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Abstract

The interest in hydrogen energy is rapidly increasing worldwide for developing renewable and clean
energy. Among various hydrogen production methods, green hydrogen source produced by solar energy
is a promising way with zero emission. Photoelectrochemical (PEC) water splitting system is widely
considered as one of most promising systems to generate green hydrogen since PEC system can produce
green hydrogen by using water and solar energy, and when hydrogen energy is used, it can form the
most ideal energy cycle. The categories of PEC system can be broadly divided into two parts:

photoanode and photocathode. We have focused photoanode part by using a-Fe;O; called as hematite.

Hematite is one of the cheapest materials used as a photoanode and has outstanding potential to
theoretically achieve an efficiency of 15% solar-to-hydrogen (STH) conversion efficiency. In hematite-
based photoanode, a variety of categories can be formed such as substrate, underlayer, overlayer, doping,
oxygen evolution co-catalyst (OEC), and surface treatment. Herein, in the OEC part, we present an
approach to minimize the light shielding effect by OEC in hematite surface. By successfully selectively
adsorbing the developed Ti doped FeOOH (Ti-FeOOH) co-catalyst into the inner surface (inside pores)
of hematite, Ti-FeOOH/Ti doped porous hematite (Ti-PH) shows a photocurrent density of 4.06 mA
cm™ at 1.23 V vs. reversible hydrogen electrode (RHE) with good stability for 36 hours. In addition,
we have focused on enhancing the performance of hematite itself and have been studying the synergy
effect that can achieve structural evolution and doping through surface treatment at the same time as
well as problems that may occur in the fabrication process. We cover two case of Si doping and Ge
doping, respectively, and show the effects of dopants on hematite. Both cases utilize the overlayers of
SiOx and GeO,, and Sn diffusion into hematite from the fluorine-doped tin oxide (FTO) coated glass
can be suppressed when the overlayers are used. In the case of Si doping, we demonstrate the deep
mechanism by which Si can be easily doped with Si and Ti interaction with efficient structural evolution.
NiFeOx coated Si and Ti co-doped hematite shows 4.3 mA cm? at 1.23 V vs. RHE without any
demanding fabrication process. In the case of Ge doping, we present that when Sn doping from FTO is
suppressed, Ge is less affected by Sn and can make more efficient Ge doping effect. After decorating
NiFeOx co-catalyst, NiFeOy/Ge doped porous hematite (Ge-PH) shows a photocurrent density of 4.6
mA cm? at 1.23 V vs. RHE and our tandem device with a perovskite solar cell (PSC) achieves 4.8%
STH efficiency. Our works suggests a straightforward way to develop efficiently doped hematite, that

can be easily expanded to other doping systems for green hydrogen production.
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and Ge:Sn co-doped hematite prepared at low temperature (550 °C).

Figure 4.11. (a) Calculated formation energies of various dopants (Sn, Ge, and co-doped Ge and Sn)
into hematite. The dotted line is the energy standard that matches the experimental conditions. (b)
atomic structures of Fe>O3, Ge doped Fe,Os, and Ge and Sn co-doped Fe»Os. by DFT calculations. (c)
Atomic arrangements of ideal Fe,Os3, Ge doped Fe;O3 Sn doped Fe,O; and Ge and Sn co-doped FeOs.
(d) Fe 2p signals by XPS measurement. () The process of Sn doping from FTO and the mechanism by
which Ge and Sn exist together.



Figure 4.12. (a) Mott-Schottky measurements of Fe>Os, Ge doped Fe,O3 and Ge and Sn co-doped Fe,Os.
and (b) Nyquist plot. inset image is the circuit model. (c) Free energy diagrams of the intermediates on
ideal Fe,Os and ideal Ge doped Fe,Os. Hematite (0001) surface was used for accurate comparison with
the existing literature. Brown, gray, red, and white are Fe, Ge, O, and H atoms, respectively. (d) PEC
efficiency of Fe,Os, Ge-H, and Ge-PH with hole scavenger, .5 M Na,SO;, (dashed lines) and without
hole scavenger (solid lines) in basic electrolyte (1 M NaOH). (e) Calculated charge separation
efficiencies by LSV curve w/wo hole scavenger.

Figure 4.13. (a) Schematic images of the working principle of a tandem device composed of hematite
photoanode and PSC. (b) LSV curves of Ge-PH w/wo NiFeOx. (c) LSV curves of PSC behind
photoanode and our final photoanode (NiFeOx@Ge-PH). (d) Long-term stability test of our final
photoanode (NiFeOx@Ge-PH) at 1.23Vrue and tandem devise for solar water splitting. (e) Gases
measurements for calculating Faradaic efficiency of the NiFeOx@Ge-PH.

Figure 4.14. LSV curves of PSC under 1 SUN illumination.

Figure 4.15. (a) UV-Vis and (b) IPCE spectra of Fe,Os3, Ge-H and Ge-PH.
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Chapter 1. Introduction: hydrogen energy

1.1 Hydrogen: grey, blue and green hydrogen

Achieving the global energy goal of zero emissions requires fundamental changes in power systems as
well as power generation and consumption. Hydrogen has tremendous potential as the next generation
energy.!? Since hydrogen is the energy carrier, it is possible to store and transfer the energy by chemical
reactions rather than combustion. The byproduct of hydrogen energy is only water and heat and
hydrogen has a high specific energy compared with other energy sources as shown in Figure 1.1a.
However, hydrogen has a low energy density indicating that it requires a progressive storage system to
make it practical for use in electric devices as shown in Figure 1.1b. In order for hydrogen energy to be
competitive with the other energy sources currently used, therefore, the storage and delivery system for
hydrogen should be well developed. Along with hydrogen storage and delivery, the means of hydrogen
production are also one of the three tasks of hydrogen energy. Paradoxically, most of the hydrogen for
an ideal eco-friendly system is produced by refining fossil fuels. This means that a lot of environmental
pollutions must be caused to make hydrogen. For this part, there are a lot of controversies about whether
hydrogen energy is suitable as the next-generation energy. Therefore, to realize a hydrogen society,
many technologies should be developed to a certain level where all three of hydrogen production,
storage, and transport can replace the current energy system. Depending on the hydrogen production
technology, hydrogen can be divided into three types: grey hydrogen,® blue hydrogen,* and green
hydrogen>¢ as shown in Figure 1.2. First, grey hydrogen refers to hydrogen that is extracted from fossil
fuels, producing it the least renewable form of hydrogen. Most of the hydrogen currently being produced
is grey hydrogen. It is relatively inexpensive and commonly used in the industry to make fertilizer and
for refining oil. For grey hydrogen production, methane, the primary element in natural gas, is mixed
with stream at a high temperature to yield hydrogen and carbon dioxide through a catalytic chemical
reaction. Since this part is not eco-friendly, it is fatal to realizing a hydrogen society. Blue hydrogen is
a more improved production method of grey hydrogen. The CO, gases generated during hydrogen
production is captured and stored using storage facilities so that it is not emitted to the outside. This
system is known as carbon capture and storage (CSS). However, the storage also is costly and has
logistical challenges. Blue hydrogen is the most realistic hydrogen production method available at the
current technological level, but it is not suitable for the ideal hydrogen energy cycle. Finally, there is
green hydrogen, which is the most ideal and ultimate goal. Green hydrogen produces hydrogen by
decomposing water. The water electrolysis produces oxygen and hydrogen only and does not produce

any byproducts. As mentioned above, since hydrogen energy generates only water and heat when used,



the green hydrogen can form the most ideal energy circulation system in which only the water cycle
process occurs. Because hydrogen can be obtained by simply electrolyzing water, there is no need for
complex equipment such as grey hydrogen or blue hydrogen. Therefore, another advantage of green
hydrogen is that a grid-off system is possible. In other words, it is possible to alleviate the problems of
hydrogen storage and transportation by individuals directly producing and using hydrogen. Since a lot
of electrical energy is consumed to decompose water, the cost of hydrogen production is very expensive
compared to grey hydrogen or blue hydrogen. In addition, since the catalysts used for water electrolysis
are made of expensive precious metals such as platinum or iridium, the material cost is also high as
shown in Figure 1.3a. Water decomposes when the energy of 1.23 V is applied, which is an energy
equivalent to 237 kJ mol™'.” However, it is limited to cases where ideal water decomposition is possible.
In other words, there is no energy loss occurring in the system. Therefore, considering the energy loss
in the actual system, it requires more energy than 1.23 V as shown in Figure 1.3b. The reason for the
energy loss is the overpotential that occurs in the OER and HER reaction, and the resistances including
the total system and materials. Therefore, the catalysts made of inexpensive materials are being
developed to lower the production cost of green hydrogen. In addition, the development of systems that
can handle the energy use required for water electrolysis more efficiently is in progress. In terms of
water electrolysis system, researchers have considered the systems that use renewable energy for water
electrolysis as one of the most promising as shown in Figure 1.3c. Renewable energies such as hydro,?

1'% and solar energy'"'? have been proposed as candidates for water splitting. Among

wind,’ geotherma
various renewable energies, solar energy is one of the most promising eco-friendly energy sources.
Figure 1.4 shows various sources on the earth. If we could use only 1% of the solar energy without any
loss, we would be able to use the same amount of energy as all the energy on Earth combined. The
amount of solar energy delivered to the Earth is about 173,000 TW, which is about 9600 times higher
than the total global energy consumption (17.91 TW).” Therefore, humanity's efforts to utilize solar
energy will continue as long as the sun does not disappear from space. However, converting and using
solar energy delivered to the earth is a task that needs to be solved in the future as only a very low level
of energy conversion is possible with current technology. There are various solar-driven water splitting
systems. Solar-driven water splitting systems utilize semiconductors, different from general water
splitting catalysts. In this thesis, we will focus on the principle of solar driven water splitting system

and the challenges to be solved.
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1.2 Understanding the photoelectrochemical water splitting

The photoelectrochemical water splitting system is one of the technologies that enables the formation
of the most ideal hydrogen energy circulation system. This system can offset the overpotential for water
splitting by receiving the energy required for water splitting from solar energy.'>!* In other words, the
water splitting through oxygen evolution reaction and hydrogen evolution reaction requires an external
applied voltage of 1.23 V or higher, but this system can split water molecules at lower external voltage
than 1.23 V. To convert water molecules into O, and H» gases, a Gibbs energy of 237 KJ mol! at 298
K and 1 bar is required since the water electrolysis is a thermodynamically unfavorable reaction.
Therefore, The photoelectrochemical water splitting systems are preferred over the general
electrochemical water splitting systems for these reasons.'>!® The photoelectrochemical water splitting
is to collect solar energy and use it for green hydrogen production. When the semiconductor is irradiated
with sunlight, electron-hole pairs are created by the band gap of semiconductor. As the holes and
electrons move to the surface of the semiconductor, the holes participate in the oxidation reaction of
water and the electrons participate in the reduction reaction of water to make oxygen and hydrogen. In
this process, there are cases where co-catalysts are additionally used to increase the respective reaction
activity of OER and HER.'7" A simple schematic image of the reaction mechanism of
photoelectrochemical water splitting is shown in Figure 1.5 and the following conditions are required
to increase hydrogen production efficiency. First, it is necessary to select a semiconductor material that
can efficiently utilize solar spectrum. As shown in Figure 1.6, there are various semiconductors that can
be used in the photoelectrochemical water splitting, but there is no semiconductor material that can be
used ideally so far. The semiconductors to be used for photoelectrochemical water splitting should have
outstanding stability in an aqueous environment since they must not only absorb the sunlight but also
operate in an electrolyte. Next, we need to consider the charge transport, how quickly the generated
holes and electrons can reach the surface of the semiconductor without the recombination. Finally, it is
necessary to consider how quickly the holes and electrons reaching the surface of semiconductor can
be used for water oxidation and reduction reactions. According to these mechanisms, the degree of
photoelectrochemical water splitting reaction of semiconductor is determined, and solar-to-hydrogen
(STH) conversion efficiency can be calculated according to the degree of hydrogen production. Various
semiconductors are being tried for PEC water splitting, and the representative materials currently used
are TiO,, ZnO, WOs3, BiVO4 and Fe;O3 as summarized in Tablel.1. Each of these semiconductors has
advantages and disadvantages, and many efforts have been made to solve the disadvantages of each
material. In the case of WOs, it can be maintained in a stable state under acidic conditions, and its hole

diffusion length is also suitable for use as a PEC material. However, WOs has a large band gap, it cannot



utilize wide spectrum light, but also the corrosion occurs due to peroxo-species generated during PEC
reaction. TiO, and ZnO also have a bandgap of 3.0 eV or more, resulting in the light cannot be fully
utilized. Instead, ZnO and TiO; can easily form junctions with other photocatalysts by taking advantage
of their large bandgap, and most research has focused on solving the bandgap problem through bandgap
junctions. In the case of BiVQs, it has a suitable band gap (2.4-2.5 e¢V) compared to the above-
mentioned semiconductors and forms an appropriate band energy for water splitting. BiVO, has a
theoretical STH of about 9% and is the closest material to commercialization. Due to many efforts to
improve BiVO; efficiency, the achievements of reaching about 90% of the theoretical efficiency are
being realized. However, since the commercialization of PEC system needs to reach an efficiency of at
least 10% STH, an innovative system or bandgap engineering that goes beyond the theoretical
efficiency of BiVOs is required. From a theoretical efficiency point of view, hematite is the most
promising material. Hematite has a band gap of 1.9-2.2, so it can fully utilize the broad spectrum of
sunlight and the theoretical efficiency is up to around 15%. In addition, it has outstanding stability in
basic electrolytes with excellent oxygen evolution reaction. Therefore, the development of a PEC
system using hematite is highly active. However, hematite is currently showing about 1-2% STH
performance due to characteristics such as poor electrical property and short length for hole travel,
which are applied as fatal disadvantages in the PEC system. Therefore, solving the low electrical
conductivity and short hole diffusion length of hematite is the most challenging task in the hematite-
based PEC system. In this thesis, we cover photoelectrochemical water splitting using iron oxide, called

hematite among n-type semiconductors used for solar-driven water oxidation.
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Table 1.1 Comparison of advantages and disadvantages of various photocatalysts used in the PEC

system.
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1.3 Hematite (a-Fe,03): promising n-type semiconductor for PEC water oxidation

Hematite is one of the oxides of iron and iron is the fourth most common element in the earth’s crust
(6.3 % by weight).?° Iron oxide is ubiquitous since iron is readily oxidized in air to the ferrous (+2) and
ferric (+3) states.” Hematite is the most thermodynamically stable form of iron oxide in ambient
conditions, and it is also the most common form of crystalline iron oxide. Hematite has properties
suitable for use in PEC system. First, hematite has an average bandgap of 1.9-2.2 eV, indicating that
the light absorption range for solar energy is very wide. From an optical point of view, the theoretical
STH conversion efficiency of hematite is possible up to around 15%.?' This means that it has great
potential compared to other metal oxides. For example, other metal oxides such as Ti0»,*** ZnO** and
WOs? have the bandgap of around 3.0 €V, indicating that most of them can only absorb the solar energy
in the UV range. In addition, Hematite is very stable under basic condition. Usually in electronic devices,
the oxide formation should be suppressed, but hematite is an already oxidized material. Therefore, the
stability of the hematite electrode is guaranteed since it is stable in basic condition. This is a great
advantage as a material for use in PEC electrode since it must form a direct reaction in the electrolyte
due to the characteristics of the PEC system. Taking these advantages, hematite has been mainly used
for photoanode for water oxidation reaction in the whole system of PEC water splitting. The water
oxidation reaction system using hematite is as shown in Figure 1.7. When the photon energy is absorbed
by hematite, hole and electron pairs are generated in the hematite. The hole and electron move to the
reaction surface and four holes and electrons can produce one oxygen molecule and two hydrogen
molecules. Hematite is an n-type semiconductor and mainly studies the water oxidation reaction in half
cell device. In conclusion, the most important part is how efficiently hematite can oxidize water. As
mentioned above, hematite is clearly one of the most attractive materials for use in the photoanode part
among various metal oxides. However, although many studies have been conducted so far, the actual
STH conversion efficiency is less than half of the theoretical efficiency. As many studies have been
conducted, the shortcomings of hematite have been discovered: (i) a flat band potential, too low in
energy for water reduction®® as shown in Figure 1.6, (ii) low electrical conductivity,?’ (iii) a very short
hole-diffusion-length (> 5nm)*® and (iv) a relatively low absorption coefficient, requiring 400-500 nm
thick film for complete light absorption.? Due to these shortcomings, the actual efficiency of hematite
is currently stuck at 2-3 % STH conversion efficiency. To overcome these limitations, many challenges
are still being made, and the research field of hematite photoanode can be divided as shown in Figure
1.8. First of all, in the case of substrate, transparent conductive (TCO) substrates have been mainly used

for hematite photoanode.
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3031 or titanium®? were used, but this is limited to half-cell

Sometimes metal substrates such as iron
testing since the ultimate purpose of this technology is to make a spontancous hydrogen production
system without externally applied voltage in a full-cell device.** Therefore, it is mainly carried out suing
the TCO substrate, and a full-cell test is sometimes performed using a tandem system along with
appropriate cathode. Among various TCO substrates, Fluorine-doped tin oxide (FTO) coated glass have
been mainly used since the activation is required to boost the PEC performance of hematite photoanode
with high temperature (above 700 °C).2?° This will be discussed in detail in the section on hematite
synthesis part. Since the substrate usually has a flat two-dimensional shape, many attempts have been
made to manufacture and use the substrate in three-dimensional form to obtain the surface area increase
and light trapping effect. This strategy can overcome the disadvantage of hematite’s low absorption
coefficient as shown in Figure 1.9.2%3* Substrate research is still needed since the current FTO substrate
is difficult to withstand high-temperature heat treatment (above 700 °C), which is an essential
manufacturing process of hematite. If the electrode is damaged by high temperature, the resistance
increases, and the energy loss becomes severe. At present, laboratory-scale electrodes are being
manufactured, but as the efficiency will decrease rapidly when the area is enlarged in the future, it is
essential to study a substrate that can withstand high temperatures.*

3637 and overlayers®® have also been actively conducted to maximize the

The studies using underlayers
PEC performance. In the case of the underlayer, it has been used as the electron transport layer (ETL)
with junction, improving the conductivity of the substrate and using up-conversion or down-conversion
to maximize the wavelength at which hematite is most efficient. For underlayer, the oxides such as
Ti0»,% SiOx,*° and Nb,Os?” have been widely used, and they are known to have the effect of improving
efficiency by preventing back electron injection as shown in Figure 1.10. In the case of Fe,Os using an
underlayer, the overall PEC efficiency is low. Because the underlayer must be coated before high-
temperature process, which is one of the manufacturing processes of hematite resulting in the damage
of the underlayer or low-temperature heat treatment is used to prevent material damage. Therefore, the
utilization of the underlayer is limitedly used in the hematite electrode system.

In the case of the overlayer, it has been applied more widely than the underlayer. The use of overlayer
can be divided into three main categories: (i) hole transport layer (HTL),** (ii) passivation layer**
and (iii) OER co-catalyst.***” When used as an HTL, it has been mainly used to solve the short hole
diffusion length, the biggest problem of hematite, by making a junction with hematite. TiO; has been
the most used material because it can make the junction with hematite as well as passivation to
compensate for the surface defects of hematite as shown in Figure 1.11. Surface defects should be
suppressed as much as possible to cause recombination of electron holes, and this can be supplemented

through a passivation layer. The co-catalyst layer can boost the PEC performance by improving the
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OER kinetic while compensating for surface defects as passivation layer. Typical OER co-catalyst used
in hematite are Co-Pi, NiFeOx, and FeOOH. For these OER co-catalyst, the main challenges were to
study the interface between hematite and the OER co-catalyst or to minimize the light shielding effect
by the OER co-catalyst as shown in Figure 1.12. Apart from electrode development, PEC systems that
can be operated in various electrolytes have also been studied. Basically, OER shows the best efficiency
with basic electrolyte since it has sufficient OH". In the case of neutral electrolytes, the PEC system has
been tried because the safety is superior to that of basic electrolytes, and acid electrolytes have been
challenged to increase the efficiency of full cell because the HER is excellent in acidic conditions by
sufficient H'. Therefore, OER and HER mechanisms are slightly different depending on which
electrolyte is used, and studies are being conducted to find materials suitable for each mechanism*® as
shown in Figure 1.13 and Table 1.2. Finally, there are studies that improve the performance of hematite

itself, which will be mainly covered in this thesis.
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Table 1.2. Electrolyte-dependent HER mechanism in basic and acidic electrolytes. Copyright © 2018,

American Chemical Society.
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Chapter 2. Porous hematite synthesis with Ti doped FeOOH OER co-catalyst for efficient

photoelectrochemical water splitting system

*Chaper?2 is reproduced in part with permission of “Yoon, K.-Y.; Ahn, H.-J.; Kwak, M.-J.; Kim S.-1.;
Park, J. and Jang, J.-H.”?¢ Copyright © 2016, Royal Society of Chemistry.

2.1. Introduction

Various studies have been conducted to manufacture more efficient electrodes by directly solving the
fundamental shortcomings of hematite.!* Many researchers have attempted to overcome the short hole
diffusion length of hematite using nanostructure and have also improve electrical conductivity by
doping.** Various methods of manufacturing hematite have been developed,®® and many challenges
have been made with the goal of 10% STH conversion efficiency. Among the various manufacturing
methods, price competitiveness, which is one of the biggest advantages of hematite, is sometimes
reduced.”!? If the cost of hematite electrodes increases rapidly during the manufacturing process, it is
not much different from using precious metal-based photoelectrodes for high-efficiency hydrogen
production. Therefore, in order to maximize the advantages of hematite, it is necessary to find the
optimal synthesis method in consideration of the electrode manufacturing method and its cost. Figure
2.1 shows the electrode cost and productivity according to various manufacturing methods.!! Among
many manufacturing technologies, we have been trying to make hematite electrodes by hydrothermal
method since it does not require expensive processes and can have high productivity.!>!3 In this
manufacturing technology, when FTO is immersed in FeCls solution and maintained at a specific
temperature for a certain time, FEOOH nanorods are grown on FTO substrate. When the FeOOH
nanorods grown on FTO are heat treated at a temperature of 500 °C or higher, FEOOH is changed to
Fe,0s. At this time, most of the heat treatment at 700 °C or higher has been used. Because the FTO is
slightly deformed at a temperature of 700 °C or higher, thereby eliminating the physical boundary for
interface between active material and the FTO substrate and at the same time doping the hematite with
Sn. High-temperature heat treatment can reduce grain boundaries and obtain doping effect, but hematite
also becomes bulkier as it melts at high temperature, which is disadvantageous in terms of the transport
of holes and electrons as shown in Figure 2.2.'® Therefore, it is one of the important challenges to
improve the crystallinity of hematite without grain boundaries while preventing hematite coarsening.
Herein, we propose a method for manufacturing hematite electrode with an efficient porous structure
in the PEC system while preventing hematite coarsening by using SiOy overlayer as a hard template. In

addition, we also present efficient OER co-catalyst design by using developed Ti doped ferric
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oxyhydroxide (Ti-FeOOH) co-catalyst on the inner surface (inside pores) of porous hematite with Ti
doping (Ti-PH). Our Ti-FeOOH decorated Ti-PH photoanode showed PEC efficiency of above 4 mA
cm? at 1.23 V vs. RHE for 36 hours.
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Figure 2.1. Schematic images for various approaches to fabricate hematite electrode and the

comparison of productivity and fabrication cost of various technologies.
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Figure 2.2. Schematic images for representative hydrothermal method for hematite electrode.
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2.2. Experimental section

2.2.1 Fabrication of Ti-H photoanode.

For Ti doping into hematite (Ti-H), 7 pl of titanium trichloride (TiCls) was injected in 100ml of 150
mM ferric chloride hexahydrate (FeCl;-6H,0). Fluorine-doped tin oxide (FTO) glass was immersed in
a vial with a pre-prepared solution. The vial was reacted in an oven at 100 °C for 3 hours. After the
reaction, it can be confirmed that Ti-doped FeOOH nanorods were grown on FTO glass. FTO glass was
colored bright yellow by Ti-FeOOH. The FTO substrate on which Ti-FeOOH was grown was annealed
at 850 °C for 20 min in a furnace. As Ti-FeOOH changed to Ti-Fe,Os, the color of electrode became

red.

2.2.2 Fabrication of Ti-PH photoanode.

The SiOx precursor was made by mixing D.I. water:3-(aminopropyl) trimethoxysilane
(APTMS)=100:1(v:v). Ti-FeOOH electrode was absorbed in the SiOx solution for 30 min. After
washing SiOyx coated Ti-FeOOH by D.I. water and drying by N, gas, SiOx coated Ti-FeOOH nanorods

were annealed at 850 °C for 20 min to create Ti doped porous hematite Ti-PH.

2.2.3 Fabrication of FeOOH decorated Ti-PH or Ti-FeOOH decorated Ti-PH photoanode.

For the loading of FeOOH co-catalyst on Ti-PH, 1.5 mM of FeCls solution was made and, Ti-PH
electrode was dipped in as-prepared solution. The sample was heated to 70 °C for 30 min. For the
loading of Ti-FeOOH co-catalyst, all processes were the same by adding only 7ul of TiCl; to the FeCls
solution used for the FeOOH co-catalyst.

2.2.4 PEC measurement.

PEC measurements were carried out as half-cell measurements. The half-cell test was based on a three-
electrode system made of an Ag/AgCl electrode by KCI saturated solution and a platinum mesh as
reference and counter parts, respectively. The exposed area for measuring PEC efficiency was fixed at
0.44 cm? by O-ring. The electrolyte was applied as IM NaOH (pH=13.6) in all PEC measurements. The
scan rate is the same for all of them at 20 mVs™'. EIS results were fitted using Z-view software for

accurate analysis. [IPCE measurement was conducted out by Xe lamp with monochromatic light.
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2.3. Results and discussion

Figure 2.3a shows the schematic image for fabricating the porous hematite with Ti doping (Ti-PH)
photoanodes represented in this research. Hematite nanorod with Ti doping (Ti-H) by annealed at 850
°C for 20 min is referred as Ti-H. For SiOx overlayer coating, Ti-FeOOH nanorod is immersed in 3-
aminopropyl-trimethoxysilane (APTMS) and annealed at 850 °C for 20 min and then, Ti-FeOOH turned
into porous Ti doped hematite with surface SiOy layer coating and is denoted as Ti-PH. FeOOH
decoration is carried out by reacting with 1.5mM FeCl; at 70 °C for 30 min. FeOOH coated Ti-PH is
referred as FeOOH/Ti-PH. For Ti doping into FeOOH (Ti-FeOOH), an appropriate amount of TiCls is
added to the FeCl; solution and prepared under the same conditions as FeOOH nanorods. Ti-FeOOH
coated Ti-PH is denoted as Ti-FeOOH/Ti-PH. First, we observed scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images to observe the structure of each fabricated
electrode as shown in Figure 2.3b-j. The first column in Figures 2.3b, e, and h showed that a distinct
porous hematite structure formed by SiOx overlayer. The thickness of the SiOx overlayer on hematite
surface was found to be 2-5 nm on average. The average size of the pores was 15-30 nm, and the pores
could make hematite thinner than typical hematite (Ti-H, ~80 nm) as shown in Figure 2.4. The
mechanism by which the pore occurs is as follows: (i) The SiOyx overlayer acted as a hard template,
preventing hematite from melting during heat treatment at high temperature. (ii) In the high-temperature
heat treatment process, FEOOH is converted to Fe,Os, and many water molecules were formed at this
time. These water molecules are trapped by SiOx and pores are formed by the vapors of mass water
molecules, making porous structure as shown in Figure 2.5. By forming a porous structure of hematite,
it was able to have various advantages for use in the PEC system. First, the surface area is increased.
That is, as the number of OER sites increased, it was advantageous for the PEC system. Second, the
travel distance of the hole is shortened, indicating that Ti-PH can overcome the problem about the short
length of hole diffusion. Third, the co-catalyst can be selectively loaded by using different physical
properties of the outer (SiOy) and inner (Fe,Os) surfaces. Except for co-catalysts that have arbitrary
photoactivity, co-catalysts can cause light blocking. Therefore, a co-catalyst with high transmittance or
a thin coating of the co-catalyst is being developed.!”'* From this point of view, Ti-PH can solve the
light shielding effect by utilizing the different surface properties of the outside and inside. The second
column (Figures 2.3c, f, and i) is images of FeOOH loaded Ti-PH. FeOOH can be easily grown on the
hematite surface because the (221) planes of FeOOH match well with the (110) planes of hematite.
Therefore, in FeOOH/Ti-PH, FeOOH was rapidly grown to the extent that Ti-PH pores disappeared as

shown in Figure 2.6.
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Figure 2.3. (a) Schematic image for preparation of hematite for Ti doping (Ti-H), porous hematite with
Ti doping (Ti-PH), FeOOH coated porous hematite with Ti doping (FeOOH/Ti-PH), and Ti-FeOOH
coated porous hematite with Ti doping (Ti-FeOOH/Ti-PH). Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of Ti-PH (first column, (b, e and h)), FeOOH/Ti-PH
(second column, (¢, f and 1)), and Ti-FeOOH/Ti-PH (third column, (d, g and j)). (b—d) SEM images of
three types of photoanode. (e—g) TEM images of a nanorod of three types of photoanode, respectively.
The inset images in (b—g) are the zoomed-in images of the rectangle region. (h—j) The zoomed-in images

of the inner pore sites in three photoanodes.
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Figure 2.4. (a) SEM image and (b) TEM image of Ti doped hematite. The insert image is the zoomed-
in image of the dotted rectangle region. Cross-sectional SEM images of (¢) Ti doped FeOOH and (d)
Ti doped hematite.
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Figure 2.5. Comparison of SEM images by different heat treatment conditions. The time of heat
treatment increases from left to right whereas the temperature of heat treatment increases from top to
bottom, as shown by the arrows. (a-c) Ti doped porous hematite prepared with various time conditions
for 5, 10, and 20 min at fixed temperature (650 °C). (d-f) Ti doped porous hematite made with various
time conditions for 5, 10, and 20 min at fixed temperature (750 °C). (g-i) Ti doped porous hematite
arranged with various time conditions for 5, 10, and 20 min at fixed temperature (850 °C). Pore
generations were observed in (f), (h), and (i), where the electrodes suffered harsh conditions to make

enough pressure inside hematite by water vapor.
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Figure 2.6. Comparison of SEM images of (a) FeOOH loaded Ti doped hematite and (b) FeOOH loaded
Ti doped porous hematite. Two electrodes were made by same condition by using 1.5 mM FeCls. The
comparison of TEM images of (¢) FeEOOH loaded Ti doped hematite and (d) FeOOH loaded Ti-PH.
LSV curves under 1 SUN condition in the basic electrolyte (1 M NaOH) of (e) FeOOH loaded Ti doped
hematite and (f) FeOOH loaded Ti doped porous hematite.
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After loading FeOOH on Ti-H, the diameter of FeEOOH/Ti-H nanorod was much larger than that of Ti-
H nanorod. This means that FeOOH is thickly coated on the Ti-H surface.as shown in Figures 2.6a and
c. In the case of Ti-PH, it was confirmed that the nanorod of Ti-PH was maintained almost as it was
even when FeOOH was coated as shown in Figures 2.6b and d. This indicates that the growth of FeOOH
on the SiOy surface is more inhibited than on the Fe,Os surface. Therefore, Ti-PH can be effectively
used in the PEC system by reducing the light shielding effect on the surface of the photocatalyst when
coating the FeOOH co-catalyst as shown in Figure 2.6¢ and f. Therefore, FEOOH grown relatively well
on the inner pore side with Fe,O; surface, and FeOOH coating was suppressed on the outer surface with
SiOy surface (Figure 2.3 f and i). The third column is images of Ti-FeOOH cocatalyst loaded onto Ti-
PH as shown in Figures 2.3d, g, and h). It was confirmed that the pores of Ti-FeOOH/Ti-PH were
maintained differently from FeOOH/Ti-PH. Additional results for the selective adsorption of co-
catalysts (FeOOH or Ti-FeOOH) were confirmed in Figures 2.7-2.9. To explain the selective adsorption
of co-catalysts (FeOOH or Ti-FeOOH) on the inner surface of Ti-PH, we created nonporous hematite
(Ti-H) w/wo the SiOy overlayer using 150 mM FeCls solution. Ti-H coated with SiOy was achieved by
using APTMS solution after manufacturing nonporous hematite (Ti-H). When Ti-FeOOH was loaded
on Ti-H with or without SiOx overlayer, Ti-FeOOH was coated as a thick film in the absence of SiOx,
but in the case of SiOx overlayer, it was loaded in the form of nanoparticles. Therefore, Ti-FeOOH is
also favorably loaded on the Fe,>Os surface. The increase in light absorption in UV-vis showed a distinct
light shielding effect. It was confirmed that Ti-H without SiOx significantly increased UV-Vis
absorption in 300-600 nm when loading the Ti-FeOOH cocatalyst. However, Ti-H coated with SiOx
showed only a slight increase in UV-Vis absorption. Since Ti-FeOOH has no photoactivity, the increase
in UV-Vis absorption means that the intensity of light that hematite can receive is reduced.

Ti-FeOOH showed a low O* signal of 21% and high OH" signal of 68%, but Ti-H showed a high O*
signal of 60% and low OH' signal of 20% as shown in Figure 2.7a. Therefore, the fact that OH™ occupies
a relatively high portion compared to O* portion means that Ti-FeOOH grows well on the hematite
surface compared to the SiOx surface as shown in Figure 2.7a and b. This also means that Ti-FeOOH
grows well on the Fe,Os surface. In addition, it was observed that the size of Ti-FeOOH nanoparticles
(2-5 nm) was formed smaller than that of FEOOH nanoparticles (4-8 nm). This is probably because the
hydrolysis constant of Ti** is larger than that of Fe**, preventing the growth of FeOOH, and Ti-doped
FeOOH produces smaller size nanoparticles.!®?® Smaller size nanoparticles can increase the OER site
and reduce the light shielding effect. Therefore, Ti-FeOOH can be utilized for hematite-based electrodes
more efficiently than FeOOH.
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By confirming that Ti-FeOOH formed smaller nanoparticles than FeOOH and is advantageous for
selective loading on Ti-PH electrode, The following advantages can be obtained from the PEC system:
(i) By minimizing the loading of the co-catalyst on the outer surface, the intensity of light received by
hematite can be maximized. (ii) Because the pores are maintained, the increased OER site of Ti-PH can
be utilized. (iii) The electrical conductivity of the cocatalyst is improved due to Ti doping, making
electron transport easier as shown in Figure 2.10. FeOOH or Ti-FeOOH co-catalyst loaded on Ti-PH
were observed by XPS measurements as shown in Figure 2.11. Considering the X-ray penetration depth
(around 5 nm) for the XPS measurement, the XPS signal for Ti 2p peak was not detected from the
FeOOH co-catalyst on the surface of Ti-PH since the thickness of FeOOH was above 5 nm in our
limited system. The XPS signals for OH- (529.7 eV), O2- (529.0 eV), and adsorbed water (530.8 eV)
were confirmed on O 1s peaks of FeOOH film. Comparing the Ols of FeOOH and Ti-FeOOH, it was
confirmed that the O 1s signals of Ti-FeOOH were overall upshifted. This means that FeOOH is well
doped with Ti as previously reported work.?! Figure 2.12a compared the LSV curves of 4 types of
electrodes with front side illumination. Ti-H showed a photocurrent density of about 1.2 mA cm™? at
1.23VRrue, and Ti-PH showed a photocurrent density of about 2.4 mAcm™ at 1.23Vgrug, which was
increased by about two times compared to Ti-H. The reason for the improvement is increased surface
area and reduced hole travel due to porosity of Ti-PH, as mentioned above. After loading FeEOOH on
Ti-PH, FeOOH/Ti-PH showed a photocurrent density of about 3.3 mA ¢cm, which was about 1.4 times
higher than that of Ti-PH. Ti-FeOOH/Ti-PH showed the photocurrent density of above 4 mA cm?,
which was around 3 times higher than that of Ti-H with proper faradaic efficiency of 85-90 % as shown
in Figure 2.13. We analyze the OER performance of the four types of electrodes, the LSV was measured
under dark conditions as shown in Figure 2.12b. The OER performance of Ti-PH was better than that
of Ti-H by porous structure. After loading FEOOH cocatalyst, FeOOH/Ti-PH showed better OER
performance than Ti-PH since FeOOH has a faster OER kinetic than hematite. Interestingly, Ti-PH
loaded with Ti-FeOOH showed worse OER performance than FeOOH/Ti-PH. This is probably
expected to be caused by the difference in the loading amount of the co-catalyst. To clearly demonstrate
this, we confirmed the FeOOH and Ti-FeOOH film with similar amount loading on FTO glass as shown
in Figure 2.14a. As can be seen in the LSV curves, it was shown that the OER kinetic of Ti-FeOOH
was much faster than that of FeOOH. This reason is described by the different values in zeta potential
measurement caused by Ti doping. By doping with Ti, the zeta potential value (from -30.7 to -24.6 mV)
becomes more positive due to Ti*", and the adsorption of OH" can be further promoted in the electrolytes
by shuttling more OH- ions to the OER mechanism in Figure 2.14b and c.?*?** Besides, Ti-FeOOH has
outstanding electrical property by Ti doping compared to FeOOH as shown in Figure 2.10, which makes

electron generated during oxygen evolution reaction move fast through Ti-FeOOH co-catalyst.
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Therefore, Ti-FeEOOH can have faster OER kinetic than FeOOH. Electrochemical impedance
spectroscopy (EIS) was conducted at the range of 100kHz to 0.1 Hz frequency in the same electrolyte
under 1 SUN illumination to understand photoelectrochemical behavior for co-catalyst. Fig. 2.12¢
showed the EIS curves to investigate the influence on the interface of co-catalyst/Fe,Os and the interface
of electrolyte/electrode. The resistance of charge transfer (R value) of Ti-PH was lower than that of
Ti-H, indicating that porous structure can increase the OER sites. In FEOOH coated Ti-PH, FeOOH can
further reduce the resistance of charge transfer by improving the OER kinetic and after loading on Ti-
FeOOH on Ti-PH, the additional decrease of the resistance of charge transfer was confirmed. This
means that the resistance of charge transfer between the electrolyte and the surface of Ti-FeOOH/Ti-
PH is lowest, demonstrating the better OER kinetic of Ti-FeOOH than that of FeOOH, and modified
surface decoration with co-catalyst achieved by efficiently receiving the light due to low co-catalyst
concentration on the hematite surface in the case of the Ti-FeOOH co-catalyst. In addition, the onset
points in EIS curves in the high frequency region, which implies the resistance of sheet (Rs), was almost
similar for all samples, proving that the pore creation or the decoration of Ti-FeOOH or FeOOH on
hematite electrode did not affect the resistance between hematite and FTO substrate. The details for
fitted experimental results were summarized in Table 2.1. The chopped curves of electrodes presented
the stable curve shapes without any change at 1.23 Vrug, indicating that SiOy, FeOOH, and Ti-FeOOH
has good stability in basic electrolyte without any side reactions. The IPCE spectra can directly explain
the light shielding effect. We conducted IPCE measurement at 1.23Vrye. Ti-PH showed higher IPCE
efficiency in 300-700 nm than that of Ti-H indicating that Ti-PH is more photoactive material as shown
in Figure 2.12e. When Ti-FeOOH co-catalysts were loaded on the surface of Ti-PH, the IPCE values
were increased, and Ti-FeOOH/Ti-PH showed the highest IPCE results over the wide range reaching
66% at 300 nm and 92% at 400 nm. The IPCE values of FeOOH/Ti-PH steadily decreased from 320 to
580 nm compared with Ti-FeOOH/Ti-PH, in which the FeOOH loaded Ti-PH photoanode (dark yellow
dot) showed strong UV-vis absorption, as shown in Figure 2.12f. Therefore, the light shielding effect
by the co-catalyst that we claim can adversely affect the semiconductor in the PEC system, and an
efficient design for photoelectrode is needed to solve this.

Our Ti-FeOOH co-catalyst has the ability of selective decoration in inner pores rather than outer surface.
and loading amount can be adjusted with density control on the surface of hematite. We confirmed the
PEC efficiency by LSV curve (Figure 2.16a) with the long-term stability (Figure 2.16b) of Ti-PH
photoanodes coupled with representative other co-catalysts. The photocurrent density of Co—Pi/Ti-PH
or IrO,/Ti-PH at 1.23 V vs. RHE measured is similar to previous values as reported and Ti-FeOOH
decorated Ti-PH showed is the best PEC efficiency as shown in Figures 2.16a and b. Although Co—Pi

or IrO; are a representative and excellent co-catalysts having outstanding OER properties, it is difficult
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to control the loading amount of co-catalyst content between the inner and outer surface in our hematite
with porous structure, as shown in Figure 2.16¢. Thus, our modified FeOOH with Ti doping co-catalyst
reached the highest efficiency by improving the light absorption to reduce the light shiclding effect of
hematite, as shown in Figure 2.16d. To demonstrate the long-term stability of our photoanode, we
confirmed photocurrent density at fixed voltage (1.23 V vs. RHE) under 1 SUN illumination. Our Ti-
FeOOH decorated Ti-PH showed little decrease in the photocurrent density for 36 hours (Figure 2.16).
This means that the SiOyx overlayer and Ti-FeOOH co-catalyst can be used for a long time in the basic
electrolyte. For IrO, nanoparticle loaded Ti-PH, IrO,/Ti-PH photoanode confirmed that the PEC
efficiency gradually decreased. This is because IrO, is simply physically adsorbed and bubbles are
generated during the photoelectrochemical water oxidation, and PEC efficiency decreases as the

particles gradually detached from the surface of Ti-PH, as reported.”
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Figure 2.10. Electrical conductivity measurements by (a) FEOOH and (b)Ti-FeOOH powders.
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R/Q cm? Rpuik Rct
Ti-H 70.5 290.6
Ti-PH 55.5 188.0
FeOOH/Ti-PH 54.5 156.8

Ti-FeOOH/Ti-PH 48.1 132.4

Table 2.1. The values by fitted resistance calculated from the EIS results.
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2.4. Conclusion

In summary, we have demonstrated how to manufacture porous hematite with a more efficient structure
by using SiOyx overlayer. The efficient structure showed approximately double the PEC efficiency
compared to the general nonporous structure. In addition, when creating a porous structure using an
overlayer, the physical properties of the outer and inner surfaces of hematite were different. The
catalytic effect was further amplified by Ti doping into FeOOH, one of the representative oxygen
evolution catalysts, by improving the electrical conductivity. Utilizing the similar crystal planes of
FeOOH and Fe;03, we succeeded in selectively growing Ti-FeOOH in the inner pores to minimize the
light shielding effect by co-catalyst. As a result, superior PEC performance and excellent stability were
secured compared to Co-Pi, IrO,, or FeOOH catalysts. Our research results can suggest ways to utilize
the optimized design of efficient hematite fabrication and catalyst utilization without any specific

equipment.
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Chapter 3. Insight into the dopability of hematite photoanode for an efficient water splitting

*Chaper3 is reproduced in part with permission of “Yoon, K.-Y.; Park, J.; Lee, H..; Seo J. H.; Kwak,
M.-J; Lee, J. H.; and Jang, J.-H.”*® Copyright © 2022 American Chemical Society

3.1. Introduction

In a follow-up study in chapter 2, the phenomenon of doping was observed more fundamentally since
the SiOx over layer can cause Si-doping while acting as a hart template. Basically, Si is one of the most
representative dopants used in the hematite.!* A fabrication method for Si doped hematite has been
reported through atmospheric pressure chemical vapor deposition (APCVD) or ultrasonic spray
pyrolysis (USP).>7 Although these technologies have the characteristics of a non-equilibrium process,
the Si doping from the SiOx overlayer we use is a Si-doping method through the equilibrium process.®’
Therefore, we need to confirm whether there is a difference in the doping between non-equilibrium and
equilibrium processes. Because our previous study showed that the structure also changed with doping,
it is necessary to know which factors have a greater effect on the efficiency improvement of porous
hematite. Moreover, in theoretical calculations, it has been reported that Si is difficult to dope into
hematite in the equilibrium process,’ but our porous hematite showed an excellent improvement in the
PEC performance. Therefore, it is assumed that there should be a valuable phenomenon hidden in the
manufacturing process of our porous hematite that we have not been able to discover. In Chapter 3, we
intensively analyzed the phenomena that were not discovered in previous studies. Through various
analyzes, it was confirmed that the Ti dopant, which was simply used to improve efficiency, enables Si
doping in equilibrium process. By understanding the interaction between Si and Ti, we can further
improve the efficiency of porous hematite. This study proposes a method to easily manufacture
materials that could only be produced in non-equilibrium in the equilibrium state using the interaction

of two dopants.
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3.2. Experimental section

3.2.1 Fabrication of Si-Fe>Os or Si:Ti-Fe,Os electrodes.

Si doped or Si:Ti co-doped Fe>O3 was prepared by growing FeOOH or Ti-FeOOH with 150 mM FeCl;
w/wo TiCls precursor. For SiOx coating, FeOOH or Ti-FeOOH electrode was immersed in APTMS
solution for 30 min, and then washed with D.I. water and dried with N, gas. SiOy coated FeOOH or Ti-
FeOOH electrode are heat treated at 850 °C for 20 min to make Si-Fe,Os or Si:Ti-Fe,O; electrodes.

3.2.2 Fabrication of NiFeOx coated Si:Ti-Fe;Os electrodes.

To load the NiFeOx OER co-catalyst Si:Ti-Fe,O3 photoanode, precursors, nickel(I) 2-ethylhexanoate
(78% w/w in 2-ethylhexanoic acid) as Ni source and iron(IIl) 2-ethylhexanoate (50% w/w in mineral
spirits) as iron source was mixed in hexane solution. After making stock solution by mixture, the
dilution was conducted to 50 mM metal complex. The loading of NiFeOy on Si:Ti-Fe,O; was achieved
by spin coating method and then, the electrode was exposed with UV light for 1h. Final step was that
the electrode is annealed at 100 °C for 1h.

3.2.3 PEC measurements.

PEC measurements were carried out as half-cell measurements. The half-cell test was based on a three-
electrode system made of an Ag/AgCl electrode by KCl saturated solution and a platinum mesh as
reference and counter parts, respectively. The exposed area for measuring PEC efficiency was fixed at
0.44 cm? by O-ring. The electrolyte was applied as 1M NaOH (pH=13.6) in all PEC measurements. The
scan rate is the same for all of them at 20 mVs™'. EIS results were fitted using Z-view software for

accurate analysis. [IPCE measurement was conducted out by Xe lamp with monochromatic light.

3.2.4 DFT calculation details.

The first principle density functional theory calculations were executed in the spin-polarized framework
along with the projector augmented wave (PAW) approach '° using the Vienna ab-initio simulation
package (VASP).!! The exchange-correlation functional was considered using the generalized gradient
approximation (GGA) in Perdew, Burke, and Ernzerhof (PBE) parameterization. The cut-off energy for
the planewave basis was set to 500 eV, and Monkhorst-Pack k-point mesh of 4 x 4 x 1 was used for
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calculation of density of state of all the slab structure of a-Fe,O3 (hematite). All the ionic positions were
relaxed via conjugate gradient method until atomic force convergence of 0.01 eV A™! was achieved. In
case of transition metal oxide systems 3d electronic states are strongly correlated, hence considering
the same, we employed the spin polarized GGA + U formalism due to improper action of d-electrons
with standard DFT.!? The GGA + U calculations depends on the values of U-J and were set to 4.2 eV
which are in accordance with the experimental band gap value of hematite (2.2 ¢V). The hexagonal unit
cell of a-Fe,O3; was optimized with a layered antiferromagnetic (AFM) ordering. In case of pure a-
Fe>Os unit cell, the lattice parameters calculated within PBE + U and found tobe a=b =5.07 A and ¢
=13.88 A, and consistent with the experimental values of a=b=5.04 A andc =13.75 A.3
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3.3. Results and discussion

To consider in-depth mechanism of Si doping, we observed any changes w/wo Ti dopant as shown in
Figure 3.1a. In terms of structure, it was confirmed through SEM and TEM that almost similar porous
structures were formed regardless of the presence or absence of Ti dopant as shown in Figures 3.1b and
¢. Through the SEM and TEM structures, we can prove that the structural change is formed through the
SiOx overlayer regardless of Ti dopant since both conditions confirmed that nonporous general hematite
was formed w/wo Ti dopant as shown in Figure 3.2. In Chapter 2, we explained that the mechanism of
of the porous structure is due to evaporation of water, but additionally, we confirmed the Kirkdendall
effect by confirming the hematite manufacturing under various conditions by BET analysis as shown
in Figure 3.3.1

Interesting results were found in the PEC system. It has been confirmed that porous hematite (denoted
as Si-Fe>O3) with a porous structure without Ti has almost no photoactivity. This is clearly outside the
predicted range since Si is one of the dopants commonly used in hematite with Ti dopant. as shown in
Figure 3.1d, Ti doped Fe;O; (denoted as Ti-Fe»O3) showed a photocurrent density of around 1.2 mA
cm?, which is about 2 times higher than that of pristine hematite (denoted as Fe,Os). With the structural
evolution, Si:Ti-Fe>O; exhibited a photocurrent density of round 3.0 mA cm™. It has been proved that
the great efficiency improvement of Si:Ti-Fe,Os is due to the effects of both the porous structure and
doping. However, Si-Fe>Os prepared without Ti showed a very low PEC efficiency of 0.05 mA c¢m™
despite having a similar porous structure. Although Si:Ti-Fe>O; and Si-Fe,Os; have almost similar
optical properties as shown in Figure 3.1e and Figure 3.4 as well as structural properties, the extreme
difference in IPCE results is a very interesting result as shown in Figure 3.1f. Therefore, we
hypothesized that Ti plays a specific role depending on the presence or absence of Ti, thereby
contributing greatly to Si doping.

Structural differences were confirmed through density functional theory (DFT) calculation to confirm
fundamental differences depending on the presence or absence of Ti as shown in Figures 3.5a and b.
Hematite basically consists of octahedral structures, and it was confirmed that some octahedral
structures change to tetrahedral structures when Si is doped. This may have contributed to the extremely
low PEC efficiency of Si-Fe,Os. In Ti-Fe,Os3, tetrahedral structure was not observed. Therefore, it could
be predicted that the PEC performance was improved compared to pristine Fe>Os in the LSV curves.
Different from the observation of many structural collapses in Si-Fe,Os containing Si without Ti, Si:Ti-
Fe,Os also did not form a tetrahedral structure. To find out the reason, we calculated the formation
energy of 4 types of hematite. A high formation energy means that doping is difficult to do, and a high

formation energy means that doping is easy on the contrary. As shown in Figure 3.5c, In the absence of
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Ti, Si doping confirmed that the formation energy was much higher than that in the presence of Ti.
Since we need a reference point for how well doping is done, we took this reference point as the
formation energy for Sn doping. It has been reported that Sn doping is easily doped as it diffuses from
the FTO.
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Figure 3.1. (a) Schematic images for two strategies for consideration of Si doping with and without Ti
dopant. Comparison of SEM and TEM images for (b) Si doped hematite by SiOy layer and (c) Si and
Ti co-doped hematite by SiOy layer. (d) Linear sweep voltammetry (LSV) curves with and without Ti
dopant. LSV measurement was conducted in basic electrolyte (1 M NaOH solution). The LSV curves
measured in the dark condition are indicated by dotted lines. (¢) Comparisoin of tauc plots calculated
from the UV—Vis spectra of four types of hematite. (f) Comparison of incident-photon-to-current
efficiency (IPCE) spectra of Si doped hematite by SiOx layer and Si and Ti co-doped hematite by SiOx

layer.
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Figure 3.2. Scheme for photoanode fabrication of Fe;O3; and Ti doped Fe,Os. TEM images of (b-1)
FeOOH, (b-1I) Fe;0s, (c-I) Ti doped FeOOH and (c-II) Ti-Fe,0s.
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Figure 3.3. Comparison of Fe,O; annealed at 850 °C and 550 °C, and Si-Fe;Os3 and Si and Ti doped

Fe;03 annealed at 850 °C. SEM images of (a) Fe,Os annealed at 850 °C, (b) Fe,O3 annealed at 550 °C
and (c) Si doped Fe;O3 (d) Si and Ti doped Fe,O3; annealed at 850 °C. The upper image is hematite

grown on FTO and the lower image is the power hematite. (¢) N, adsorption-desorption isotherms of

four kinds of Fe,Os. The BET surface area of each Fe;Os is 2 m?/g (Fe»03, 850 °C), 5 m%/g (Fe»03, 550
°C), 9 m%*/g (Si doped Fe,Os, 850 °C) and 12 m?*/g (Si and Ti co-doped Fe,Os, 850 °C). The pore

distribution of (f) Fe,O3 (850 °C), (g) Fe203 (550 °C), (h) Si doped Fe,O3 (850 °C) and (g) Si and Ti co-
doped Fe>03 (850 °C).
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repulsion between Fe atoms.
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It can be seen that the formation energy for Si doping with Ti dopant is smaller than that of Sn doping,
indicating that Si doping can be well achieved with the presence of Ti. Conversely, it can be seen that
the formation energy for Si doping alone without Ti forms much higher values than that of Sn doping.
This means that Si doping is difficult to do without Ti dopant. Therefore, we can reveal the correlation
between Si doping method and formation energy reported so far through this. So far, Si doping has been
successfully achieved through non-equilibrium processes such as APCVD and UPS. The best we found
that there is no report so far that Si can be doped in equilibrium. Obviously, various attempts have been
made, but it is expected that the Si doping was not successful through the equilibrium process because
of the high formation energy of Si doping. However, the presence of Ti can lower the barrier of high
formation energy, confirming that doping is possible with our equilibrium process. If it can be
manufactured with the equilibrium process, it will be possible to have a more competitive edge than
nonequilibrium process in terms of increasing the electrode area and manufacturing cost of the electrode.
There are two main reasons why Ti can rapidly decrease the formation energy for Si doping. First, the
size balance of the three ions (Si*" < Fe*" < Ti*") fits well. The excellent balance of the three ions has
already been verified in previous studies,’ but the efficiency of Si single doping also improved because
the electrodes were manufactured in non-equilibrium in previous studies. However, we have confirmed
that it is possible to verify this more reasonably in the equilibrium process. The second is the charge
balance of Fe ions. We calculated the Crystal-orbital overlap population (COOP) for the Fe atom as
shown in Figure 3.5d. In Si-Fe,Os, it has been confirmed that the charge balance between Fe atoms is
not matched by Si dopant, and a strong repulsive force was formed between nearby Fe atoms. This is
the main reason why the structure of hematite changes to tetrahedral when only Si is doped. The COOP
result when Si exists together with Ti confirmed that the repulsive force of Fe atoms is relaxed. Since
Si has the property to form a strong Si-O bond and maintains the tetrahedral structure,'> when only Si
is doped, it strongly induces a change in the surrounding charge, but it was confirmed that Ti can
alleviate the charge repulsion. In addition, since our electrode manufacturing process can be doped with
Sn, the effect on Sn needs to be considered.!®'® In this process, we found that Sn doping was drastically
suppressed when porous hematite was manufactured using the SiOx overlayer. Sn doping proceeds with
deformation of FTO as FTO slightly melts at high temperature. This is because SiOx acts as a hard
template to prevent hematite from melting and coarsening. Therefore, the area where Sn is diffused is
also reduced as shown in Figure 3.6. However, since Sn doping is not completely blocked, we also
checked the effect of Sn on Si doping through the formation energy as shown in Figure 3.7. The results
revealed that Sn can also play a role in lowering the formation energy for Si doping. However, in this
study, since the concentration of Sn on the surface is below 1%, it is assumed that almost no Sn has

reached the surface, and the influence of Sn is excluded.
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: Reactive ballistic deposition
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Si-Fe;0; 0.2mAcm (RBD, nonequilibrium process) 5% 18
. . Atmospheric-pressure chemical vapor deposition
| —~ 2 ~ 0,
Si-Fe;0, 1.9 mAcm (APCVD, nonequilibrium process) 4.4% 5
. . Atmospheric-pressure chemical vapor deposition
= - 2 -~ 0,
Si-Fe;0, 2.3 mAcm (APCVD, nonequilibrium process) 1.6% 20
- ~0.8 mAcm=? Ultrasonic spray pyrolysis a0
SiTi-Fe;0, (~2.2 mAcm?2 at 1.6 Vgue) {USP, nonequilibrium process) 4% 8
Si-Fe,0, ~2.2 mAcm2 Atmospheric-pressure chemical vapor deposition ~1.5% o1
CofSi-Fe,0, ~2.7 mAcm2 (APCVD, nonequilibrium process) e
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Si:Ti-Fe, 0, 3.0 mAcm? Dip coating & thermal diffusion R 90 .
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Table 3.1. Comparison of the PEC performance and Si content.
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Based on the results of DFT calculation, we focused on the crystallinity of hematite through various
analyses. First, 3D-TOF-SIMS analysis was performed to confirm that Si diffuses into hematite through
the overlayer during high temperature annealing. As shown in Figure 3.8a, it can be seen that the Si
element is intensively distributed only on the surface before annealing process. After heat treatment, it
was confirmed that Si was uniformly distributed throughout the cell. It means that Si diffused into
hematite during the heat treatment process. The TOF-SIMS depth profile also showed that Si element
presented a more uniform distribution after heat treatment as shown in Figure 3.8b. TEM images
showed that when APTMS treatment was performed on FeOOH or Ti-FeOOH, which are precursors of
hematite, an amorphous SiOx layer of about 3-5 nm was coated as shown in Figures 3.8c and d. After
heat treatment, Si:Ti-Fe,O3; formed a porous structure and showed that the amorphous layer on the
surface became thinner than that of the surface of SiO/Ti-FeOOH. This means that the SiOy of the
amorphous layer becomes thinner as it diffuses into hematite. In the case of Si-Fe»Os3, however, the
amorphous layer became thicker than that of the surface of SiOx/FeOOH. This is because the thickened
amorphous layer destroyed the crystal structure of hematite as SiOy diffused into hematite. That is, the
thickened amorphous layer is a mixture of SiOx and amorphous hematite. To verify this more clearly,
The SiOx layer was removed with HF.?* After removing the SiOx layer, Si:Ti-Fe2O3 showed only a very
thin amorphous layer of less than 1 nm, while Si-Fe»Ojs still formed a thick amorphous layer as shown
in Figures 3.8¢ and f. Therefore, the diffusion of Si for Si doping during the annealing process can
greatly affect the hematite crystal structure. The doping level of Si was measured through Si:Ti-Fe>Os;
which SiOx was removed. In the case of Si:Ti-Fe,Os without removing the SiOx layer, the doping level
cannot be accurately measured by the SiOx layer on the surface. The doping level of Si was confirmed
to be about 6.2%, which is higher than the electrodes doped with Si by the conventional nonequilibrium
process. Doping can improve electrical conductivity and increase carrier density, but it can also reduce
crystallinity. Therefore, it requires an optimized condition for maximum efficiency. Although we doped
Si dopant through the equilibrium process, we showed a high Si doping level, which means that the
method of Si doping through the interaction of Ti and Si can doping more efficiently than the
conventional nonequilibrium process as shown in Table 3.1. To directly compare the differences in
crystallinity, XRD analysis was performed as shown in Figure 3.8g. In the XRD patterns, it could not
be confirmed that the phase change was made to any materials other than hematite during the Si
diffusion process. As a result of calculating the lattice parameter through the XRD pattern, it was shown
that the lattice parameter of all electrodes had almost the same value as shown in Figure 3.10. This is
probably because lattice parameter calculation through XRD is a more suitable analytical method for
nanofilm rather than our hundreds of nanometers bulk material analysis. Instead, we confirmed the

uniform distribution of Si and Ti through STEM-EDX as shown in Figure 3.11.
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Figure 3.8. (a) Si distribution diagram by three-dimensional TOF-SIMS of (SiOx coated Ti-FeOOH
film) and after high temperature annealing process (Si and Ti co-doped Fe,Os film) and (b) comparison
of Si distribution by depth profiles of TOF-SIMS. TEM images of (c-I) SiOx coated FeOOH, (c-II) Si
doped Fe;0s, (d-I) SiOx coated Ti-FeOOH, and (d-1I) Si and Ti co-doped Fe»Os. High resolution TEM
images of (e) Si doped Fe;Os and (f) Si and Ti co-doped Fe,Os by removing SiOy layer. (g) XRD
patterns of Fe>Os, Ti doped Fe»0s, Si doped Fe,Os, and Si and Ti co-doped Fe,Os. The Inset images are
compared results by normalizing. (h) Raman spectra of Fe;Os, Ti doped Fe;Os, Si doped Fe,Os, and Si

and Ti co-doped Fe>Os. The Inset images are compared results by normalizing. Comparison of XPS
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Figure 3.11. STEM-EDX elemental distribution of (a) Fe,Os, (b) Ti doped Fe,0s, (¢) Si doped FeOs
and (d) Si and Ti co-doped FeOs.
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The (110) plane at 35.8° is known as the plane with the highest electrical conductivity among various
crystal planes of hematite.>* Si-Fe>O3 showed that the crystallinity of the (110) plane decreased by 15%
compared to Fe,Os, whereas Si:Ti-Fe,O3 showed that the crystallinity of the 110 plane decreased by 5%
compared to Ti-Fe>Os. Raman spectra is also available for crystallinity analysis. LO peak at 660 cm™!
is a signal indicating the degree of disorder. It can be seen that Si-Fe;O; has the widest and largest LO
signal as shown in Figure 3.8h.% Therefore, Si-Fe»O; has the lowest crystallinity through TEM, XRD,
and Raman spectra, since it is difficult to properly do Si single doping in the equilibrium process. The
role of Ti can be confirmed through the XPS measurement of Ti 2,. It was shown that the Ti 2, binding
energy of Si:Ti-Fe,Os is slightly higher than that of Ti-Fe»Os. This is because the Si-O bond, which is
trying to form strongly, relaxes the characteristics of Si, which tries to form a strong tetrahedral structure
by drawing electrons to Ti as shown in Figure 3.8i. The most convincing evidence for Si doping was
found in the XPS spectrum of Si 2p as shown in Figure 3.8;. In order to check whether there is any clear
Si*" doping, XPS measurement was performed with the SiOx overlayer removed because the Si** signal
appearing in the SiOx overlayer overlaps the doped Si*" signal as shown in Figure 3.12. In Si:Ti-Fe,Os,
the most distinct signal appeared at a binding energy of about 102 eV, known as the Si*" doping signal
in hematite. Although Si-Fe>Oj; also showed weak Si** signals, it can be expected that the deteriorated
charge transfer became more important as the hematite surface became amorphous. Following material
analysis, photoelectrochemical analysis was also conducted. Through PEIS analysis, the behavior
between the surface of hematite and the electrolyte was analyzed as shown in Figure 3.13a.24*” We
applied the equivalent circuit models to fit the achieved results in Figures 3.14—3.16 for the density of
surface states (DOSS). Si:Ti-Fe>O; formed the highest DOSS values in the entire measured range,
whereas Si-Fe,O3 showed the lowest DOSS values. The Mott—Schottky plot also formed the lowest
slope for Si:Ti-Fe>O; and the highest slope for Si-Fe,Os, indicating that Si-Fe,Os is hardly doped with
Si, meaning that the crystal structure is the lowest compared to other electrodes as shown in Figure
3.13b. Since the Mott—Schottky plot is a measurement suitable for the film model, only indirect analysis
is possible in our sample.”® However, Assuming that Si-Fe,Os and Si:Ti-Fe,Os have almost similar
structures, it is reasonable to check doping or not. For a more direct comparison, we measured the
conductivity of the electrode through the FET as shown in Figure 3.17. Si:Ti-Fe,O3; showed the highest
electrical conductivity, and Si-Fe,O3; showed the lowest electrical conductivity. The charge transfer
efficiency was confirmed by converting the PEIS analysis result. At 1.3V vs. RHE, it was confirmed
that the charge transfer efficiencies of Si:Ti-Fe,O; (around 90%) and Si-Fe>O; (around 2%) differed
significantly by about 45 times as shown in Figure 3.13c. The charge separation efficiencies were also
calculated by with or without a hole scavenger, as shown in Figure 3.13d and Figure 3.18. The charge

separation efficiencies were shown with the same outcome trend as the transfer efficiency trend.
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Figure 3.12. XPS spectra of Si 2p of (a) SiOx coated Fe,Os, (b) Si doped Fe,0s, (¢) SiOx coated Ti-
Fe,0s and (d) Si and Ti doped Fe,Os before and after etching the SiOy layer.
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Transient photocurrent density measurement can analyze how adversely the charge transfer is affected
when the crystals on the surface are amorphous as shown in Figures 3.13¢ and f. The photocurrent
decay of Si-Fe,Os showed a very high value of about 82%. This means that most of the electrons and
holes generated by the light were reused for recombination. On the other hand, the photocurrent decay
of Si:Ti-Fe,O; was about 11%, which was relatively low compared to Si-Fe;O;. In the
photoelectrochemical behavior analysis, it was confirmed that the charge transfer of Si-Fe,O3 was very
disadvantageous due to the amorphous layer formed by Si diffusion. Through DFT calculations and
intensive analysis of crystallinity, we understood the interaction between Si and Ti, and have proven
that Si doping is possible in the equilibrium process. Based on these results, we tried to manufacture an
electrode by controlling the concentration of Ti as shown in Figure 3.19. In previous studies including
Chapter 2, we optimized the TiCl; content to 7 pul when preparing Ti doped hematite. If more than 7 pl
of TiCl; is injected, the efficiency of hematite decreases due to excess Ti doping as shown in Figure
3.19a. However, in Si:Ti-Fe,0s3, it was confirmed that additional efficiency improvement was possible
even if TiCls was injected more than 7 pl. It is expected that an additional Ti doping level is needed to
form an appropriate balance between Ti and Si as shown in Figures 3.19b and c. To maximize PEC
efficiency, NiFeOx co-catalyst was coated on Si:Ti-Fe,O; electrode. NiFeOx is a promising oxygen
evolution catalyst for hematite-based PEC system and has excellent stability and fast kinetic reaction in
basic electrolytes as shown in Figure 3.20. After loading the NiFeOy co-catalyst, NiFeOy/Si:Ti-Fe,Os
showed a photocurrent density of about 4.3 mA c¢m™ at 1.23Vrug, an increase of around 7 times
compared pristine Fe>O; (0.6mA c¢cm) with outstanding stability for 20 hours and Faradaic efficiency
over 90%. Finally, we conducted an excellent reproducibility and scale-up test, which is an advantage
that can be had when manufacturing hematite with the equilibrium process as shown in Figures 3.21

and 3.22. In scalability, we found that the active area expanded, the PEC performance reduced

dramatically by FTO resistance.” Therefore, it is also one of key challenges that the hematite-based

photoelectrode for scalability should solve.
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3.4 Conclusion

In summary, we expanded the study of chapter 2 to the point of view of doping and proceeded to
investigate the doping mechanism. Although hematite can be manufactured in a porous structure
through the SiOx overlayer, it has been proven that the Si diffusion that occurs at same time must be
considered. Si-Fe;O; without Ti dopant proved that Si doping is difficult through the equilibrium
process due to higher formation energy than that of Sn. It was verified through DFT that Ti balances
the Si for ion sizes and at the same time alleviates the structural charge repulsion in hematite caused by
Si dopant. XRD, Raman, and XPS were used to confirm the effect of Si doping and crystallinity, and
based on these considerations, it was possible to further improve the efficiency compared to previous
studies. By fabricating NiFeOx coated Si:Ti-Fe,Os, NiFeO,/Si:Ti-Fe,O3 confirmed a photocurrent
density of around 4.3 mA ¢m™. In addition, our manufacturing method has been proved to be excellent
in reproducibility and large-scale manufacturing. The strategy studied in this work can be easily
expanded to other photocatalysts with doping system to reach the great advancement in PEC water

oxidation.
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Chapter 4. NiFeOy decorated Ge-hematite/perovskite for an efficient tandem water splitting

system

*Chaper4 is reproduced in part with permission of “Yoon, K.-Y.; Park, J.; Jung, M.; Ji, S.-G.; Lee, H..;
Seo J. H.; Kwak, M.-J.;Seok, S. L; Lee, J. H.; and Jang, J.-H.”*® Copyright © 2021 Springer Nature.

4.1 Introduction

In Chapters 2 and 3, we verified that effective structural control is possible using the overlayer, but the
doping part due to the diffusion of the overlayer's constituent materials should be considered and it has
also been proven that the consideration for can be approximated with the formation energy for doping.'~
Based on the doping system through the overlayer we made, we decided to try manufacturing Ge doped
hematite. In many theoretical doping designs,>® Ge is known to be the most suitable dopant for
hematite.” Ge*" has an ionic radius almost identical to that of Fe**, and it has been reported that it can
improve the crystallinity of hematite. Therefore, many researchers have tried to use Ge dopant with

8-12 Si 13-16 and
9

favorable properties for hematite, but lower efficiency has been reported compared to Sn,
Ti!”2! dopants that have been typically used. The discrepancy between the theoretical design and the
experimental results must be resolved through a rational method, and the causes of the discrepancy must
be resolved to enable a more optimized hematite doping design in the future. We hypothesized that the
cause of this discrepancy might be due to the interaction of Sn and Ge. Because Sn doping from FTO
is a phenomenon that occurs only in a specific manufacturing method,?? and this Sn doping is not
considered when designing a theoretical doping design. We have already confirmed that Sn was
suppressed from FTO by the method of manufacturing porous hematite using the overlayer. Here, we
attempted to fabricate Ge-doped porous hematite using a GeO, overlayer. GeO, overlayer can also make
porous hematite, and it has been confirmed that Sn doping is also suppressed. In this process, we
confirmed that the interaction of Ge and Sn adversely affects the efficiency of hematite. After
maximizing the efficiency of hematite using NiFeOx co-catalyst, a tandem device was constructed using
perovskite solar cell (PSC). A photocurrent density of 3.9 mA cm™ was confirmed in the tandem device
configured in our study. without an external voltage applied. Our doping system that we have verified
can serve as a stepping-stone to improving the efficiency of hematite, which is currently stagnant in

PEC system of hematite photoanode.
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4.2 Experimental section

4.2.1 Fabrication of Fe,Os and Ge doped hematite (Ge-H) photoanode.

Fe,Os photoanode was prepared by hydrothermal method under the same conditions as chapters 2 and
3. Briefly, using 150 mM FeCl; solution and reacting at 100 °C for 3 hours, FeOOH nanorods were
grown on FTO substrate. Then, heat treatment was performed at 800 °C for 20 min through a furnace.
Ge doped Fe>0O; (Ge-H) photoanode was manufactured through the following process. After dissolving
40 mM GeO, powder in D.I. water, 500 ul of Ge solution was added to 100 ml of 150mM FeCls solution
and reacting at 100 °C for 3 hours, Ge doped FeOOH nanorods were grown on FTO substrate. Then,

heat treatment was performed at 800 °C for 20 min through a furnace.

4.2.2 Fabrication of Ge doped porous hematite (Ge-PH) photoanode.

Ge doped porous Fe,O3 (Ge-PH) photoanode was manufactured through the following process. After
growing FeOOH nanorods on the FTO substrate in the same manner as in the Fe;O3; manufacturing
process, FeOOH nanorods was immersed in 40 mM GeO; solution for 30min and washed with D.I.

water. Then, heat treatment was performed at 800 °C for 20 min through a furnace.

4.2.3 Fabrication of NiFeOy decorated Ge-PH photoanode.

To load the NiFeOx OER co-catalyst Ge-PH photoanode, precursors, nickel(I) 2-ethylhexanoate (78%
w/w in 2-ethylhexanoic acid) as Ni source and iron(III) 2-ethylhexanoate (50% w/w in mineral spirits)
as iron source is mixed in hexane solution. After making stock solution by mixture, the dilution was
conducted to 50 mM metal complex. The loading of NiFeOx on Si:Ti-Fe,Os; was achieved by spin
coating method and then, the electrode was exposed with UV light for 1h. Final step was that the
electrode is annealed at 100 °C for 1h.

4.2.4 PEC measurements.

PEC measurements were carried out as half-cell measurements. The half-cell test was based on a three-
electrode system made of an Ag/AgCl electrode by KCI saturated solution and a platinum mesh as
reference and counter parts, respectively. The exposed area for measuring PEC efficiency was fixed at

0.44 cm? by O-ring. The electrolyte was applied as IM NaOH (pH=13.6) in all PEC measurements. The
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scan rate is the same for all of them at 20 mVs™'. EIS results were fitted using Z-view software for

accurate analysis. IPCE measurement was conducted out by Xe lamp with monochromatic light.

4.2.5 Synthesis of methylammonium iodide (MAI).

To synthesize methylammonium iodide, 57% aqueous hydroiodic acid (HI, 30 mL) was added in to
40% aqueous methylamine (19.6 mL) solution with vigorous stirring for 2hours under an ice bath. The
solvent was removed under vacuum and the products was dissolved in ethanol and it is recrystallized in
diethyl ether. The recrystallized products were collected through the filtration and the collected products

were dried at 60 °C under vacuum condition.

4.2.6 Synthesis of FAPbl; and MAPbBr; powders.

FAPDbI; powders were synthesized by dissolving FAI and Pbl, in 2-methoxyethanol with vigorous
stirring at 120 °C for 30 min and MAPbBr; powders were synthesized by dissolving MAI and PbBr; in
2-methoxyethanol with vigorous stirring at 100 °C for 30min. The FAPbI; and MAPbBr3 were gathered

by filtration and dried under vacuum condition.

4.2.7 Photovoltaic device fabrication.

First, for coating of TiO; hole blocking layer (bl-Ti0O.), FTO substrate (Pilkington, TEC8) was rinsed
in detergent, acetone, and ethanol by using ultrasosic for 30 min, respectively. Titanium diisopropoxide
bis(acetylacetonate) solution as precursor solution diluted in ethanol solvent with a 1:10 ratio (v:v) and
The diluted solution was sprayed onto the FTO substrate at 450 °C. TiO; particles (average size was
around 50 nm) were coated on the bl-TiO,/FTO substrate by spin coating at 1500 rpm for 50 s and then,
mesoporous TiO; layer (mp-TiO,) was formed on bl-TiO»/FTO substrate. After annealing at 500 °C for
1 hour in air condition, the prepared FaPbl3 and MAPbBr3 powders were dissolved in in the mixed
solution. The mixed solution is made in a 4:1 volume ratio of N-N-dimethylformamide (DMF) and
dimethylsulfoxide (DMSO) at 60 oC for 1 hour under stirring. The prepared perovskite solution is
loaded on the mp-TiO,/bl-TiO»/FTO substrate using various spin coating conditions at 1000-5000 rpm
for 15-20s. After 10 seconds during the second spin coating step, 1 mL of ether is dropped onto the
substrate. After spin coating was completed, heat treatment was performed at 150 °C for 10 min. For
loading of organic-based hole conducting material, 2,2',7,7'-tetrakis-(N,N-di-4-methoxyphenylamino)-

9,9'- spirobifluorene (spiro-OMeTAD) (88 mg in 1 mL of chlorobenzene) were mixed in lithium
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bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution (7.5 uL) in acetonitrile (170 mg mL") and 7.5
uL of 4-tert-butylpyridine (tBP). After synthesizing the hole conducting material, the hole conducting
material was loaded on the perovskite/mpTiO,/bl-TiO2/FTO by spin coating at 3000 rpm for 30 s.

Finally, a gold layer was deposited on the hole conducting layer using a thermal evaporator.

4.2.8 DFT calculation details.

The first principle density functional theory calculations were executed in the spin-polarized framework
along with the projector augmented wave (PAW) approach® using the Vienna ab-initio simulation
package (VASP).?* The exchange-correlation functional was considered using the generalized gradient
approximation (GGA) in Perdew, Burke, and Ernzerhof (PBE) parameterization.”> The cut-off energy
for the planewave basis was set to 500 eV, and Monkhorst-Pack k-point mesh of 4 x 4 x 1 was used for
calculation of density of state of all the slab structure of a-Fe>Oj3 (hematite). All the ionic positions were
relaxed via conjugate gradient method until atomic force convergence of 0.01 eV A™! was achieved. In
case of transition metal oxide systems 3d electronic states are strongly correlated, hence considering
the same, we employed the spin polarized GGA + U formalism due to improper action of d-electrons
with standard DFT.? The GGA + U calculations depends on the values of U-J and were set to 4.2 eV
which are in accordance with the experimental band gap value of hematite (2.2 ¢V). The hexagonal unit
cell of a-Fe,O3; was optimized with a layered antiferromagnetic (AFM) ordering. In case of pure a-
Fe,O; unit cell, the lattice parameters calculated within PBE + U and found to bea=b=15.07 A and ¢
=13.88 A, and consistent with the experimental values of a=b =15.04 A and ¢ = 13.75 A.?” The lattice
parameters of bulk structure of pristine and Ge-doped o-Fe,O; were determined by using their fully
relaxed (1 x 1) slab structure. To minimalize the interaction between the periodic images along z-axis,
a vacuum layer of at least 12A was applied along z-axis. As it is renowned that, (0001) surface is one
of the natural growth faces of a-Fe»Os, hence, we focused on the surface interaction reaction on (0001)
surface of a-Fe,Os. Substitution of dopant species were made at both outmost Fe layers to achieve the
maximum of the doping effect on surface reactions and to eliminate the polarization from broken
symmetry. Hydrogen passivation was used to prevent the transfer of hydrogen atoms from the active
site to the other surface oxygen. We passivated only one of the three surface oxygen atoms to minimize
the hydrogen bonding that affects the reaction. We considered the following OER mechanism with four

elementary steps.

H,0+ * - "OH+ H™ + e~ (1)

OH - "0+ HY + e~ )
88



H,0+ "0 » "OOH+ H* + e~ 3)
*OOH- * + 0,4+ HT+ e~ 4)

The * represents chemisorption with the reactive sites on the surface. According to Rossemiesl et al.,

at standard conditions (pH=0, p=1bar, T=298K), the reaction free energy (AG) of each step is

calculated as follows:

AGp = AE «o + (AZPE — TAS), — e - & (5)
AGB = AE 0 — AE *OH + (AZPE - TAS)B —e-d (6)

AGe = AE +goy — AE +g + (AZPE — TAS)c —e- & (7)

AGp = 4.92eV — AE -0y + (AZPE — TAS)p, — e - (8)

AE +gy, AE+g and AE ooy are the binding energies for the adsorption of OH, O and OOH,

respectively. ZPE is the zero-point energy and TAS is entropic contributions. @ is the external
potential. At the standard condition with ®=0, the highest free energy (AGy,,x) is equal to reaction

potential for electrochemical reaction potential and (AGy,,x — 1.23) is equal to overpotential (1).
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4.3 Results and discussion

To confirm the Ge doping effect, three types of hematite were prepared as shown in Figure 4.1a. First,

a general Fe,O3; manufactured by a hydrothermal method was manufactured,?®%

and it has a nonporous
structure. The morphology of Fe>O3; was confirmed through SEM and TEM images to form nanorods
with a diameter of about 70 nm and a length of 300 nm as shown in Figure 4.1b Second, Ge doped
hematite (Ge-H) was manufactured by adding Ge dopant to FeCls in a similar way to the Ge doping
method in previous studies, growing Ge doped FeOOH on FTO, and then annealed at 800 °C for 20
min. Ge-H had a nonporous structure similar to that of Fe,O3 with a diameter of about 70 nm and a
length of 300 nm as shown in Figure 4.1c. The morphology of FEOOH and Ge-FeOOH was also
almost similar as shown in Figure 4.2. Third, Ge doped porous Fe;Os (Ge-PH) was fabricated
utilizing a GeO; overlayer. FEOOH nanorods was immersed in GeO; solution for 30 min and then, a
thin GeO; layer was formed on FeOOH surface as shown in Figure 4.3. After annealing process,
hematite has confirmed to have a porous structure by GeO, overlayer as shown in Figure 4.1d. Through
STEM-EDX, it was confirmed that Ge was uniformly doped over the entire region of Ge-PH as shown
in Figures 4.1e-i. The mechanism by which the porous structure is formed is due to water evaporation'®
and the kirkendall effect,' as described in Chapter 3. Since Ge-PH also has a porous structure, in
addition to the Ge doping effect, it can have the effect of reducing the recombination probability by
improving the OER sites and shortening the distance of hole diffusion. We evaluated the PEC efficiency
of three types of hematite as shown in Figure 4.4a. Pristine Fe,Os showed a photocurrent density of
~1.0 mA cm?at 1.23Vrug, whereas Ge-H showed a photocurrent density of ~1.9 mA cm™? at 1.23 Vrue
due to the Ge doping effect. Ge-PH showed a photocurrent density of 3.5 mA c¢cm™ and showed 3.5
times more efficiency than pristine Fe,O3 and 1.8 times better than Ge-H photoanode. The reason for
the high increase in the photocurrent density of Ge-PH is that there are effects due to Ge doping and
porous structure. Therefore, it is necessary to further verify the superiority of Ge. To prove the
superiority of Ge, we fabricated hematites with similar porous structures using various overlayers as
shown in Figure 4.5. Through SEM and BET analysis, porous hematite doped with Sn, Ti, and Si was
confirmed, and it was confirmed that the structure was almost similar to that of Ge-PH, but Ge showed
the best activity in ECSA measurement. Moreover, in PEC efficiency, Ge-PH showed the highest
photocurrent density. Therefore, it has been proven that Ge dopant shows the best efficiency, proving
that Ge is the best dopant as a theoretical doping design.” Although Ge-PH showed the highest
efficiency in the porous structures, it is necessary to elucidate the cause of the lower efficiency of Ge-
H compared to doped hematites with other nonporous structures. Therefore, we proceeded with a more

in-depth analysis of this part.
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Figure 4.1. (a) Schematic images for Ge doping strategy. (b) top-view and cross-sectional SEM and
TEM images for (b) Fe;0s, (c) Ge-H and (d) Ge-PH. (e) Scanning transmission electron microscopy
(STEM) image of Ge-PH and the corresponding mapping element of (f) Fe, (g) O, (h) Ge and (i) Sn.
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Figure 4.2. The top-view (a-1 and b-1) and cross-sectional (a-2 and b-2) SEM images and a TEM image
(a-3 and b-3) of (a) FeOOH nanorod and (b) Ge-doped FeOOH nanorod.

Ge0,/FeOOH . .

Figure 4.3. (a) STEM image of the entire GeO,/FeOOH nanorod and the corresponding elemental
mapping image of (b) Fe, (¢) O, (d) Ge, (¢) Sn and (f) C.
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Figure 4.4. (a) LSV curves of Fe,O3, nonporous Fe>O3; with Ge doping (Ge-H), and porous Fe,O3 with
Ge doping (Ge-PH) in basic electrolyte (1 M NaOH (pH = 13.6)) under 1 SUN illumination. (b) XRD
patterns of Fe,O3, nonporous Fe,O3 with Ge doping (Ge-H), and porous Fe,O3; with Ge doping (Ge-PH)

and (c) Raman spectra of Fe;O3, nonporous Fe,O3 with Ge doping (Ge-H), and porous Fe,O3; with Ge
doping (Ge-PH). XPS signals for (d) Ge 3d of Fe,Os, nonporous Fe,O3; with Ge doping (Ge-H), and
porous Fe;O3 with Ge doping (Ge-PH), and (e) Sn 3d of Fe,;O3, nonporous Fe,O; with Ge doping (Ge-
H), and porous Fe,O3 with Ge doping (Ge-PH). (f) Fourier transform of the EXAFS data at the Fe k-

edge of the hematite nanostructures in Fe;O3, nonporous Fe>O; with Ge doping (Ge-H), and porous

Fe,03 with Ge doping (Ge-PH). The depth profiles by XPS measurements for (g) Sn and (h) Ge contents.

(i) Calculated Sn:Ge doping ratio.
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XRD patterns showed that all three samples were well made of hematite with no other phase material
formed as confirmed in Figure 4.4b. In Raman spectra, the LO signal of Ge-H was much sharper than
that of Fe»O3; and Ge-PH as shown in Figure 4.4c. This means that Ge-H has many asymmetrically
formed crystals inside hematite. XPS peaks of Ge 3d and Sn 3d can confirm that Ge and Sn are doped
in hematite. In the spectrum of Ge 3d (Figure 4.4d), Ge 3d peaks at around 31.6 ¢V in Ge-H and Ge-
PH showed that the Ge dopants were well doped into hematite as shown in Figure 4.4d. Ge-PH showed
higher doping level than that of Ge-H and When the peaks were deconvoluted it was also confirmed
that more Ge** existed in Ge-PH as shown in Figure 4.6. Ge-H. The optimization of the Ge doping level
of Ge-H was achieved at a lower doping level than that of Ge-PH, confirming that the photocurrent
density decreased when the doping level of Ge-H was further increased as shown in Figure 4.7. The Sn
3d peaks at 494.7 (Sn 3ds) and 486.2 eV (Sn 3dsp») indicated that Sn dopants were well doped into
hematite as shown in Figure 4.4e. As seen in the Sn 3d spectra, Ge-PH showed very little Sn doping
level compared to Fe;O3 and Ge-H. This was because diffusion of Sn into hematite was suppressed by
the overlayer as described in chapter 3. Therefore, it could be expected that the proportion of Ge and
Sn mixed in Ge-PH would be less than that of Ge-H. We conducted extended X-ray absorption fine
structure (EXAFS) measurements to demonstrate in order to confirm that if the amount of Sn is large,
it adversely affects hematite. The oxidation state of each material was confirmed through X-ray
absorption near edge structure (XANES) analysis as seen in Figure 4.8. The difference in R space in
EXAFS clearly showed the difference with each doping as shown in Figure 4.4f. The intensity of signals
indicates the degree of crystallinity, and Ge-PH showed an intensity almost similar to that of pristine
Fe,0s, whereas Ge-H showed a lower intensity than that of pristine Fe.O3; or Ge-PH. Fe—O bonds and
Fe—Fe bonds were assigned at 1.5 A and 3 A, respectively. Ge-H has the largest R space in Fe-O signals,
meaning that it formed the low oxidation state (Fe?") rather than Fe*" compared to pristine Fe>O; or Ge-
PH. In order to more intuitively observe the results for the Ge and Sn ratio, XPS depth profile was
performed. The Sn/Fe ratio of Fe,Os and Ge-H was similar between about 5-10% over the entire range.
However, the Ge/Sn ratio of Ge-PH was very small, less than 1% in the entire range as shown in Figure
4.4g. The Ge/Fe ratios of Ge-H and Ge-PH were 3.4-5.5% and 7.7-13.8%, respectively, as shown in
Figure 4.4h. Ge-H and Ge-PH have similar total doping levels of Ge and Sn as shown in Figure 4.9, but
It was confirmed that the Ge/Sn ratio of Ge-H is about 14-19 times higher than that of Ge-PH in entire
range as shown in Figure 4.4i. Therefore, the interaction of Ge and Sn adversely affects hematite. To
verify this, we compared the efficiency of the hematite electrode heat treated at a low temperature where
Sn does not diffuse from the FTO substrate. Sn can definitely help to improve the efficiency of hematite,
but it has been confirmed that it interferes with maximizing the doping efficiency of Ge, which is a

better dopant than Sn (Figure 4.10).
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We also observed the interaction of Ge with Sn through DFT calculations. It was confirmed that the
formation energy of Ge doping was lower than that of Sn doping, and when Ge and Sn were co-doped,
the formation energy was slightly higher than that of Sn. Therefore, Ge is superior to Sn dopant, but it
means that doping becomes difficult when Ge and Sn exist together as shown in Figure 4.11a.
Differences in atomic arrangement were also observed. When Ge was doped into hematite, the atomic
arrangement was almost identical to that of pristine Fe,Os, whereas when Ge and Sn were coexisted,
one Fe atom was displaced as shown in Figure 4.11b. This was consistent with the result that Ge-H has
many asymmetric structures in the Raman spectrum. Figure 4.11c explains why the interaction of Ge
and Sn adversely affects the hematite structure. Ge has a similar size to that of Fe. After Ge doping,
only one Fe is changed to Fe** by doping. In the case of the Sn doping, Since Sn has a larger size than
Fe, Fe?* that changes due to lattice strain occurs along with the formation of Fe?* by doping. This is one
of the reasons why Ge can achieve better efficiency than Sn. when Ge and Sn are co-doped, Fe?*
generated by the charge repulsion between Ge and Sn increases along with the lattice strain caused by
the size of Sn. For this reason, the co-doping of Ge and Sn adversely affects the structure of hematite,
causes high formation energy, and consequently affects the PEC efficiency. In XPS spectra for Fe 2p,
Ge-H was directly observed to have more Fe?* than Ge-PH as shown in Figure 4.11d. Therefore, when
using a dopant with better performance than Sn, doping using an overlayer can be an efficient method
as shown in Figure 4.11e. Experiments on electrochemical behavior were also confirmed. In Mott-
Schottky plots (Figure 4.12a), Ge-PH showed the lowest slope, and the depletion layer calculated
through Mott-Schottky plots was also confirmed to have the shortest Ge-PH as shown in Table 4.1. A
shorter depletion layer means sharper band bending and less recombination probability. The Nyquist
plots was performed to confirm the interfacial behavior between electrolyte and active material. The
second semicircle, Re: value, represents the resistance between the electrolyte and the active material.
It was observed that the Ry value of Ge-PH was significantly reduced compared to the Re: value of
Fe;O3 or Ge-H. The first semicircle, Riap, 1s the resistance across the active substance. Ge-PH also
showed the smallest Rirap value as shown in Figure 4.12b. The calculated free energy involved in the
OER reaction can be seen in Figure 4.12c. In general, the step with the greatest resistance in the hematite
based OER is reaction B (*OH — *QO). Therefore, it can be observed that pristine Fe,O3 takes the
greatest resistance in reaction B with overpotential of 1.007 eV. Interestingly, in Ge-doped hematite, it
was confirmed that the step with the greatest resistance changed from reaction B to reaction C. This is
because doped Ge stabilizes unstable *O in reaction B by donating electrons to oxygen. Therefore,
since reaction B and reaction C have a trade-off relationship with each other, as reaction C increases as
much as reaction B is decreased, reaction C step takes the greatest resistance. However, it was confirmed

that the overpotential of the entire reaction (0.888 eV) was reduced compared to that of pristine Fe,Os.
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Finally, the charge separation efficiency was calculated using a hole scavenger, Na;SO; as shown in
Figure 4.12d. Ge-PH showed higher charge separation efficiency than Fe,Os and Ge-H in the entire
range and maintained charge separation efficiency of about 80% or more after 1.3Vrue. Finally, a
tandem device was manufactured using Ge-PH and PSC. For tandem device, we employed a PSC
fabricated using a recently developed procedure (short-circuit current (Jso) = 21.60 mA cm 2, open-
circuit voltage (Voo) = 1.16 V, and fill factor (FF) = 75.07%; power conversion efficiency (PCE) =
18.85%, Figure 4.14). The tandem system of Hematite and PSC has been reported as a system capable
of producing hydrogen without an external applied voltage as shown in Figure 4.13a. Ge-PH not only
has excellent PEC efficiency but is also useful for tandem system since it has a higher transmittance
than Fe,Os or Ge-H due to its porous structure as shown in Figure 4.15. To maximize the efficiency of
the tandem system, NiFeOy co-catalyst was loaded on the surface of Ge-PH. After loading NiFeOx co-
catalyst, our final photoanode (NiFeOx@Ge-PH) showed a photocurrent density of around 4.6 mA cm’
2 at 1.23 Vrue as shown in Figure 4.13b. As for the operating point of the tandem device, it can be
observed from the figure that the LSV of PSC and the LSV of NiFeOx@Ge-PH formed a photocurrent
density of 3.9 mA c¢cm™, which was the overlapping part as shown in Figure 4.13¢. The tandem device
was also confirmed to work stably for about 5 hours as shown in Figure 4.13d. Finally, we measured
the Faradaic efficiency through the oxygen and hydrogen generated by the tandem device. Oxygen is
generated on the surface of NiFeOyx/Ge-PH, and hydrogen is generated from platinum connected to PSC.
The measured amounts of hydrogen and oxygen were around 68.5 and 34.0 umol after 120 min,
respectively. This means that according to the water splitting mechanism, the gases were well generated
in a 2:1 ratio. Most of the holes and electrons generated by light are used only for water splitting while
maintaining the efficiency of over 90%. in our tandem system. To the best of our knowledge, our studies
showed the highest PEC performance achieved for the hematite-based tandem device, as shown in Table

4.2.
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Np

EFB (V) (1 OAzocm-3) w (nm)
Fe,O, 0.39 0.22 12.4
Ge-H 0.53 0.70 6.26
Ge-PH 0.43 3.10 2.97

Table 4.1. Calculated results from Mott-Schottky plots for the flat band potential (Erg), charge carrier

concentration (Np), and space charge width (Wy).
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Table 4.2. Recent reports on hematite-based tandem systems.
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4.4 Conclusion

In summary, we have proven the superiority of Ge dopant by GeO, overlayer. Manufacture of hematite
using GeO; overlayer is advantageous for the PEC system by creating a porous structure, but also
suppresses Sn doping from the FTO substrate, thereby maximizing the Ge doping efficiency. It has
been demonstrated through Raman, EXAFS, DFT calculations, and electrochemical behavior that the
crystallinity of hematite decreased as the Ge/Sn ratio increased. In addition, by confirming that Ge-
doped hematite can form superior OER kinetics compared to pristine hematite through DFT calculations,
it has been verified that the Ge-PH electrode can produce excellent PEC efficiency. Therefore, it was
found that suppressing Sn doping from the substrate as much as possible can help to improve the
efficiency of dopants that can produce better doping efficiency than Sn. Through in-sight for Ge doping,
our tandem device using PSC could achieve a photocurrent density of ~3.9 mA c¢cm ™ in basic electrolyte
(1 M NaOH). Our research breaks the conventional notion of Sn doping and suggests more diverse
doping designs and efficient doping methods, and at the same time can be utilized in various doping

systems in various applications using solar energy conversion.
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