0.1 V vs. RHE are shown in Figure 2.22(b-c), in which the
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different catalytic surfaces are clearly distinguished in the photocurrent color map
and line profiles. Compared with the photocurrent of ~0.84 pA on the bare p-Si
area, the photocurrent values are increased by ~0.4, 0.3, 0.1 and 0.02 pA for
FIN9S/VMS, NS/VMS, VMS and PMS on p-Si, respectively. This increasing
trend in photocurrent based to various surface decorations is consistent with the
above photocatalytic HER performances measured with typical PEC measurements.
It is worth noting that a relatively higher photocurrent is observed from the edges
of the transferred film presumably due to further catalytic enhancement by edges

and local strains.
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Figure 2. 21. (a) Schematic of the SPECM measurement setup, combining scanning
photocurrent microscopy with a standard three-electrode electrochemical measurement. A
copper electrode contacting the device, Pt, and the saturated calomel electrode are used as
the working, counter and reference electrodes, respectively. The home-designed reaction
bath is illuminated by a 532-nm laser from above. (b) Photograph of the measurement with
a 532-nm laser and mapping stage. (c) Photograph of the fabricated device on slide glass
with O-ring. The device is electrically connected to a copper electrode through an InGa
eutectic alloy and silver paste.
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Figure 2.22. (a) Optical image of the fabricated device. (b) Photocurrent mapping image of
the device at -0.1 V vs. RHE. Scale bars in (a) and (b) are 200 um. (c) Corresponding line
profiles of photocurrent along the solid lines in (a). Red (1st) and green (2nd) line profiles
are obtained along the red (1st) and green (2nd) solid lines in (a), respectively. Red, green,
orange and yellow shaded regions indicate FIN9S/VMS, PMS, NS/VMS and VMS,

respectively.
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Owing to the change in the domain orientation of MoS, and the atomic
composition of 3D metal sulfide nanoparticles, we have suggested charge-transfer
and surface degradation mechanisms. These are illustrated in Figure 2.10(e-f). As
the downward band bending induced by FIN9S NPs enables rapid charge transfer
along the out-of-plane direction of the thin film catalyst, the surface degradation of
VMS is effectively suppressed over a 10 h operation. In contrast, as illustrated in
Figure 2.10(f), the electronic barrier at the heterointerface of FSN5S/VMS and
FS/VMS causes photogenerated electrons to accumulate at the heterointerface of
3D metal sulfide NPs/VMS, which is followed by rapid charge recombination.
These results indicate that moderate amounts of Fe are beneficial for improving the
electrocatalytic performance of thin film catalysts for HER, whereas excess Fe
increases charge recombination at the 3D metal sulfide nanoparticles/VMS

interface.
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2.4. Conclusion

We have successfully demonstrated large scale (12 cm X 12 ¢cm) and transferable
FNS NPs decorated VMS thin film catalysts via one-step sulfurization method. The
synthesized thin film catalyst exhibited remarkable PEC performance: high
photocurrent density (25.44 mA cm?2 at 0 V vs. RHE), lower onset potential (280
mV at 1.0 mA cm?) and long-term stability (over 10 h). The heterojunction band
diagram and DFT calculation further showed that the FIN9S NPs on VMS/p-Si
photocathode not only induced the downward band bending of VMS but also
improved the surface kinetics of the thin film catalyst. The proposed one-step
sulfurization method paves a novel way for TMD-based 3D/2D heterojunctions,
which were previously inaccessible in the form of large-scale transferable thin
films. The 3D/2D heterojunction demonstrated here with conventional transition
metal disulfides could also lead to the discovery of a new class of thin film
materials with a versatile combination of both transition metals and chalcogen

elements.
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Chapter 3

CO; utilization on

3D nanostructured Ag catalysts
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3.1. Introduction

The uncontrollable increase of CO, in the atmosphere by the excessive
consumption of fossil fuels has become an urgent environmental issue in the world,
as it has been considered a primary cause of global warming.!'*! Because of this
reason, the conversion of CO; to useful low carbon fuels has attracted considerable
research interest.>”7 Among the various methods, photoelectrochemical (PEC)
reduction of CO; has been regarded as a promising strategy, because it utilizes the
solar energy and water to reduce CO,, which mimics natural photosynthesis.[® °]
Depending on the catalysts and conditions, diverse chemicals such as carbon
monoxide, formic acid, or hydrocarbons can be produced.['>!5! In aqueous
electrolytes, the competitive hydrogen evolution reaction, which produces
hydrogen gas, may occur together with the CO, reduction reaction. Therefore,
syngas (synthesis gas, CO and H, mixtures) can be obtained in aqueous electrolytes,
which is a critical C1 feedstock for practical applications including Fischer-

Tropsch synthesis, methanol synthesis, syngas fermentation.[!¢ 7]

In the PEC system, many kinds of semiconductors, such as Si, oxide, nitride, and
sulfide, have been studied for high efficient PEC CO, reduction reactions.[® 18-23]
Among the semiconductors, p-Si has been known as one of the most promising
materials for photocathodes because of its narrow bandgap of 1.1 eV, earth
abundance, and high-level processing technique. However, unfortunately, since the
catalytic activity of Si for CO, reduction reaction is poor a high over-potential is
needed to reduce CO, on Si photocathodes.!'® 241 Therefore, for high efficient
syngas production using Si photocathode, catalysts that have high catalytic activity

for CO; reduction reaction are essential. Metals such as Au and Ag have been
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known to promote the conversion of CO, to CO by electrochemical reduction in
aqueous electrolytes.l'!- 25-271 Furthermore, the catalytic activity of these metals
varies depending on the size of catalysts, morphology, crystallinity, oxidation
states of metal catalysts.[!!> 28-31] Egpecially, Kanan group firstly demonstrated the
enhancement of catalytic activity for CO, reduction reaction of metal catalysts by
tuning the nanostructure and the oxidation states of metals through electrochemical
reduction of metal oxides in 2012.[1"-32-33] The oxide derived Au electrode exhibited
remarkable performances, a very low over-potential of 140 mV, and high
selectivity for CO production of 98%. However, although Au electrodes have
better catalytic activity than Ag electrodes, their application on the industrial scale
is difficult because of the high cost of Au metal. For this reason, many kinds of
electrochemical treatments on Ag electrodes have been studied as replacement of
Au electrodes, such as oxide-derived Ag,3* AgyCOs-derived Ag,[35-361 AgCl-
derived Ag,’”1 and AgBr-derived Ag.’® With these Ag catalysts, efficient and low-
cost PEC CO, reduction to syngas using Si photocathodes could be realized.
However, because Ag catalysts inhibit the light absorption onto Si photocathode,
there is a trade-off between the selectivity for CO and the light absorption.

Therefore, an appropriate structure for photocathodes is needed.[? 18]

In this chapter, we demonstrate the enhancement of Ag catalysts by reducing
anodic (RA) treatment applied on p-Si photocathodes for efficient PEC CO,
reduction to produce syngas in aqueous electrolyte. Through the RA treatment, the
properties of Ag catalysts, such as morphology, active sites, and electronic
structure, are tuned to achieve high catalytic activity for the CO, reduction reaction.

Furthermore, we propose a new structure for photocathode using SiO, patterning,
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which balances between the catalytic activity for CO, reduction reaction and light
absorption onto Si photocathode. Figure 3.1(a) shows the schematic of the
proposed photoelectrochemical reduction of CO, into syngas on the reduced Ag
(R-Ag)/TiO2/p-Si photocathode. The R-Ag/TiO,/p-Si photocathode provides a low
onset potential of -0.16 V vs. RHE (reversible hydrogen electrode), a large
saturated photocurrent density of -9 mA/cm? at -1.23 V vs. RHE. Finally, the
syngas in ratio from 1:1 to 1:3 that can be used to practical application is produced

depending on the various applied potentials.
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(a)

Figure 3.1. (a) Schematic of the proposed photoelectrochemical reduction of CO, into
syngas on R-Ag/TiO,/p-Si photocathode. Scanning electron microscopic (SEM) images of
(b,c) Ag catalysts on TiO,/p-Si photocathode and (d,e) R-Ag catalysts on TiO,/p-Si
photocathode.
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3.2. Experimental procedures

Fabrication of Ag/TiO2/p-Si and SiO2 patterned Ag/TiO2/p-Si
photocathode. A p-Si wafer (0.01-0.1 Q-m, <100> plane, DASOMRMS Co., Ltd)
was cleaned in acetone, isopropyl alcohol, and deionized (DI) water, using
ultrasonication. The water was purified by a water purification system (Human
Power, Human Co, Ltd., 183 KQ-m) for DI water. The cleaned p-Si wafer was
soaked for 1 min in 5% hydrofluoric acid (HF) to etch the native SiO, layers. Then
a 5 nm-thick TiO, thin film was deposited using an electron-beam evaporator
(KVE-E2004L). Subsequent heat treatment was conducted for TiO,/p-Si substrates
in a tube furnace at 350 °C for 30 min under N,. For SiO, patterned Ag/TiO./p-Si
photocathode, after deposition of TiO, thin film, a patterned 500 nm-thick SiO,
was deposited using the electron-beam evaporator, using a patterning mask (Figure
3.2(a)). The patterning mask has square holes of 500 pm in length, and their total
area is 50% of the total area of the mask. Before the electrodeposition, a Cu wire
was connected to the scratched backside of the TiO,/p-Si substrate using an In-Ga
alloy (Sigma Aldrich) and silver paste. Then, except for the active area of 1 cm % 1
cm, the whole surface of the TiO./p-Si surface was covered with an adhesive

Kapton tape to preven contact with the electrolyte.

The solution for the deposition of Ag is prepared from 5 mM AgNOs;, 50 mM
NaNOs, which were dissolved in DI water. The Ag catalysts were electrodeposited
on the TiO,/p-Si electrodes in a standard three-electrode system with a Pt mesh as a
counter electrode and Ag/AgCl (sat. KCl) as a reference electrode. The deposition
of Ag was performed by applying -0.1 V vs. Ag/AgCl on the working electrode for

15 min. Then, the electrodeposited samples were rinsed with DI water.
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Figure 3.2. (a) Patterning mask used for deposition of SiO, layer. (b-c) SEM images and
EDS spectrum of partially electrodeposited Ag particles on SiO,-free region on Ag/TiO,/p-
Si photocathode.
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RA treatment for R-Ag/TiO,/p-Si and SiO, patterned R-Ag/TiO./p-Si
photocathode. The RA treatment was performed on (SiO; patterned) Ag/TiO,/p-Si
photocathodes in CO,-saturated 0.1 M KHCO; electrolyte (pH 6.7) in a two-
compartment H-type electrochemical cell with a Pt mesh counter electrode and an
Ag/AgCl (sat. KCl) reference electrode. Symmetric 50 Hz square-wave pulses
between 1.3 V and 0.1 V were applied for 60 min. After pulsed anodization, the

reduction of Ag catalysts was conducted at -0.6 V vs. RHE for 10 min.

Characterization. The morphology of the fabricated photocathodes was studied
using FE-SEM (SUPRA 55VP), with an acceleration voltage of 2 kV and the
working distance of 3.5 mm. The structural study of Ag and R-Ag on a TiO,/p-Si
photocathode was confirmed by a Bruker D8 advance diffractometer, equipped
with a Cu Ka source. XPS analysis was carried out using an instrument (SIGMA
PROBE ThermoFisher Scientific) at a base pressure of 5 x 10-1° mbar at 300K
using monochromatic Al Ko radiation (1486.6 eV) generated from an electron
beam operated at 15 kV. The binding energy (BE) scale was calibrated with the C

Ls peak being at 284.5 eV. The spot size was about 400 pm.

Electrochemical measurement. The PEC measurements (Ivium Technologies,
Nstat) were carried out with a three-electrode system with a Pt mesh as a counter
electrode and an Ag/AgCl (sat. KCl) reference electrode in a CO, saturated
KHCO:s electrolyte. All measurements are conducted in the two-compartment H-
type electrochemical cell with a piece of proton exchange membrane (Nafion® 117)
as the separator. Before measurement, the electrolytes in the H-type cell were

purged with CO, gas for at least 30 min. A Xe arc lamp used as a light source was
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calibrated to 1 sun (100 mW/cm?, AM 1.5G) using a reference photodiode. For the
linear sweep with a cathodic direction, a scan rate of 20 mV/s was used. The
measured current density was normalized to the electrode geometrical area. The
measured potential vs. Ag/AgCl was converted to the RHE scale according to the

Nernst equation:

0
ERHE = Eagiagcr + 0059 pH + Epginect 0

where Egyg is the potential vs. RHE, E%gaeci = 0.198 V at 25 °C, and Eagagci is

the measured potential vs. the Ag/AgCl reference electrode.

The evolved gas was analyzed using gas chromatography (Agilent GC 7890B)
connected to the cathodic compartment of H-type electrochemical cell while a
constant potential was applied. A 20.0 sccm rate of CO, gas was delivered into the
cathodic compartment and vented into the gas sampling loop of the GC. The GC
was equipped with a micropacked column (ShinCarbon ST 100/120), a thermal
conductivity detector (TCD), and a flame ionization detector (FID), with argon as

the carrier gas. The Faradaic efficiency was calculated according to the following

equations:
2F
eak area of CO P -
j _ peakarea f x flow rate x x (electrode area) 1
co o RT -2
eak area of CO 2F .
sz - peak area of x flow rate x 0 x (electrode area) 1

g R —(3)

F-E.co=ico/i measured —-(4)
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F'E'Hz = fﬂszmeasured —(5)

where o and B are conversion factors for CO and H, respectively based on

calibrations of the GC with a standard sample, py = 101.325 kPa, and T = 298.15 K.

To compare the electrochemical surface area, double layer capacitance of R-Ag
and Ag catalysts was measured on TiO./p-Si substrate in 0.1 M KHCO;
electrolytes according to previously published method.l**] The charging current was
measured from the CVs at different scan rates (10 — 100 mV s!). The relation
between the double layer capacitance, the charging current, and the scan rate was

given eq 6.
ic = UCDL ---(6)

Where i, v, and Cp. are charging current, scan rate, and double layer

capacitance, respectively.
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3.3. Results and discussion

The Ag/TiO2/p-Si photocathode is synthesized by using the combination of
electron-beam deposition and electrodeposition method. At first, a TiO, thin-film
was deposited on p-Si substrate with 5 nm thickness using an electron-beam
evaporator. The obtained TiO,/p-Si substrate was annealed in a tube furnace at
350 °C for 30 min under N, atmosphere. After that, Ag catalysts are deposited on
the TiO,/p-Si substrate through the electrodeposition method. For the fabrication of
R-Ag/TiO/p-Si, electrochemical RA treatment was conducted on the Ag/TiO»/p-Si
substrate. A Field-emission scanning electron microscopy (FE-SEM) was
conducted to investigate the surface morphology changes induced by the RA
treatment. Figure 3.1(b-e) shows the SEM images of fabricated Ag/TiO./p-Si
photocathode and R-Ag/TiO,/p-Si photocathode. Figure 3.1(b-c) shows the
morphology of Ag/TiO,/p-Si photocathode, which presented Ag particles of
several hundred nanometers to micrometers in size have polygonal shapes. After
pulsed anodization, the particles are merged into bigger particles randomly shaped
(Figure 3.3). However, as shown in Figure 3.1(d-e), the reduction of Ag particles
turned the Ag particles to change into the porous-like nanostructures on R-
Ag/TiOy/p-Si photocathode. Compared with the Ag/TiO,/p-Si photocathode, the
surface area of R-Ag/TiO,/p-Si photocathode was enlarged, and the flat surface of
Ag particles was changed into the rough surface. To estimate the change of surface
area, the double layer capacitance (Cq) at the solid/liquid interface for R-
Ag/TiOy/p-Si and Ag/TiO,/p-Si photocathodes was measured by the cyclic
voltammetry technique using different scan rates as shown in Figure 3.4(a-b).

Figure 3.4(c) displays that R-Ag/TiO,/p-Si photocathode exhibited a higher Cq of
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0.18 mF cm than the Ag/TiO,/p-Si photocathode of 0.018 mF c¢cm, indicating that

more active surface area has increased through the RA treatment.
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Figure 3.3 . Scanning electron microscopic (SEM) images of anodized Ag catalysts on
Ti0,/p-Si photocathodes in (a) low and (b) high magnification.
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Figure 3.4. CV curves for (a) R-Ag/TiO,/p-Si and (b) Ag/TiO,/p-Si photocathodes at scan
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Ag/Ti0,/p-Si photocathodes.
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To investigate the changes of the crystalline structure after RA treatment, the
Ag/TiO,/p-Si photocathode and the R-Ag/TiO,/p-Si photocathode were analyzed
by X-ray diffraction (XRD). Figure 3.5(a) displays the XRD patterns of the Ag and
R-Ag catalysts on TiO,/p-Si photocathodes. XRD patterns for these two
photocathodes show 20 reflection peaks at 38.2°, 44.5°, 64.5°, and 77.5° which all
correspond to diffractions along the (111), (200), (220), and (311) planes of the
face-centered cubic Ag crystal structure. The Ag/TiO,/p-Si photocathode has the
intense (111) peak, suggesting a preferred crystal orientation. However, XRD
patterns for R-Ag/TiO,/p-Si photocathode became more randomly powder-like Ag
reference peaks with relative increase of (200), (220), and (311) peaks compared to
the Ag/TiO,/p-Si photocathode. Therefore, it was confirmed that not only the
morphology was changed but also the crystallinity of the Ag catalysts through RA
treatment. Previously, the catalytic activity for electrochemical CO, reduction to
CO was higher on the (110) plane than on (111) or (100) planes, because of higher
density of undercoordinated active sites.?l- 491 For face-centered cubic structures,
(110) plane cannot be observable in XRD patterns because the (110) reflection
does not occur. Assuming that the amount of the (110) plane exists in proportion to
that of the (220) plane, it can be deduced that the amount of the (110) plane is
increased in the R-Ag/Ti0,/p-Si photocathode after RA treatment. Therefore, it is
expected that the electrochemical reduction of CO, efficiency can be enhanced by

RA treatment due to increase of the active sites on (220) planes.
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Figure 3.5. Characterization of Ag and R-Ag catalysts on TiO,/p-Si photocathodes. (a)
XRD patterns and (b) XPS spectrum of the Ag catalysts (blue) and R-Ag catalysts (red) on

Ti0,/p-Si photocathode.
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Furthermore, the electronic structures of the Ag and R-Ag on TiO./p-Si
photocathode were analyzed through X-ray photoelectron spectroscopy (XPS).
XPS survey spectra for Ag and R-Ag on TiO,/p-Si photocathode was shown in
Figure 3.6. In Figure 3.5(b), for Ag/TiO,/p-Si photocathode, the Ag 3ds/, peak and
Ag 3ds;, peak were observed at 368.2 eV and 374.2 eV, respectively. Also, R-
Ag/TiOy/p-Si photocathode has Ag 3d peaks at 368 eV and 374 eV, which are
assigned to Ag 3ds» and Ag 3ds, peaks, respectively. The Ag 3d peaks could be
deconvoluted into one main peak, which shows there is only metallic Ag. However,
the Ag 3d peaks of R-Ag/TiO,/p-Si photocathode were slightly shifted to lower
binding energy than that of the Ag/TiO,/p-Si photocathode. The negative shifts of
core-level binding energy are induced by increased electron density on the Ag
surface by intermetallic electron transfer, which is reported to improve the catalytic
activity for electrochemical CO, reduction to CO on Ag catalysts.[*% 41l Rodriguez
and co-worker have shown that a decrease in core-level binding energy cause
strong chemisorption of CO because the high electron density of host metal
facilitates m-backdonation into adsorbed CO.[*?] As a result, the negative shift in
core-level binding energy stabilizes the most important reaction intermediate
(COOH") on Ag catalysts due to the scaling relation.  Therefore, due to the
downshift of the binding energy by the RA treatment, the performance
improvement of electrochemical CO, reduction to CO can occur on the R-Ag

catalysts compared to Ag catalysts on TiO,/p-Si photocathodes.
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For PEC measurement, the 500 nm thick patterned SiO, layer was deposited on
TiO,/p-Si substrates using a patterning mask (Figure 3.2(a)), followed by
electrodeposition of Ag catalysts in the same procedure mentioned earlier. In
Figure 3.2(b-c), Ag catalysts were electrodeposited only on the SiO,-free surface of
the TiO,/p-Si substrate, allowing light absorption to Si through the SiO, portion.
The high electronic potential barrier is formed at the TiO,/Si0O, interface due to the
high band gap of SiO,, so electrons for electrodeposition of Ag" ion to Ag cannot
be move to the electrolyte. Therefore, Ag catalysts are only deposited on the SiO,-

free surface.

The PEC properties of the R-Ag on TiO,/p-Si, Ag on TiO,/p-Si, TiO,/p-Si, and
p-Si photocathodes were measured with a three-electrode system in CO, saturated
0.1 M KHCO:s electrolytes under AM 1.5G illumination. Figure 3.7(a) displays the
PEC current densities of the photocathodes plotted as a function of potential vs.
RHE. The black lines indicate the dark current, which show negligible currents
flows in the dark condition. As in the previous report.*3] when the onset potential
means a voltage generating a photocurrent of -0.6 mA/cm?, the p-Si photocathode
is found to have the largest onset potential of -0.54 V vs. RHE. The TiO./p-Si
photocathode has a slightly enhanced onset potential of -0.42 V vs. RHE and larger
photocurrent, which is attributed to a heterojunction formed with p-Si and »n-
Ti0,.[4*1 On the other hand, the two Ag-electrodeposited photocathodes exhibit the
significantly lowered onset potential, and the R-Ag/TiO./p-Si photocathode
exhibits the lowest onset potential of -0.16 V vs. RHE, which is 100 mV lower than
that of the Ag/TiO,/p-Si photocathode. After the onset potential, the photocurrent
density of the R-Ag/TiO./p-Si photocathode gradually rises with the applied
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potential and is saturated to -9 mA/cm? at -1.23 V vs. RHE, which is superior to
that of the Ag/TiO./p-Si photocathode. Compared to the p-Si and TiO./p-Si
photocathodes, the photocurrent density of Ag catalysts electrodeposited
photocathodes is reduced due to the Ag particles that inhibited the light absorption

by the light absorber, but an enhancement of the catalytic activity occurs on the Ag

catalysts.
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Figure 3.7. Performances of photoelectrochemical CO, reduction of Ag and R-Ag catalysts
on SiO, patterned TiO,/p-Si photocathodes under 1 sun illumination (AM 1.5 G) in CO,-
saturated 0.1 M KHCOs electrolytes. (a) Polarization curves and (b) Faradaic efficiency of
the fabricated photocathodes. The current density (— left axis) and faradaic efficiency for
CO (e right axis) vs. time on the Ag catalysts (blue) and the R-Ag catalysts (red) on
SiO; patterned TiO,/p-Si photocathodes at (¢) —0.2 V, (d) 0.4 V, (¢) —0.6 V, and (f) —0.9
V.
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To obtain faradaic efficiency, chronoamperometric measurements were
conducted at potentials between -0.4 and -0.9 V vs. RHE while gas products are
analyzed three times at each potential using gas chromatography (GC). The
faradaic efficiency is calculated based on the eq. (2-5) using the corresponding
chronoamperometry (i-f) curves in Figure 3.7(c-f). The average values of
calculated faradaic efficiency for CO was plotted against the potential as shown in
Figure 3.7(b). The p-Si and TiO»/p-Si photocathodes have a very low faradaic
efficiency of less than 5% at all the measured potentials in Figure 3.8, because Si
has poor CO; reduction reaction catalytic activity and TiO, has catalytic properties
for hydrogen evolution reaction.!'$: 44l Although Ag catalysts were introduced, it is
confirmed that the Ag/TiO./p-Si photocathode still exhibit a low selectivity.
However, with the RA treatment of Ag catalysts, the selectivity for CO is
considerably improved at R-Ag/Ti0O,/p-Si photocathode, as shown in Figure 3.7(b).
At the low potential of -0.2 V vs. RHE, the R-Ag/TiO,/p-Si photocathode has a
faradaic efficiency of 27%. With the increasing applied potential, the CO
selectivity gradually rose and reached 47% at -0.6 V vs. RHE, and decreased
beyond the peak potential. Before the potential region of -0.6 V vs. RHE, the
hydrogen evolution reaction is suppressed by CO adsorbed on Ag catalysts,
causing the faradaic efficiency for CO to increase.3!! However, beyond the -0.6 V
vs. RHE, the faradaic efficiency for CO decreased. This is because of reaching the
mass transport limitation of CO, by the low concentration of CO, in the aqueous
electrolyte at higher over-potential.[*] In Figure 3.7(c-f), the photocurrent density
on the R-Ag/TiO,/p-Si photocathode is larger than that on the Ag/TiO./p-Si

photocathode over all measured potential. This is due to the enlarged active sites by
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morphology changes. Furthermore, the enhancement of faradaic efficiency for CO
is attributed to the increased (110) planes and lower binding energy of R-Ag
catalysts as mentioned before. The undercoordinated surface atom on (110) planes
and lowered binding energy of R-Ag could facilitate to stabilize the key reaction

intermediate (COOH").
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The best-performing R-Ag/TiO,/p-Si photocathode can synthesis syngas with
ratios from 1:3 to 1:1 depends on the applied potentials, as shown in Figure 3.9(a).
At —0.4 V vs. RHE, the photocathode produces 10.1 mol/s-cm? of syngas at a ratio
of 1:2, which is suitable feedstock for the process of methanol production.[*] Also,
the syngas with a ratio of 1:1 is produced at a rate of 18.6 mol/s-cm? at -0.6 V vs.
RHE, which can be used for the Fischer-Tropsch synthesis.[*”] Furthermore, the
stability test was conducted at -0.4 V vs. RHE for the R-Ag/TiO./p-Si
photocathode. Figure 3.10 shows the excellent stability for the R-Ag/TiO./p-Si
photocathode indicating no significant decreases in both current density and

faradaic efficiency for CO.

This PEC performance for syngas production on Ag catalysts is realized by
using the model proposed here. Figure 3.9(b) shows the schematic of our proposed
model of photocathode for CO, reduction. This model, patterning SiO, layer and
filling the remaining region with Ag catalysts using the electrodeposition method,
can allow the light absorption through the SiO, layer and promote the CO,

reduction reaction on Ag catalysts.
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This is attributed to the energy band structure of the photocathode, as shown in
Figure 3.9(c-d). The band diagrams were drawn, based on the previously reported
flat band diagrams (Figure 3.11).[44-48-501 Si0, is an insulating materials, so has high
band gap. Due to the intrinsic energy band property of SiO,, the high electronic
potential barrier is formed at the Ag/SiO, interface, which blocked transportation
of the electrons to electrolyte for reaction. On the other hand, since Ag particles
have metallic properties, the electrons are easily transferred through Ag particles to
electrolyte. Therefore, the electrochemical reaction only occurs at the R-Ag
catalysts, which improves the efficiency of CO, reduction reaction. Furthermore,
this model can be adapted to other catalysts, so it can be seen as a promising model

for photocathode on PEC CO; reduction study.
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3.4. Conclusion

In this chapter, we report for the reduced Ag catalysts on TiO,/p-Si
photocathodes for PEC CO; reduction to produce syngas. The R-Ag/TiO./p-Si
photocathode has been synthesized by using the combination of electron-beam
deposition method, electrodeposition, and electrochemical anodization/reduction
treatment. The morphology, active sites, and electronic structure of Ag catalysts are
modified by the RA treatment to achieve the high catalytic activity for the CO,
reduction reaction. The new model using a patterned SiO, layer can allow the light
absorption onto light absorber and facilitate the CO; reduction reaction on Ag
catalysts. The best performing photocathode provided the lowest onset potential of
-0.16 V vs. RHE, a large saturated photocurrent density of -9 mA/cm? at -1.23 V vs.
RHE. Furthermore, the faradaic efficiency for CO of 47% was achieved at -0.6 V
vs. RHE. At this potential, the photocathode could produce the syngas ratio of 1:1
with the rate in 18.6 mol/s-cm?, which is a suitable proportion for the Fischer-
Tropsch synthesis. Although this study focused on p-Si photocathode with Ag
catalysts for PEC CO; reduction, our proposed new model for photocathode could
be useful in various PEC applications, such as hydrogen evolution reaction, oxygen

evolution reaction, or N, reduction reaction.
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Chapter 4

Summary

In this thesis, the following strategies for improving photoelectrochemical
properties in solar fuel production. Photocathodes decorated with nanostructured
catalysts were fabricated using strategies suitable for solar water splitting and CO;
conversion reactions, respectively. Each reaction has a different mechanism,

requiring different strategies to apply nanocatalysts to silicon photocathodes.

In chapter 2, large scale (12 cm x 12 c¢cm) and transferable FNS NPs decorated
VMS thin film catalysts were synthesized via one-step sulfurization method. The
synthesized thin film catalyst exhibited remarkable PEC performance: high
photocurrent density (25.44 mA cm? at 0 V vs. RHE), lower onset potential (280
mV at 1.0 mA cm?) and long-term stability (over 10 h). The heterojunction band
diagram and DFT calculation further showed that the FIN9S NPs on VMS/p-Si
photocathode not only induced the downward band bending of VMS but also
improved the surface kinetics of the thin film catalyst. The proposed one-step
sulfurization method paves a novel way for TMD-based 3D/2D heterojunctions,
which were previously inaccessible in the form of large-scale transferable thin
films. The 3D/2D heterojunction demonstrated here with conventional transition
metal disulfides could also lead to the discovery of a new class of thin film
materials with a versatile combination of both transition metals and chalcogen

elements.

In chapter 3, the reduced Ag catalysts on TiO,/p-Si photocathodes for PEC CO,
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reduction to produce syngas were demonstrated. The R-Ag/TiO,/p-Si photocathode
has been synthesized by using the combination of electron-beam deposition method,
electrodeposition, and electrochemical anodization/reduction treatment. The
morphology, active sites, and electronic structure of Ag catalysts are modified by
the RA treatment to achieve the high catalytic activity for the CO, reduction
reaction. The new model using a patterned SiO, layer can allow the light
absorption onto light absorber and facilitate the CO; reduction reaction on Ag
catalysts. The best performing photocathode provided the lowest onset potential of
-0.16 V vs. RHE, a large saturated photocurrent density of -9 mA/cm? at -1.23 V vs.
RHE. Furthermore, the faradaic efficiency for CO of 47% was achieved at -0.6 V
vs. RHE. At this potential, the photocathode could produce the syngas ratio of 1:1
with the rate in 18.6 mol/s-cm?, which is a suitable proportion for the Fischer-
Tropsch synthesis. Although this study focused on p-Si photocathode with Ag
catalysts for PEC CO; reduction, our proposed new model for photocathode could
be useful in various PEC applications, such as hydrogen evolution reaction, oxygen

evolution reaction, or N, reduction reaction.
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