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Abstract

Photocatalytic hydrogen evolution and carbon dioxide reduction using photocatalysts are expected as

promising technologies for the realization of a sustainable society. However, high efficiency and stabil-

ity under sunlight is required to fulfill the industrial demand. There are various approaches to improve

photocatalytic activity, such as element doping, surface structure modification, implanting defect sites on

the surface, using a photosensitizer, and loading of a cocatalyst as an active site. Since the mechanism

of activity improvement has not been elucidated, it is not easy to obtain a guideline for developing new

materials. Photocatalytic reaction is driven by photo-generated electron hole pairs. Thus, understanding

the reaction mechanism and the carrier dynamics right after light irradiation in photocatalytic materials

by using ultra-fast spectroscopy is highly desired. In this study, transient absorption spectroscopy was

applied to evaluate the effect of dopants in oxide based photocatalyst and the interaction between cocat-

alysts and inorganic, and organic photocatalytic materials. This dissertation is composed of 6 chapters,

including introduction and conclusions.

In Chapter 2, the configuration of the transient absorption spectroscopy used in this study was de-

scribed, and the conventional fitting method of the transient decay curve and the fitting method adopted

in this study were outlined.

Chapter 3 describes the doping effects over the carrier dynamics of La, Cr-doped SrTiO3, which is a

visible light responsive photocatalyst. Element doping is a method often used for making a wide gap

semiconductor visible light responsive, and is a method of forming an impurity level between bands and

promoting light excitation using visible light. Indeed, doping can make photocatalyst visible light re-

sponsive and shows photocatalytic activity under visible light. However, the doped photocatalyst has

lost the high photocatalytic activity under ultraviolet light, which originally possessed by wide-gap semi-

conductors. In order to clarify the mechanism of this problem, we selected La and Cr-doped SrTiO3 as

model materials, and measured the effects of La and Cr dopants using transient absorption spectroscopy.

Based on the results, it can be inferred that La doping would extend the lifetime of photogenerated charge

carriers due to the hybridization of La 5d band with conduction band of SrTiO3 which could contribute

to secure the excited electrons and thus increased total photocatalytic performance. Interestingly, after Cr

doping, the transient feature of SrTiO3 has been changed under UV light irradiation, which displayed less

reactivity and lifetime, could account for decreasing the photocatalytic activity. Accordingly, in order to

design a superior photocatalyst for effective solar energy harvesting, one should strive for enhancing the

electron reactivity as well as retaining the excitation state of SrTiO3.

Chapter 4 describes the carrier dynamics in Pt/SrTiO3. Pt is a typical cocatalyst indispensable for im-

proving photocatalytic hydrogen evolution activity. A cocatalyst represented by a noble metal element

has a function of greatly reducing the overpotencial of hydrogen generation and a function as an active

site. Therefore novel metal cocatalysts are an indispensable element for designing a highly active pho-

tocatalyst. Furthermore, loading cocatalysts are expected to improve charge separation ability. However,



theoretical calculations suggests that the broad density of states of Pt over rapping with conduction band

and valence band of the wide gap semiconductors, and capturing electrons and holes from conduction

band and valence band, respectively. In this study, to examine the loading effect of Pt cocatalysts, the

transient absorption spectra were measured over different amount of Pt and Ni loaded SrTiO3 as a com-

parison. Focusing on the transient signal derived by hole in the SrTiO3, it is found that with the increase

Pt cocatalyst loading amount, the decay constant which represent the speed of carrier consumption lin-

early increase. While in the case of Ni loading, the decay constant was almost constant. This linear

relationship between Pt loading amount and decay constant suggests that Pt cocatalyst on SrTiO3 capture

both photogenerated electron and hole. Therefore, for the cocatalyst, the localized density of state and an

appropriate hydrogen absorption/desorption energy property are highly desired for efficient overall water

splitting.

Chapter 5 proposes the charge carriers transfer process of conjugate polymer photocatalysts for car-

bon dioxide reduction reaction. Monomers and polymers with similar structures were synthesized using

Suzuki-Miyaura coupling and Sonogashira coupling, and their photocatalytic activity and carrier dynam-

ics were evaluated. By measuring time-resolved microwave conductivity, it is found that in the polymer

synthesized by the Sonogashira coupling reaction, electrons generated by photoexcitation are delocalized

due to the alkyl bond between molecules. Whereas in the polymer synthesized by the Suzuki-Miyaura

coupling, a single bond is formed between the molecules, the photoexcited electrons can be localized with

in benzene part of the conjugate polymer. Also, in ps-ns transient absorption spectroscopy, photoexcited

electrons can easily attract strong interaction with cocatalyst through a C-C single bond in the material,

thus electron can easily transfer to the cocatalyst. On the other hand, conjugate polymer composed by

alkyl bonds, the electron transfer is difficult between conjugate polymer and cocatalyst. Furthermore, the

sample prepared using the Suzuki-Miyaura coupling has evaluated by using the time-resolved PL spec-

trometry. The results shows the greatly shorten of the PL lifetime with the presence of the cocatalyst

and carbon dioxide, indicating that electrons generated in the conjugated polymer are consumed in the

carbon dioxide reduction reaction. As described above, the charge transfer process during the reaction

was proposed by observing the interaction with the cocatalyst due to the bonding state in the conjugated

polymer semiconductor. This result suggests that different polymer materials composed of C-C single

bond may be useful for carbon dioxide reduction reaction.

Chapter 6 summarizes the above works and give an outlook for the future. As described above, the

carrier dynamics in a typical oxide photocatalyst has been discussed for searching further active photo-

catalysts. In the doping method, by observing charge carriers dynamics, the advantage and disadvantage

of doping an element into the semiconductor has been clarified. In the cocatalyst loading, by tracing the

trapping process of holes into the Pt cocatalyst, it is found that there is the trade-off relationship between

active site of the reaction and recombination center. In addition, the mechanism of the carbon dioxide

reduction reaction using a conjugate polymer has evaluated. The electrons transfer process were tracked

by various types of ultra-fast spectroscopy to obtain guidelines for material design based on the state of

intermolecular bonding.
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Chapter 1 . Introduction

1.1 Overview of photocatalysis

In recent years, the increase in the use of fossil fuels due to modernization and population growth

has provoked severe environmental problems, and the development of alternative energy has become an

urgent task for the realization of a sustainable society. Among various alternative energy technologies,

artificial photosynthesis using a photocatalyst is a promising technology that can convert water or CO2

into storable chemical energy by solar energy. In recent decades, research on photocatalysts is steadily

progressing in various fields such as water and air purification,[1] H2 or O2 generation by water decom-

position,[2] CO2 photoreduction,[3] N2 fixation reaction,[4] and photoelectrochemical conversion.[5]

Despite photocatalysts can be used for various reactions, the intrinsic mechanism is identical. Gener-

ally, as shown in Figure 1.1, photocatalytic reactions consist of three steps.[6–8] First, when the incident

light energy exceeds the bandgap of semiconductor photocatalyst, the electrons located in the valence

band (VB) are excited to the conduction band (CB) with the equivalent amount of the positively charged

holes left in the VB. Secondary, the photo-generated electron-hole pair migrates to the surface of the

semiconductor photocatalyst. Finally, the holes in the valence band that reach the surface act as oxidiz-

ing agents (electron donor D → D+), and the electrons in the conduction band act as reliable reducing

agents (electron acceptor A→ A+). These cause redox reactions with adsorbed molecules such as water

and organic substances on the semiconductor surface. Details of each step are given below for further

understanding.
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Figure 1.1. Schematic illustration of the basic mechanism of the semiconductor photocatalytic reaction
process.[9]

First, the semiconductor photocatalyst absorbs light energy, which has higher energy than its bandgap

and consequently generates photoexcited electron-hole pairs. In the initial stage, the irradiated light

energy is stored in the semiconductor as photoexcited charge carriers. These photoexcited charge carri-

ers are converted into chemical energy via a series of electronic processes and surface/interface reactions.

From conventional thermal catalysis, spontaneous catalytic reaction (the photocatalytic reaction can drive

∆G<0, ∆G means Gibbs free energy) as well as non-spontaneous catalysis (∆G>0) can be driven by pho-

tocatalysis. In the former case, the irradiated light energy is used to surmount the activation energy

barrier of the reaction via electrons, excited in the photocatalyst. In the latter case, apart from the re-

action activation process, light energy is converted to chemical energy and stored as the final reaction

product.[6] In an actual photocatalytic reaction, more photons are generated when the photocatalysts

absorb more photons. In order to achieve more efficient light-harvesting, there are several methods to

extend the light absorption region of the semiconductor photocatalysts. One of the methods is tuning the

electronic structure by doping foreign elements in the periodic table.[10–12] Other methods such as elec-

tron injection using localized surface plasmon resonance[13–15] and dye sensitization using metal complex

dyes[16, 17] have also been widely studied. In the second step, for taking part in the photocatalytic reac-

tion, the photo-generated electron-hole pairs need to move to the surface of the photocatalyst. However,

the large amount of photo-generated charge carriers induce electron-hole pairs recombination in the bulk

or surface before reacting with the surface absorbed molecules, losing absorbed energy by heat or light

emission. To prevent this recombination, loading co-catalysts such as Pt,[6, 10, 18–20] Pd,[19] RuO2,[21] and

NiOx
[2, 21] on the semiconductor surface is a widely used effective approach. An internal electric field

2



is generated at the interface between the co-catalyst and the photocatalyst, promoting charge separation

and promptly inducing carrier movement. Furthermore, since these co-catalysts have higher electrical

conductivity, lower over-potential, and higher catalytic activity than general semiconductor photocata-

lysts, they function as an ideal photocatalytic active site.[6] In addition to loading the co-catalyst, the

charge separation efficiency can be increased by fabricating composite photocatalytic materials such as

TiO2/CdS,[22] CdS/MoS2,[23, 24] and SrTiO3: Rh/BiVO4.[25] Besides, in smaller particle, the distance be-

tween the bulk and the surface is reduced, and the charge carriers can easily reach the active site so that

the probability of recombination can be decreased.[26]

The carriers thus undergo charge separation and reach the surface can react with the adsorbed molecules,

causing photo-oxidation / reduction reactions. Here, the following two typical photocatalytic reactions

are mentioned.

(1)Photocatalytic splitting of water: 2H+ + 2e− → H2 (E0
red = 0 V vs. NHE) or 2H2O + 4h+ → O2 +

4H+ (E0
ox = 1.23 V vs. NHE); thus, the total amount of H2 or O2 evolution is primarily determined by the

amount of excited electrons or holes in the water/photocatalyst interface, respectively.[27]

(2) CO2 photoreduction: The photo-generated holes in the valence band oxidize water to produce

hydrogen ions (H2O + 2h+ → 1/2 O2 + 2H+, E0
ox = 1.23 V vs. NHE), and the photogenerated electrons

in the conduction band reduce CO2 into hydrocarbons such as CH4 (CO2 + 8e− + 8H+ → CH4 + 2H2O,

E0
red = −0.24 V vs. NHE); the lager number of electrons take part in the reaction, the lager energetic solar

fuels (e.g. CH4, HCHO) can be generated.[3, 28]

Considering sunlight as a free, abundant, and clean energy source, any photocatalytic reactions can be

sustainable energy resource. Besides, approximately 3,850,000 EJ (exa-joules; 1 EJ = 108 J) of solar

radiation shines on the earth every year, which is several orders of magnitude higher than the current

energy consumption in the human society (about 474 EJ per year). It is essential for the development

of human society to efficiently use this enormous abundant energy via artificial photocatalyst to provide

enough clean and renewable energy.

1.2 Potencial application of photocatalysts

1.2.1 Photocatalytic water splitting

Hydrogen (H2) production by photocatalytic water splitting is the main purpose of the photocatalytic

reaction. H2 has been considered as an ideal energy source because of its high specific energy density

(around 140 kJ g−1; about four times higher than that of methane) and clean combustion products.[29] To

date, the main industrial H2 production technology is steam reforming from hydrocarbon. 95% of the

commercial H2 is produced by the steam methane reforming at high temperatures (700-1100 ◦C):[30] ((1)

CH4 + H2O → CO + 3H2, +191.7 kJ/mol; (2) CO + H2O → CO2 + H2, -40.4 kJ/mol.). However, this

method requires much higher reaction temperature and is considered to be heavily energy-exhausting.

Electrolysis is another way to produce H2, in which the solid oxide electrolysis cells operate at high

temperature (around 800 ◦C), alkaline electrolysis cells work at high concentrated alkaline electrolyte
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(KOH or K2CO3) and the requested temperature of 200 ◦C, while polymer electrolyte membrane cells

can promote reaction below 100 ◦C thus becoming more commercial by available. However, all those

electrolysis process requires large amounts of electrical energy. Therefore, it is eager to pursue some

environmental-friendly and low-cost strategy to obtain hydrogen. In comparison, photocatalytic water

splitting might be a promising way to produce hydrogen from solar energy. In 1972, Fujishima and

Honda discovered the hydrogen evolution through the photoelectrochemical splitting of water on the n-

type TiO2 electrode under UV-visible light irradiation. The schematic illustration of the electrochemical

cell is shown in Figure 1.2. It consists of an n-type TiO2 anode and a Pt black cathode. When the surface

of the TiO2 electrode was irradiated by the UV light from a 500 W Xe lamp, O2 evolution occurred

at the TiO2 anode under applying of some bias. Concomitant reduction led to the H2 evolution at the

Pt counter electrode. This important discovery, which emerged from the use of photoelectrochemical

cells with semiconductor electrodes, later inspired Bard to design the photocatalytic system by using

semiconductor particles or powders as photocatalysts. In my Ph.D. study, I focus on the mechanism in

the photocatalytic HER and CO2 reduction.

Figure 1.2. Schematic illustrations of the photoelectrochemical cell (PEC). Reproduced from Ref.[31]

Water splitting into H2 and O2 is an uphill reaction. It requires the standard Gibbs free energy charge

∆G0 of 237 kJ/mol or 1.23 eV, as shown in Equation 1.

H2O→ 1/2O2 + H2;∆G = +237kJ/mol (1.1)

Therefore, the bandgap energy (Eg) of the photocatalyst should be > 1.23 eV (λ < 1000 nm) to realize

water splitting. To facilitate both the reduction and oxidation of H2O by the photoexcited electrons

and holes, respectively, the match of the bandgap and the potentials of the conduction/valence bands

are important. Particularly, for a semiconductor photocatalyst, the bottom level of the conduction band

should be more negative than the reduction potential of H+ /H2 (0 V vs. NHE), whereas the top level of

the valence band should be more positive than the oxidation potential of O2/H2O (1.23 V).
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Figure 1.3. Band positions of some common semiconductor photocatalysts.[6]

Figure 1.3 shows the conduction band edge and valence band edge of some semiconductor photocata-

lyst candidates. There are many semiconductor materials whose electronic structures match well with the

redox potential of water into H2 and O2. However, the band structure requirement is only the thermody-

namic requirement for water splitting. Other factors, such as over-potentials, charge separation, mobility,

and lifetime of photogenerated electrons and holes, can also affect the photocatalytic water splitting.

1.2.2 Photocatalytic CO2 reduction reaction

With industrialization and the consumption of fossil fuel growth, CO2 emission is increasing year by

year and becomes the major origin of global warming. Photocatalytic CO2 reduction to produce hy-

drocarbon fuels not only realizes the solar energy storage and conversion, but also offers a promising

solution to CO2 over-emission induced environmental crises, and therefore intensively attracts the atten-

tion from researchers.[32] However, the developing of this technology remains challenges. On the one

hand, CO2 molecules present linear symmetric structures, and they are so thermodynamically stable that

the molecules ’activation is rather difficult to achieve. On the other hand, the reduction of CO2 into

hydrocarbon compounds is a typical proton-coupled electron transfer process and, therefore, also suffers

from the kinetic limitation due to the involving of multiple e− /H+ transfer. Below is the potentials (vs.

NHE, pH = 7) for CO2 reduction into various hydrocarbon compounds.[33]
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CO2 + 2H+ + 2e− → HCOOH(E0 = −0.61V) (1.2)

CO2 + 2H+ + 2e− → CO + H2O(E0 = −0.53V) (1.3)

CO2 + 4H+ + 4e− → C + 2H2O(E0 = −0.20V) (1.4)

CO2 + 4H+ + 4e− → HCHO + H2O(E0 = −0.48V) (1.5)

CO2 + 6H+ + 6e− → CH3OH + H2O(E0 = −0.38V) (1.6)

CO2 + 8H+ + 8e− → CH4 + H2O(E0 = −0.24V) (1.7)

2CO2 + 12H+ + 12e− → C2H5OH + H2O(E0 = −0.33V) (1.8)

From the above reaction, though the eight-electron reduction of CO2 to CH4 or CH3OH requires a

much lower potential than that for the two-electron reduction to CO or HCOOH, it does not mean that

the former reaction is more easily achieved relative to the latter. This is because, the common reactions

might require a higher potential; secondly, the intermediate processes might have to overcome a high

energy barrier; also, the former reaction suffers from a higher kinetic limitation due to the more complex

multi-proton-coupled electron transfer process. Organometallic complex compounds generally possess

multiple and accessible redox states and therefore exhibit multi-electron transfer reactivity. Furthermore,

through the modification of the organic ligands, the multiple redox potentials could be controlled. These

features make organometallic complexes promising candidates for CO2 reduction. Also, considering the

slightly negative potential for CO2 reduction and also the somewhat positive potential for water oxidation,

a photocatalyst that might realize the concurrent CO2 reduction and water oxidation must possess a very

lager band gap as well as suitable band positions. Kudo et al. reported that ALa4Ti4O15 (A = Ca,

Sr, and Ba) photocatalysts with 3.79 - 3.85 eV of band gaps and layered perovskite structures could

photo reduce CO2 to form CO and HCOOH and simultaneously oxidize water to produce O2 under

UV light irradiation.[34] Ag was used as the co-catalyst in the case. Additionally, other semiconductor

photocatalysts like Zn2GeO4, TiO2, and ZnS were also applied for CO2 photoreduction, but they are

all UV active.[32] The development of visible-light sensitive photocatalysts for this application is highly

desired.

1.3 Typical photocatalytic materials

Photocatalysts have been intensively researched for constructing further elaborate materials. In prin-

ciple, photocatalytic reaction on the surface is able to occur only when the reduction and oxidation po-

tential are more positive and negative than CBM and VBM potentials, respectively. Currently, various

photocatalysts including metal oxide, sulfide and carbon based materials are being explored for solar

fuel conversion. These can be classified into two main groups: inorganic and organic photocatalysts.

The traditional inorganic semiconductors, such as TiO2, SrTiO3, ZnO, WO3, CdS, and BiVO4, can be

active photocatalysts after absorb the incident photons with higher energy than their band gap to excite
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electrons into CB from VB and left holes in VB. When these electons and holes succesfuly migrate to

the surface, they can initiate the reduction and oxidation and oxidation reaction, respectively. In these

inorganic materials, their band structure can be tuned by doping or co-doping with foreign elements, and

creating vacancies. Likewise, carbon based materials, such as g-C3N4, polymers, and graphene, also can

be active photocatalysts by light absorption. In organic semiconductor, after light absoption, the spatially

separated photogenerated electron hole pair in their lowest unoccupied molecular orbital (LUMO) and

highest occupied molecular orbital (HOMO) initiate photocatalytic reaction. For tuning the property of

organic photocatalysts, besides elemental doping, the molecular exchange can be employed to explore

the suitable energy band structure. In the following subchapter, I will give an overview of each inorganic

and organic photocatalysts.

1.3.1 Inorganic photocatalysts

Almost all inorganic semiconductor materials are composed of metal cations including transition met-

als and anions such as oxygen, nitrogen, and sulfur. In many inorganic semiconductor based photo-

catalytic materials, the d-orbit of the transition metal forms a conduction band and an anion forms the

valence band. Alkaline earth metals and lanthanoids do not affect the conduction band minimum and are

often chosen as A sites with perovskite or spinel structures (ABO3 and AB2O4). Table 1.1 summarize the

inorganic semiconductors based photocatalytic materials which exhibited relatively high water splitting

or hydrogen generating reactions in the presence of sacrificial reagent. The major similarity is that most

materials consist of Ti, Ta, and Nb elements to form a conduction band and have a (layered) perovskite

structure. Thus in this dissertation, SrTiO3, the most basic compound containing Ti and having a per-

ovskite structure, was used as a model material of inorganic photocatalysts for mechanism analysis. The

following subchapter describes the perovskite structure, the physical properties of SrTiO3, and attempts

to make it visible light responsive photocatalysts.

Perovskite structure

In the past decades, large variety of metal oxide photocatalysts have been found and the photocatalytic

performance have been intensively studied by the researchers. Although TiO2 based materials are the

most studied material for photocatalytic applications, ternary and other complex oxide systems, have been

increasingly explored as photocatalysts. Among the various classes of materials studied, perovskites-

based photocatalysts have unique photophysical properties and offer distinct advantages. Perovskites are

the class of oxides with the general formula ABO3. Generally, in this crystal structure, the A site is

occupied by the larger cation such as an alkaline earth metal, while the B site is occupied by the smaller

cation such as a transition metal from the first raw of the periodic table. Perovskites are one of the most

prominent families of materials exhibiting properties suitable for numerous technological applications.[35]

The origin of such properties lies in the crystal structure of perovskites. The perovskite crystal structure

has corner connected BO6 octahedra and 12 oxygen coordinated A sites, located in between the eight
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Table 1.1. Various inorganic photocatalytic materials for water splitting and hydrogen generation.[36]

Activity /μ mol h−1

Photocatalyst Crystal structure co-catalyst Light source Reactant solution H2 O2

TiO2 anatase Rh Hg Water vapor 449
TiO2 anatase Pt Hg 2.2 M K2SO3 568 287
TiO2 anatase Pt Hg Pure water 106 53
CaTiO3 Perovskite NiOx Hg 0.2 M NaOH 30 17
SrTiO3 Perovskite NiOx Hg 5 M NaOH 40 19
SrTiO3 Perovskite Rh Hg-Xe Pure water 27 14
NaTaO3 Perovskite NiOx Hg Pure water 2180 1100
NaTaO3:La Perovskite NiO Hg Pure water 19800 9700
NaTaO3:Sr Perovskite NiO Hg Pure water 9500 4700
SrTiO3 Perovskite Pt Hg MeOH solution 3200 -
Sr3Ti2O7 Layered Perovskite NiOx Hg Pure water 144 72
Sr4Ti3O10 Layered Perovskite NiOx Hg Pure water 170 4.5
K2La2Ti3O10 Layered Perovskite NiOx Hg 0.1 M KOH 2186 1131
Rb2La2Ti3O10 Layered Perovskite NiOx Hg 0.1 M RbOH 869 430
Cs2La2Ti3O10 Layered Perovskite NiOx Hg Pure water 700 340
CsLa2Ti2NbO10 Layered Perovskite NiOx Hg Pure water 115 50
La2TiO5 Layered Perovskite NiOx Hg Pure water 442
La2Ti3O9 Layered Perovskite NiOx Hg Pure water 386
La2Ti2O7 Layered Perovskite NiOx Hg Pure water 441
La2Ti2O7:Ba Layered Perovskite NiOx Hg Pure water 5000
Ba5Nb4O15 Layered Perovskite NiOx Hg Pure water 2366 1139
Sr5Ta4O15 Layered Perovskite NiO Hg Pure water 1194 722
Ba5Ta4O15 Layered Perovskite NiO Hg Pure water 2080 910
Na2Ti6O13 Tunnel Structure RuO2 Xe Pure water 7.3 3.5
BaTi4O9 Tunnel Structure RuO2 Xe Pure water 33 16
Gd2Ti2O7 Cubic pyrochlore NiOx Hg Pure water 400 98
Y2Ti2O7 Cubic pyrochlore NiOx Hg Pure water 850 420
Na2Ta2O6 Pyrochlore NiO Hg Pure water 960 490
K2Ta2O6 Pyrochlore NiO Hg Pure water 629 303
LaTaO4 Fergusonite NiOx Hg Pure water 116 52
La3TaO7 Cubic fluorite NiOx Hg Pure water 164 80
Ga2O3:Zn Corundum Structure Ni Hg Pure water 2403 1400
Ge3N4 Spinel Structure RuO2 Hg Pure water 1400 700
GaN Wurtzite Rh2−xCrxO3 Hg H2SO4 (pH 4.5) 19 9.5
GaN:Mg Wurtzite RuO2 Hg Pure water 730 290
(Ga0.88Zn0.12)(N0.88O0.12) Wurtzite Rh2−xCrxO3 Hg H2SO4 (pH 4.5) 800 400
Zn1.44GeN2.08O0.38 Wurtzite RuO2 Hg Pure water 14.2 7.4
CdS Wurtzite Pt Hg >390 K2SO3 13000
CdS Wurtzite WS2 Xe >420 Lactic acid + NaOH 500
CdS Wurtzite MoS2 Xe >420 Lactic acid + NaOH 397.2
AgGaS2 Chalcopyrite Rh Xe >420 Na2S + K2SO3 1340
NaInS2 Chalcopyrite Pt Xe >420 K2SO3 470
ZnIn2S4 Spinel Structure Pt Xe >420 Na2S + Na2SO3 77
Cu0.09In0.09Zn1.82S2 Wurtzite Pt Xe >420 Na2S + K2SO3 1200
Cu0.25Ag0.25In0.5ZnS2 Chalcopyrite Ru Xe >420 Na2S + K2SO3 2300
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BO6 octahedra (Figure 1.4). The perfect structure of the octahedral connection results in a cubic lattice.

However, depending on the ionic radii and electronegativity of the A and B site cations, the tilting of the

octahedra takes place, which gives rise to lower symmetry structures. As seen from the crystal structure,

B site cations are strongly bonded with the oxygen while A site cations have relatively weaker interactions

with oxygen. Depending on the type of the cations occupying the lattice sites, these interactions could be

altered to yield the different perovskite crystal geometries.

In an ideal cubic perovskite structure, if the lattice constant is a, the relationship with the bond distance

is

√
2(rB + rO) = rA + rO (1.9)

where rA, rB, and rO are the empirical ionic radii at room temperature. When the oxidation state and

coordination number of each element are determined, the bond distance is a value within a fairly limited

range. Goldschmidt[36] has introduced a tolerance factor (t), defined by the equation:

t =
(rA + rO)
√

2(rB + rO)
(1.10)

The bond distance has a certain width, and the cubic perovskite is formed in the range of 0.9 <t <1.1. In

the ideal structure, the t values of SrTiO3 is calculated to be 0.9986. The factor becomes smaller than 1

if the A ion is smaller than the ideal value or when the B ion is too large. As a result, the BO6 octahedral

part will tilt in order to fill space, and the symmetry of the crystal structure is lowered. For example,

CaTiO3 with t = 0.82 possess orthorhombic symmetry. On the other hand, if the t factor is larger than

1 due to a large A or small B ion, then tetragonal and hexagonal variants of the perovskite structure are

stable, e.g., BaTiO3 (t = 1.062) and BaNiO3 (t = 1.13) type structures. In these cases, the close-packed

layers are stacked in tetragonal and hexagonal manners in contrast to the cubic one formed for SrTiO3.

Since perovskites are not truly ionic compounds and since the values are taken for the ionic radii, the

tolerance factor is only a rough estimate indicating compounds with a high degree of ionic bonding.
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Figure 1.4. The crystal structures of perovskite materials with different symmetries: (a) cubic phase (t ≃
1), (b) tetragonal phase (0.9 < t < 0.8), and (c) orthorhombic phase (0.8 < t < 0.7).[37]

As photocatalysts, perovskite structures may offer significant advantages over the corresponding bi-

nary oxides for several reasons. The perovskite structure could offer favorable band edge potentials,

which allow various photocatalytic reactions. For example, as compared to the binary oxides, several

perovskites have sufficiently cathodic CB potential for hydrogen evolution.[38] Secondly, A and B cation

sites in the lattice offer a broader scope for the design and alteration of the band structure as well as other

photophysical properties.

Photocatalytic activity of SrTiO3 based materials

Titanate perovskites ATiO3 (A = Ca, Sr, Ba, etc.) have been studied for photocatalytic applications

for a long time. Most of the titanate perovskites have bandgap energy (Eg) values more than 3.0 eV.

They only show excellent photocatalytic properties under UV radiation.[2, 39] Using titanate perovskite as

a host material, doping is widely used to alter the optical properties and induce visible light absorption.

TiO2 (anatase) single-crystal has a bandgap of 3.0-3.2 eV, and its CB potential is -0.4 eV above the wa-

ter reduction level.[40] Certain perovskite titanates have CB energies more negative than TiO2, making

them more suitable candidates for hydrogen generation. Titanates also offer excellent photostability and

corrosion resistance in aqueous solutions. SrTiO3 is among the most promising pure titanate perovskite

for photocatalytic applications.[2, 41] It is a cubic perovskite (Pm3m, a = 3.905 Å) n-type semiconductor,

with the direct and indirect band-gap energies between Ti-3d CB and O-2p VB are 3.4 and 3.2 eV, respec-

tively.[42] The single-crystal SrTiO3 shows photocatalytic H2 evolution from alkaline condition ([NaOH]

> 5M) under 500 W high-pressure mercury lamp irradiation.[43] The OH- group on the SrTiO3 surface

was suggested as a facile hole scavenger to increase a lifetime of electrons in SrTiO3, which contributes to

protons reduction. Prereduced Ti3+ was considered to take part in the HER under UV light irradiation.[44]

In the same year, Domen et al. also reported the photocatalytic water vapor splitting by using SrTiO3

with loading NiO as a co-catalyst.(Figure 1.5)[45] Later, they demonstrated HER performance of these

materials shows three times higher in the liquid water. The loading amount of NiO co-catalyst is one of
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the critical parameters for water splitting performance. The optimized amount (1.7 wt%) enhances water

splitting performance 100 times. More importantly, Domen et al. revealed that the NiO co-catalyst form

the core/shell structure during the pretreatment process. The NiO on the surface of SrTiO3 experiences

reduction and re-oxidation process, thus while NiO shell partially changes into Ni(OH)2, the interface

between SrTiO3 and co-catalyst remains Ni metal state upon irradiation.[46]

Figure 1.5. Schematic illustrations of the core/shell structure of NiO on the SrTiO3 catalyst. from ref.[47]

These results guarantee the excellence of the photocatalytic performance over SrTiO3 under UV light

irradiation.

The bandgap energy renders SrTiO3 an excellent photocatalyst only under UV light, which accounts for

about 4-5% of the solar spectrum. The modification of SrTiO3 to absorb the visible light spectrum is nec-

essary to enhance photocatalytic activity. Among the strategies including photosensitization,[16, 17] dop-

ing,[41, 48] localized surface plasmon resonance,[13, 49] extrinsic elemental doping into the semiconductor-

based photocatalysts to narrow the bandgap is a conventional and useful method widely engaged by the

researchers. Doping of single metal elements such as Cr,[50, 51] Fe,[52, 53] Ir,[54] Mn,[54] Ru,[54] Rh,[25, 54]

Pd[54] and Ti(III),[55, 56] and non-metal elements such as N,[53, 57] S,[53] C[53] have been reported for the

photocatalytic activity under visible light irradiation. It is reported that by doping, impurity bands are

created, which enable the absorption of visible-light to excite electrons. Among the different noble metal

ions, Rh doping exhibited the best performance than the others like Ru and Ir. The donor level located at

ca. 1.0 eV above valence band was formed by the Rh3+ doping, which acts as a surface reaction center for

the oxidation of methanol.[54] Also, Cr-doped SrTiO3 was evaluated for photocatalytic hydrogen produc-

tion under visible light irradiation. By synthesizing with the hydrothermal method, the Sr0.95Cr0.05TiO3

shows visible light absorption up to 540 nm and exhibited three times higher activity than that synthesized

by a solid-state reaction due to the increased surface area.[51] It should be noted that the Cr3+ substitution
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of Ti4+ sites in BO6 octahedra would create oxygen defects and Cr6+ ions to maintain the charge neutral-

ization, which may decrease the photocatalytic activity. The positive doping effect for Cr3+ mono-doping

was suggested only for the substitution of Sr2+ sites in SrTiO3. Recently to restrain the detrimental draw-

backs of the lattice mismatching or valence state unbalance by mono-doping, codoping is often used

beyond mono-doping. It is demonstrated that in one of the well-known codoped photocatalyst Cr, Sb-

codoped SrTiO3, codoping of Sb5+ is able to maintain Cr ions valence state to Cr3+. As a result, a stable

photocatalytic H2 evolution rate was achieved.[41] In addition to the doping of foreign element into crystal

geometry, self-doped SrTiO3−x was proposed to dope Ti(III) and oxygen vacancy. In the early period of

history, the oxygen vacancy was believed, acts as recombination center. However recently, it is found

that the oxygen vacancy may play several beneficial roles such as enhancing visible light absorption and

chemisorption of CO2 onto catalyst, which improved the photocatalytic reaction efficiency of converting

CO2 to hydrocarbon fuels.[55] As mentioned above, a numerous number of great effort has been done

over the doping method, one of the critical problems but rarely addressed is the change of the light ab-

sorption and photocatalytic activity under UV-light region. The photocatalytic activity under UV-light is

drastically decreased after doping even though their performance under visible-light could be enhanced,

resulting in a lower total photocatalytic activity under the full spectrum of solar-light irradiation (Figure

1.6).[58–60] The only exception is that doping of lanthanides and alkali earth metals into SrTiO3 seems to

enhance the photocatalytic activities under UV light irradiation, leading to improve total photocatalytic

activity under the full solar spectrum.[48, 61]

Figure 1.6. Diffuse reflection absorption spectra of undoped, 1% Ni-doped, and 1% Ni and 2% Ta co-
doped SrTiO3 are shown. Inset: SEM image of Ni/Ta co-doped SrTiO3. Photocatalytic H2

evolution from 10 vol % aq MeOH over 0.6 wt % Pt undoped and Ni/Ta co-doped SrTiO3

under (A) VIS(>420 nm) and (B) UV + VIS light (>250 nm).

It is widely believed that the unoccupied d-orbital of transition metals may form some mid-gap states

which can capture electrons and holes together, acting as a recombination center.[1, 63] But the actual role

of dopants and how they affect the charge carriers dynamics has not yet been fully elucidated. To design
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more sophisticated photocatalysts over inorganic semiconductors, it is necessary to understand the hidden

reaction mechanism, especially charge carriers dynamics in photocatalytic reaction.

1.3.2 Organic semiconductor based photocatalysts

In recent years, organic semiconductors typified by OLEDs have begun to show prominence in photo-

catalysis. g-C3N4 is known as the most famous organic semiconductor photocatalyst. This material has

stable H2 and O2 generation performance under visible light and in the presence of sacrificial reagents.[64]

The graphitic planes consisted of tri-s-triazine units linked by planar amino groups, as shown in Figure

1.7 (a). The XRD pattern and UV-vis absorption spectrum of g-C3N4 were shown in Figure 1.7 (b) and

(c), respectively.

Figure 1.7. Schematic diagram of a perfect graphitic carbon nitride sheet constructed from melem units.
(b) XRD pattern and (c) UV-vis absorption spectrum of g-C3N4 Inset in (c) is the photograph
of g-C3N4 powder. From Ref.[64]

Besides, as shown in Figure 1.8, g-C3N4 has a high potential to be multifunction photocatalysts due to

its electronic properties and nucleophilic properties. Further, highly elaborate g-C3N4 has been studied

by using unique techniques of organic semiconductors such as functional group replacement, molecule

doping, and copolymerization.[65] Also, as same as inorganic semiconductors, doping foreign elements

into g-C3N4 has attempted to enhance the photocatalytic activity.[66, 67] However, It has been difficult to

tune the energy level of the HOMO-LUMO level derived from the structure.[65]
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Figure 1.8. Structural feature of g-C3N4 From Ref.[65]

Besides g-C3N4, conjugated polymer semiconductors are also essential materials toward highly elabo-

rated photocatalysts in organic materials. Conventional inorganic semiconductors have inherent conduc-

tion band and valence band energy levels derived from the crystal structure and elements of each material,

and it is challenging to design inorganic semiconductors with arbitrary light absorption characteristics by

changing these potentials. On the contrary, organic semiconductors have the feature that molecular de-

sign is quickly addressed, molecules with various HOMO-LUMO energy levels can be adjusted, and the

organic semiconductors with potential suitable for various photocatalytic reactions can be efficiently de-

signed. Furthermore, in the case of inorganic semiconductors, the generation of defects is unavoidable,

especially in powder samples, whereas in the case of organic semiconductors, it is readily to fabricate

as designed for desired photocatalytic reactions with very few defects. However, there are few research

reports on photocatalysts using organic semiconductors, and the mechanism is not fully understood. The

first organic semiconductor for photocatalytic HER using poly (p-phenylene) was reported in 1985 by

Yanagida et. al. In this study, it was shown that H2 was generated under irradiation with UV light (λ >

290 nm) using Diethylamine as a sacrificial reagent.[68] Okemoto et al. found that Picene can decompose

photocatalytic water from the estimation of oxidation/reduction levels of organic semiconductors by DFT

calculation. The authors also experimentally confirmed the photocatalytic hydrogen evolution activity

by using Picene. (Figure 1.9)[69] However, both of these organic semiconductors are driven only by UV

light.
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Figure 1.9. DFT calculation and proposed organic semiconductor for HER under UV light irradiation.
From Ref.[69]

Sprick et al. have demonstrated that photocatalytic HER could be achieved in the presence of sacrificial

reagents even under visible light using various conjugated polymers.(Figure 1.10) This work dramatically

expands the options for photocatalytic materials.[70] The conjugated polymer materials have been energet-

ically studied in the photocatalytic reactions, and it can be expected to be an essential material especially

in photocatalytic CO2 reduction.[71] However, like many other photocatalytic materials, the carbon based

conjugated polymer material alone has no active sites useful for CO2, so co-catalysts are needed to reduce

the activation energy of CO2.[71, 72]

Figure 1.10. Statistical copolymerization allows continuous tuning of the photophysical properties of
the photocatalysts. (top) Photographs of the series of copolymers (CP-CMP1-15), imaged
under irradiation with UV light (λ= 365 nm); (a) UV-visible absorption spectra of the
copolymers measured (intensities normalized); (b) normalized photoluminescence spectra
of the copolymers (λ= 360 nm) A systematic redshift is observed as the pyrene monomer
incorporation is increased.[70]
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To date, many cocatalysts have been utilized for photocatalytic CO2 photoreduction reactions.[73]

Among them, one successful strategy for cocatalysts is the use of certain kinds of organometallic com-

plexes developed from the molecular catalysis system.[74–76] These Ru-complexes, Ni-complexes, Re-

complexes, and Co-complexes usually absorb on the surface of semiconductor by Van der Waals ’force.

Hence these systems possess both advantages of heterogeneous catalysis and homogeneous catalysis.[77–81]

The low oxidation states metal centers that exist in these complexes are mono-disperse on the semicon-

ductor surface as countless active sites, and CO2 is reduced using electrons flowing from the semicon-

ductor.[81] Recently, Wang et al demonstrated CO2 reduction reaction with CPs photocatalysts under

visible light irradiation.[82] The authors selected 2, 4, 6-tris(4-bromophenyl)-1, 3, 5-triazine with three

different building block, 1,4-phenylene diboronic acid (B), 2,5-thiophenediboronic acid (Th), and 2,1,3-

benzothia-diazole-4,7 bis (BT), here authors classified these tree building block as reference, electron-

donor, and electron-acceptor building block, respectively. This coupling was carried out using Suzuki-

Miyaura coupling to form the corresponding conjugate polymer networks CPs-B, CPs-Th, and CPs-BT,

respectively.(Figure 1.11) By incorporation electoron donor and acceptor, the photocatalytic CO2 reduc-

tion reaction activity has enhanced under visible light irradiation with the presence of CoCl2 and dipyridyl

as cocatalysts. After composed with electron-acceptor building block CPs-BT, the CO evolution rate in-

creased to 18.2 µmol/h from that of CPs-B (4 µmol/h). The authors demonstrated the effect of the different

building block for the photocatalytic CO2 reduction activity, however the electron delivery mechanism is

still unclear.[82] Thus, understanding the mechanism of the electron transfer in the CPs photocatalysts is

necessary for designing further elaborate CPs photocatalysts.

Figure 1.11. Design and synthesis pathway of three triazine‐based polymers with different molecular
structures for photocatalytic CO2 reduction.[82]
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In CPs for photocatalytic CO2 reduction, the reaction efficiency is rate-determined by the photoex-

cited electrons delivery from CPs to the surface loaded cocatalyst (adsorb and active CO2 molecule).

However, a limitation still exists in finding an appropriate way to promote the delivery of photoexcited

electrons to cocatalyst due to a higher energy barrier of the out-of-plane Ohm or Schottky contact than the

intramolecular cascade between cocatalyst and CPs.[72, 83] Photoinduced intermolecular charge transfer

through molecules by non-covalent interactions is a well-known efficient process in photochemistry.[84]

To achieve kinetically favorable electron transfer from CPs to cocatalyst and make a breakthrough in

CO2 photoreduction, an intermolecular cascaded channel between the CPs and cocatalyst is desirable to

be established for oriented delivery of photoexcited electrons to overcome a lower energy barrier and a

less carrier.[73, 85–87] Thus, in this dissertation we focus on the electrons delivery dynamics in the different

bonding structure of CPs to reveal the effect of bonding condition, interaction with cocatalysts, reaction

with CO2 molecules over cocatalysts by using several ultra-fast spectroscopy.

1.4 The photocatalytic reaction mechanism study

As shown in Figure 1.1, the photocatalytic reaction comprises three substantial steps: (1) harvesting

light with energy larger than band gap of the semiconductor to generate electron/hole pairs in CB and VB,

respectively. (2) The charge carrier separation and subsequent migration to accumulate on the surfaces,

or recombination of electron-hole pair in the bulk or surface. (3) Initiating reductive/oxidative reactions

involving these charges carriers to generate certain products with the assistance of the cocatalysts. These

three substantial process determine their photocatalytic activities, and take place within several millisec-

onds.

1.4.1 Charge carriers dynamics

Understanding the dynamics of photoexcited carriers in semiconductors is very important when eval-

uating photocatalysis, photoelectrochemistry, and photo voltaic reactions.[63, 88, 89] In the actual photo-

catalytic reaction, reaction process can be observed only when the carriers generated by light irradiation

reach the surface by diffusion and react with molecules adsorbed on the surface. Similarly, the photo

voltaic reaction can be detected as a photocurrent only when the carriers generated by light irradiation

have a sufficient diffusion length.[88] In this way, carrier dynamics evaluation is indispensable in under-

standing and evaluating the phenomena caused by carrier diffusion and carrier transfer to molecules.

1.4.2 Charge carriers dynamics in photocatalysis

After photoirradiation onto photocatalysts, the photo excitation of electrons into the conduction band

is a femtosecond process,[90] and both electron-hole pairs are trapped in a shallow trapping state. The

trapping processes occurring afterward can be subdivided into fast surface trapping of photogenerated

electron-hole pairs and slower deep electron trapping in the bulk. For instance, carriers trapping at the
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surface requires only ∼50 fs. Since shallowly trapped electrons at the surface and bulk are energetically

equivalent and probably very close to the conduction edge, electrons are capable of migrating between

surface trap site and shallow trap site in bulk that are in equilibrium. Relaxation of shallowly trapped

electrons into a deeper trapping site occurs within ∼500 ps through a hopping process involving energet-

ically distributed trapping sites.[90, 91] Carriers that reach the surface start to react in the ns-s range and

return to a steady state in ms-s.[92] The trapped carriers could not contribute to the reaction in ns-s.[92, 93]

It has been reported that when the co-catalysts is loaded on the surface, the photogenerated charge carrier

moves to the co-catalysts within few picoseconds in the case of an efficient photocatalyst.[20, 90, 94, 95] In

general, approximately 90% of electron-hole pairs recombine within 10 ns,[96] and this high recombina-

tion probability is considered to be the main cause of relatively low photocatalytic activity.[97] On the

other hand, most trapped carriers have a long enough life to be able to participate in the photocatalytic re-

action, and this trapping process will extend the carrier life and thus contribute to the improvement of the

photocatalytic activity.[98, 99] Trapping increases the lifetime of photoexcited carriers, which improves the

photocatalytic activity, but at the same time reduces the reactivity of the trapped photoexcited carriers.[63]

Bahnemann et al., reported that some trapped hole species in TiO2 are incapable of oxidizing adsorbed

anions, which are usually oxidized in photocatalytic reactions on TiO2 surfaces.[100] Hence, stabilization

of the charge carriers at trapping sites can be essential for the prevention of charge carrier recombination

but decreases the inherent energetic driving force for the photocatalytic reactions. Chemically, as same as

in TiO2, trapped electrons and holes in SrTiO3 are represented as Ti3+ and •OH radicals, respectively.[63]

The •OH radicals are generated by oxidation of OH groups adsorbed on the surface and Ti3+ centers by

reduction of Ti4+. (Equations. 1.11 and 1.12).

H2Oabs + h+trap → •OH + H+ (1.11)

Ti4+ + e−trap → Ti3+ (1.12)

In addition, the sufficiently negative CB potential of TiO2 and SrTiO3 reacts with dissolved oxygen

in the photocatalytic reaction system and electrons in CB or trapped electrons (Ti3+ center) to generate

superoxo radicals. (Equation 1.13).[101]

O2 → O•−2 (1.13)

Oxygen-based radicals such as •OH radicals, •O2, and H2O2 formed by photoirradiation of photocat-

alysts are considered to be reactive oxygen spiecies and have a strong oxidizing power and participate

in various photocatalytic reactions.[102] According to a study by Ohotani et al., these radicals have a

relatively long lifetime and are likely to be involved in many photocatalytic reactions.
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1.4.3 Ultrafast spectroscopy for understanding the photocatalytic reaction

The photocatalytic reaction occurs through various transient reactions. Ultra-fast spectroscopy is a

powerful tool for profoundly understanding this photocatalytic reaction. In ultrafast spectroscopy, a phe-

nomenon occurring in a photocatalytic material after laser light irradiation can be measured. In Pump-

probe spectroscopy, spectroscopy is basically performed using two light sources. First, the semiconductor

surface is irradiated with a pulsed laser called“ pump”to generate electron-hole pairs and then mea-

sured by irradiating the probe with a time difference from the pump irradiation. By selecting various

wavelengths as the probe light, various physical and chemical properties of the material can be observed

and evaluated. Typical pump-probe spectroscopy methods include transient absorption spectroscopy

(TAS), time-resolved X-ray absorption spectroscopy (TR-XAS), time-resolved microwave conductivity

(TRMC), and time-resolved terahertz spectroscopy (TR-THz). As shown in Figure 1.12, various reac-

tions in the material after photoexcitation can be traced and observed depending on the wavelength of the

applied probe light. Besides pump-probe spectroscopy, time-resolved photoluminescence that observes

the emission decay after laser irradiation is known for analyzing radiative recombination kinetics. This

section describes research aimed at elucidating the mechanism of photocatalytic reactions using ultrafast

spectroscopy.

Figure 1.12. The electromagnetic spectram and corresponding photo-physical reaction.[103]
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Transient absorption spectroscopy (TAS)

The ultrafast spectroscopy most used for elucidating the photocatalytic reaction is transient absorption

spectroscopy in the visible-IR region.[90, 99, 104, 105] TAS can measure non-luminescent processes such as

trapping of carriers generated by photoexcitation, charge transfer,[20, 94] carrier reaction,[94, 104] and recom-

bination.[90, 105] In the photocatalytic reaction, usually a powder shape materials with the size of µm or

smaller which possess a large number of surface defects show a higher photocatalytic performance com-

pared with a single crystal due to its large specific surface area. However, this surface defect is believed

to promote trapping of photoexcited charge carriers and reduce photocatalytic activity. To understand

this discrepancy, Yamakata et al. reported TAS measurements on SrTiO3 single crystals and powders.[99]

SrTiO3 single crystal has very few defects, so it does not show any significant traps in the Vis-NIR range

and shows only signals derived from free electrons in CB. On the other hand, SrTiO3 powder has abundant

surface defects. The TAS signal reflects the trapped photoexcited charge carrier in the Vis-NIR range.

Furthermore, since these trapped photoexcited charge carriers are trapped in defects, the mobility and

the recombination probability decreases, resulting in relatively long life. The TAS measurement with the

presence of oxygen and methanol indicate the trapped charge carriers still possess reactivity against these

sacrificial agent. Thus, it is possible to verify the mechanism that has been predicted so far by ultrafast

spectroscopy.[94, 99, 104]

Similarly, observation of charge transfer between LaTiO2N and cocatalyst has been studied by TAS.

Figure 1.13 (A-C) shows the transient absorption spectra after excitation at 355 nm with LaTiO2N and

with the loading Pt or CoOx. In LaTiO2N, broad transient absorption peaks with half-widths of about 2000

and 4000 cm−1 were observed at 17000 and 6000 cm−1 (580, 1700 nm). The peak at 17000 cm−1 can be

attributed to absorption by trapped holes, and the peak at 6000 cm−1 can be attributed to absorption by

trapped electrons. Subsequently, the effect of loading Pt cocatalyst was investigated on LaTiO2N sample.

Pt is the material most commonly used as a hydrogen generation cocatalyst. As shown in Figure 1.13

(B), Over Pt loaded LaTiO2N, two peaks are observed at 17000 and 6000 cm−1. However, these transient

absorption intensity ratios change by loading Pt, the intensity of 17000 cm−1 decreased, and conversely,

the intensity of 6000 cm−1 increased. The change in the intensity ratio of trapped holes and trapped

electrons indicates that the ratio of the number of photogenerated electrons and holes in the LaTiO2N

photocatalyst has changed. Figure 1.13 (D) shows the results of a more detailed investigation of the

decay process of trapped holes, trapped electrons, and free electrons by loading Pt. As shown in the

figure, although the decay rate of free electrons at 2000 cm−1 and trapped electrons at 6000 cm−1 are

increased by loading Pt, the decay rate of trapped holes at 17000 cm−1 was slowed by loading Pt. These

results suggest that Pt cocatalyst capture the photoexcited electrons. When photoexcited electrons are

trapped by Pt, the probability that holes recombine with electrons will decreases. Therefore, the lifetime

of holes is considered to be longer. At this time, the decay of photoexcited electrons is more pronounced

for free electrons of 2000 cm−1 than for trapped electrons of 6000 cm−1. This result suggests that free

electrons are easier to move to Pt than trapped electrons. The authors also confirmed the dependence

of Pt on the loading amount. Transient absorption spectra show that when the loading amount of Pt is

20



increased from 0.5 wt% to 2 wt%, the signal intensity derived from holes decreases and becomes smaller

than 0.5 wt%. This decrease in the signal intensity of the holes suggests that the holes have moved from

LaTiO2N to Pt.

Figure 1.13. Time-resolved absorption spectra of LaTiO2N photocatalyst irradiated by UV laser pulses
(355 nm, 6 ns duration, 0.5 mJ cm−2, 5 Hz). (A) bare LaTiO2N, (B) 0.5 wt% Pt-loaded
LaTiO2N, and (C) 2 wt% CoOx-loaded LaTiO2N. Decay of transient absorption of Pt-
loaded LaTiO2N. The transient absorption was measured at 17000, 6000, and 2000 cm−1.
Decay of transient absorption of CoOx loaded LaTiO2N. The transient absorption was mea-
sured at 17000, 6000, and 2000 cm−1. The sample was excited by 355nm laser pulses.[20]

A similar phenomenon is found in n-type GaN with loading Pt, where some Pt particles trap electrons

but some Pt particles trap holes.[106] The selectivity of whether Pt particles capture electrons or holes

is thought to depend on differences in the particle size and structure of the Pt cocatalysts. This result

suggests that if over loading Pt cocatalysts trigger hole transfer which is not desired to occur. Generally,

there is an optimum value for the amount of cocatalyst loading, and the steady-state reaction activity de-

creases after this amount, the TAS measurement presumptively suggested that excessive Pt loading cause

hole transfer to Pt particle, leading the decreased steady-state reaction activity. However the dynamics

of this hole transfer with the Pt loading is still not clear. Subsequently, the loading effect of CoOx was

investigated. CoOx is a cocatalysts that promotes oxygen evolution. The authors have already reported

that when CoOx is supported on LaTiO2N, water is oxidized with a quantum efficiency of about 30% in

visible light below 600 nm. Figure 1.13 (C) shows the transient absorption spectra measured by exciting

the band gap of CoOx loaded LaTiO2N. In the case of CoOx loading, three peaks appeared at 17000,

12500, and 5000 cm−1. The peaks of 17000 and 5000 cm−1 are observed for bare LaTiO2N and Pt loaded

LaTiO2N catalysts. However, when CoOx is loaded, the absorption intensity at 17000 cm−1 due to holes
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decreases and the absorption intensity at 5000 cm−1 due to trapped electrons increases. These results

indicate that the loading of CoOx decreases the hole concentration and increases the number of electrons

in LaTiO2N. Interestingly, the absorption peak of trapped electrons shifts from 6000 to 5000 cm−1 when

CoOx is loaded. This wavelength shift suggests that the depth from the conduction band to shallower the

electrons trap level. This result indicates that the depth of the trap level due to surface defects changes

with surface treatment, and such information may be useful for the development of higher activity pho-

tocatalysts. Figure 1.13(G-I) shows the detailed decay process of photoexcited carriers. As the loading

amount of CoOx increases, the number of holes at 17000 cm−1 decreases monotonously. This decrease in

the number of holes means that holes are trapped in CoOx. On the other hand, in the case of 5000 cm−1

trapped electrons, increasing the loading amount of CoOx increases the signal intensity and indicates that

the lifetime of photoexcited electrons is increased. It can be seen that the change in free electrons at 2000

cm−1 increases more than 10 times by loading CoOx. This results indicate that the recombination rate is

suppressed by CoOx cocatalyst capturing photoexcited hole. In another word, after excitation of CoOx

loaded LaTiO2N, the electrons and holes are localized in LaTiO2N and CoOx, respectively. As a result,

recombination is suppressed and the lifetime of the electron is extended. A similar increase in electron

lifetime due to hole trapping can be observed by introducing a hole trapping agent such as methanol.

These results show that CoOx traps holes very efficiently as well as hole trapping agents. The trapping of

holes by CoOx can also be confirmed from the shape of the transient absorption spectra in Figure.1.13 (C).

When CoOx is loaded, a new absorption peak appears at 12500 cm−1, due to an increase in the oxidation

state of Co. CoOx has been reported to change color from yellow to gray when oxidized from Co (II) to

Co (III).[107, 108] Therefore, the appearance of this 12500 cm−1 (800 nm) peak strongly suggests that holes

have been trapped by CoOx and that the valence of Co has increased. In other words, this oxidized CoOx

was the reaction center that oxidizes water. Furthermore, by using femtosecond TAS, the movement of

photoexcited carriers between the photocatalyst material and the cocatalyst can be observed. The results

are shown in Figure1.14, and even when 0.5 to 2 wt% of Pt is loaded on LaTiO2N, the electron decay

curve at 0 to 1000 ps almost overlaps with the bare LaTiO2N and cannot be distinguished.
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Figure 1.14. Decay of transient absorption at 2000 cm−1 on bare, CoOx, and Pt loaded LaTiO2N photo-
catalysts in air. The sample was excited by 500 nm laser pulses.[20]

This result indicates that the electron transfer to Pt occurs in the time domain slower than 1000 ps. In

the case of TiO2, it has been reported that electron transfer to the supported Pt occurs within 10 ps. These

results indicate that the rate of electron transfer to Pt depends on the nature of the supported catalyst. In

the case of LaTiO2N, the electron transfer is slower than that of TiO2, which is considered to depend

on the energy state of the photoexcited electrons generated in LaTiO2N. This is probably because the

electrons generated in LaTiO2N are trapped at the trap site that absorbs at 6000 cm−1, which reduces the

electron reaction activity and hence the slower electron transfer rate to Pt. On the other hand, when CoOx

is loaded, the decay rate of electrons decreases. The absorption intensity of 2000 cm−1 at time 0 fs is

almost the same as that of the bare LaTiO2N. However, over CoOx loaded LaTiO2N, the decay rate of

electrons becomes slow within a few picoseconds. As the time elapses, the lifetime of electrons increases.

These results indicate that hole transfer to CoOx occurs within a few picoseconds. In other words, it was

found that such a very fast hole trapping helps to improve the activity of water oxidation.

Time-resolved X-ray absorption spectroscopy (TR-XAS)

In TR-XAS, a femtosecond (fs) ultraviolet laser pulse is incident on the sample to start the photore-

action. Subsequently, an X-ray laser pulse that emits light in a very short time of femtosecond irradiate

onto the sample with the time delay. By measuring X-ray absorption spectra while changing the wave-

length of X-rays and time, an absorption spectrum of X-rays can be obtained. The X-ray absorption

spectrum reflects the electron distribution and interatomic bond distance around the atom in the sample.

By measuring the interval between the ultraviolet light and X-ray laser pulses precisely, it is possible to

observe in real time the state of change after the start of the photoreaction. Especially, by using X-ray
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as the probe light source, the full information about atomic-scale structural dynamics can be obtained

which cannot be observed by ultrafast laser spectroscopy in the ultraviolet (UV), visible, and infrared

regions. The conventional TR-XAS can only observe sub-nanoseconds, because X-ray pulsed laser was

generated in the synchrotrons storage ring by slicing method. However recent technology such as SPring-

8 Angstrom Compact Free Electron Laser (SACLA)[109] allow to shorten measurement time domain to

femtoseconds. Obara et al., reported that femtoseconds TR-XAS measurement on anatase TiO2.[110] The

femto-seconds carrier dynamics in TiO2 has been studied by TAS in the Vis-NIR region. Tamai et al.

have studied anatase TiO2 nanoparticles in an aqueous solution using TAS, and authors reported that

360 nm photoexcitation creates an immediate rise of the transient absorption signal at 520 nm derived

from surface trapped holes; the estimated time constant was shorter than 50 fs.[111] On the other hand,

absorption at 700 nm was assigned to surface trapped electrons at Ti3+ sites, and the trapping time scale

was about 260 fs.[111] In similar TAS experiments on nano-crystalline films of TiO2, Furube et al. have

found that 355 nm pump laser created a trapped electron in less than 100 fs, whereas 266 nm excitation

increased the electron trapping time to 150∼250 fs.[112] These immediate electron traps were assigned as

shallow traps near the surface, whereas relaxation to deep (bulk) traps was found to occur in hundreds of

picoseconds.[90] It has been argued that the electrons in the conduction band are trapped within a movable

distance of several nanometers after photogeneration, while holes can be transferred to the interface very

rapidly.
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Figure 1.15. (a) Time-resolved X-ray absorption spectra and (b) their corresponding difference spectra
of TiO2 in the pre-edge region. To extract the difference absorbance spectra, subtracted the
spectrum at 2.0 ps delay. It gets apparent that the absorbance at around A2 peak gradually
increases after UV irradiation. (c) Schematic illustration of carrier and structural distortion
dynamics in an anatase TiO2 nanoparticle. Electrons in the conduction band generated by
the UV photoexcitation are localized at bulk or surface trapping sites within 90 fs. The
structural distortions near the surface occur on a different timescale of 330 fs.[110]

The surface achieved hole plays an important role in photocatalytic oxidation activity of TiO2. Figure

1.15 shows the evolution of the transient absorption intensity as a three-dimensional color-plot of the

time-resolved X-ray absorption spectra in (a) and the difference spectra at certain time delays in (b). The

difference spectra are obtained by subtracting the spectrum measured at 2 ps from each time-resolved

spectra. In Figure 1.15 (b), two distinct features can be seen: The K-edge shift to lower photon energy

almost instantaneously around zero delay and a prominent peak rises near the position of A2 with time

goes by. The instantaneous K-edge shift within around 90 fs suggests that electrons in the conduction

band are localized very promptly by reducing a Ti4+ lattice site to form Ti3+. The edge shift in this study

suggests that almost one electron charge is localized around Ti to form Ti3+,[113, 114] which is consistent
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with theoretical prediction that up to 80% of the charge is localized at a single self-trapped Ti site.[115]

The structural distortion at the penta-coordinated site near the surface can be assigned to the pre-edge

transition.[114, 116] The Ti 3d/4p orbital mixing caused by structural distortion from the octahedral sym-

metry enhance the pre-edge peak. Formation of hexa-coordinated polarons was shown theoretically to

leave the pre-edge peak unaffected because distortion around the hexa-coordination does not break the

local symmetry.[115] However, the enhancement of the pre-edge peak occurs most likely near the surface,

structural distortion where at the penta-coordinated site to break the octahedral symmetry is negligible.

Figure. 1.15 (c) explains proposed model of the carrier dynamics and structural distortion in an anatase

TiO2 nanoparticle after excitation of the ultrafast UV laser. The electrons excited into the conduction

band of TiO2 by UV photoexcitation are localized at the trapping sites in the bulk or near the surface

within 90 fs, followed by structural deformation at the penta-coordinated sites near the surface within

330 fs. Both the self-trapped polarons and the penta-coordinated species form Ti3+, which appear in

the time-resolved X-ray absorption spectra with a similar K-edge shift. Since the subsequent structural

distortion does not vary the edge shift, the edge-shift is decoupled from the structural dynamics causing

the pre/above-edge signal evolution. Thus, unlike the above-described TAS, it is possible to perform

photoexcitation dynamics analysis.

Time-resolved microwave conductivity (TRMC)

Charge mobility, which is an important physical properties governing the characteristics of materials

used as semiconductors. The unit m2·V−1s−1 is obtained by dividing the speed of charge (m s−1) by the

electric field (V m−1). It has a very simple meaning: ”How fast can an electron or hole move when a

certain voltage is applied?” A microwave is an electromagnetic wave having a wavelength of about 1

cm, so that one photon has a small energy and cannot excite an oxide semiconductor, an organic semi-

conductor, or a complex. However, considering the oscillating electric field of microwaves, which can

induce the rotational motion of molecules with electric dipoles like water. Similarly, it is possible to

induce reciprocating motion of non-trapped charge carriers that are generated in the photocatalytic ma-

terial. Since each substance has a specific electrical resistance, the energy of the irradiated microwave is

absorbed as the kinetic energy for the movement of charge carriers. This is the principle of transient ab-

sorption in the microwave region, which allows to measure the electrical conductivity. Thus, the number

and mobility of generated charge carriers can be evaluated from the magnitude of this absorption. This

method enables evaluation of photoconductivity even in a sample such as a powder sample, which unable

to attache systematically on electrode, and can be applied to the study of photocatalytic reaction. Suzuki

et al. reported time-resolved microwave conductivity (TRMC) measurement over bismuth-based layered

oxyhalide, which has been attracting attention as a highly efficient photocatalyst for water splitting, was

synthesized at each sintering temperature.116 In this research, authors aimed to clarify the correlation

between the TRMC results and photocatalytic activity in this bismuth-based layered oxyhalide system.

Figure 1.16 (a) shows the decay curves of the TRMC signals over the Bi4TaO8Cl powder with different

sintering temperatures. The higher the sintering temperature, the higher the crystallinity, and the higher
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the microwave signal intensity at time zero (∆σmax). As it turns out, there is a“ positive effect” for

efficient photocatalytic performance. For more in-depth understanding, the decay curves were fitted by

the following the equation (9)

φΣµ(t) =
φΣµ0 · k

((k + φΣµ0)ekt) − φΣµ0γ
+ φΣµd · e−(kd t)β (1.14)

The first term analytical solution of the differential equation and second term represent the stretched

exponential function to fit the extended plateau region, where ϕΣµ0 is the initial intensity of ϕΣµ, k

is the first-order rate constant, and γ is the second-order rate constant (in V·cm−2 units). ϕΣµd, kd,

and β (fixed at 0.3) are the intensity, the rate constant, and a power factor of the delayed component,

respectively. The ϕΣµ maxima (ϕΣµmax) and half-lifetimes (τ1/2) of the TRMC signals are plotted as

against to the calcination temperature in Figure 1.16 (b). With the increasing calcination temperature,

the ϕΣµmax increases in a linear tendency, while τ1/2 decreases. The increased ϕΣµmax is reasonably

attributed to improved crystallinity. The decreased τ1/2 can consider when the sintering temperature is

high, the number of halogen defects (here, chlorine defects) increases, and the defects act as charge trap

sites so that the microwave signal decays quickly (the lifetime is shortened). It turned out that ”negative

effect” happens at the same time. This trade-off revealed that this material has an appropriate sintering

temperature (800 ◦C), and its activity decreases at both higher and lower temperatures. This tendency of

the activity to become a volcano shape concerning temperature was successfully reproduced by plotting

the product of microwave signal intensity and lifetime. Figure 1.16 (c) and (d) shows the excitation energy

dependence of the ϕΣµmax and decay constant k. With increasing the excitation intensity, the ϕΣµmax

decreased while the decay constant k is independent. The appearance of trap sites at high calcination

temperatures was also examined by the ϕΣµmax dependence on the incident photon density, as shown in

Figure 1.16 (e). The Bi4TaO8Cl samples sintered at 700 and 750 ◦C exhibit a monotonous decrease of

ϕΣµmax with the increasing excitation energy due to accelerated recombination at the end of the pulse.
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Figure 1.16. (a) TRMC transients of Bi4TaO8Cl samples calcined at different temperatures (λex = 355
nm, I0 = 9.1 × 1014 photons cm－ 2 pulse－ 1). (b) TRMC transient maxima (ϕΣµmax) and
half-lifetimes (τ1/2). (c) ϕΣµ transients of Bi4TaO8Cl (700) at varying incident excitation
densities of (1.2－ 9.1) × 1014 photons cm−2 pulse－ 1, along with the fitting curves (black
lines). (d) First-order rate constants (k) obtained by analyzing the TRMC transients at
different I0 values. (e) ϕΣµmax dependence on I0. (f) Correlation between ϕΣµmax × τ1/2

(solid bars) and the O2 evolution rate over Bi4TaO8Cl (700－ 900◦C) in aqueous AgNO3

solution (striped bars). The O2 evolution rates were taken from a previous report.[118]

On the other hand, convex curves are observed for the Bi4TaO8Cl samples prepared at high tempera-

tures (800-900 ◦C). This phenomenon is caused by trap-filling effects (increase and saturation of ϕΣµmax

at the high excitation). The efficient photocatalytic reactions correspond to the photogeneration of charge

carriers and their transportability to the surface with minimal deactivation energy losses. Therefore, the

parameters of ϕΣµmax and τ1/2 (ϕΣµmax × τ1/2), which envelops the charge carrier generation yield, mobil-

ity, and lifetime, was anticipated as a possible indicator of the predicting performance of photocatalysts.

Figure 1.16 (f) displays the relationship between ϕΣµmax × τ1/2 and the O2 evolution rate over Bi4TaO8Cl

prepared at different calcination temperatures. Most importantly, the product ϕΣµmax× τ1/2 presents its

maximum at 800 ◦C, perfectly corresponding with the O2 evolution rate trend. The results so far indicated

that photocatalytic activity could be diagnosed at high speed by using the product of microwave signal

intensity and lifetime as an index. In 2019, Yamada et al. also reported the effects of Sr / Ti stoichiometry

of strontium titanate (SrTiO3) photocatalyst on charge trapping and hydrogen generation rate.[119] It has

been reported that changing the ratio of Sr and Ti will greatly influence the hydrogen generation rate when

28



Sr becomes slightly excessive, but the origin of this phenomenon is unknown. The photoconductivity of

stoichiometry-varied SrTiO3 (Sr / Ti = 0.9-1.5) was measured by TRMC and analyzed using first- and

second-order rate equations. The first-order rate constant (k) of the positive real part of photoconduc-

tivity (∆σ′) and the anomalous positive imaginary photoconductivity (∆σ′′) correlated with the charge

carrier traps progressively decreased with increasing Sr / Ti ratios. Simultaneously, the second-order rate

(γ) of ∆σ′ slowly decreased, which indicate that increasing Sr / Ti ratios reduce charge recombination

probability. H2 evolution rates of aqueous suspensions of Pt loaded SrTiO3 resulting in stepwise improve-

ment with increasing Sr / Ti from 1.10 to 1.15, related to the decreased trapping revealed by the TRMC

evaluation. Thus, excess Sr is concomitant with the formation of Sr-rich Ruddlesden-Popper perovskites

(such as Sr2TiO4 and Sr3Ti2O7), which impedes charge carrier traps and improves overall photocatalytic

activity. TRMC photoconductivity with detailed analyzes is a versatile approach for characterizing pho-

tocatalytic reaction mechanisms.

Time-resolved THz spectroscopy (TR-THz)

With the emerging of THz technology, THz spectroscopy allows us to observe low frequency in-

tramolecular and intermolecular vibrations because the frequency of these vibrations lies in the THz

region. Demanding and broadband THz radiation now can be generated with the source of Ti-sapphire

lasers. Time-resolved spectroscopy is a powerful tool allowing us to evaluate the transient response of

photocatalytic materials following the photoexcited reaction. Time-resolved attenuated total reflection

spectroscopy (TR-ATR) is a suitable technique that enables demarcate excited state dynamics of the sam-

ple and solution with high absorption in the THz region. Time-resolved THz-ATR is powerful tool for

evaluating molecular interactions in absorbing THz medium because these interactions usually occur in

the THz region. Nguyen and Kimura et al. reported the direct observation of the photo-induced relax-

ation dynamics and reductive quenching process of the photoexcited state of photocatalytic molecule

[Re(CO)(bpy)(P(OEt)3)2] (PF6) (Re complex) in triethanolamine (TEOA) solvent as an electron donor

by TR-ATR in the THz region.[120] Photocatalytic Re complex molecules absorb light and reduce CO2 to

CO. In this photocatalytic reaction process progress three steps, 1) the Re complex absorbs light and the

photogenerated electrons in the Re atom transfer to coordinated ligands. 2) Re complex receives electrons

from surrounding an electron donor agent (TEOA). 3) Reducing carbon dioxide (CO2) to carbon monox-

ide (CO). The authors focused on the charge transfer process to TEOA solvent and the Re complex and

examined how this process occurred. As mentioned above, photocatalytic reactions have been observed

mainly using TAS in the Vis-IR region. IR light can observe changes in the bonding force between two

adjacent“ atoms”in the molecule, i.e., intramolecular vibrations. On the other hand, the THz light we

used can see changes in the binding force between two adjacent“molecules”, i.e., intermolecular vibra-

tions. Thus how the TEOA molecules around the Re complex behave after light irradiation and electrons

transfer from TEOA to Re complex could be discussed. However, THz light has the property of being

easily absorbed by liquids, thus the transmission measurement with the TEOA solution, the THz light

has greatly absorbed by TEOA solution. Therefore, a new method called total reflection spectroscopy
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and THz spectroscopy was combined to enable THz spectroscopy of solutions. In order to perform ul-

trafast time-resolved measurement for THz total reflection spectroscopy, the THz pulse irradiates onto

the sample with a slight delay after exciting a pulsed laser with a wavelength of 400 nm. The authors

successfully observed the photocatalytic reaction mechanism after pulsed laser irradiation for the first

time on a picosecond time scale using time-resolved THz total reflection spectroscopy.

Figure 1.17. Schematic diagram and molecular forms after photoexcitation. The top diagram shows
the three-step dynamic from the highest state V1 through the lowest excited state V4 of
[Re(CO)2(bpy)(P(OEt)3)2](PF6) in TEOA solvent in the range of 0.3-2.5 THz. The bottom
diagram illustrates the interaction between Re complex and TEOA molecules correspond-
ing to each dynamical step I-III.[120]

According to the results of TR-ATR in the THz region, after the excitation light irradiation onto Re

complex, the temperature of the Re complex rapidly rises by absorbing light. Within 9 ps, this heat

transfer to surrounding TEOA molecules and cooling down Re complex as shown in Figure 1.17 (I).

Following the heat transfer process, from 9 to 14 picoseconds, the TEOA molecule rotated, leading to

shorten distance to the Re complex, as shown in Figure 1.17 (II). Finally, after 14 picoseconds, as shown

in Figure 1.17. (III), charge transfer from the TEOA molecule to the Re atom occurred. The sum of peak

area of TR-ATR spectra decreases from 14 ps was interpreted by the repulsive Coulomb force caused by

the electron transfer process from nitrogen atoms to Re atoms. The authors have succeeded in observing

how the reducing agent moves and electrons move on a swift time scale of picoseconds in a photocatalytic

reaction.

Time-resolved photoluminescent spectroscopy (TR-PL)

In addition to pump-probe spectroscopy, time-resolved photoluminescent spectroscopy for observing

transient light emission after pulsed laser irradiation is known as ultrafast spectroscopy. Unlike the spec-
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troscopy mentioned above, which observes non-radiative charge carriers dynamics, this spectroscopic

method can directly observe the radiative recombination process. Yamakata et al. evaluated the charge

carriers dynamics over Ni, Ta-codoped SrTiO3 by TAS, and TR-PL to investigate the cause of the sig-

nificant loss of activity in the ultraviolet light region, while Ni, Ta-codoped SrTiO3 shows visible light

response. SrTiO3 exhibits a PL response only when excited by a high-density light source such as laser

irradiation. On the other hand, Ni, Ta-codoped SrTiO3 exhibits a PL emission at 1250 nm during the

d-d downward transition from 3T2g to 3A2g in the oxygen octahedron within the dopant Ni cation. The

authors focused on this physical property to figure out whether the impurity acting as a recombination

center that is disadvantageous for the photocatalytic reaction. Comparing the lifetime of free electrons

in CB of SrTiO3 observed with TAS and TRPL derived from Ni d-d downwards, PL emission decay was

much faster than free electron decay. If Ni dopant sites are a recombination center, the free electrons in

CB are intermittently trapped at the Ni dopant site, so the decay time should be the same or a little longer.

The decrease in activity concluded that Ni center is not a direct recombination center. (Figure 1.18.)

Figure 1.18. schematic diagram of the charge carriers dynamics in Ni, Ta-codoped SrTiO3 (left) and the
comparison between the TRPL decay and TAS decay curves.[120]

Bian et al. also reported carrier dynamics using TRPL with single-particle microspectroscopy over

the Meso-TiO2 superstructure.[121] It was found that the light emitted from the center of the surface was

much weaker than that of the edge. Also, the decay speed of PL emission from the center was faster than

that of the edge. This indicates that the excitons generated near the center of the plane are trapped at the

edge and luminescent recombination after the random walk. More importantly, it was found that when

Au or Pt is used as cocatalysts and loaded by the photodeposition method, the PL emission is significantly

suppressed. Because the photodeposition over the Meso-TiO2 superstructure is preferentially deposited

from the edge, this indicates that the edge has the ability to exchange electrons. As well as steady state

PL measurement, in the TRPL measurement, the emission intensity of PL was remarkably suppressed,

and the decay was further accelerated. (Figure 1.19) This indicates that the excited electrons are trapped

in noble metals cocatalysts such as Au and Pt.[121]
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Figure 1.19. schematic diagram of the charge carriers dynamics in Ni, Ta-codoped SrTiO3 (left) and the
comparison between the TRPL decay and TAS decay curves.[121]

Similarly, Godin et al. have evaluated carrier dynamics to suggest the necessity for cocatalyst loading

in the typical organic semiconductor g-C3N4. In this material, the TRPL signal decays faster than TAS.

According to the wavelength of PL emission, the radiative recombination process occurs from near CBM

to VBM, but the non-emission carriers accumulate at the trapping state located at a deeper position (1

eV lower than CBM), this high concentrated trapped unreactive electrons heavily impede accumulation

of holes for multihole reaction. According to the conduction band position of carbon nitride (-1.3 V

vs. NHE) and the proton reduction potential of -590 mV vs. NHE at pH = 10, a loss of 600-700 meV

in energy stored would result in complete loss of driving force for proton reduction.[122] As mention

above, in recent years, with the development of laser technology, ultrafast spectroscopy technology has

become a more powerful tool for understanding the most critical carrier dynamics in the photocatalytic

reaction mechanism, but there are few reports of research over various photocatalysts. It still takes much

effort to elucidate all the carrier dynamics of the photocatalytic reactions. In particular, TAS has recently

been applied to various materials, but there have been few reports focusing on the drawbacks of modi-

fication associated with a visible light response and on the carrier dynamics in newly developed organic

semiconductors.

In my dissertation, SrTiO3 and conjugated polymer photocatalyst were selected as models and their

carrier dynamics were evaluated.

1.5 Research motivation

As introduced above, photocatalytic hydrogen production, and CO2 photoreduction are an ideal solu-

tion to global energy and environmental issues and therefore attract enormous interest. Unfortunately, the

charge carriers dynamics that govern the photocatalytic reaction performance has not yet been elucidated

the mechanism of how the charge carriers take part in photocatalytic reaction completely. Thus, the ra-

tional design and developing of a low-cost, sustainable, and efficient visible-light photocatalyst continues
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to be a severe challenge in this field. As mentioned in section 1.3.1, perovskite structure materials can be

one of the outstanding candidates for stable and highly active photocatalysts by the doping method. How-

ever, the adverse effects of the doping method have rarely been addressed and only the positive impact of

doping were emphasized. To construct further sophisticated photocatalytic architecture, the charge carrier

dynamics in the semiconductors must be solely explained. Also, the relationship between photocatalysts

and co-catalysts has a critical impact on the photocatalytic reaction. The loading amount is one of the

essential factors for seeking optimized photocatalysts. However, the loading amount of co-catalysts has

been discussed only in terms of increasing the photocatalytic activity, the influence of loading amount for

the charge carrier dynamics is essential to understand the photocatalytic reaction mechanism. Further-

more, recently, organic conjugated polymer photocatalysts with a complex organometallic compound as

co-catalysts have been applied for photocatalytic CO2 reduction. This kind of CPs and organometallic

compound co-catalysts system has high potential towards highly active photocatalysts. However, this

new photocatalytic system has a short history, and there are very few reports on the mechanism and the

dynamics of electron transfer from conjugated polymer to co-catalysts. The final objective is to propose

reasonable conjecture for the charge carriers dynamics in each step of photocatalytic reaction over the in-

organic and organic semiconductors. The dissertation contains five chapters, and below are the summaries

of the remaining four chapters.

Chapter 2 Transient absorption spectroscopy for analyzing charge carriers dynamics in the photocat-

alytic reaction

A deeper understanding of transient phenomena in semiconductors is vital for the development of new

photocatalysts with improved properties. A higher charge carrier concentration and longer charge carrier

lifetime are expected to increase the photocatalytic hydrogen evolution and CO2 reduction. Transient

absorption spectroscopy (TAS) is a feasible technique for the detection of charge carriers, which facilitates

a more in-depth insight into the fundamental processes of the photocatalytic reaction. In chapter 2, the

principle of TAS is explained.

Chapter 3 Photogenerated charge carriers dynamics on La and/or Cr doped SrTiO3 nanoparticles stud-

ied by transient-absorption spectroscopy

As mention in section 1.3.1, one critical problem but rarely addressed is the drastically decreased

photocatalytic activity under UV-light despite the increased activity in the visible light region, resulting

in a decreased total performance under the full solar spectrum. In order to elucidate the origin of this

commonly observed phenomenon, herein, we chose La, Cr-codoped SrTiO3 as a proof-of-concept model

to probe the effect of dopants on the behavior of photogenerated charge carriers by TAS. By observing the

excitons, it is found that under UV irradiation, the excitation occurring from the Cr impurity bands limits

the excitation of SrTiO3 from VB, causing the drastic decrease of the photocatalytic activity overdoped

material. The widely proposed recombination at dopant sites, however, was not dominant for declining

the UV light-irradiated performance, especially in the presence of reactant gas (methanol vapor).

Chapter 4 Photogenerated charge carriers dynamics on Pt loaded SrTiO3 nanoparticles studied by

transient-absorption spectroscopy
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In this chapter, to examine the loading effect of Pt cocatalysts, the transient absorption spectra were

measured over different amount of Pt and Ni loaded SrTiO3 as a comparison. The transient absorption

measurements have carried out in the N2, O2, and MeOH vapor, which work as the inert, electron scav-

enger, and hole scavenger, respectively. With the increase of Pt loading amount, the calculated decay

constant was found to linearly increase in the N2 and O2 atmospheres. While in the case of Ni loading,

the decay constant was almost constant. This linear relationship between Pt loading amount and decay

constant suggests that Pt nano-particles on SrTiO3 capture both photogenerated electron and hole in the

N2 and O2 atmospheres. On the other hand, in the presence of MeOH vapor, interestingly, the decay con-

stants increase rate has been suppressed compared with that observed in the N2 and O2 atmospheres. It

indicates with the existence of hole scavenger MeOH vapor that Pt would no longer act as recombination

center. This also explain why Pt loaded SrTiO3 exhibits excellent photocatalytic HER performance in the

MeOH aqueous solution. Therefore, for the cocatalyst, the localized density of state and an appropriate

hydrogen absorption/desorption energy property are highly desired for efficient overall water splitting. In

this chapter, the effect of Pt loading over the charge carrier dynamics on SrTiO3 will be discussed.

Chapter 5 Direct observation of photogenerated electron transfer process from cascadedππconjugation

polymer to CO2 molecule for CO2 photoreduction

The photoreduction of CO2 to fuels offer a promising strategy for managing the global carbon neutri-

sation. Nevertheless, the decisive process of oriented photogenerated electron delivery presents a con-

siderable challenge. In chapter 5, we report the construction of intermolecular cascaded π-conjugation

channels for CO2 photoreduction by modifying both intramolecular and intermolecular conjugation of

conjugated polymers (CPs). Theoretical simulations and transient spectroscopies were applied to evalu-

ate the charge carriers dynamics in the CPs photocatalysts. TR-MC measurement shows that the alkynyl

group between the units molecular of CPs provoke the electrons delocalization, whereas the electron lo-

calizes in the CPs composed of C-C direct bonding. This electrons localization dynamics suggests that

the ability to tune the localized electrons in a benzen section of the CPs enables control over π-π inter-

actions with an organometallic complexes cocatalyst. Also the electrons transfer from CPs to cocatalysts

were observed by pico-seconds TAS measurement. This work devotes to the most critical challenge in

the charge dynamics evaluation, especially photogenerated electron delivery, providing new perspectives

in the molecular architecture of CPs for CO2 photoreduction.

Chapter 6 General conclusion

This chapter presents the overall conclusion of this dissertation. Moreover, future prospects based on

the research are also given in the chapter.
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Chapter 2 . Transient absorption
spectroscopy

2.1 Transient absorption spectroscopy

As mentioned in Chapter1, the photocatalytic reaction undergoes various transient reactions. A deep

understanding of these transient phenomena will help to design more sophisticated photocatalytic materi-

als. Prolonged lifetime of photoexcited carriers and efficient and rapid carrier movement are expected to

improve photocatalytic activity. Transient Absorption Spectroscopy (TAS) is the most suitable spectro-

scopic method, and it can observe carriers generated in semiconductors, so it can gain deep knowledge on

the basic process of photocatalysis.[1, 2] Light irradiation generates transient species in the semiconductor

and changes the optical characteristics of the semiconductor. TAS is a spectroscopic method to detect

this change in optical properties, which firstly used by Wilkinson in 1981 for measuring the optical den-

sity of powder samples.(Figure 2.1)[3] This technique enables time-resolved observation of photoinduced

reactions induced on the powder surface．In other words, time-resolved observation of photocatalytic

reactions that occur on the surface of powders such as TiO2 and SrTiO3 is possible. Furthermore, as a

practical technique, research on carrier dynamics in many semiconductors in the range from femto-second

to second has been conducted.[2, 4, 5]

Figure 2.1. Schematic diagram of the diffuse reflectance TAS setup.[3]

The TAS concept has been applied not only to carrier kinetic analysis but also recently to time-resolved
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PL emission spectroscopy,[6–8] microwave conductivity,[9–13] etc. PL emission occurs in the process of

radiative band to band recombination of photoexcited carriers, or occurs when trapped electrons move to

VB.[6] Usually, PL signals from band to band and shallowly trapped electrons state to VB are observed in

the visible light range.[6] On the other hand, time-resolved microwave conductivity (TRMC) can detect

the mobility of the photogenerated free charge carrier in the material after light excitation.[10] However,

unlike optical TAS, direct observation of trapped carriers is not possible.

In the most case, there is not enough physical relationship between the paremeters obtained from fitting

functions, like charge carrier concentration or lifetime of excited carriers and the physical property of the

samples, such as crystallinity, surface morphology and particle size. Oftentimes, the characterization

of transient signals are carried out by comparing transient signal height under different experimental

conditions without the utilization of a fit function.[2, 14] In the future, measuring transient signal in the

different reactive atmosphere with an appropriate fit function should be applied by a detailed kinetic

analysis of the decaying charge carrier signals, which would facilitate a deeper understanding of the

underlying processes. The typical fitting functions which most widely applied to analyze will be discussed

in the following sections.

2.2 The system setup of transient absorption spectroscopy for nano-micro sec-
onds regime.

Figure 2.2. The system set-up for the nano-micro seconds regime transient absorption spectroscopy.

In the setup of nano-micro seconds TAS, a pulsed Xe lamp (Osram XBO; 150 W) was focused onto

the solid samples surface and the defuse reflected light was guided into the monochromator and detector
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Table 2.1. The experimental conditions of transient absorption spectroscopy for nano-micro seconds
regime.

Time range 1 ms 100 µs
Laser frequency 10 Hz 1 Hz
Terminal resistance 5 kΩ 50 Ω
Xenon lamp Non-pulsed Pulsed
Laser energy 1.3 mJ/cm2 1.3 mJ/cm2

Averaging time 500 25
Excitation wavelength 355 nm 355 nm

(Hamamatsu photonics PMT R928) by using two plane folding mirrors and lens. Transient reflectance

signals were detected between 850 nm and 400 nm (1 nm step-size). The samples were analyzed in two

different time domains (100 µs and 1 ms) and excited at t = 0 by the UV-laser (355 nm) with the 6 ns full

width of half maximum. To enhance transient signal intensity, the probe light was pulsed to gain a high

light intensity for the optical analysis of the samples. The pulsed probe light can generate approximately

200 µs. stable light level. Therefore, the transient absorption measurement for longer than 200 µs required

non-pulsed Xe lamp irradiation. The energy of light intensity in the non-pulsed Xe lamp operation was

amplified with the tunable signal terminator and increasing the number of averages lead to the reduced

signal/noise-ratio. The measurements parameters employed for the different time-scales are summarized

in Table 2.1.

In every transient measurement, 1000000 data points with a time resolution of 0.1 ps/point and 1 ps

/point were acquired. Generally, data points were collected by the employed photomultiplier as a current

depending of the number of photons hitting the detector which enable to convert optical signals into

electrical signals. These signals were subjected into the distal oscilloscope via tunable signal terminator.

The oscilloscope recorded the data points as voltage changes, this voltage changes were recalculated to

the transient absorbance values based on the ratio of the diffusely reflected light signals before the laser

excitation I0 and the diffusely reflected light signals after the laser excitation I by instrument’s software.

(Equation 2.1).

Abs = logI0/I (2.1)

This correlation includes the assumption that the scattering properties of the sample are constant during

laser excitation. The set of acquired data points was reduced to 1000 points by averaging the 1000

reflections into one data point, allowing for simpler processing and mathematical fitting of the transient

signal. Additionally, the change in reflectance of the powder samples was calculated from the absorbance

value (Equation 2.2):
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∆J = 1 − 10−(Abs) =
J0/I0 − Jx/I0

J0/I0
=

J0 − Jx

J0
(2.2)

The change in reflectance represents the fraction of the light that is absorbed by the transient species.

Lin and Kan demonstrated in 1970 that the optical change in reflectance depends linearly on the concen-

tration of the transient species, as long as the changes in reflectance are considerably small ( J<15%).[15]

In this method, every sample was at first flushed with nitrogen gas for at least 30 min, after that further

flushed with O2 or methanol vapor if necessary, prior to the transient reflectance measurements.

2.3 The system setup of transient absorption spectroscopy for pico-nano seconds
regime.

Figure 2.3 shows a scheme of an ultrafast transient absorption setup. The light source of 1 kHz

Ti:sapphire regenerative amplifier (Solstice, Spectra-Physics.) generates pulses of 100 fs duration with

a wavelength of 800 nm, a bandwidth of 20 nm. In order to perform transient absorption spectroscopy

with a Ti:sapphire laser alone, the laser beam is split into two parts, one is restricted to a wavelength

region for the excitation pulse around 800 nm, the other is further split into two beams. In order to shift

the wavelength to the visible and near-IR spectra, optical parametric amplifiers (OPAs) is typically used.

In an OPA, non-linear birefringent crystals such as beta barium borate (BBO) are pumped by the direct

output of the amplified laser system at 800 nm or frequency-doubled pulses at 400 nm. The pump is

timely and spatially overlapped in the crystal, and depending on the angle between the laser beam and the

symmetry axis of the crystal, two particular wavelengths of the white-light continuum called‘‘ signal’’

and‘‘ idler ’’are amplified through the second-order nonlinear polarizability of the crystal. On this

crystal, the signal has the shortest wavelength and is routinely selected for further use. Since signal and

idler beams have different polarizations, the group velocity, signal, and idler beams can be made equal by

varying the angle between the laser beam and the symmetry axis of the birefringent crystal locate in the

TOPAS. This allows energy from the light source beam to be converted to the signal and idler beams over

a large conversion length up to millimeters. This is the so-called phase-matching condition. To maintain

the energy of the light requires that the sum of the frequencies of signal and idler add up to the frequency

of the pump beam. Thus, when 800 nm light source was applied as pump, the OPA can generate in the

range of near-InfraRed (IR) (1,1001,600 nm for the signal) while OPA generate in the range of visible

(475750 nm for the signal) spectrum by 400 nm pump. Using the output of an OPA as a fundamental,

logically all wavelengths from the UltraViolet (UV) to mid-IR can be generated at relatively high pulse

energies by applying non-linear mixing processes such as frequency-doubling and sum-frequency gener-

ation in suitable non-linear crystals. Obviously, UV to mid-IR light are the most useful wavelengths for

the study of photocatalytic systems. In order to initiate the time delay between the excitation and probe

pulses, the excitation pulse generated by the OPA go through an optical delay line, which consists of a

two mirrors mounted on a punctual motorized computer-controlled moveable stage. The optical delay
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line employed in our experiments has an accuracy and reproducibility of 0.1 µm, which corresponds to

a timing accuracy of 0.5 fs. The delay line is able to move over 200 mm at maximum, indicating that

time delays up to 1.25 ns can be generated between pump and probe beams. At last, both excitation light

and probe lights were focused and overlapped on the surface of the photocatalysts. The transmitted probe

light was focused into the Si or InGaAs photodetectors with a detection range of 500-1000 and 1000-2600

nm. A long wave pass filter placed in front of the photodetectors blocked scattered excitation light. The

intensity of the transmitted probe light T is detected by the amplification of the signal from the probe

light by a lock in amplifier synchronized with the 1 kHz repetition of the probe light pulsed. The change

of the intensity of the transmitted probe light caused by the excitation light ∆T(t) was detected by the

differential amplification of the signal from probe light and that from the reference light using a lock-in

amplifier synchronized with the frequency of the optical chopper, where t is the time delay between pump

and probe pulses generated by optical delay line. For the measurement of transient absorption spectra, the

wavelength of the probe light was measured over the range from 500 to 2600 nm, while the measurement

for the signal decay of the transient absorption was performed by scanning the delay time to about 1 ns

as maximum using optical delay line.

Figure 2.3. The system set-up for the pico-nano seconds transient absorption spectroscopy.

2.4 The fitting function for transient absorption spectroscopy

2.4.1 Second-order kinetics

Monoexponential,[16] double-exponential,[5] and second order[2, 17, 18] fitting functions have already

been used to explain the recombination rate of charge carriers in TAS measurements. Although expo-
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nential functions have been used mainly for exciton recombination, double-exponential and second order

functions have also been used to explain the recombination rate of trapped charge species in a mate-

rial.[19] In this section, I focus on second-order processes because the complex recombination of charge

carriers obtained by TAS does not usually correlate with a single exponential decay.[2, 20, 21] Furthermore,

multi-exponential fit functions have the inherent disadvantage that the physical meaning of the modeled

constants is uncertain.[22]

On the other hand, the second-order fit function is based on the bimolecular reaction of two species A

and B, such as photogenerated electrons and photogenerated holes.[23]

A + B→ C (2.3)

The second order reaction rate is defined as the change in the concentration of the reactants over the

course of time.

Rate =
−d[A]

dt
=
−d[B]

dt
(2.4)

When photogenerated electrons and holes pairs are formed, it can be assumed that the concentrations of

both species are always the same. ([A] = [B]). Furthermore, the reaction rate is determined by the rate

constant k2.

Rate =
−d[A]

dt
= k2[A][B] = k2[A]2 (2.5)

The integration of rate equation results in:

1
[A]
= k2t +

1
[A0]

(2.6)

[A] =
[A]0

[1 + [A0]k2t
(2.7)

The linearization presented in Equation 2.6 can be used to evaluate the fit of the second-order fit function.

Therefore, when the experimental data were plotted at inverse concentrations against time t, there was

a linear trend with the slope representing the second-order rate constant k2 when a simple second-order

reaction kinetics was observed. In 2008, Katoh et al. analyzed the transient absorption signal of a rutile

single crystal after excitation at 2.8 mJ/cm2 in the time range of 0 to 25 ns (Figure 2.4).[20]
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Figure 2.4. Reciprocal absorbance at 850 nm of rutile after excitation with 2.8 mJ/cm2.[20]

Unfortunately, a second-order kinetic fit with an arbitrarily selected baseline is commonly employed

for the analysis of charge carrier recombination, because there is no alternative.[2, 24] In 1995, Serpone

et al. have applied second-order fit function with baceline over a long-lived charge carriers transitent

signal in TiO2.[24] The authors assumed that the deeply trapped electrons give this long-lasting transient

signal. Recently, Schneider et al. discussed whether transient absorption spectroscopy is a nondestructive

spectroscopy by using TiO2 as a standerd photocatalyst, and reported that a permanent change in optical

properties was observed in TiO2.[25] This irreversible damage to the sample due to the energy intensity

of 7-60 mJ/cm2 may explain the long-lived signal observed in the TAS. This baseline is used to hide

the long-lived component of the signal, which differs from pure second order kinetics and exhibits a

more complex behavior.[26] However, Grela and Colussi reported that charge carrier recombination in

colloidal TiO2 samples cannot be expressed in terms of second-order kinetics on all time scales.[26] The

obtained second-order rate constants were found to depend on both the selected time window and the

laser intensity. Therefore, second-order fitting with baselines is not an ideal model to apply to charge

carrier recombination in TiO2, provided accurate and comparable results are obtained.

2.4.2 Power law decays

In 1990, a different approach has been proposed by Schindler and Kunst apart from the fit function

that has been discussed.[21] Power law recombination kinetics in a specific electron tunneling process

is reported, and the power law is fitted to the transient radiative conductivity (TRMC) decay observed
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in TiO2, as observed by Tatsutani and Mozumder.[21, 27] It was also reported that multiple trapping and

detrapping processes of photogenerated electrons were involved in the power law decay rate in dye-

sensitized TiO2 nanoparticles.[28] The linearisation of the power law kinetics can be obtained by means of

a double logarithmic plot. Figure 2.5 shows a double logarithmic plot of power law kinetics for untreated

TiO2 and Pt loaded TiO2.

Figure 2.5. Transient photoconductivity of TiO2 powder (P25) after laser excitation (λex= 266 nm ; 0.5-
1 mJ/cm2). (a) untreated P25; (b) platinized P25 treated with 2-propanol; (c) platinized
P25.[21]

However, the physical background of the fundamental processes observed in photoconductivity mea-

surements and transient absorption spectroscopy are different. A model resulting in a power-law decay in

transient absorption signals of charge carriers was reported by Shuttle et.al. in 2010.[29] This result was

derived from the exponential distribution of states trapped in the band gap.[30] Furthermore, it is assumed

that the trapped hole species are immobile and that the mobility of the effective charge carriers depends

on the charge density.[28, 29, 31] The power law model further assumes that at a very long time after ex-

citation, the decay dynamics of charge carrier recombination is only affected by the energy distribution

of the trapping state. This model is mostly applied to studies using very low laser intensities and to the

study of charge carrier signals from microseconds to a few seconds after laser excitation.[16, 31, 32] Using a

combination of power law decay and an exponential decay curve, Wang et.al. reported that they were able

to achieve a fitting of the entire transient photoluminescence signal.[33] In 2008, Tang et.al. reported that

hole-decay dynamics at reasonably high excitation intensities were shown to exhibit mono-exponential

recombination kinetics in TiO2.[31]
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2.4.3 Fractal kinetics

Fractal models for kinetic analysis are based on the concept of fractal geometry. This fractal model

is already often used in the analysis of experimental observations and has been applied to the decay of

trapped electrons in the form of O2•− on the TiO2 surface and the dielectric response of TiO2.[34, 35] In

addition, The analysis of reactions at the TiO2 surface, such as dehydrogenation of methanol[36, 37] and

optical desorption of O2, has also been reported using a fractal model.[38] In 1983, Mandelbrot first

proposed fractals in natural science.Mandelbrot proposed that natural phenomena such as shorelines and

Brownian motion can be explained by employing fractal geometry. The application of fractal theory to

heterogeneous surfaces was also discussed by Pfeifer and Avnir in 1983.[39] In general, a fractal is an

object that has a proper ”fractal” dimension that is not the same as the first, second or third dimension

of Euclidean space. Because reactants need to diffuse into each other, the underlying structure and ge-

ometry have a significant impact on catalytic reactions on heterogeneous surfaces. In this case, similar

bimolecular chemical reactions show different kinetics when they take place on a heterogeneous surface

and when they take place in solution. The cause of the observed phenomenon is due to geometric dif-

fusion limitation causing charge carrier segregation.[40] Because of the inability to diffuse reagents into

the liquid/gas environment and the bulk of the semiconductor particles, the reaction takes place on a

structured two-dimensional surface rather than in a free three-dimensional space. Figure 2.6 shows this

restricted diffusion for a random walk on a fractal surface. The limited geometric diffusion can result

in apparent one-dimensional reaction kinetics within some nanostructured surfaces and pores.[23] The

heterogeneous TiO2 powder surface has different parts with various characteristic structures, such as cat-

alytic active sites and irregularly distributed trap sites.[41] Therefore, the surface of the powder sample has

both a nanostructure, which is composed by the particle size and morphological shape, and a secondary

particle-specific microstructure, which is produced by the aggregation of the particles.

Figure 2.6. Schematic view of a fractal surface (black circles) and random pathway of a charge carrier
(blue line)[14]
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The relationship between fractal structure and reaction kinetics was reported by Kopelman in 1988.[23]

Batch reactions on fractal surfaces require the replacement of rate constants with fractal rate coefficients,

as reported by Kopelman et al. The fractal rate coefficient can be defined by the product of the fractal

recombination constant multiplied by the time to the power of fractal parameter (Equation 2.8).[14, 23]

k f = k2, f t−h (2.8)

where, h represents the fractal parameter, which is a measure of the fractal dimension of the surface and

limits the observed diffusion of the species. This fractal parameter is zero in the homogeneous reaction

systems, such as in solution or in the gas phase, where classical time-dependent kinetics are observed

(h = 0).[23] However, the exponent differs from zero (h > 0) because the reactions that take place on

the fractal plane do not exhibit the classical time dependence, and a fractal-specific kinetics is observed.

Typical values for of fractal surfaces are between h = 1/3 and h = 1/2.[23]

As mentioned above, fractal models are very useful for studying the dynamics, such as recombination

of charge carriers that occur in powder samples but there are few reports on their application to analysis.

Grela and Colussi demonstrated that stochastic calculations of the recombination of photogenerated elec-

trons and holes in a two-dimensional lattice modeling reveal a second-order rate coefficient change that

can be explained by fractal kinetics.[42] Grela and Colussi’s kinetic model shows that the initial uniform

distribution of charge carriers follows the segregation process described above, leading to a non-classical

kinetic behavior. Therefore, the recombination dynamics of the photogenerated charge carriers could be

closely related to the stochastic surface reactions.

Fabian et al. developed power law decays with combining above mentioned the time dominant rate

coefficient(Equation. 2.8).[14] The mathematical description of the fractal-like kinetics from Equation.2.8

was included in the second order fit function according to Equation 2.7, the result is shown in Equation

2.9.

∆J =
A(1 − h)

((1 − h) + Ak2, f t1−h)
(2.9)

Where A represents the intensity of transient signals, and the exponent h represents the fractal dimen-

sion of the surface; the decay constant k2, f is related to charge carriers trapping and recombination. The

authors confirmed the accuracy of fitting function (Equation. 2.9) over TiO2 nano-particles in nanosec-

onds to microseconds is close to well established second order processes in the short time scale (picosec-

onds to nanoseconds) and power law model for the long time scale (milliseconds to seconds), when the

employing excitation energies is relatively weak (1-5 mJ/cm2). Additionally, this fractal kinetic explained

that characteristic charge carriers signals can be simulated by a mathematical model based on segregation,

a phenomenon strongly related to fractal surface. In this dissertation, we applied this fractal kinetics to

fit the decay curves, because in the transient absorption spectra measured sample particles were packed

in the quartz cuvette.
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Chapter 3 . Photogenerated charge carriers
dynamics on La and/or Cr
doped SrTiO3 nanoparticles
studied by transient-absorption
spectroscopy

3.1 Introduction

Photocatalytic production of solar fuels from water splitting,[1–5] CO2 reduction,[6–10] and nitrogen

fixation[11, 12] has become a major research topic in solar energy conversion. New photocatalysts are

continually being designed to demonstrate their capabilities for effective light absorption and conver-

sion. In most reports, taking into consideration that the ultraviolet light only accounts for 4 % of the

solar spectrum,[1, 13] the extended light absorption into visible light over the developed photocatalysts

were emphasized. Among the strategies including photosensitization,[14, 15] doping,[2, 16] localized surface

plasmon resonance,[6, 17] etc., extrinsic elemental doping into the semiconductor-based photocatalysts to

narrow the bandgap is a conventional and useful method widely engaged by the researchers. Taking TiO2

and SrTiO3 as examples, doping of transition metals,[18–21] nitrogen[22, 23] and sulfur[24] have been exten-

sively carried out. It is reported that by doping, impurity bands are created which enable the absorption

of visible-light to excite electrons. However, one of the critical problems but rarely addressed is the

change of the light absorption and photocatalytic activity under UV-light region. In fact, the photocat-

alytic activity under UV-light is drastically decreased after doping even though their performance under

visible-light could be enhanced, resulting in a lower total photocatalytic activity under the full spectrum

of solar-light irradiation.[25–27] The only exception is that doping of lanthanides and alkali earth metals

into SrTiO3 and TiO2 seems to enhance the photocatalytic activities under UV light irradiation, leading

to the improved total photocatalytic activity under full solar spectrum.[16, 28] It is widely believed that

the unoccupied d-orbital of transition metals may form some mid-gap states which can capture electrons

and holes together, acting as a recombination center.[29, 30] But the actual role of dopants and how they

affect the charge carriers dynamics has not yet been fully elucidated. To restrain the negative drawbacks

of the lattice mismatching or valence state unbalance by monodoping, codoping is often used beyond

monodoping, which makes the charge carriers dynamics more complicated. In this regard, to investigate

the function of dopants for regulating the photocatalytic activity is imperative to design and fabricate
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a UV and visible light active photocatalyst. Transient absorption spectroscopy (TAS) is a well-known

powerful technique to monitor the photo-excited charge carrier trapping and lifetime in the semiconduc-

tors.[31, 32] In TAS measurements, the transient changes in absorption are tracked after irradiation of pulse

light for excitation. By monitoring this absorption, the decay kinetics of photo-generated charge carrier

trapping as well as recombination process can be studied. The time resolved absorption has been ap-

plied to elucidate the charge carriers dynamics in TiO2,[30, 33] NaTaO3,[34] SrTiO3,[35, 36] LaTiO2N[37] and

Ba5Ta4O15.[31] However to our knowledge, there are only few reports on the doped materials. As one of

the reports, Yamakata et al. assumed that the recombination occurring on Ni might be the reason which

caused the decreased photocatalytic activity over Ni, Ta-codoped SrTiO3.[25] But later they found that

Ni is not the main recombination center via TAS observation of the charge carrier dynamics. Onishi et

al. also applied TAS measurements over Rh, Sb-codoped SrTiO3. Even though monodoped Rh4+ was

demonstrated to be the recombination center, after charge compensation by Sb5+ codoping, the recombi-

nation on Rh3+ was suppressed. And the suppressed recombination could not trigger the photocatalytic

HER performance. Instead the photocatalytic HER activity decreased to less than one third.[38] Why the

photocatalytic activity of the codoped SrTiO3 reduced under UV light still remains a pending question.

In our previous effort to extending light absorption of SrTiO3 to visible light region,[18] we found that Cr

doping is an effective way to red-shift the light absorption because of the Cr3+ energy state located at 2.2

eV lower than the bottom of conduction band of SrTiO3.[39] However, Cr6+ state often occurs in the Cr

mono-doped SrTiO3, which diminishes the photocatalytic activity due to the unoccupied Cr6+ state with

a potential lower than that for H2 evolution reaction (HER). To restrain the formation of Cr6+, codoping

with Sb, Ta, Nb and W was proposed to suppress the formation of defects and to maintain the charge

neutralization.[2, 4, 40, 41] Later, we demonstrated that codoping with lanthanum (La) is more promising

compared with other elements to stabilize the Cr3+ for HER under visible-light irradiation,[42] from a

systematic study combining experiments and theoretical calculation. Herein, we chose the La and/or

Cr doped SrTiO3 as a proof-of-concept model to examine the effects of doping on the carrier dynamics

within nano-micro seconds regime. By using the TAS measurements, the trapped charge carriers were

probed in the visible-light range in the presence of the electrons and holes scavengers. The effects of

dopants on velocity of the carriers in the photocatalytic reaction and the recombination were investigated.

This chapter provides a unique perspective of the codoped photocatalyst and a deep understanding of the

doping effect. The fresh inspiration on charge dynamics to the design of photocatalysts are also expected

to apply for other photocatalysts.

Characterization

3.2 Experimental section

3.2.1 Materials and synthesis

SrTiO3 nanoparticles were synthesized by a polymerizable complex (PC) method.[13] In brief, Ti(OC4H9)4

(Sigma-Aldrich, 99.9%) was dissolved into ethylene glycol and continuously stirred for 30 minutes un-
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der nitrogen atmosphere. Afterwards, Sr(NO3)3 (Sigma-Aldrich, 99.9%) and citric monohydrate (Carl

Roth, 99.5%) were added; the stirring was continued until the solution became entirely transparent (de-

noted as solution A). For doping of lanthanum and chromium, La(NO3)36H2O (Sigma-Aldrich, 99.9%)

and Cr(NO3)39H2O (Sigma-Aldrich, 98%) were separately dissolved into 2-methoxymethnol (Sigma-

Aldrich, 98%). The required stoichiometric amount of these solutions with the concentration of 0.05

mol/L were added into solution A. The reaction mixture was subsequently stirred for 15 minutes to

achieve the dissolution of reagents, and then heated at around 120 ◦C for 5 h to promote polymeriza-

tion. During the heating process, the solvent was evaporated and the suspension turned into a transparent

brownish resin. The resin was further heated at 350 ◦C for 3 h with slow heating rate (1 ◦C/min). Sub-

sequently, the resulted cinders were grinded to obtain fine nanoparticles, and further calcined at 750 ◦C

for 6 hours. It should be stated here that in La, Cr-codoped SrTiO3, the doping amounts were ca. 3%.

For investigation of monodoped effect of either La or Cr on SrTiO3, a higher doping amount (12%) was

applied to magnify the effects of dopants.

3.2.2 Characterization

The transient absorption system set-up used in this work is described in the literature.[31] In brief, Q-

switched Nd:YAG laser (Quantel; Brilliant B, third harmonics, 355 nm, 10 Hz) was used as an excitation

light with the duration time of 20 ns. After the sample was irradiated by the excitation light, 150 W Xe

lamp (Osram XBO; 150 W) was applied as the probe light source for analyzing the absorption of transient

species. Probe light was focused onto solid samples surface by using two plane folding mirrors and lens.

The diffusely reflected probe light was collected by a different set of lens and plane folding mirror leading

to a monochromator. Then, the dispersed light from the monochromator fell into photomultiplier detector

(Hamamatsu R928 photomultiplier), which would convert the optical signals to electric signals; these sig-

nals were subjected into the distal oscilloscope via tunable signal terminator. The oscilloscope recorded

the data points as voltage changes, which can be recalculated to transient absorption, ∆J, according to

following equation: (Equation 3.1)

∆J =
J0/I0 − Jx/I0

J0/I0
=

J0 − Jx

J0
(3.1)

where I0 is the light intensity of probe light, J0 is the signal intensity of diffusely reflected probe

light without the excitation, and Jx is the signal of diffusely reflected probe light with irradiation of the

excitation laser pulse. The recorded decay signal ∆J was fitted to a fractal fit function[39] (Equation 3.2)

∆J =
A(1 − h)

((1 − h) + Ak2, f t1−h)
(3.2)

, where A represents the intensity of transient signals, and the exponent h represents the fractal dimension

of the surface; the decay constant k2, f is related to charge carriers trapping and recombination.

For the transient absorption experiments, the powder photocatalysts was packed in the quartz cuvette
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which allowed the introduction of reactant gases. Here O2 gas and MeOH vapor were applied as electrons

and holes scavengers, respectively. The optical properties of powders were recorded by the diffuse re-

flectance spectroscopy in the range of 270-850 nm over V-570 UV/Vis Spectrophotometer (JASCO Corp,

Japan) equipped with an integrating sphere and a BaSO4 reference. The measured reflectance data were

converted to absorbance via the Kubelka-Munk function. The X-ray powder diffraction (XRD) measure-

ments were performed on an X-ray diffractometer (X’pert powder, PANalytical B.V., Netherlands) with

a Bragg Brentano geometry using Cu Kα radiation. High-resolution transmission electron microscopy

(HR-TEM) measurements were performed using JEM-2010 with an acceleration voltage of 200 kV. The

core level photoelectron spectra were recorded by X-ray photoelectron spectroscopy (XPS; VG-ESCA

Mark II), in which Mg Kα radiation (1253.6 eV) and a pass energy were employed at 200 W and 100 eV,

respectively. The charge-up of the binding energy values was referenced to the C-C bond of adventitious

carbon contamination in the C 1s peak at 284.8 eV as the internal standard. Quantitative analyses were

performed by comparing relative area taking into consideration of the atomic sensitivity factor for the

corresponding elements.

3.2.3 Photocatalytic H2 reduction reaction

The photocatalytic H2 reductions over the samples in 10 vol% methanol aqueous solution were carried

out in a Pyrex glass reaction cell linked to a gas-closed circulation system connected to a gas chromatog-

raphy (GC) (GC-8A, Shimadzu Co., Japan, Carrier gas: Ar) with a thermal conductivity detector (TCD)

for online analysis of the H2 production.

3.3 Results and discussion

3.3.1 Steady state characterization of the La and/or Cr doped SrTiO3

Figure 3.1a shows the powder XRD patterns of synthesized catalysts. The XRD patterns exhibited that

all samples reflect cubic perovskite symmetry. In perovskite (ABO3) structure, cations with larger ionic

radius generally occupy A site and the smaller one occupy B site. Thus, it is considered that Sr and La

cations have 12 coordination to oxygen atoms, while Ti and Cr cations have octahedral coordination with

6 oxygen atoms. Figure 3.1b shows the magnified 110 diffraction peak of the doped and undoped SrTiO3.

In this case, the ionic radius of La (1.36 Å) is smaller than that of Sr (1.44 Å), while the ionic radius of

Cr (0.615 Å) is bigger than that of Ti (0.605 Å), the corresponding peak position of the La, Cr-codoped

SrTiO3 is found to be close to that of the undoped SrTiO3. Goldschmidt[43] has introduced a tolerance

factor (t), defined by the equation:

t =
(rA + rO)
√

2(rB + rO)
(3.3)

(rA, rB, and rO are the empirical ionic radii at room temperature), to evaluate the deviation of SrTiO3

from the ideal structure. The t values of SrTiO3, La-doped SrTiO3, Cr-doped SrTiO3 and La, Cr-codoped
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SrTiO3 were calculated to be 0.9986, 0.9958, 0.9981 and 0.9983, respectively, all of which are within the

allowed t values (0.75 to 1.0).[44] So, it is further confirmed that there is no significant distortion in the

SrTiO3 crystal structure by doping.

Figure 3.1. (a) XRD patterns and (b) (110) facet (c) UV-vis spectra of doped and pure SrTiO3. TEM
images of SrTiO3 (d), La-doped-(e), Cr-doped- (f) and La, Cr-codoped-(g) SrTiO3.

Figure 3.1c shows the absorption spectra of the La and/or Cr doped SrTiO3 powders. The undoped and

La-doped SrTiO3 can only absorb UV light with wavelength less than 400 nm. However, La, Cr-codoped

SrTiO3 and Cr-doped SrTiO3 exhibited strong absorption in the visible light region (400-580 nm for La,

Cr-codoped SrTiO3 and 400-850 nm for Cr-doped SrTiO3). A broad absorption band at 400-600 nm can

be assigned to the charge transfer absorption from Cr3+ to Ti4+, while the absorption at 580-750 nm can

be assigned to the upward d-d transition of 4A2 → 4T2 in Cr3+ cations in octahedral units, indicating that

a part of Cr cations would form tri-valence state in SrTiO3.[45, 46] In contrast, Cr-doped SrTiO3 exhibited

an additional absorption band over 700 nm, due to the presence of incorporated vacancy by Cr6+.[3, 19]

It is reported that Cr3+ state is beneficial for photocatalytic HER.[2, 18] The doped Cr cations will induce

an absorption band over 400 nm, which is caused by electrons excitation from d-orbital of Cr cations to

the conduction band of SrTiO3. This optical transition is necessary for the photocatalytic activity under

visible light irradiation.

As it is known that the transient absorption spectra in the visible region are very sensitive to the mor-

phology of the SrTiO3 powders, surface defects and the surface treatment,[47] the morphology of the

synthesized samples were confirmed by TEM observation. As shown in Figure 3.1d-g, all the particles

presented similar shapes with fairly smooth surfaces, suggesting that a comparative study by TAS is

rational. The doping of La and Cr seems to have no obviously change on the morphology of SrTiO3

nanoparticles if compared with the TEM image of the undoped SrTiO3 (Figure 3.1d).
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Cr 2p XPS for 3%, 10% La, Cr-SrTiO3, and Cr-doped SrTiO3 are shown in Figure 3.2. The Cr 2p

spectra allow us to tentatively assign the oxidation states of the Cr dopants. The binding energies and

the multiplet splitting of the 2p3/2 peak at 575-577 eV in the 3%, 10% La, Cr-SrTiO3 suggests that the

majority of Cr dopants are in the Cr3+ state. However, Cr-doped SrTiO3 shows nearly equivalent intensity

in the binding energy range characteristic of higher oxidation states Cr6+ (578-580 eV) with the Cr3+ state.

Figure 3.2. XPS spectra of Cr 2p3/2 in the Cr-doped SrTiO3 and La,Cr-codoped SrTiO3.

XPS measurements were also performed to investigate the oxidation states of Cr cations in La, Cr-

codoped SrTiO3 and Cr-doped SrTiO3. Figure 3.2 shows Cr 2p3/2 in those samples. The peaks at around

576.3 eV and 579.2 eV are attributed to Cr3+ and Cr6+ state, respectively. La, Cr-codoped SrTiO3 showed

a relatively strong peak intensity of Cr3+ due to charge compensation by La cations. In contrast, the

Cr-doped SrTiO3 sample showed a peak intensity of Cr6+, and a small shoulder peak of Cr3+.

3.3.2 Photocatalytic activity of the samples

The photocatalytic HER activity was evaluated by suspending the synthesized catalysts (loaded by 1.0

wt% Pt cocatalyst) in 10 vol% methanol aqueous solution. Figure 3.3 shows the hydrogen evolution over

the synthesized catalysts under visible (420 nm cut off filter) and full-arc (UV+Vis) light irradiation, re-
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spectively. Under visible light irradiation, only negligible amount of H2 evolved over the undoped SrTiO3

(< 1 µmol/h) as expected from its wide band gap. However, the rate of HER of La, Cr-codoped SrTiO3

increased to 7.97 µmol/h, in a good accordance with those previously reported for doped SrTiO3.[25, 38] In

contrast, under the UV + Vis light irradiation, La, Cr-codoped (15.9 µmol/h) and Cr-doped (2.69 µmol/h)

SrTiO3 showed much lower activity compared to La-doped SrTiO3 (550.4 µmol/h) and the undoped

SrTiO3 (379.2 µmol/h).

Figure 3.3. (a) Photocatalytic HER under Visible light irradiation (b) UV+Vis light irradiation.

3.3.3 Behavior of photogenerated charge carriers in undoped SrTiO3

In order to determine the effects of doping on the photocatalytic activity, transient absorption spectra

of the undoped SrTiO3 were firstly measured upon UV pulsed laser (355 nm) irradiation in N2 atmo-

sphere. The measurement was performed in the wavelength range of 400-850 nm whereby the transient

absorption signal of trapped electrons and holes are usually generated. In this kind of measurement,

the intensity of the signal which corresponds to trapped electrons will decrease drastically when elec-

tron scavenger is applied. Meanwhile, in the situation where hole scavenger is utilized, slow kinetics

of trapped electrons will be observed (preservation of the signal), since the electrons cannot recombine

with the photogenerated holes. In contrast, the signal for trapped holes will last longer after the addition

of electron scavenger, indicating prolonged life time of holes due to the deceleration of recombination

process. Besides, the transient absorption decay curve will display a fast decay characteristic of the holes

signal in the presence of hole scavenger.

As shown in Figure 3.4a, at least two broad absorption bands can be observed at 825 nm and 765

nm, which can be assigned to the charge carries that were gravitated towards the trapping states in the

band gap. The detailed decay processes ∆J of the transient absorption bands recorded at 825 and 765

nm were further investigated in the presence of O2 gas and methanol (MeOH) vapor, which work as
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the electron and hole scavengers, respectively.[48, 49] As shown in Figure 3.5a, the transient absorption

intensity decay curves at 765 nm were fitted in 0-400 µs scale by equation.3.2 In the presence of hole

scavenger MeOH, the signal intensity A drastically decreased to 0.68 from 7.70 in N2 atomosphere.

Meanwhile, the decay constant k2, f increased to 0.06, about 5 times higher than those in the N2 and O2

environment (0.012 and 0.013, respectively) due to hole-consuming reaction by MeOH. In contrast, in

the presence of electron scavenger O2, the signal intensity increased to 8.08, and the k2, f became slightly

lower by electron-consuming reaction of O2. Thus, the transient absorption signal at 765 nm can be

assigned to the population of photogenerated holes. As the absorption band at 825 nm also shows similar

trend in the presence of MeOH vapor and O2 gas, the transient absorption at 825 nm was also assigned to

the signal of holes (See Figure 3.6). These highly reactive photogenareted holes in the undoped SrTiO3

contribute to the photocatalytic activity under UV light irradiation.
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Figure 3.4. (a) Transient absorption spectra of SrTiO3 (a), La- SrTiO3 (b), Cr- SrTiO3 (c), La, Cr- SrTiO3

(d) particles irradiated by UV(355 nm) pulsed laser under N2 gas. The pump energy was 1.0
mJ/pulse, and the repetition rate was 10 Hz.
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Figure 3.5. Decay curves of transient absorption of the SrTiO3 at 765 nm (a) , La- SrTiO3 at 765 nm(b),
Cr- SrTiO3 at 600 nm(c), La, Cr- SrTiO3 at 560 nm(d) and 765 nm(e).
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Figure 3.6. Transient decay curves of the undoped SrTiO3 (a) and La-doped SrTiO3 (b) at 825 nm

The transient absorption spectral shape of La-doped SrTiO3 (Figure 3.4b) was in resemblance to that of

SrTiO3. However, La-doped SrTiO3 exhibited different decay processes of the transient absorption bands

at 825 and 765 nm compared to those of the undoped SrTiO3 where the signal reflects the population

of photogenerated holes. As shown in Figure 3.5b, in the presence of hole scavenger MeOH, vapor the

signal intensity of transient absorption exhibited fastest decrease, similar to those observed in the undoped

SrTiO3. Interestingly, the signal observed in the presence of O2 gas also showed faster decrease compared

with that in N2 gas. The above results suggest that transient absorption of La-doped SrTiO3 in the visible

light region reflects the quantity of both photogenerated electrons and holes. Why the transient species at

765 nm and 825 nm have been changed to both trapped electrons and holes, different with only holes in

the undoped SrTiO3? It is suggested that the trapped electrons could absorb the probe light (765 nm and

825 nm), and hence be excited to La 5d bands which are associated with Ti 3d orbital when La is doped

at the Sr site of SrTiO3.[50] To prove the effect of La doping on recombination kinetics, the normalized

decay processes of the undoped SrTiO3 and La-doped SrTiO3 at 765 nm in the presence of N2 gas were

compared as shown in Figure 3.7. Since there is no molecules that photogenerated charge carriers can

react with, the decay processes should reflect the intrinsic recombination kinetics within the undoped

SrTiO3 and La-doped SrTiO3. According to the fitting results of the decay curves, La doping can improve

the decay constant k2, f value which is implicated in prolonging the carriers lifetime in each arbitrary time

scale (0 to 50 µs, 50 to 100 µs and 100 to 400 µs), owing to its ability to secure the photogenerated charge

carriers.[50–52] As the longer lifetime carriers have higher probability of taking part in the photocatalytic

reaction than the shorter lifetime carriers, it is understandable that the photocatalytic activity of the La-

doped SrTiO3 increased under UV+Vis light irradiation (Figure 3.3b).
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Figure 3.7. Comparison of the normalized decay curves of the undoped SrTiO3 and La-SrTiO3 in N2

ambient at 765 nm.

The above results imply that those dopants which can form and hybridize the impurity level with the

conduction band of the semiconductor, will be beneficial for securing the carriers and prolonging the

lifetime of the photogenerated carriers, rather than acting as recombination center.

3.3.4 Effect of Cr doping

Since Cr doping can significantly affect the band structure of SrTiO3, the corresponding transient ab-

sorption spectra have a drastic change compared to the original one as seen from Figure 3.4c. It is found

that the absorption bands at 825 nm and 765 nm are dumped since the Cr impurity levels are located

in the band gap of the SrTiO3 and may overlap with the trapping states of holes. Instead, a new broad

absorption band with the peak at around 600 nm can be observed. XPS spectra (Figure 3.8) indicate that

Cr with two different valence states (Cr3+ and Cr6+) coexisted in Cr-doped SrTiO3 in a nearly equivalent

amount. This newly emerged absorption band can be therefore attributed to the inserted Cr3+ and Cr6+

impurity level between valence band top and conduction band bottom.
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Figure 3.8. Transient absorption spectra of 10% La, Cr-codoped SrTiO3.

As shown in Figure 3.5c, in the presence of hole scavenger MeOH, the decay constant k2, f decreased

to half of the value in N2 and O2, indicating that the decay process of the absorption maxima at 600 nm

was decelerated. According to what we mentioned above in section 3.3.3, this transient absorption signal

mainly reflected the population of photogenerated electrons. But when exposed to electron scavenger O2

gas, the decay process seldom changed, suggesting that the photogenerated electrons have no reactivity

compared with charge carriers in SrTiO3 and those in La-doped SrTiO3. This lost reactivity is possibly

the main reason for the drastic decrease in photocatalytic HER activity over Cr-doped SrTiO3.

3.3.5 Effect of La and Cr co-doping

The 3% La, Cr-codoped SrTiO3 was then measured by TAS. As shown in Figure 3.4d, the transient

absorption spectra exhibited intermediary shape between the undoped SrTiO3 (Figure 3.4a) and Cr-doped

SrTiO3 (Figure 3.4c). Interestingly, the peak of transient absorption signal appeared at 560 nm initially

(3 µs), but shifted to 600 nm (500 µs) gradually along with the time proceeded, approaching to the shape

of Cr-doped SrTiO3 finally. This kind of decay kinetic of La, Cr- codoped SrTiO3 obviously disobeyed

the thermal equilibrium. Considering the fact that Cr6+ co-existed with Cr3+ equivalently in the Cr doped

SrTiO3, but was much suppressed by La doping in either 3% and 10% La, Cr-codoped SrTiO3 (Figure

3.8), the peak shift in transient absorption signal from 560 to 600 nm might be attributed to the valence

change of Cr3+ to Cr6+ by trapping three holes.[13] To confirm if the transient absorption peak position at

560 nm is assigned to the Cr3+ impurity level, we further conducted TAS measurement by using a sample
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with higher doping amount (10% La, Cr-codoped SrTiO3). The shape of the transient absorption spectra

(See Figure 3.6) resembled with Cr-doped SrTiO3 (Figure 3.4c), however, the apex blue-shifted from 600

nm to 560 nm, indicating that the trapping state of Cr3+ impurity levels are located deeper than Cr6+ level.

The peak shift of transient absorption along with time was not obvious in this case, probably because a

part of Cr3+ cations in 10% La, Cr-codoped SrTiO3 still remains tri-valence state due to much increased

Cr doping amount. To understand the role of Cr in La, Cr-codoped SrTiO3, the decay curves of transient

absorption at 560 nm and 600 nm were investigated in N2 gas and MeOH vapor, respectively. As shown

in Figure 3.9a, in the inert N2 gas, the signal at 560 nm derived from Cr3+ decays faster than the signal

of Cr6+ (at 600 nm). This suggests that Cr3+ doped into SrTiO3 would trap 3 holes and hence change to

Cr6+. However, the reverse phenomenon where Cr6+ trapped three photoexcited electrons and reverted

to Cr3+ again couldn’t be observed within the range up to 800 µs. On the other hand, while MeOH

vapor existed in the measurement environment (as hole scavengers), the decay curves were almost the

same for both 560 nm and 600 nm wavelength (Figure 3.9b). Since the photogenerated holes by laser

irradiation were instantaneously captured by MeOH vapor, consequently the Cr3+ cations were not able

to trap the photogenerated holes. Thus in this situation, the decay curve at 560 nm derived from Cr3+

mainly follows the thermal equilibrium, similar to the one at 600 nm derived from Cr6+. This suggests

that in the photocatalytic HER evaluation with methanol as sacrificial agent, the Cr3+ would not act as

the recombination center and therefore couldn’t be considered as the main reason for the decrease in

photocatalytic activity under UV light irradiation.
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Figure 3.9. The comparison of La, Cr-SrTiO3 at 600 and 560 nm in N2 ambient (a) and MeOH vapor
(b).

To evaluate the effects of La and Cr codoping on the carriers property of SrTiO3, the decay curves at

765 nm (where SrTiO3 exhibits the absorption maxima on transient absorption spectra) are essential for

analyzing the recombination kinetics. As shown in Figure 3.4d, the transient absorption spectra around

765 nm preserve part of the feature of the undoped SrTiO3, hence similar reactivity might be expected

from La, Cr-codoped SrTiO3. However, the decay processes shown in Figre 3.5e reveal that the reactivity

of the corresponding charge carriers was quite different from that of the undoped SrTiO3 (Figure 3.5a) and

La-doped SrTiO3 (Figure 4b). In MeOH, the signal intensity relatively increases compared with that in N2

and displays trapped electrons tendency, while the undoped SrTiO3 displays holes tendency. This implies

that SrTiO3 was not sufficiently excited by UV laser irradiation and the majority of excitation originated

from the Cr impurity band in La, Cr-codoped SrTO3. This is probably because Cr cations occupy oxygen

octahedral coordination center, and the electronic structure of the predominantly O 2p-derived valence

band has been affected by Cr doping. Correspondingly, UV-Vis spectra (Figure 3.1c) also show that the

absorption intensity in the UV light region decreases after Cr doping and La, Cr codoping. Furthermore,

in oxygen environment, the decay curve of La, Cr-codoped SrTiO3 slightly increases compared to the one
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in N2 environment, in contrast to the decay curve of La-doped SrTiO3 which experiences a significant

decrease (see Figure 3.5b), indicating the disappearance of electrons reactivity by La, Cr codoping. On the

other hand, the signal intensity for the undoped SrTiO3 increases noticeably, which might be attributed to

the electron scavenging by O2 (see Figure 3.5a), suggesting the exiguous holes feature in La, Cr-codoped

SrTiO3. In the presence of N2 gas, the decay curves of both La-doped SrTiO3 and La, Cr-codoped

SrTiO3 represents the population of electrons and holes. Based on the fitting results at 765 nm in 0-

400 µs timescale, the decay constant of La, Cr-codoped SrTiO3 is calculated to be 0.118 (see Figure

3.5e), which is much higher than that of La-doped SrTiO3 (k2, f = 0.012), indicating that La, Cr-codoped

SrTiO3 exhibited relatively shorter lifetime of photogenerated electrons. The above results clarify that

the recombination at Cr impurity level was not the main reason for the decrease in photocatalytic activity;

since the Cr impurity level would absorb UV light and therefore inhibited the excitation of SrTiO3, the

activity under UV light was largely suppressed.

3.3.6 Charge carriers dynamics

According to the study using TAS, the charge carriers dynamics of the La-doped SrTiO3 and La, Cr-

codoped SrTiO3 are proposed (Figure 3.10a and 10b). After La doping, the TAS displays the distinctive

feature of holes and electrons which cannot be observed on the undoped SrTiO3. This distinction indi-

cates that upon the illumination of probe light, the electrons were further excited to La 5d band which

hybridized with the conduction band of SrTiO3. As discussed above, the charge carriers lifetime of

La-doped SrTiO3 was relatively longer than the undoped SrTiO3, implying that the La 5d orbital could

contribute to prolonging lifetime of the charge carries, thus extending the interval for relaxation (see

Figure 3.7 and Figure 3.10a). After the codoping of La and Cr, the transient absorption spectra mainly

exhibit the feature of electrons due to impurity level formed by Cr within the bandgap of SrTiO3, but not

excited from the valence band of SrTiO3. We experimentally observed that Cr d-orbital would act as such

a recombination center through the oxidation of Cr3+ to Cr6+ by trapping 3 holes from the valence band of

SrTiO3. The reformation feature of Cr6+ to Cr3+ could not be observed in the micro second regime. How-

ever, stable photocatalytic activity of the material could be observed (as shown in Figure 3.3a), suggesting

the reformation of Cr6+ to Cr3+ in longer time regime (and thus complete the recombination process, see

Figure 3.10b).

75



Figure 3.10. The proposed carrier dynamics from the transient absorption spectra.

3.4 Conclusion

Based on the results of TAS, it can be inferred that La doping would extend the lifetime of photogener-

ated charge carriers due to the hybridization of La 5d band with conduction band of SrTiO3 which could

contribute to secure the excited electrons and thus increased total photocatalytic HER performance. After

codoping of La and Cr, it was experimentally observed that on inert condition, Cr d-orbital would act as a

recombination center through the oxidation state alteration. However, in the photocatalytic reaction envi-

ronment where MeOH is existing as hole scavenger, the holes had the great tendency to be consumed by

MeOH. Hence, the aforementioned recombination process could be avoided and should not be the main

reason for the drastic decline in the photocatalytic activity. Interestingly, the majority of the electron

excitation occurred from Cr impurity levels under UV light irradiation, which displayed less reactivity

and lifetime, could account for decreasing the photocatalytic activity. Accordingly, in order to design a

superior photocatalyst for effective solar energy harvesting, one should strive for enhancing the electron

reactivity as well as retaining the excitation state of SrTiO3.
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Chapter 4 . Photogenerated charge carriers
dynamics on Pt loaded SrTiO3

nanoparticles studied by
transient-absorption
spectroscopy

4.1 Introduction

Photocatalysis has attracted much attention as a green technology since it can use sunlight to convert

water and carbon dioxide into chemical energy such as hydrogen[1–5] and hydrocarbons.[6–10] Despite

a lot of effort, its efficiency is still far from industrial demands and has not yet reached practical use.

One method of increasing the photocatalytic efficiency is loading ”cocatalysts” on photocatalysts. Some

cocatalysts are known as rectifiers for efficient photocatalytic hydrogen-oxygen evolution reactions. For

example, Pt,[11, 12] Ni, NiO[13–16] and CrOx / Rh[17] are well known as cocatalysts for hydrogen generation

reaction, and IrO2,[18, 19] RuO2,[18][20] CoPi (cobalt phosphate)[21–24] and CoOx
[12, 25, 26] are well known

as cocatalysts for oxygen generation reaction. There are two main purposes for loading cocatalysts: 1)

to reduce the overpotential for corresponding redox process and 2) to restrain the photogenerated charge

carriers recombination by securing and storing electrons or holes. The former has been confirmed by

electrochemical measurements. However, there is little experimental evidence to confirm the latter; i.e.

carrier collection behaivior. In the field of theoretical calculations, cocatalysts loading is expected to

act as a recombination center.[27] When Pt is loaded on TiO2, the broad density of states of Pt over-

laps the conduction band minimum and valence band maximum of TiO2, thus it is expected that both

photo-generated electrons and holes are collected by Pt cocatalysts. Consequently, the recombination is

promoted. Furthermore, although Pt is an excellent hydrogen generation cocatalyst, Pt cocatalyst is not

suitable for complete decomposition of water due to backward reaction in which hydrogen and oxygen

generated are recombined and returned to water again.[28] On the other hand, in the case of transition

metals such as Ni and Co, localized 3d orbitals do not serve as a bridge between conduction band and

valence band.[29, 30] It is therefore expected that loading a transition metal can contribute to relatively low

recombination. As described above, the cocatalyst loading is very important but complicated in the pho-

tocatalyst design, and it is extremely important to obtain experimental knowledge on the change in carrier

dynamics caused by the loading. Transient absorption spectroscopy is a very useful technique for mea-
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suring and evaluating such recombination in semiconductors and reactions proceeding on the surface of a

photocatalytic material.[31–36] By this measurement method, non-emission carrier dynamics in a semicon-

ductor after photoexcitation can be observed. This method has already been applied to evaluate carrier

dynamics of Pt-TiO2,[31] Ru- Rh and La: SrTiO3, NiO-NaTaO3,[37] Pt-LaTiO2N,[12] Co-Pi-Fe2O3,[38, 39]

Pt, Au-CdS,[40, 41] Ni-CdS,[42] MoS2-CdS.[43] However, in many cases, since the measurement is per-

formed with a focus on the carrier expected to move, the discussion as a recombination center is not

sufficiently performed. For instance in case of Pt-TiO2, electrons is highly expected to migrate to Pt co-

catalysts, thus the migration behavior of the photogenerated holes is rarely addressed. In this study, the

interaction between photo-excited holes and broad density of state of Pt and localized density of state of

Ni cocatalyst loaded on SrTiO3 was observed using transient absorption spectroscopy. By comparing the

carrier dynamics after Pt and Ni loading, this study aims to investigate which kind differences favor the

photocatalytic reaction and to gain insight into the photocatalytic reaction mechanism and the search for

new cocatalysts.

4.2 Experimental methods

4.2.1 Materials and synthesis

SrTiO3 nanoparticles were synthesized by a polymerizable complex (PC) method.[44] In brief, Ti(OC4H9)4

(Sigma-Aldrich, 99.9%) was dissolved into ethylene glycol and continuously stirred for 30 minutes un-

der nitrogen atmosphere. Afterwards, Sr(NO3)3 (Sigma-Aldrich, 99.9%) and citric monohydrate (Carl

Roth, 99.5%) were added; the stirring was continued until the solution became entirely transparent. The

reaction mixture was subsequently stirred for 15 minutes to achieve the dissolution of reagents, and then

heated at around 120 ◦C for 5 h to promote polymerization. During the heating process, the solvent was

evaporated and the suspension turned into a transparent brownish resin. The resin was further heated

at 350 ◦C for 3 h with slow heating rate (1 ◦C/min). Subsequently, the resulted cinders were grinded

to obtain fine nanoparticles, and further calcined at 750 ◦C for 6 hours. Pt and Ni photo-deposition has

carried out in the 300 ml of 10vol% methanol aqueous solution. 50 mg SrTiO3 powder was placed in

a Pyrex glass reactor and subjected to some ultrasonic treatment for 30 minutes, then H2PtCl66H2O or

Ni(NO3)2 aqueous solution was added while vigorously stirring for Pt and Ni photo-deposition respec-

tively. The Pyrex glass reactor and solution were degassed by linking to a gas-closed circulation system

connected to a rotary pump. The solution was irradiated for 3 h with the full arc of 300 W Xe lump for

photo-deposition.

4.2.2 Characterization

The transient absorption system set-up used in this work is described in the literature.[31] In brief, Q-

switched Nd:YAG laser (Quantel; Brilliant B, third harmonics, 355 nm, 10 Hz) was used as an excitation

light with the duration time of 20 ns. After the sample was irradiated by the excitation light, 150 W Xe
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lamp (Osram XBO; 150 W) was applied as the probe light source for analyzing the absorption of transient

species. Probe light was focused onto solid samples surface by using two plane folding mirrors and lens.

The diffusely reflected probe light was collected by a different set of lens and plane folding mirror leading

to a monochromator. Then, the dispersed light from the monochromator fell into photomultiplier detector

(Hamamatsu R928 photomultiplier), which would convert the optical signals to electric signals; these sig-

nals were subjected into the distal oscilloscope via tunable signal terminator. The oscilloscope recorded

the data points as voltage changes, which can be recalculated to transient absorption, ∆J, according to

following equation: (Equation 3.1)

∆J =
J0/I0 − Jx/I0

J0/I0
=

J0 − Jx

J0
(4.1)

where I0 is the light intensity of probe light, J0 is the signal intensity of diffusely reflected probe

light without the excitation, and Jx is the signal of diffusely reflected probe light with irradiation of the

excitation laser pulse. The recorded decay signal ∆J was fitted to a fractal fit function[39] (Equation 3.2)

∆J =
A(1 − h)

((1 − h) + Ak2, f t1−h)
(4.2)

, where A represents the intensity of transient signals, and the exponent h represents the fractal dimension

of the surface; the decay constant k2, f is related to charge carriers trapping and recombination.

For the transient absorption experiments, the powder photocatalysts was packed in the quartz cuvette

which allowed the introduction of reactant gases. Here O2 gas and MeOH vapor were applied as electrons

and holes scavengers, respectively.[31, 32] Figure 4.1 shows a scheme of an ultrafast transient absorption

setup. The light source of 1 kHz Ti:sapphire regenerative amplifier (Solstice, Spectra-Physics.) generates

pulses of ∼100 fs duration with a wavelength of 800 nm, a bandwidth of 20 nm. In order to perform

transient absorption spectroscopy with a Ti:sapphire laser alone, the laser beam is split into two parts.

One beam is restricted to a wavelength region for the excitation pulse around 800 nm, the other is further

split into two beams. In order to shift the wavelength to other parts of the visible and near-IR spectra,

optical parametric amplifiers (OPAs) is typically used. In an OPA, non-linear birefringent crystals such

as beta barium borate (BBO) are pumped by the direct output of the amplified laser system at 800 nm

or frequency-doubled pulses at 400 nm. The pump is timely and spatially overlapped in the crystal,

and depending on the angle between the laser beam and the symmetry axis of the crystal, two particular

wavelengths of the white-light continuum called‘‘ signal ’’and‘‘ idler ’’are amplified through the

second-order nonlinear polarizability of the crystal. On this crystal, the signal has the shortest wavelength

and is routinely selected for further use. Since signal and idler beams have different polarizations, the

group velocity, signal, and idler beams can be made equal by varying the angle between the laser beam

and the symmetry axis of the birefringent crystal locate in the OPA (TOPAS prime, Light Conversion

Ltd.). This allows energy from the light source beam to be converted to the signal and idler beams over a

large conversion length up to millimeters. This is the so-called phase-matching condition. In this case, by

changing the phase-matching condition, the signal frequency and idler frequency can be tuned in order to
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maintain the light energy. Thus, when 800 nm light source was applied as pump, the OPA can generate in

the range of near-InfraRed (IR) (1,1001,600 nm for the signal) while visible (475750 nm for the signal)

spectrum can be generated by 400 nm pump. Using the output of an OPA as a fundamental, logically

all wavelengths from the UltraViolet (UV) to mid-IR can be generated at relatively high pulse energies

by applying non-linear mixing processes such as frequency-doubling and sum-frequency generation in

suitable non-linear crystals. Obviously, UV to mid-IR light are the most useful wavelengths for the

study of photocatalytic systems. In order to initiate the time delay between the excitation and probe

pulses, the excitation pulse generated by the OPA go through an optical delay line, which consists of

two mirrors mounted on a punctual motorized computer-controlled moveable stage. The optical delay

line employed in our experiments has an accuracy and reproducibility of 0.1 µm, which corresponds to

a timing accuracy of 0.5 fs. The delay line is able to move over 200 mm at maximum, suggesting that

time delays up to 1.25 ns can be generated between pump and probe beams. At last, both excitation light

and probe lights were focused and overlapped on the surface of the photocatalysts. The transmitted probe

light was focused into the Si or InGaAs photodetectors with a detection range of 500-1000 and 1000-2600

nm. Scattered excitation light was blocked by a long wave pass filter placed in front of the photodetectors.

The intensity of the transmitted probe light T is detected by the amplification of the signal from the probe

light by a lock in amplifier synchronized with the 1 kHz repetition of the probe light pulsed. The change

of the intensity of the transmitted probe light caused by the excitation light ∆T (t) was detected by the

differential amplification of the signal from probe light and that from the reference light using a lock-in

amplifier synchronized with the frequency of the optical chopper, where t is the time delay between pump

and probe pulses generated by optical delay line. For the measurement of transient absorption spectra, the

wavelength of the probe light was measured over the range from 500 to 2600 nm, while the measurement

for the signal decay of the transient absorption was performed by scanning the delay time to about 1 ns

as maximum using optical delay line.
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Figure 4.1. The system set-up for the pico-nano seconds transient absorption spectroscopy.

4.3 Results and Discussion

4.3.1 The effects of Pt, Ni loading over SrTiO3

Figure 4.2. Effect of the loaded platinum weight percent on the photocatalytic activity of SrTiO3

nanoparticles for photocatalytic hydrogen evolution.
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Figure 4.2(a) shows the effect of the loaded Pt weight percent on the photocatalytic activities of SrTiO3

nanoparticles for photocatalytic hydrogen evolution. The results showed that the photocatalytic activity

was significantly enhanced from 25.5 µmol/g·h to 851.3, 1149.4, 1386.3 µmol/g·h with the increase of

doped Pt weight percent from 0.0 to 0.25, 0.5, and 1.0 wt%; respectively. This is reasonable because

the loading with noble metal such as Pt is expected to create active site for hydrogen evolution reaction.

Moreover, the photocatalytic activity is getting saturation with further increase of the platinum loading

weight percent on the photocatalytic activity of SrTiO3 nanoparticles. Therefore, the loaded metallic Pt

weight percent affect the electron-hole recombination rate of SrTiO3 nanoparticles. Figure 4.2(b) shows

the photocatalytic hydrogen evolution with respect to the amount of Ni loaded. A similar tendency was

observed in the case of Ni up to 1 wt%, but at 1 wt% the activity was as low as 205 µmol/g·h, only about

one-seventh of the activity of Pt.

4.3.2 Transient absorption of photogenerated charge carriers in SrTiO3

Figure 4.3. Transient absorption spectra of SrTiO3 particles irradiated by UV (355 nm) pulsed laser
under N2 gas. The pump energy was 1.3 mJ/cm2, and the repetition rate was 10 Hz. (b)
Decay curves of transient absorption of the SrTiO3 at 765 nm.

Figure 4.3(a) shows the transient absorption spectrum after 355 nm Nd: YAG laser irradiation over

SrTiO3. A broad absorption band was observed around 765 nm, and a relatively narrow absorption band

was observed around 825 nm. To identify the observed carriers, TAS measurements were taken at 765 nm

with the presence of an electron scavenger (O2 gas) and a hole scavenger (MeOH vapor) (Figure 4.3(b)).

As a reference TAS measurement was also performed in the N2 gas atmosphere. In this case, there is

no reactant existing, the results simply means a process of recombination of electrons and holes. In the
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measurement in the oxygen atmosphere, the decay began to slow down slightly after 1 µs. This is because

the electrons which tend to recombine with holes are captured by O2;[47]

O2(g) + e− → O−2 (a) (4.3)

Where (g) and (a) represent gas phase and adsorbed phase, respectively. On the contrary, the decay

was dramatically accelerated when measuring in MeOH. This is because the holes were collected by

methanol-derived adsorbate:

CH3O−(a) + h+ → CH3O•(a) (4.4)

From the above results, it can be concluded that the photoexcited carriers at 765 nm are absorption bands

derived from holes.

4.3.3 Transient absorption of photogenerated charge carriers over Pt, Ni loaded SrTiO3

Figure 4.4. (a) Transient absorption spectra of Pt 0.25wt% SrTiO3 particles and (b) Ni 0.25wt% SrTiO3

particles irradiated by UV (355 nm) pulsed laser under N2 gas. The pump energy was 1.3
mJ/cm2, and the repetition rate was 10 Hz.

Figure 4.4(a) and (b) shows the transient absorption spectra of Pt and Ni SrTiO3, respectively. Both

transient absorption spectra of Pt and Ni loaded SrTiO3 show broad absorption peak around 765 nm and

825 nm, similar to that of the pure SrTiO3.This suggests that even after loading of cocatalyst, transient

absorption signal mainly reflect the transient feature of SrTiO3. To further investigate the interaction

between the cocatalysts loading and trapping behavior of photogenerated holes generated in SrTiO3, the
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relationship between the amount of cocatalyst loading and the decay constant in the inert N2 atmosphere

is examined. (Figure 4.5) The linear increase in k2, f , which indicates the rate of decay, with respect to the

amount of cocatalyst loading, indicates that the unwilling transfer of holes to the cocatalyst is occurring.

The increase in the decay constant with Pt loading is much stronger than that with Ni, suggesting that the

broad density of state of Pt acts as a recombination center.

Figure 4.5. The relationship between the loading amount of Pt and Ni cocatalysts and decay constant
k2, f .

In addition, Figure 4.6(a) shows the relationship between the amount of cocatalyst loading and the

decay constant of Pt loaded SrTiO3 in different atmospheres. As described in Figure 4.5, the increasing

decay constant in N2 atmosphere with increase the Pt loading amount have been observed, this increasing

decay constant was found to be further promoted in the presence of O2 gas but suppressed in MeOH

vapor. This suggests that the adsorption of O2 and MeOH molecule might affect the decay dynamics.

However, unlike Pt loaded SrTiO3, Ni loaded SrTiO3, shown in Figure 4.6(b), had only a limited effect

on the decay constant against to the increase in loading amount in various atmospheres, and no significant

difference was observed.
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Figure 4.6. The relationship between the loading amount of Pt cocatalysts, (b) Ni cocatalyst and decay
constant k2, f in the different atmosphere. Inset figure shows enlarged vertical axis of (b).

To further understand the effect of the molecules adsorbed on Pt cocatalyst, the decay curves of Pt

loaded SrTiO3 at 765 nm in N2, O2 and MeOH atmospheres are compared as shown in Figure4.7 (a). As

described in Figure 4.6(a), the decay accelerates in the O2 atmosphere and decelerates in MeOH vapor

compared to that of N2 atmosphere. Unlike SrTiO3 (Figure 4.3(b)), after Pt loading, the transient decay

was most decelerated in MeOH vapor. Besides in O2 atmosphere, the decay was slightly accelerated

as the decay constant k2, f increases from 0.395 to 0.449 compared with N2 atmospheres. Moreover, as

shown in Figure 4.8, the decay curves of Pt loaded SrTiO3 at 765 nm in N2 and MeOH atmospheres show

that Pt loading dramatically decreases the signal intensity and increases the decay constant in N2 atmo-

sphere (Figure 4.8(a)), while in MeOH atmosphere, the decrease in signal intensity and increase in decay

constant are not as significant as those observed in N2 atmosphere (Figure 4.8(b)). This limited changes

in MeOH indicates that MeOH scavenge the photogenerated holes in SrTiO3. Thus the decay curves was

not strongly affected by Pt cocatalyst loading. On the other hand, Ni loaded SrTiO3 decelerated in an

oxygen atmosphere and accelerated in a MeOH atmosphere compared with N2 atmosphere, similar to

that of SrTiO3, confirming that Ni cocatalyst loading has a small effect on the carrier dynamics of SrTiO3

and would not act as recombination center.
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Figure 4.7. Decay curves of transient absorption of the (a) Pt 0.25wt% loaded SrTiO3 and (b) Ni
0.25wt% loaded SrTiO3 in the different atmospheres at 765 nm.

Figure 4.8. Decay curves of transient absorption of the Pt loaded SrTiO3 in (a) N2 atmospheres and (b)
MeOH vapor at 765 nm.
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Figure 4.9. Schematic representation of the photoexcited electron and hole path over Pt loaded SrTiO3

in the presence of (a) O2 gas and (b) MeOH vapor.

From the results discussed above, the dynamics shown in Figure 4.9 can be considered as follows:

in an O2 atmosphere, oxygen molecules adsorbed on Pt scavenge the electron of the Pt cocatalyst to

form charged oxygen species and produce holes.[27, 48] These charged oxygen species and the holes

generated at the Pt cocatalyst is expected to trap the electron-hole pairs generated in SrTiO3, accelerating

the consumption of charge carriers in the oxygen atmosphere compared to the N2 atmosphere. In the case

of MeOH vapor, MeOH molecules tend to scavenge the photogenerated holes in SrTiO3. Thus, there

is no large effect over the carrier dynamics by loading different amount of Pt cocatalyst. Therefore, the

recombination at Pt cocatalyst has been suppressed in the presence of hole sacrificial reagents.

Figure 4.10. Pico-second transient absorption spectra of Pt loaded SrTiO3 nanoparticles irradiated by
UV (355 nm) pulsed laser under ambient condition at 765 nm.

The photocatalytic reaction takes place in three steps, i.e., carrier generation, charge transfer, and
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surface reaction. In order to investigate in detail which time scale the photo-generated holes transfer,

we measured the transient absorption spectrum at 765 nm on the femto-second scale. Figure 4.10 (a)

shows the measurement results. When Pt is loaded, the sample itself absorbed 765 nm, and the signal

intensity decreased with the increase in the loading amount. Comparing the spectra after normalization

(Figure 4.10 (b)), it was observed that the photoexcitation showed a faster decay than pure SrTiO3 with

the increase in the amount of Pt loading up to about 400 ps, but after 400 ps, the lifetime was extended.

This phenomena indicate that within 400 ps, photoexcited holes near the surface were trapped by the Pt

cocatalysts, but subsequently holes trapping behavior from the bulk could not occur within the time range

of pico-nano second TAS measurement. However, as described above, in the µs range, most likely the

holes were attracted and recombined in Pt cocatalysts.

4.4 Conclusion

The samples loaded with Pt and Ni cocatalysts on SrTiO3 by photodeposition were evaluated using

ns-µs transient absorption spectroscopy. Focusing on the transient absorption signal derived from holes

instead of the normally focused electron signal, it is found that with increasing loading amount of co-

catalysts the decay constant which represent speed of decay increased linearly. When loading with Pt

cocatalyst, this increase in decay constant was more significant than Ni cocatalyst loading, indicating that

the broad density of state of Pt might act as recombination center as suggested by theoretical calculation.

Moreover, in MeOH vapor, this increasing recombination tendency has been suppressed compared with

that of N2 and O2 atmosphere, indicating Pt cocatalyst would not act as recombination center with the

presence of hole sacrificial agents. On the other hand, in the case of the transition metal Ni, it was ob-

served that the recombination was not accelerated. Therefore, it is desired to design the cocatalyst with

localized density of state and an appropriate hydrogen absorption/desorption feature for efficient over-

all water splitting. Furthermore by measuring ps-ns, it is found that the photo-generated holes near the

surface transferred to Pt cocatalysts within 400 ps after photoexcitation.
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[41] Wu, K.; Rodrı́guez-Córdoba, W. E.; Yang, Y.; Lian, T., Plasmon-Induced Hot Electron Transfer

from the Au Tip to CdS Rod in CdS-Au Nanoheterostructures. Nano Letters, 2013, 13 (11), 5255-

5263.
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Chapter 5 . Direct observation of
photogenerated electron transfer
process from cascaded
π-conjugation polymer to CO2

molecule for CO2

photoreduction

5.1 Introduction

Global carbon dioxide (CO2) emissions from burning fossil fuels reached 33 gigatons in 2017, twice

the natural rate at which CO2 is adsorbed back into land and ocean sinks. Harnessing solar radiation

holds the answer to reducing our dependence on fossil fuels and reducing greenhouse gas emissions.

The utilization of photoexcited high-energy photoelectrons with the help of semiconductors to drive the

energy conversion of CO2 to valued-added green fuels is believed to be an effective strategy for promot-

ing sustainable development in society.[1–5] Beyond conventional semiconductors, conjugated polymers

(CPs), as a new class of organic semiconductors, is expected to be the next generation of multifunc-

tional photocatalyst because of their versatile photophysical properties, intriguing electronic properties,

and especially the adjustable monomer structure, endowing it with manageable light absorption and con-

trollable electronic localization ability. Therefore, numerous studies on developing various strategies for

capable of photocatalytic energy conversion over CPs have been carried out.[6–8] Since Cooper ’s group

first found a series of pyrene-based CPs active in hydrogen (H2) evolution under visible light irradiation

with platinum as cocatalyst,[9] researchers have tried to anticipate to the application of such materials

in CO2 photoreduction.[10] For CPs in photocatalytic CO2 reduction, the light conversion efficiency is

rate-determined by the photoexcited electrons delivery from CPs to the surface loaded cocatalyst (adsorb

and active CO2 molecule). However, a limitation still exists in finding an appropriate way to promote the

delivery of photoexcited electrons to cocatalyst due to a higher energy barrier of the out-of-plane Ohm

or Schottky contact than the intramolecular cascade between cocatalyst and CPs.[11, 12] Photoinduced

intermolecular charge transfer through molecules by non-covalent interactions is a well-known efficient

process in photochemistry.[13] To achieve kinetically favorable electron transfer from CPs to cocatalyst

and make a breakthrough in CO2 photoreduction, an intermolecular cascaded channel between the CPs
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and cocatalyst is desirable to be established for oriented delivery of photoexcited electrons to overcome a

lower energy barrier and a less carrier.[14–17] Transition metal bipyridine compounds with a π-conjugated

structure, such as Co (II) bipyridine complexes has recognized as one of the most active centers for ad-

sorbing and activating CO2 molecular and even achieving photocatalytic CO2 reduction in the presence

of some photosensitizer.[18–21] However, the photocatalytic CO2 reduction process is severely hampered

due to the instability of the light-absorbing material and the obstruction of interface electron transport.[15]

When analyzing the spatial structure of π-conjugated Co (II) bipyridine complexes cocatalyst appeared in

the large π-conjugated pyrene-based CPs, the most striking feature is that the strong π-π interactions will

self-assemble them into an intermolecular π-π stacking structure.[22–25] Inspired by this, we speculated

that an electronic transmission channel could be built via the enhanced π-electronic cloud interactions

to ensure the photoexcited electrons freely deliver from CPs to cocatalysts.[26] Furthermore, for CPs,

removing the unsaturated bond between two adjacent aromatic rings through eliminating the alkynyl can

not only reduce the steric repulsion (reducing the twist angle of adjacent aromatic rings) but also weaken

the intramolecular conjugate interaction.[27, 28] The weakened conjugate interaction between adjacent aro-

matic rings of CPs is expected to result in free-π-electrons localized that could improve its intermolecular

cascading ability with Co (II) bipyridine complexes.[29] To validate the above strategy, four goal-oriented

materials including linear and net-like CPs with simple structure but different π-conjugation were built

by using Suzuki-Miyaura coupling instead of Sonogashira-Hagihara coupling in synthesis. From DFT

calculation and experimental data, we proved that the CPs without alkynyl groups strictly block the de-

localization of photoexcited electrons due to the lack of intramolecular charge-transfer bridges, which in

turn deliver the photoexcited electrons faster to Co (II) bipyridine complexes through the intermolecular

cascaded channels, leading to a state-of-the-art CO2 photoreduction activity. This new strategy constructs

an efficient system of CO2 photoreduction over Co (II) bipyridine complexes and pyrene-based CPs with

modification of both intramolecular and intermolecular conjugations. Our results also provide evidence

and mechanism of enhanced charge transfer via the new pathway of non-covalent interactions. The built-

in intermolecular cascaded channels worked out the most critical challenge in the electron delivery from

CPs to cocatalyst, providing a new point of view in the nanoarchitecture of CPs for CO2 photoreduction.

5.2 Methods

5.2.1 Synthesis of CP-A series (L-CP-A and N-CP-A).

All reagents were purchased from Sigma-Aldrich or Tokyo Chemical Industry without further pu-

rification. The CP-A series were synthesized according to Sonogashira-Hagihara cross-coupling poly-

condensation. In details, a dry 250 mL round-bottom flask was charged with two monomer reactants,

Pd(PPh3)Cl2 and CuI, and mixed solvent of dimethyl formamide/triethylamine (DMF/TEA). The mix-

ture was degassed by bubbling with Ar for 30 min, and then the resulting mixture was stirred at 80 ◦C for

24 h under Ar condition. After that, the precipitate was collected by filtration, and the solid was washed

with methanol and CH2Cl2 in the Soxhlet for 48 hours. The final product was dried at 60 ◦C overnight.
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For synthesis of L-CP-A, 1,4-diethynylbenzene (189 mg, 1.5 mmol), 1,6-dibromopyrene (540 mg, 1.5

mmol) Pd(PPh3)Cl2 (27 mg), CuI (5 mg), DMF (60 mL), and TEA (60 mL) were used. For N-CP-A,

1,4-diethynylbenzene (189 mg, 1.5 mmol), 1,3,6,8-Tetrabromopyrene (388 mg, 0.75 mmol), Pd(PPh3)Cl2

(27 mg), CuI (5 mg), DMF (60 mL), and TEA (60 mL) were used.

5.2.2 Synthesis of CP-D series (L-CP-D and N-CP-D).

All reagents were purchased from Sigma-Aldrich or Tokyo Chemical Industry without further purifi-

cation. The CP-D series were synthesized according to Suzuki-Miyaura cross-coupling polycondensa-

tion. In details, a dry 250 mL round-bottom flask was charged with two monomer reactants, Pd(PPh3)4,

K2CO3, and mixed solvent of dimethyl formamide/water (DMF/H2O). The mixture was degassed by bub-

bling with Ar for 30 min and then the resulting mixture was stirred at 150 ◦C for 24 h under Ar condition.

After that, the precipitate was collected by filtration, and the solid was washed with methanol and CH2Cl2

in the Soxhlet for 48 hours. The final product was dried at 60 ◦C overnight. For synthesis of L-CP-D, 1,4-

phenylenediboronic acid (248 mg, 1.5 mmol), 1,6-dibromopyrene (540 mg, 1.5 mmol), Pd(PPh3)4 (10

mg), K2CO3 (2.0 g) DMF (60 mL), and H2O (8 mL) were used. For N-CP-D, 1,4-phenylenediboronic

acid (248 mg, 1.5 mmol), 1,3,6,8-Tetrabromopyrene (388 mg, 0.75 mmol), Pd(PPh3)4 (10 mg), K2CO3

(2.0 g) DMF (60 mL), and H2O (8 mL) were used.

5.2.3 FP-TRMC measurement.

FP-TRMC measurements were carried out at room temperature under a N2 atmosphere, using different

CPs powder on poly(methylmethacrylate) (PMMA) films. The films were cast onto quartz substrates.

The microwave power and frequency were set at 50 mW and ∼9.1 GHz, respectively. Charge carriers

were generated in the films by direct excitation of CPs using third-harmonic generation (λ = 355 nm)

light pulses from a Nd: YAG laser (Spectra Physics, INDI-HG). The excitation density was tuned at

9.1times1015 photons cm−2. The TRMC signal from a diode was recorded on a digital oscilloscope

(Tektronix, TDS 3032B). Comparison of the integrated photocurrents with the polymer standard (poly-

9,9’-dioctylfluorene, ϕ ∼2.3 × 10−4) allowed determination of the quantum efficiency of charge carrier

generation for the CPs samples. The local-scale charge carrier mobility µtot was estimated by the quotient

of (ϕΓµ) max by ϕ.

5.2.4 Photocatalytic activities measurement.

The photoreduction CO2 activities of all CPs were carried out in gas-closed system with a gas-circulated

pump. The setup of the photocatalytic system is illustrated in Figure 5.1. In detail, the 5 mg catalyst, 50

mL of solution (acetonitrile/water = 7:3), 5 mL of triethanolamine and the Co (II) bipyridine complexes

cocatalyst synthesized according to the previous publications[43] were added in a Pyrex glass reaction cell

which was connected to the CO2 reduction system. After complete evacuation of the reaction system

101



(no O2 or N2 could be detected by gas chromatography), ∼80 kPa of pure CO2 gas was injected into the

airtight system. After adsorption equilibrium, a 300 W xenon lamp (∼100 mW/cm2) with a UV-cut filter

(L42), to remove light with wavelengths lower than 420 nm (λ > 420 nm) was used as the light source.

The produced H2 and CO was analyzed by two gas chromatographs (GC-8A and GC-2014, Shimadzu

Corp., Japan) equipped with different chromatographic column.[12, 25]

Figure 5.1. The closed gas circulation system for visible light photocatalytic CO2 reduction.

5.2.5 Isotope labelling measurement.

The isotope labelling measurement was carried out by using 13CO2 gas (Isotope purity, 99% and chemi-

cal purity, 99.9%, Tokyo Gas Chemicals Co., Ltd.) instead of pure 12CO2 gas (Chemical purity, 99.999%,

Showa Denko Gas Products Co., Ltd.) as the carbon source with the same reaction set as mentioned

above and the gas products were analyzed by gas chromatography-mass spectrometry (JMS-K9, JEOL-

GCQMS, Japan and 6890N Network GC system, Agilent Technologies, USA) equipped with two dif-

ferent kinds of column for detecting the products of 13CO (HP-MOLESIEVE, 30 m × 0.32 mm × 25
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µm, Agilent Technologies, USA) and source of 13CO2 (HP-PLOT/Q, 30 m × 0.32 mm × 20 µm, Agilent

Technologies, USA), respectively.[12, 25]

5.2.6 TA measurement.

The output pulses of a 1kHz Ti: sapphire regenerative amplifier (Solstice, Spectra-Physics) were split

into two beams. One of the beams was used as an excitation light source of an optical parametric amplifier

(OPA) (TOPAS prime, NIR-UV-Vis. LIGHT CONVERSION Inc.). The 420 nm output of the OPA was

as the excitation light source. The excitation light was chopped at 500Hz by an optical chopper. The

other beam was used as an excitation light source of another OPA. The output of the OPA was used as

the wavelength-tunable probe and reference light source (500-2600 nm). Si photodetectors and InGaAs

photodetectors were used to detect the probe and reference light depending on probe light wavelength

(500-1000 nm and1000-2600 nm respectively). (Figure 5.2)

Figure 5.2. The illustration diagram of transient adsorption measurement.

As shown in Figure 5.2, both excitation light and probe lights were focused and overlapped on the sur-

face of the photocatalysts. The transmitted probe light was focused into the Si or InGaAs photodetectors

with a detection range of 500-1000 and 1000-2600 nm. Scattered excitation light was blocked by a long

wave pass filter placed in front of the photodetectors. The intensity of the transmitted probe light T is

detected by the amplification of the signal from the probe light by a lock in amplifier synchronized with

the 1 kHz repetition of the probe light pulsed. The change of the intensity of the transmitted probe light

caused by the excitation light ∆T (t) was detected by the differential amplification of the signal from probe

light and that from the reference light using a lock-in amplifier synchronized with the frequency of the

optical chopper, where t is the time delay between pump and probe pulses generated by optical delay line.
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For the measurement of transient absorption spectra, the wavelength of the probe light was measured over

the range from 500 to 2600 nm, while the measurement for the signal decay of the transient absorption

was performed by scanning the delay time to about 1 ns as maximum using optical delay line.

5.2.7 Computational methods.

All the computations were performed with the Vienna ab initio simulation package (VASP 5.4.4 ver-

sion),[30, 31] patched to include the implicit solvent VASPsol.[32, 33] The electron exchange and correlation

were handled with generalized gradient approximation using PBE functional and HSE06,[34, 35] and which

were applied for structure optimization and electronic structures computations, respectively. The Grimme

PBE-D3 and HSE06-D3 methods were used for the dispersion correction.[36] The plane wave cut-off en-

ergy was set to 400 eV, the electronic self-convergence was 10−6 eV, and the core electrons were replaced

by the projector augmented wave pseudopotential.[37, 38] The geometries are converged to a residual force

smaller than 0.03 eV/Å using PBE-D3. The L-CP-D, L-CP-A, N-CP-D, and N-CP-A were modeled in

a monolayer structure, with a vacuum thickness of 25 Å. The atomic position and lattice parameters are

fully relaxed during the slab mode optimized. The optimized lattice parameters were, a = b = 11.44 Å, γ

= 100.65 degree for N-CP-D, a = b = 16.03 Å, γ = 79.77 degree for N-CP-A, respectively. And the value

was a = 16.14 Å, b = 21.27 Å, γ = 90.22 degree and a = 11.96 Å, b = 22.10 Å, γ = 89.60 degree for

L-CP-A and L-CP-D, respectively. The optimization structures were shown in Figure 5.3. The Brillouin

zone was integrated by 3×1×1, 3×1×1, 3×3×1, and 3×3×1 Monkhorst-Pack grid for optimization for

L-CP-D, L-CP-A, N-CP-D, and N-CP-A, respectively. There existed a dihedral angle around 50 degrees

between benzene and pyrene rings, due to the steric effect for L-CP-D and N-CP-D, as shown in Figure

5.3a and 5.3c, which was reported in similar structures.[39] And the optimized L-CP-A and N-CP-A were

flat structures. In addition, the band structures were calculated along the high symmetry lines G (0.0, 0.0,

0.0)-F (0.0, 0.5, 0.0)-Z (0.0, 0.0, 0.5)-B (0.5, 0.0, 0.0) using HSE06-D3. The calculated bandgaps were

2.62 eV, 1.84 eV, 2.45 eV and 1.29 eV for L-CP-D, L-CP-A, N-CP-D, and N-CP-A, respectively. The

adsorption energies of the Co (II) bipyridine complexes on L-CP-D or L-CP-A surface were calculated

via ∆Ebind = E(Co(bpy)2+
2 /surf) - E(Co(bpy)2+

2 )- E(surf), where E(Co(bpy)2+
2 /surf) denoted the energies

of Co(bpy)2+
2 /L-CP-D or Co(bpy)2+

2 /L-CP-A, E(Co(bpy)2+
2 ) represented the energies of Co(bpy)2+

2 and

E(surf) stood for the energy of L-CP-D and L-CP-A surface.The interlayer interaction energies of L-CP-

D, L-CP-A, N-CP-D and N-CP-A were calculated via, ∆Ei =(E(bilayer) -2×E(monolayer))/A, where E

was the computational total energy of L-CP-D, L-CP-A, N-CP-D and N-CP-A, and A was the surface area

of N-CP-A and N-CP-A, and A was the length of L-CP-A and L-CP-D, which was the lattice parameter

a.
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Figure 5.3. The top view of L-CP-D (a), L-CP-A (b), N-CP-D (c) and N-CP-A (d). The dark grey and
white balls represent C and H atoms, respectively. The dihedral angle was listed (red) for
L-CP-D and N-CP-D, while the grey and light green plane represented the corresponding
plane.

5.2.8 Characterization.

Transmission electron microscopy (TEM, Tecnai G2 F20, FEI, Holland) and scanning electron mi-

croscope (SEM, SU8010, Hitachi, Japan) were used to analyze the morphologies of polymers. The

diffractometer (D8 advance, Bruker, Germany) with Cu Kα radiation was used to record the Powder X-

ray diffraction (PXRD). The solid-state 13C cross polarization magic angle spinning (13C-CP/MAS) NMR

spectra (Avance III HD 400 MHz spectrometer, Bruker, Germany) were measured to analyze the structure

of polymers. The infrared spectra were recorded using a Fourier transform-infrared (FT-IR) spectrome-

ter (Nicolet 6700, Thermo Scientific, USA). Raman spectra were collected using a Raman spectrometer

(DXR, Thermo Scientific, USA). The low-pressure gas adsorption measurements were investigated with

a gas adsorption analyzer (ASAP 2040, Micrometrics, USA) using nitrogen/carbon dioxide as the ad-

sorbate at 77 K. UV-Vis diffused reflectance spectra (DRS) were measured on a spectrometer (UV-3100,

Shimadzu, Japan). The thermal stability was evaluated by thermal gravity analysis (TGA, TG 209 F3

Tarsus, Netzsch, Germany) with the temperature increased at 10 ◦C/min−1 under air atmosphere. Metal

content was determined by inductively coupled plasma mass spectrometry (ICP-MS, 7800, Agilent Tech-

nologies, USA), where the sample was first digested by H2SO4/HNO3 (0.8 mL/0.2 mL) solvent at 60
◦C. The surface electronic states of polymers were analyzed via X-ray photoelectron spectroscopy (XPS,
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ESCALAB 250Xi, Thermo Scientific, USA). Cyclic voltammetry (CV) measurements, electrochemistry

impedance spectroscopy (EIS) and photocurrent intensity response measurements were performed in a

typical three-electrode cell system. Electrochemical measurements were carried out in a conventional

three-electrode system using an Ag/Ag+ as reference electrode, platinum plate as the counter electrode,

and the sample modified glassy carbon as the working electrode. The electrochemical workstation was a

CHI 660E potentiostat (Shanghai Chenhua Co.) and CVs were collected at a scan rate of 50 mV s−1 with

the protection of nitrogen. A solution of 0.1 M TBAPF6 in CH3CN was used as the electrolyte. All of

these have been performed as described in our previous report.[40]

5.2.9 Photocatalytic cyclic testing experiment and AQY Evaluation.

For cyclic testing experiment, the 25 mL of fresh solution (acetonitrile/water = 7:3) and 5 mL of tri-

ethanolamine were added into the Pyrex glass reaction cell. After complete evacuation of the reaction

system, ∼80 kPa of pure CO2 gas was injected into the airtight system. The subsequent photoirradiation

and sampling analysis processes are consistent with the previous photocatalytic measurement process.

The apparent quantum efficiency (AQY) was measured under similar conditions as described above ex-

cept for the light intensity and the wavelength regions of the irradiation light. A series of band-pass filters

were adopted to control the wavelength regions of incident light. A water filer was also used together

with the band-pass filter to avoid the possible damage caused by heating effect of Xe lamp. The average

intensity of irradiation was determined by using a spectroradiometer (AvaSolar‐1, Avantes, America).

The AQY at each monochromatic wavelength was calculated by following the equation below:

AQYforCOevolution = N(CO) × 2/N(photons) × 100% (5.1)

5.2.10 In situ DRIFTS measurement

In situ DRIFTS measurement were carried out by FT-IR spectrometer (Nicolet iS50 Thermo Scientific,

USA) with a designed reaction cell simulated in Figure 5.4. The substrate lying in the center of the

designed reaction cell and a thin layer of N-CP-D mixture with or without cocatalyst as the model sample

was placed uniformly on the substrate. An ultra-high vacuum pump was used to pump out all the gases

in the reaction cell and adsorbed on the photocatalyst surface. Then the large amount of carbon dioxide

or carbon monoxide was pumped in to construct a CO2 or CO atmosphere for CO2 photoreduction or

CO adsorption, respectively. At last, visible light was turned on and the IR signal was in situ collected

through MCT detector along with the reaction.[41, 42]
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Figure 5.4. The designed reaction cell for the in situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) (a) and the CO2 photoreduction process over N-CP-D according to the
DRIFTS measurement (b) inset: N-CP-D with (red line) or without (blue line) absorbed CO
in DRIFTS.

5.3 Results and discussion

5.3.1 Synthesis, structure, and spectroscopic properties of CPs

The four kinds of pyrene-based CPs with or without alkynyl groups were designed based on clas-

sic Sonogashira-Hagihara and Suzuki-Miyaura coupling processes, and linear or net-like structures were

modified by changing the building blocks (see Methods for experimental details), as outlined in Fig-

ure5.5a.[9, 43] Linear (L-CP-A) and net-like (N-CP-A) alkynyl-connected CPs can be obtained by using

the Sonogashira blocks (1,4-diethynylbenzene) polymerized with the linear blocks (1,6-dibromopyrene)

and net-like blocks (1,3,6,8-tetrabromopyrene), respectively. As a comparison, Suzuki blocks (1,4-

phenylenediboronic acid) were employed as substitutes for Sonogashira blocks and successfully construct

the corresponding linear (L-CP-D) and net-like (N-CP-D) directly connected CPs without alkynyl groups.
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Figure 5.5. Preparation and characterization of the CPs. a, Illustration of synthesis and the strategy of
eliminating the charge-transfer bridge. b, TEM images of CPs. c, Solid-state 13C CP/MAS
NMR spectroscopy of CPs. d, Solid-state UV/Vis DRS spectra of CPs. Inset: CPs dispersed
in an acetonitrile/water (7:3) mixture. e, HOMO and LUMO band position diagram for CPs.

Figure 5.6. Representative scanning electron microscopy (SEM) images of L-CP-D (a), L-CP-A (b),
N-CP-D (c) and N-CP-A (d).
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The transmission electron microscopy (TEM) and scanning electron microscopy (SEM) revealed that

the CP-A series (L-CP-A and N-CP-A) exhibited a more agglomerated state than did the CP-D series

(D-CP-A and D-CP-A) because of the higher π conjugation. (Figure 5.5b and Figure 5.6). Although the

CPs presented different agglomeration states at low resolution, the high-resolution transmission electron

microscopy (HR-TEM) and the powder X-ray diffraction profile (PXRD) revealed that each CPs exhibits

the basic characteristics of amorphous carbon, which means similar structure of CPs were constructed

during the synthesis process (Figure 5.7 and Figure 5.8).[44]

Figure 5.7. Representative high-resolution transmission electron microscopy (HR-TEM) images of L-
CP-D (a), L-CP-A (b), N-CP-D (c) and N-CP-A (d).
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Figure 5.8. Powder X-ray diffraction (PXRD) patterns of L-CP-D, L-CP-A, N-CP-D and N-CP-A.

For a more in-depth comparison of the structural differences in CPs, we utilized solid-state 13C cross-

polarization/magic angle spinning nuclear magnetic resonance (13C CP/MAS NMR) spectroscopy to

demonstrate the exact structure (Figure 5.5c).[45] Referencing the estimated chemical shifts of differ-

ent carbons in CPs (Figure 5.9), the similar chemical shifts of all these CPs between 110 and 130 parts

per million (ppm) can be assigned to the aromatic carbons of the phenyl and pyrenyl units.[46] The peaks

at approximately 140 ppm, which only existed in the CP-D series, were ascribed to the mutually sub-

stituted aromatic carbon. For the CP-A series, there are some signals at approximately 90 ppm can be

indexed to the characteristic peak of alkynyl.[47] Notably, the locations of the satellite peaks attribute to

spinning sidebands in N-CP-A were consistent with those in N-CP-D. A similar phenomenon was also

found for L-CP-A and L-CP-D, which may be attributed to the structural difference between linear and

net-liked CPs.
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Figure 5.9. The estimated chemical shifts and the corresponding solid-state 13C cross-polarization/magic
angle spinning nuclear magnetic resonance of N-CP-D (a), L-CP-D (b), N-CP-A (c) and L-
CP-A (d).

Besides, the CPs with or without alkynyl was also confirmed by Raman spectroscopy, X-ray photo-

electron spectroscopy (XPS) and Fourier transform infrared (FT-IR) spectroscopy (Figure 5.10-12).[39, 48]

Figure 5.10. Raman spectroscopy of L-CP-D, L-CP-A, N-CP-D and N-CP-A.
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Figure 5.11. Comparison of X-ray photoelectron (XPS) spectroscopy (XPS) between N-CP-A and N-
CP-D (a), L-CP-A and L-CP-D (b).

Figure 5.12. Fourier transform infrared (FT-IR) spectroscopy of L-CP-D, L-CP-A, N-CP-D and N-CP-
A.
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After fully identifying the structure of CPs, we employed UV-Visible diffuse reflectance (DRS) spectra

to monitor the light absorption of CPs.[49] As shown in Figure 5.5d, the absorption band edges of CPs

were located in the visible region ranging from 470 to 620 nm, which was consistent with the color of

the CPs (inset of Figure 5.5d). According to the Kubelka-Munk equation, the absorption band edges of

L-CP-A and N-CP-A correspond to bandgaps of 2.10 and 1.98 eV, respectively. While the bandgaps of

L-CP-D and N-CP-D were estimated to be 2.62 and 2.47 eV, respectively, which is larger than CP-A

series due to the decreased conjugation (Figure 5.13).[50] Cyclic voltammetry (CV) measurements were

also conducted, the different position of the irreversibility of the oxidation peaks due to the irreversible

oxidation process of the CPs at the impressed voltage (Figure 5.14) revealed different energy levels within

the CPs (Table 5.2).[40] Although the CP-D series exhibited higher LUMO levels than the CP-A series,

all of these CPs had enough negative potentials to carry out the reduction of CO2 to CO (Figure 5.5e).

Figure 5.13. Bandgap energies of L-CP-D, L-CP-A, N-CP-D and N-CP-A according to the Kubelka-
Munk Function.
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Figure 5.14. Cyclic voltammograms of L-CP-D (a), N-CP-D (b), L-CP-A (c) and N-CP-A (d), Inset: the
ferrocene/ferrocenium (Fc/Fc+) couple was provided for an internal reference.

Table 5.1. The energy levels within the L-CP-D, L-CP-A, N-CP-D and N-CP-A.

L-CP-D L-CP-A N-CP-D N-CP-A
Band gap 2.62 eV 2.47eV 2.10 eV 1.98 eV
HOMO 1.41 V 1.36 V 1.47 V 1.43 V
LUMO -1.21 V -1.11 V -0.63 V -0.55 V

5.3.2 Charge mobility and intermolecular cascaded channel of CP

Based on the conjugation of CPs, we can speculate the electron localization of CPs could be increased

by eliminating the alkynyl group. For further confirmation of the weakened conjugate interaction and

free-π-electrons localization of these CPs without the alkynyl group, the electrodeless flash-photolysis

time-resolved microwave conductivity (FP-TRMC) was employed to evaluate photoexcited electrons

transport in CPs. Unlike the conventional techniques that are highly affected by the influence of fac-

tors such as impurities, chemical or physical defects, and organic/electrode interfaces, FP-TRMC allows
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for probing the motion of the charge carrier before complete deactivation by trapping sites.[51, 52] The

conductivity transients and calculated charge mobilities for CPs are displayed in Figure 5.15a, in which

the L-CP-A, with a linear structure and alkynyl group, exhibits charge mobility (µtot) of 0.32 cm2 V−1

s−1 (ϕ∆µ= 7.4×10−5 V−1 s−1). As expected, the charge mobility of L-CP-D in the absence of alkynyl

decreased to a much lower value of 0.15 cm2 V−1 s−1(ϕ∆µ= 3.4×10−5 V−1 s−1). For N-CP-A CPs, the

network structure provided two additional pathways than that of linear structured L-CP-A for electronic

delocalization due to the two more connections of the alkynyl group to each pyrenyl units, thus resulting

in the maximum value of 0.35 cm2 V−1 s−1 (ϕ∆µ= 7.6×10-5 V−1 s−1) among all CPs. In comparison,

the N-CP-D possesses relative lower charge mobility of 0.25 cm2 V−1 s−1 (ϕ∆µ= 5.5×10-5 V−1 s−1) as

a result of the weak intramolecular conjugate interaction. Moreover, the CPs were subjected to addi-

tional electrochemical analyses, such as photocurrent measurement and the electrochemical impedance

spectroscopy (EIS) Nyquist plots, which further validated that, consistent with the FP-TRMC results, the

elimination of the alkynyl group in CPs greatly enhanced localization of free-π-electrons (Figure 5.15a

and b).

Figure 5.15. Characterization of Electronic Delocalization in CPs. a, Conductivity transients observed
by flash-photolysis time-resolved microwave spectroscopy upon excitation at 355nm laser
pulses at 9.1× 1015 photons cm−2 for CPs. b, Top and side views of the charge distribution
of LUMO at the Γk-point of CPs.
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Figure 5.16. Photocurrent measurement of L-CP-D, L-CP-A, N-CP-D and N-CP-A.(a) And electro-
chemical impedance spectroscopy (EIS) Nyquist plots of L-CP-D, L-CP-A, N-CP-D and
N-CP-A.(b)

To gain insight into the effect of the alkynyl group on the localization of free-π-electrons, hybrid

density-functional-theory-based first-principles calculations were subsequently performed to compare the

electronic localization of the CPs (see Methods for experimental details).[39] As shown, the lowest un-

occupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) changes (Figure

5.15b and Figure 5.17) at the Γk-point distribution unambiguously demonstrated the apparent difference

in the localization of free-π-electrons in CP-D series and CP-A series, respectively. From the top view

of the charge distribution profiles of the two linear CPs (L-CP-A and L-CP-D), both LUMO and HOMO

of L-CP-D exhibited stronger electron distribution asymmetry than those of L-CP-A as the conjugation

changed. This means that L-CP-D could concentrate more electrons in a particular section under the light

irradiation. Moreover, a similar phenomenon can also be observed from the comparison of two net-like

CPs (N-CP-A and N-CP-D). In the light of the above results and comparison of backbone architecture

with or without alkynyl based on Becke-Lee-Yang-Parr (BLYP) function (Figure 5.18), the energy gap

between unoccupied and occupied orbital at the edge and corner of the pyrenyl is smaller than that at

central area, the pyrenyl could play a role of a kind of antenna to collect the excited carriers at around the

edge and corner. This is an advantage to achieve charge separation and harvest a wide range of photon

energy.
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Figure 5.17. Top and side views of the charge distribution of HOMO at the Γk-point of L-CP-D, L-CP-A,
N-CP-D and N-CP-A.

Figure 5.18. Electronic structure comparison of backbone architecture between with and without alkynyl
based on Becke-Lee-Yang-Parr (BLYP) functionals.

Though the comparative analysis of computed interlayer interaction energies, it was consistency with

what we expected (Figure 5.19 and Table 5.2). The existence of alkyne in CP-A series favors the elec-

trons transfer in intramolecular. However, the CP-D series without alkynyl as a connector could possess

more local photoelectrons, thus the interlayer interaction energy of bilayer CP-D series was much strong

than that of CP-A series. This might indicate electron transfer along intermolecular of bilayer CP-D
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series more easily than that of bilayer CP-A series. Thus, we could propose the following situation on

different CPs. For the CP-A series, photoelectrons were generated on the central light-responsive part

of pyrenyl and then transferred to the other parts with alkynyl as a bridge, which results homogeneously

charge density of CP-A series. In contrast, the absence of alkynyl in CP-D series led to a retardation of

intramolecular electron delocalization. Moreover, it also gave rise to the increased charge density in some

parts of CP-D series under light irradiation, which is favorable for improving the electronic delivery over

the built-in intermolecular cascaded channels via π-π interactions between CPs and cocatalyst.

Figure 5.19. Top view of optimized bilayer structures of L-CP-D with (a) AB stacking and (b) AB’
stacking, L-CP-A with (c) AA stacking, (d) AB stacking and (e)AB’ stacking, N-CP-D with
(f) AB stacking and (g) AB’ stacking, and N-CP-A with (j) AA stacking, (k) AB stacking
and (l) AB’ stacking and (m) AC stacking. The dark gray and white balls represent C and
H atoms, respectively.
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Table 5.2. The computed interlayer interaction energies (∆Ei, J/m, and J/m2) and distances (Dinterlayer, Å)
of interlayer for L-CP-D, L-CP-A, N-CP-D and N-CP-A.

Stacking AA AB AB’ AC

∆ Ei (10−10 J·m−1)
L-CP-D - -0.934 -0.925 -
L-CP-A -0.63 -0.713 -0.756 -

∆ Ei (J·m−2)
N-CP-D - -0.116 -0.114 -
N-CP-A -0.058 -0.063 -0.063 -0.043

Dinterlayer

L-CP-D - 3.53 3.53 -
L-CP-A 3.82 3.59 3.51 -
N-CP-D - 3.35 3.6 -
N-CP-A 3.84 3.73 3.74 3.62

5.3.3 CO2 Photoreduction activity over CPs.

To study the built-in intermolecular cascaded channel for electron delivery from CPs to cocatalyst has

effects on CO2 photoreduction properties, the evaluation of CO2 photoreduction activities (see Methods

for experimental details) was carried out in a closed gas circulation system with CPs as the catalyst and

Co (II) bipyridine complexes as cocatalyst. (Figure 5.1).[53, 54] The Co (I) bipyridine complexes produced

by reduction of Co (II) bipyridine complexes are very powerful reducing agents which could be excellent

candidates cocatalyst for photoreduction reaction based on the previous report.[53] We also demonstrated

that electrons on the LUMO of CPs in the present work do have the ability to produce Co (I) bipyridine

complexes from Co (II) bipyridine complexes the via the cyclic-voltammetry method (Figure 5.20) and

EPR measurement (Figure 5.21).[25] In some recent researches, the Co (II) bipyridine complexes were se-

lected as the model cocatalyst to study the CO2 photoreduction activity of the materials.[15, 54] Therefore,

we speculate that after optimizing the π-conjugation of CPs, the system consist of CPs and Co (II) bipyri-

dine complexes will exhibit good potential for CO2 photoreduction. As displayed in Figure 5.22a, after 5

h of visible light (> 420 nm) irradiation, the N-CP-D generated a maximum amount of carbon monoxide

(CO) of 56.8 µmol (11.37 µmol h−1), while the L-CP-D generated 20.2 µmol (4.03 µmol h−1) of CO. In

contrast, only 0.3 and 0.4 µmol of CO was detected when L-CP-A and N-CP-A were used as the catalyst,

respectively. The CO evolution rates of N-CP-D and L-CP-D were almost 138 times and 81 times higher

than those of N-CP-A and L-CP-A, respectively. These CO2 photoreduction rates and enhancements are

comparable to that of many similar systems containing photocatalyst and cobalt-complexes cocatalyst,

especially π-conjugated Co (II) bipyridine complexes. It can be found that, although the addition of Co

(II) bipyridine complexes significantly improved the photocatalytic CO2 reduction activity of the original

photocatalyst, the photocatalytic CO2 reduction activity severely hampered by the obstruction of interface

electron transport caused a relative lower multiple of increases (Table 5.3). Owing to the solution of the

oriented electron delivery, the activity of CO2 reduction reaction over the CPs with optimized conjugation

showed a most considerable enhancement.
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Figure 5.20. Cyclic voltammograms of Co (II) bipyridine complexes in mixture of acetonitrile/water
(7:3) and the redox potential can be assigned to the recycle of Co (II)/Co (I).[55]
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Figure 5.21. The ESR spectra of N-CP-D with Co (II) bipyridine complexes under irradiation and dark
condition.
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Figure 5.22. CO2 photoreduction performance of the CPs. a, Time course of the produced CO for
CPs during 5 h experiment performed under visible light (420 nm cut-off filter) in an ace-
tonitrile/water (7:3) mixture using triethanolamine (TEOA) as sacrificial agent and Co (II)
bipyridine complexes as a cocatalyst over 5 mg CPs. inset: X-axis enlarged performance
of CO evolution. b, Average CO evolution rates for CPs with (red bar) or without (green
bar) cocatalyst. c, Recyclability of N-CPD (yellow bar) and L-CP-D (blue bar) in the
photocatalytic CO2 reduction within five cycles. d, Mass spectra of 13CO and total ion
chromatography (inset) over N-CP-D in the photocatalytic reduction of 13CO2. e, In-situ
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) for the photocatalytic
reduction of CO2 over N-CP-D.

To further uncover the underlying reasons for the substantial difference that we obtained between the

CP-D series and the CP-A series, we applied CPs in the CO2 photoreduction without a cocatalyst (Figure

5.22b). All CPs showed quite low activity in the absence of cocatalyst. After the addition of Co (II)

bipyridine complexes as a cocatalyst, although all of CPs exhibit enough negative potential to transfer

the photoelectrons to cocatalyst, only an approximately 2.5-fold increase was found for L-CP-A and N-

CP-A. However, for L-CP-D and N-CP-D, the CO evolution rate increased by 134 times and 190 times,

respectively (Figure 5.23 and 24). With the addition of enough cocatalyst, the CO evolution selectivity of

L-CP-D and N-CP-D obtained through our experiment reached 86% and 82% and achieved an apparent

quantum yield (AQY) of 3.39 % and 1.23 % at 400 nm, respectively (Figure 5.25). Moreover, the cyclic

testing over L-CP-D and N-CP-D indicated that after 5 cycles, the CO evolution was still high compared

to the initial values (Figure 5.22c), suggesting the adequate stability of CPs (Figure 5.26). Therefore, we

speculate that upon eliminating the alkynyl group in the structure of CPs, the weakened intramolecular

conjugation of CP-D series blocks the delocalization of photoexcited electron. Stacked electrons on CP-D
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Table 5.3. Comparison of CO2 photoreduction performance of the reported catalysts in the system similar
to this work.

Cataslyst Cocatalyst
Sacrificial

agent
Major products
evaluation rate

Enhancement
after modification

Selectivity Ref.

L-CP-D Co(bpy)3Cl2 TEOA CO:806 µmolg−1h−1 81-times 86% This work
N-CP-D Co(bpy)3Cl2 TEOA CO:2274 µmolg−1h−1 138-times 82.00% This work
ZnIn2S4-In2O3 Co(bpy)3Cl2 TEOA CO:3075 µmolg−1h−1 3.5-times 79.40% 20
In2S3-CdIn2S4 Co(bpy)3Cl2 TEOA CO:825 µmolg−1h−1 12.0-times 73.30% 54
CPs-BT Co(bpy)3Cl2 TEOA CO:1213 µmolg−1h−1 4.6-times 81.60% 62
CdS-BCN Co(bpy)3Cl2 TEOA CO:250 µmolg−1h−1 10.3-times 81.10% 63
BCN Co(bpy)3Cl2 TEOA CO:94 µmolg−1h−1 - 76.20% 64
HR-CN Co(bpy)3Cl2 TEOA CO:297 µmolg−1h−1 22.3-times 96.70% 21
MCN/CoOx Co(bpy)3Cl2 TEOA CO:204 µmolg−1h−1 2.76-times 78.50% 65
CNU-BA Co(bpy)3Cl2 TEOA CO:1036 µmolg−1h−1 15.0-times 81.80% 66
MOF-525-Co Co(bpy)3Cl2 TEOA CO:201 µmolg−1h−1 3.13-times - 12

series were not well dispersed and thus tended to be fast delivered to cocatalyst through the intermolecular

cascaded channels, leading to the CP-D series performed far better activity than did the CP-A series.

Besides, the net-like CPs (N-CP-A and N-CP-D) possess more cocatalyst absorption sites of phenyl in

the units, thus resulting in enhanced performance of net-like CPs (N-CP-A and N-CP-D) than those of

linear CPs (L-CP-A and L-CP-D).
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Figure 5.23. The selectivity of the amount of cocatalyst to the catalytic products of CO (red bars) and
H2 (blue bars) formed over L-CP-D (dark bars) and N-CP-D (light bars).
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Figure 5.24. CO generation of N-CP-D or L-CP-D under the condition of using the same 5 µmol of
isolated cobalt chloride or dipyridyl as the cocatalyst.
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Figure 5.25. Wavelength-dependent apparent quantum yield (AQY) of CO generation from L-CP-D and
N-CP-D.
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Figure 5.26. Thermal gravimetric of L-CP-D, L-CP-A, N-CP-D and N-CP-A.

To validate the generation of CO originated from the catalytic splitting of CO2, we employed isotope-

labeled carbon dioxide (13CO2) as a substitute source gas with the N-CP-D (Figure 5.22d) or L-CP-

D (Figure 5.27) to complete the evaluation experiment (see Methods for experimental details).[56] As

shown in Figure 5.22d, the total ion chromatographic peak around 9.3 minutes can be assigned to the

CO (inset of Figure 5.22d). Moreover, the main peak at m/z = 29 achieved a high abundance, and the

fragments produced from this peak (13C at m/z = 29 and O at m/z = 16) in the mass spectra indicated

that the produced 13CO indeed originated from 13CO2 in the CO2 photoreduction over N-CP-D. A similar

phenomenon can also be observed in using L-CP-D as catalyst and intensity of 13CO is one-third of using

N-CP-D (Figure 5.27), which is highly consistent with the above activity measurement. Subsequently,

we also used the in situ diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) to unveil

the process of CO2 photoreduction occurring on N-CP-D with a cocatalyst (see Methods for experimental

details). Based on the spectra collected for the N-CP-D with or without absorbed CO, the in situ generated

CO increased with the illumination time (Figure 5.4) and the main intermediates of this process were

assigned to the asymmetric stretching vibrations of COO- and COOH species in Figure 5.22e,[57] which

is solidly in accordance with the mechanism of CO2 conversion to CO in the previous report.[58, 59]
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Figure 5.27. The total ion chromatograph and mass spectra for the sample of N-CP-D (a, b) and L-CP-
D (c, d) by using the column of HP-MOLESIEVE and total ion chromatograph and mass
spectra for the sample of N-CP-D (e, f) by using the column of HP-PLOT/Q.

5.3.4 Electron delivery from CPs to cocatalyst for efficient CO2 photoreduction.

By discovering and scrutinizing the CO2 photoreduction of CPs, we hope to verify our conjecture that

the localized free-π-electrons of CPs could improve its intermolecular cascading ability with cocatalyst

for CO2 photoreduction. The adsorption of CO2 is a prerequisite for CO2 photoreduction. Neverthe-

less, although the CP-D series has a larger specific surface area (Figure 5.28 and Table 5.4) due to a

shorter skeleton length,[60] the CP-A series exhibited greater CO2 adsorption than the CPs-D series (Fig-

ure 5.29a), attributing to the high conjugation from bifunctionalization with pyrenyl and alkynyl group.[61]

It means that the capacity for CO2 adsorption was not the determining factor for the CO2 photoreduction.

Femtosecond transient absorption (TA) spectroscopy is a useful technique for studying ultrafast charge

transfer in interfaces. We thus employed this method (see Methods for experimental details) to verify

the different kinetics in intermolecular electron delivery for the solid evidence of built-in intermolecular

cascade channel. From the TA spectra dependence on the wavelength, the main state of trapped electrons

can be assigned to the wavelength of 2500 nm and 2200 nm, while the corresponding state of holes at 550

nm and 525 nm for N-CP-A and N-CP-D, respectively. Considering these results, we measured the kinet-

ics of electrons over N-CP-D with or without cocatalyst under a probe wavelength of 2200 nm. In Figure

5.29b, compared to the initial one, the decay of N-CP-D with cocatalyst showed a noticeable decrease,

while N-CP-A showed no difference with or without cocatalyst (inset of Figure 5.29b). Combining the

results for the corresponding holes (Figure 5.30 (a) and (b)), the enhanced electron delivery over N-CP-

D was determined. Moreover, we employed time-resolved photoluminescence (TR-PL) spectroscopy to

gain insight into the subsequent process of electrons transfer from the cocatalyst to CO2 (see Methods for
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experimental details). For both N-CP-D (Figure 5.29c) and L-CP-D (inset of Figure 5.29c), the average

lifetime of electrons (Table 5.4) in a CO2 atmosphere was significantly shortened compared to that in an

argon atmosphere, which can be attributed to the fact that electrons with a relatively long lifetime (τ2) can

be fast delivered to CO2 via the cocatalyst (Figure 5.31). However, both N-CP-A and L-CP-A in TR-PL

measurements showed no difference between the atmosphere of CO2 and argon due to the weak delivery

(Figure 5.32).

Figure 5.28. Nitrogen adsorption and desorption isotherms of L-CP-D, L-CP-A, N-CP-D and N-CP-A at
77.3 K (filled symbols: adsorption, open symbols: desorption, STP= standard temperature
pressure).
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Figure 5.29. Electron delivery from CPs to cocatalyst for CO2 photoreduction. a, CO2 adsorption ca-
pacities of the CP-D series and CP-A series (inset) at 273.15 K. b, Kinetics of electrons in
transient absorption over N-CP-D with or without cocatalyst under a probe wavelength of
2200 nm. Inset: Kinetics of electrons in transient absorption over N-CP-A with or without
cocatalyst under a probe wavelength of 2500 nm. c, Time-resolved photoluminescence de-
cay of L-CP-D and N-CP-D (inset) under a CO2 or argon atmosphere. d, Charge density
difference of CPs in present and absent of Co (II) bipyridine complexes with the isosurfaces
value of 0.001 e/Å3. yellow and cyan represent charge accumulation and charge depletion,
respectively. The pink, indigo, dark gray and white pink balls represent Co, N, C and H
atoms, respectively. e, Proposed process of electron transfer over the CP-A series and CP-D
series for the CO2 photoreduction reaction.

130



Figure 5.30. Kinetics of electrons in transient absorption over N-CP-D with or without cocatalyst under
a probe wavelength of 525 nm.(a) And kinetics of electrons in transient absorption over
N-CP-A with or without cocatalyst under a probe wavelength of 550 nm.(b)

Figure 5.31. Explanation for the difference in measurement of time-resolved photoluminescence (TR-
PL) in CO2 or Ar over CPs-D series.
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Figure 5.32. Time-resolved photoluminescence (TR-PL) decay of L-CP-A (a) and N-CP-A (b) under a
CO2 or argon atmosphere.

In order to gain a deeper insight into the built-in intermolecular cascaded channels between CPs and

Co (II) bipyridine complexes, the charge distribution analysis and charge density difference (Figure 5.29d

and Figure 5.33 and 5.34) of before and after adsorption of Co (II) bipyridine complexes over L-CP-D

(0.12 e) and L-CP-A (0.07 e) were used to figure out that more charges were delivered from the CP-D

series to the adsorbed Co (II) bipyridine complexes than that of CP-A series. It indicates that the CP-A

series in presence of alkynyl facilitate its intramolecular charge mobility, while the CP-D series in absence

of promote its intermolecular cascading ability with the Co (II) bipyridine complexes. Therefore, we can

rationally propose that the CO2 photoreduction over CPs was promoted by the built-in intermolecular

cascaded channels, as shown in Figure 5.29e. When using the CP-A series, the photoelectrons were

generated and quickly transferred to the other part of the CPs in the presence of alkynyl groups as the

bridge. Since the electrons were distributed throughout the CPs, it was difficult to be delivered to the

cocatalyst through the weak intermolecular π-π interactions in CP-A series. In contrast, by eliminating

the alkynyl group, the CP-D series could prevent photoexcited electrons from transferring to other parts of

CPs due to lack of intramolecular charge-transfer bridges. An intermolecular cascaded channel could be

built via the enhanced π-electronic cloud interactions between CPs and cocatalyst to ensure the delivery of

photoexcited electrons. As a result, a cascaded electron supply though the above intermolecular channel

were fast delivered to the metal center of the cocatalyst, working out the most critical challenge in the

oriented electron delivery from CPs to cocatalyst and achieves the efficient π-conjugation system for CO2

photoreduction (Figure 5.35).[12]
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Figure 5.33. Spin density of (a) Co(bpy)2
2+/L-CP-D and (b) Co(bpy)2

2+/L-CP-A, with isosurfaces value
of 0.005 e/Å3. yellow and cyan represent spin up and spin down, respectively. The pink,
indigo, dark gray and white pink balls represent Co, N, C and H atoms, respectively.

Figure 5.34. Countercharge density distribution in Co (II) bipyridine complexes/L-CP-D and Co (II)
bipyridine complexes /L-CP-A, before and after Co (II) bipyridine complexes.
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Figure 5.35. Mechanism of two-step CO2 photoreduction depended on enhanced delivery of electrons
in CPs D series system.

5.4 Conclusion

The efficient CO2 photoreduction reaction eagerly relies on the construction of intermolecular cascaded

channels, which maintains the photoelectrons flow through the active site to the CO2 molecule. The path-

way towards engendering the electron delivery to catalytic sites remains a challenging endeavor. Here,

we found that an intermolecular cascaded channel for the electron delivery can be stablished through

the modification of intramolecular and intermolecular π-π conjugation. Encouragingly, with the strategy

of utilizing the Suzuki-Miyaura coupling instead of Sonogashira-Hagihara coupling to modify both in-

tramolecular conjugation and intermolecular interaction of CPs, the photoelectrons generated from the

pyrene part were localized on the benzene part of CPs, which in turn deliver the photoelectrons faster to

Co (II) bipyridine complexes through the intermolecular cascaded channel. The current work reported di-

rectly connected net-like CPs systems exhibits highest CO evolution activity of 2247 µmolg−1h−1 with an

apparent quantum efficiency exceeds 3.39% among all reported CPs and most considerable enhancement

of 138-times compared to unmodified CPs (N-CP-A) in CO2 photoreduction with adding Co (II) bipyri-

dine complexes as cocatalyst. From the theoretical calculations and transient spectroscopy techniques,

this high efficiency could be attribute to the intermolecular cascaded channels built by modification of

π-conjugation in CPs. In addition, this strategy constructs a reliable system of CO2 photoreduction over

CPs via smart engineering in molecular level, which figures out the most critical challenge in the ori-
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ented electron delivery as well as providing a viable route for designing high-efficiency polymers-based

systems of CO2 photoreduction.
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Chapter 6 . General conclusion and future
prospects

6.1 General conclusion

In this dissertation, the carrier dynamics in photocatalytic materials were evaluated using ultra-fast

spectroscopy. I selected and analyzed SrTiO3, a typical oxide photocatalyst, and a recently reported con-

jugated polymer photocatalyst as model materials. For SrTiO3, the effect of La, Cr doping for the visible

light response, and the loading of Pt cocatalyst for high hydrogen evolution, on the carrier dynamics in

SrTiO3 were evaluated. In the conjugated polymer photocatalyst, by focusing on the bonding state be-

tween component molecules and used various ultra-fast spectroscopy, the transfer process of the electrons

generated in the photocatalyst was clarified and the reasonable mechanism of carbon dioxide reduction

reaction has been proposed.

In Chapter 2, the measurement principle of transient absorption spectroscopy used in this study was

explained. The set-up and configuration of the ns-ms transient absorption spectrometer composed of an

Nd: YAG laser and Xe lump, and the ps-ns transient absorption spectrometer composed of the femtosec-

ond titanium sapphire laser with a regenerative amplifier were introduced. In addition, some analysis

methods of the obtained data were introduced, and the validity of the fitting method considering fractal

kinetics mainly applied over the ns-ms transient absorption spectrometer in this study was explained.

In Chapter 3, the transient absorption measurement has been performed over La, Cr doped SrTiO3,

aimed at achieving a visible light response by using the ns-ms transient absorption spectrometer. In the

transient absorption spectrum of undoped SrTiO3, a signal derived from photo-generated holes were ob-

served in the entire visible light range. After La doping, a signal derived from photo-generated electrons

and holes were simultaneously observed in the visible light range. This suggests that the impurity level

of La formed in the conduction band can capture electrons, which contributes to a longer lifetime of pho-

toexcited carriers. Therefore, La doping was shown to be useful for improving the photocatalytic activity

of SrTiO3. Conversely, in the case of Cr doping, the transient absorption spectrum drastically changed

because of the impurity level in the band gap formed by Cr, resulting in the transient signal derived from

electron in the visible light region. Interestingly, from the transient absorption spectrum after Cr doping,

the signal derived from holes originally observed in SrTiO3 could not be observed. This is probably

due to the fact that most of the carriers excited by ultraviolet light are from Cr impurity band, and these

carriers have poor reactivity and short lifetime, so that the photocatalytic activity in the entire UV and

visible region has been greatly reduced. Based on these results, in designing an oxide semiconductor

with a higher photocatalytic activity while maintaining the high photocatalytic activity inherent in the
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oxide semiconductor, it is not the impurity level in the band gap, but the impurity in the conduction band

plays an important role. The hybridizing of the levels in the conduction band is expected to improve the

photocatalytic activity in the entire ultraviolet and visible regions.

In Chapter 4, the transient absorption spectrum of SrTiO3 loaded with Pt cocatalysts was measured by

using the ns-µs transient absorption spectrometer. In the case of SrTiO3 without Pt loading, the transient

signal derived from photo-generated holes locates around 765 nm. This signal derived from holes is mea-

sured by changing the loading amount of Pt cocatalyst, and the decay constant is calculated by fitting in

consideration of fractal kinetics. It was shown that the decay constant increased linearly with the increase

in the Pt loading amount in N2 and O2 atmosphere. Furthermore by comparing to increasing rate of decay

constant in Ni cocatalyst, Pt cocatalyst obviously accelerate the recombination of photogenerated charge

carriers. These results indicate that the Pt cocatalysts is trapping holes on the measured time scale, which

is different from the previously proposed dynamics in which only electrons move and participate in the

reaction. In addition, the increasing recombination ratio retard in the presence of MeOH vapor as hole

scavenger, which indicate that Pt would not act as recombination center with sacrificial reagents. Thus,

Pt loaded SrTiO3 exhibit outstanding photocatalytic hydrogen evolution performance among inorganic

semiconductor. Furthermore, the measurement results of the ps-ns transient absorption spectrum con-

firmed that holes generated near the surface were trapped by the Pt cocatalyst within 400 ps. Thus, in

the case of a noble metal cocatalyst such as a Pt cocatalyst, which owns a broad density of state capable

of covering valence band and conduction band of an oxide semiconductor, the cocatalyst might function

as a recombination center without any sacrificial reagents. In order to achieve the efficient overall water

splitting, it is highly desired to design the cocatalyst with the feature of localized density of state and

favorable hydrogen absorption/desorption energy.

In Chapter 5, the behavior of photo- generated electrons in a conjugated polymer photocatalyst is

analyzed using ps-ns transient absorption spectrum, time-resolved microwave conductivity, and time-

resolved PL spectroscopy. The process of charge transfer to carbon dioxide was discussed. From the

results of time-resolved microwave spectroscopy measurement, it was found that when the alkynyl C-

C bond constructs the conjugated polymer, the photoexcitation electrons are delocalized and have high

mobility. Whereas the mobility of photoexcited electrons is comparably low in a conjugated polymer

connected by a C-C single bond. It is predicted that this electron localization greatly assists the elec-

tron transfer from the conjugated polymer to the cocatalyst molecule due to strong interaction, and the

results of ps-ns transient absorption spectroscopy show that the delocalized electrons unlikely transfer

to cocatalyst, whereas conjugated polymers with localized electron start charge transfer within ∼5 ps.

Furthermore, time-resolved PL spectroscopy measurement has performed in the presence and absence of

carbon dioxide. It was observed that the decay rate of photo luminescence was drastically accelerated by

consuming electrons in the carbon dioxide reduction reaction. It is obvious that elucidating the electron

transfer process in the conjugated polymer will help to design a useful material among the conjugated

polymers.
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6.2 Future prospects

The ultra-fast spectroscopy allows us to observe the temporal event in the photoexcited state of pho-

tocatalytic materials such as oxide semiconductor and conjugated polymer photocatalysts, photovoltaic

materials, photosynthetic reaction mechanisms in plants that contribute to solving environmental and

energy issues. By analyzing these photoexcited state behavior, it is possible to elucidate unknown mech-

anisms, discover new high-speed optical functions, or achieve higher functions. However, these ultra-fast

spectroscopic experiments are not widely used, and research on understanding photocatalytic reactions

is not sufficient. Mentioning about the transient absorption spectroscopy, the choice of taking the time

difference ∆t between the pump light and the probe light must be made either optical delay or electrical

trigger. In the case of optical delay for the time differentials, measurements can be made at the time res-

olution of fs-ps, but the time differentials must be adjusted by an optical delay path. For example, since

light travels 300 mm during 1 ns, an extremely long optical delay path (1.5 m) is needed to obtain a 10 ns

delay. When applying electrical trigger for the delay, the electrical signal is relatively slower than optical

signal that the response speed of the signal amplifier cannot keep up with it, resulting in a time resolution

of a few ns at most. While electrical trigger enable the time difference up to laser frequency. Therefore,

the 3-20 ns range is used to be a blank range that disable to measure seamlessly thought fs-ms. In 2016,

a computational technique called the Random Interleaved Pulse Train method (RIPT) is establishing a

transient absorption spectroscopy that covers this blank range.[1] However, it is still difficult to apply it

to home build TA set up. One of the advantages of the home build set-up, not only for transient absorp-

tion spectroscopy, the selection of sample holders is relatively free, it is possible to measure the in situ

ultra-fast phenomena such as photoelectrochemical reactions with applying voltage, photocatalytic CO2

reduction reaction under CO2 gas flow and photocatalytic nitrogen fixation with N2 gas flow in H2O. It is

expected that these in situ ultra-fast spectroscopy methods will be actively researched in the future.
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に心より御礼を申し上げます。同じく副査として本論文を審査して頂いきました　佐田和己教授、

忠永清治教授、白幡直人教授には、論文作成にあたり詳しく御検討いただき、貴重な御教示を賜り

ました。ここに深く感謝いたします。葉金花研究室では、先輩・同期・後輩関係なく、研究室の皆

さまから、研究を進めるにあたって様々な御支援を頂きました。特に、研究のみならず多岐にわた

りご指導を賜りました加古哲也博士に深く感謝いたします。超高速分光を測定するにあたって共同

研究を快く引き受けてくださり、御指導・助言を賜りました Leibniz Universität Hannoverの Detlef

W. Bahnemann教授、Fabian Sieland博士、物質・材料研究機構、機能性材料研究拠点の和田芳樹博

士に深く感謝いたします。

最後に、両親には今日に至るまでの長い間、円滑に研究を行うことができる環境を整えて頂きま

した。以上の方々に、深く謝意を表します。

2020年 9月市原　文彦
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