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Abstract 

During the development of industries and technologies, energy consumption is sharply 

increasing in the recent hundred years. Solar energy is considered to be one of the potential 

renewable energy sources. The utilizations of solar energy are classified as photothermal, 

photocatalytic, and photovoltaic. With fossil energy consumption, the emission of carbon 

dioxide is also corresponding to growth. Hydrogen with the advantages of clean energy and 

environmentally friendly has been widely studied. Photocatalytic hydrogen generation is 

realized by photocatalysts under light illumination. In this thesis, loading narrow bandgap 

semiconductors as a light sensitizer inside hollow multi-shelled structures provides a way to 

improve photocatalytic activity. To improve photocatalytic efficiency, heterogeneous interfaces 

are constructed to improve charges separation. Design and synthesis of heterogeneous 

interfaces between TiO2 hollow multi-shelled structures and MAPbI3 perovskite were carried 

out in the first. Then the MAPbI3/Pt/TiO2 composites were applied in the photocatalytic 

hydrogen evolution reaction. The impacts of morphology and heterogeneous interfaces of 

photocatalysts on photocatalytic performance have been studied. Besides, to optimize electron 

transfer from MAPbI3 to TiO2 surface, the different phase ratios of anatase and rutile were 

synthesized and used for photocatalytic reaction. The following are the main contents in detail: 

(1) In the past decade, numerous studies have been made on the design and synthesis of hollow 

structures, including different compositions and geometric characteristics. The synthesis of 

hollow structures by sequential templating approach (STA) is universal and widely applicable, 

especially in hollow multi-shelled structures. The pretreatment of carbonaceous microspheres 

is a very important step in the STA synthesis process. The pretreatment process affects the 

surface morphology and the surface groups of carbonaceous microspheres. In this chapter, the 

pretreatment of carbonaceous microspheres by ethanol was studied. With the prolongation of 

pretreatment time, the pore size of the carbon sphere increases. Turning the adsorption duration 

time, pretreatment duration time, and heating rate can control the shells number of TiO2. And 

the morphology and phase of obtained TiO2 HoMSs samples were characterized by XRD, 

Raman, XPS, TEM, and SEM. Besides, the composite photocatalysts of methylammonium lead 

iodide perovskite (MAPbI3) within TiO2 hollow multi-shelled structures (HoMSs) were 

designed and synthesized. 

(2) Interfacial photogenerated charge separation and transport have been demonstrated as a 

great impactor on photocatalytic performance. The results indicate that the heterogenous 
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interface of MAPbI3/TiO2-HoMSs can efficiently promote the separation of photogenerated 

carriers. Thanks to the thin shell structure, it can also reduce the transmission distance of the 

carriers to reduce the charge recombination and improve the charge utilization. Additionally, 

HoMSs assembled with multiple shells can support abundant available surfaces for building 

heterogeneous interfaces and photocatalytic reactions. As a result, samples of 

MAPbI3/Pt/triple-shelled TiO2 hollow structure displayed an H2 evolution rate of 6856.2 μmol 

h-1 g-1 under visible-light illumination, which is much faster than that of Pt/MAPbI3 (268.6 

μmol h-1 g-1).  

(3) Optimizing electrons transfer is contributed to improving photocatalytic performance in 

hydrogen evolution. The electrons transfer pathways of MAPbI3/Pt/TiO2 HoMSs include 

MAPbI3 bulk, interfaces of MAPbI3 and TiO2 HoMSs, TiO2 bulk, interfaces of TiO2 and 

cocatalyst. Rutile TiO2 and anatase TiO2 show differences in interface transfer and TiO2 bulk 

transfer. To investigate the influence of rutile TiO2 and anatase TiO2 on electrons transfer, the 

different anatase ratios of TiO2 are synthesized by calcined at different temperatures. The 

contrast of electrons transport between anatase and rutile was characterized by EIS, transient 

photocurrent response, and linear sweep voltammetry method. The experimental results prove 

that electrons transfer in MAPbI3/anatase is faster than MAPbI3/rutile. MAPbI3/anatase 

possesses smaller transfer resistance and higher transient photocurrent value. Compared with 

the faster interface transport, the faster bulk transport in anatase is possibly beneficial to 

improving performance.  
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CHAPTER 1. 

Introduction 

1.1 Overview of Photocatalytic Water Splitting 

1.1.1 Background 

The shortage of energy is one of the major problems that humans facing now while energy 

consumption is sharply increased during the recent one hundred years. Traditional non-

renewable energy, such as coal, gasoline, and natural gas, is insufficient to meet the needs of 

social progress and development. At the same time, emissions generated from conventional 

resources are polluting the climate and environment. The development of clean and renewable 

energy is the key to solving the ever-increasing demand for energy. Clean energy provides an 

effective way to solve the environmental pollution caused by the burning of fossil fuels. Clean 

and renewable energy includes six categories, such as wind power, solar energy, geothermal 

energy, ocean energy, hydropower, and biomass-waste energy. Solar power is extensively 

accepted as a sustainable, continuous, and renewable clean energy that can satisfy the needs 

of mankind at present and in the future. Therefore, the efficient use of solar energy is 

necessary. 

Sunlight has been utilized as thermal (heat engine or process heating), photochemical 

(photosynthesis), and photophysical (photovoltaic).1 Photo chemically applications include 

photocatalytic chemical synthesis, photosynthesis, photocatalytic carbon reduction, and 

photocatalytic water splitting. Despite the natural photosynthesis-inspired photocatalysis,2 

there are some differences between photosynthesis and photocatalysis. In a general way, a 

material drives a thermodynamic increase reaction by light as energy force (positive Gibbs 

free energy change, ∆G > 0), this process is defined as photosynthesis. When photons 

participate in the reaction process as a reactant, the material is defined as a "photocatalyst". 

At the same time, the photocatalyst after light illumination changes the kinetics of the reaction 

instead of changing the thermodynamics of the reaction.3 The concept of catalyst is defined 

as a material able to produce chemical transformations of the reaction partners after 
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absorption of light by “the International Union of Pure and Applied Chemistry”.  

Photocatalytic water-splitting is known as an effective way to ameliorate both the shortage of 

non-renewable resources and environmental pollution problems. According to different 

photocatalysts, hydrogen or oxygen or both will generate after the photocatalytic water-

splitting process. Hence, three kinds of splitting situations in the research may happen, 

including hydrogen evolution reaction (HER), oxygen evolution reaction (OER), and overall 

water splitting (OWS). Hydrogen is known as a higher heating value of combustion fuel and 

clean energy. The bond strength of the H-H bond is about 435 kJ·mol-1 in the diatomic 

molecule.4 Owing to the higher heating value of combustion, hydrogen has been applied in 

many fields, including spacecraft, fuel cell cars, and generating electricity. Hence, hydrogen 

will become the most potential energy in the future because of its environmental and friendly, 

renewable, and higher heating value of combustion advantages. 

1.1.2 The Principle of Photocatalytic Water-Splitting 

In 1972, Akira Fujishima and Kenichi Honda have reported a paper in Nature about water 

splitting.5 The experiment results indicated that the OER occurs at the TiO2 electrode and 

HER at the platinum black electrode when illuminated in ultraviolet light. The water splitting 

reaction equation is as follows: 

𝑇𝑖𝑂2 + 2ℎ𝑣 → 2𝑒− + 2ℎ+                                                                                                     (1) 

OER: H2O + 2(h+) → O2 + 2H+                           Eox = −1.23 𝑒𝑉 𝑓𝑜𝑟 𝑝𝐻 = 0         (2) 

HER: 2H+ + 2e− → H2                                              Ered = 0.0 𝑒𝑉                                   (3) 

Overall reaction: H2O → 1
2⁄ O2 + H2     ∆G = 237 kJ · mol−1  Eoverall = 1.23 eV  (4) 

The water-splitting process is a process of uphill Gibbs free energy change. In the following 

research, the reactions principle of HER and OER has been confirmed. Figure 1.1 shows the 

relationship between semiconductor band position and reaction energy position.6 In the HER 

process, the conduction band minimum potential of catalyst is a more negative potential than 

H+/H2 hydrogen reduction potential (Ered = 0 − 0.059 pH, V versus NHE). In the OER process, 

the valence band maximum potential of catalyst is more positive than the oxygen oxidation 

potential (Ered =1.23 − 0.059 pH, V versus NHE). And in the OWS process, the energy band 

is required to meet both HER and OER. When the light is absorbed by a photocatalyst, the 

electrons are transferred to the conduction band (CB) and holes are generated in the valance 

band (VB). The holes in the VB combine with water to generate oxygen and hydrogen ions. 
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The excited electrons in the CB combine with hydrogen ions to generate hydrogen. 

 

Figure 1.1 The band position and electrochemical potentials of ideal photocatalysts splitting 

water under light illumination are represented by the absolute energy scale. Left axis for Ecb 

and Evb and the electrochemical potentials for qE°.6 

1.1.3 Main Processes of Photocatalytic HER 

During photocatalytic research of past decades, the photocatalytic water splitting processes 

are gradually cleared and corresponding optimization strategies are constantly put forward. 

The main processes of photocatalytic OWS are shown in figure 1.2.7 In the first step, light is 

captured by a photocatalyst then excited charges are generated. Next, the excited 

photogenerated electrons and holes are separated and transferred into the photocatalyst 

surface reactive sites or cocatalyst. The partial excited electrons and holes may recombine in 

the bulk or defects. In the end, the electrons and holes participate chemical HER and OER in 

the photocatalyst surface or co-catalyst. Hence, the influence factors of photocatalytic activity 

mainly include light absorption, charges separation and transfer, and surface chemical 

reactions. 

1.1.4 Performance Evaluation Parameters 

The performance evaluation parameters mainly include hydrogen evolution volume 

(hydrogen evaluation rate), splitting efficiency, apparent quantum efficiency (AQE), and 
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photocatalysts stability. The hydrogen evolution volume, splitting efficiency, and apparent 

quantum efficiency (AQE) are used to evaluate photocatalytic activity. Besides photocatalytic 

activity and AQE, the excellent photocatalysts should have preeminent long-term steady H2 

and/or O2 photocatalytic performance. To measure the stability of photocatalysts, 

repeatability test or long-term experiments is always necessary.8 

 

Figure 1.2 Schematic illustration of the main processes of the OWS reaction.7 

1.2 Photocatalytic HER Performance Optimization Strategies 

1.2.1 Light Absorption Optimization Strategies 

According to literature reported,9 the quantum efficiency approaches to 100 % when 

absorption range up to 400 nm, the solar-to-hydrogen conversion efficiency (STH) is limited 

to 2 % in theory. But when absorption range up to 700 nm or 1000 nm and quantum efficiency 

up to 100 %, the theoretically limited solar-to-hydrogen conversion efficiency is 25 % or 

47 %. Hence, enhancing light wavelength absorption range (up to visible light) is beneficial 

to obtaining higher STH. But many oxides semiconductor photocatalysts cannot meet the 

appropriate more negative CB for hydrogen reaction and lower bandgap to adsorb visible 

light as shown in the figure 1.3A. Therefore, to achieve better HER performance, narrow 

bandgap photocatalysts with a wide light absorption wavelength range have been studied. Up 

to now, there are many strategies applied to improve light absorption wavelength range, such 

as nonmetal doping,10-11 mental doping,12-14 solid solutions,15-16 dye sensitization,17 localized 

surface plasmon resonance effect,18 quantum confinement effect,19 Z-Scheme 

configurations,20-22 and corresponding principles is shown in the figure 1.3.9  
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The nonmetal doping strategy is realized through doping nonmetal elements, such as nitrogen, 

sulfur, and halogen.23 As shown in figure 1.3B, the hybridization of nonmetallic elements 

with valence bands makes the VB closer to the CB. Different from nonmetal doping, metal 

doping is also widely applied in enhancing visible light absorption by narrowing bandgap. 

The principle of bandgap variation of photocatalysts doped by metal elements is different 

from photocatalysts doped by nonmetal elements. The metal doping strategy is carried out by 

creating impurity levels in the forbidden band of the semiconductor.8 It is worth noting that 

catalysts doped by metal also present valence band potential variation, such as copper.24 But 

the variation mechanism of valence band doped by metal elements is different from 

nonmetallic elements doping. In the metal doping strategies, there is a donor level above the 

original valence band in the forbidden band as shown in figure 1.3C. Similar to the donor 

lever, narrowing the bandgap may cause by an acceptor level below the original conduction 

band in the forbidden band after being doped with metal elements. The solid solution strategy 

always needs two kinds of semiconductors with a narrow bandgap and a wide bandgap as 

shown in the figure 1.3D. The orbital hybridizations between different atoms come from two 

kinds of semiconductors with narrow bandgap.15 the bandgap width and valence/ conduction 

band position can be controlled by changing the proportion of the wide bandgap 

semiconductor and the narrow semiconductor.25 

The dye sensitization strategy is inspired by dye-sensitized solar cells reported by Michael 

Grätzel in 1991.26 In the dye-sensitized solar cells, the dye as a light sensitization adsorbs 

visible light to generate photoelectrons. The photoelectrons transfer into semiconductor CB 

from dye CB as shown in figure 1.3E. Reasonable values of VB and CB are required for this 

strategy. Similar to the dye sensitization strategy, the quantum confinement effect also 

possesses a semblable transfer pathway of electrons. The quantum dot plays a role of light 

sensitizer for visible light. The photoelectrons transfer into the CB of wide bandgap 

semiconductor from the VB of the quantum dot as shown in figure 1.3G. The localized surface 

plasmon resonance effect is defined as a phenomenon that the absorption band generated 

while the incident photon frequency resonates with the collective oscillation of the electrons 

in the conduction band.27 The electrons derived from nano particles inject into the CB of wide 

bandgap semiconductor then participated in the next reaction as shown in figure 1.3F. The Z-

scheme configuration is constructed by two narrow bandgap photocatalysts as shown in figure 

1.3H. When the semiconductor type II is illuminated under visible-light, the photogenerated 

electrons are excited to the CB of type II and then transfer into the VB of the semiconductor 
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Figure 1.3 Schematics energy band adjusted by optimization strategies: (A) Catalysts with a 

wide bandgap, (B) Nonmetallic doping, (C) Metal doping, (D) Solid solution, (E) Dye 

sensitization, (F) Surface plasmon resonance, (G) Quantum confinement effect, and (H) Z-

scheme configuration.9 

type I. Meanwhile, the electrons in the VB of semiconductor type I are excited into CB of 

semiconductor type I under visible light. The electrons are rich in the CB of semiconductor 

type I and the holes are rich in the VB of semiconductor type II.28 This kind of configuration 

promotes effective charges separation and suppresses recombination.29 
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1.2.2 Charges Separation and Transfer Optimization Strategies. 

The photogenerated charge separation and transfer process are very important for efficient 

photocatalysts. During the past decades, there are mainly five kinds of strategies for 

optimizing charges utilization, including facet control,30-31 creating junctions,32 defect 

engineering,33 cocatalyst loading,34 short charge carrier transfer distances.35  

(1) Controlling crystal facets 

The crystal facet control resulting in surface atom structure can tune electronic band structure, 

surface redox sites, surface free energy, reactant adsorption, product desorption, and charge 

transfer and separation.36 Generally speaking, ferroelectric field or/and polar surface 

terminations in semiconductors build an internal electric field through band bending between 

different Fermi levels. The internal electric fields in the semiconductor drive photoinduced 

charges in different directions and lead to the fast separation of photogenerated electrons and 

holes.37 A research about BiOCl single-crystalline nanosheets exposed with different facets is 

reported as shown in figure 1.4A.38 the direction of internal electric fields are parallel to the 

(010) facet of nanosheets BOC and perpendicular to the (001) facet of BOC. The internal 

electric field in the (001) facet of BOC is facilitating electrons transport and transfer with a 

shorter diffusion distance.  

(2) Constructing junctions 

The fabrication of junctions is an effective and common strategy for charges separation and 

transfer. Although many heterojunctions (Schottky junction, Z-scheme heterojunction, type I 

heterojunction, type II heterojunction, p-n heterojunction, and S-scheme heterojunction) have 

been developed, the different junctions have one thing in common. The electrons generated 

from one semiconductor transfer into another semiconductor.39 Hence, the junctions are 

beneficial to electrons separation and depress recombination. The fabrication of junctions 

discusses detailly in the next 1.2.4 section. 

(3) Creating engineering 

The defects engineering is more complex compared with other strategies. The defects or 

impurity states are usually the recombination center in the electron transfer process. The 

enhancing crystallinity steps through calcined in a special atmosphere or reducing impurities 

in the semiconductor are effective methods.40 For example, the photocatalytic HER activity 

of g-C3N4 is reduced by defects as shown in the figure 1.4B.41 The two types of defects (above 
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VBM and below CBM of g-C3N4) provide recombination sites that reduce the concentration 

of electrons and holes. But in some situations, introducing defects can improve HER 

performance because shallow trapping sites defects improve charge separation.42 

(4) Shortening transfer distance 

Except for the defect traps and charges separation driving force, the charges transfer distance 

affects whether the charges can transfer from bulk to surface before quencher. The effective 

method is to shorter the charges transfer distance from the bulk to the surface. The different 

semiconductor materials have different diffusion lengths for electrons and holes. For example, 

the electrons diffusion length of hybrid perovskite MAPbI3 materials is almost 1 

micrometer.44 As shown in the figure 1.4C, if the radius of MAPbI3 materials (R) is smaller 

than the diffusion length (LD, 1 micrometer), the electrons can transfer from center to surface. 

In contrast, the radius of MAPbI3 materials is larger than 1 micrometer, and the electrons

 

Figure 1.4 Illustration of the effects of optimization strategies on charges separation and 

transfer: (A) The internal electric field of the BOC single-crystalline nanosheets;38 (B) Effect 

of defects on energy alignment of g-C3N4;
41 (C) Effect of particle sizes on charges transfer, 

LD presents diffusion length and R presents radius of the particle; (D) Schematic band energy 

level diagram of Pt/TiO2 photocatalyst.43  
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generated in the center of materials cannot transfer to the surface. It is worth noting that an 

extremely smaller size of particles possibly absorbing insufficient light causes reducing the 

number of photogenerated charges. Hence, applying the two-dimensional materials and 

hollow structures materials as photocatalysts have been attracts researcher’s attention.45-46 

(5) Loading cocatalysts 

Loading cocatalysts on photocatalysts as reactive sites is one of the optimization strategies. 

The cocatalysts include noble metal cocatalysts (Au, Pd, Pt)47-49 and noble metal cocatalysts 

(Fe, Co, Ni, Cu).43, 50-51 The cocatalyst offers trapping sites for the photogenerated electrons 

in reducing cocatalyst or holes in oxidizing cocatalyst. The trapping sites promote the charges 

separation and then enhance apparent quantum efficiency. For example, when cocatalyst Pt 

is deposited on TiO2 photocatalyst, the photogenerated electrons are trapped by Pt cocatalyst 

because the Fermi energy level of Pt cocatalyst is below the conduction band of TiO2 

photocatalyst as shown in the figure 1.4D.34, 43 Therefore, loading cocatalysts can promote 

charges separation and depress photogenerated charges recombination. 

1.2.3 Surface Reactions Optimization Strategies 

The photogenerated electrons and holes take part in photocatalytic reactions on the surface of 

photocatalysts. The forward photocatalytic water splitting can generate H2 and O2. At the 

same time, there is a possibility that the generated H2 and O2 react rapidly on the surface of 

cocatalyst.52-53 The backward reaction is satisfied the thermodynamic conditions of the 

generation of H2O.53 Therefore, the H2O can be obtained in the backward reaction from 

gaseous H2 and O2. Hence, to depress backward reaction, there are three strategies promoted 

to solve this situation, including loading cocatalysts, surface modification, and morphology 

design. 

The loading cocatalysts strategy is beneficial to accelerate the surface chemical reaction. The 

cocatalysts can reduce the activation energy when cocatalysts catalyze the reactions as shown 

in figure 1.5A.34 Loading of oxidizing cocatalyst on the photocatalyst reduces the activation 

energy (Ea) of the water oxidation process.34 For the surface modification strategies, the 

surface can be modified by organic groups or compounds such as semiconductor polymer, 

elementary substance, and metal oxide. The surface modified by organic groups is beneficial 

to the desorption of generated gases from the surface.54 While modifying the surface by 

compounds forms a core-shell-like structure which presents contact between cocatalysts and 

generated gases.55-57 For example, The iodine was adsorbed on the surface of cocatalyst Pt as 
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shown in figure 1.5B.52 The shell layer of iodine formed on the Pt surface suppresses 

backward reaction because the Pt cocatalysts surface is untouchable. 

 

Figure 1.5 Illustration of surface reactions optimization strategies: (A) Effect of oxidation 

cocatalyst on activation energy;34 (B) Depress backward reaction by iodine layer.52 

1.3 Design of HER Photocatalysts 

1.3.1 Composition Design of Photocatalyst 

The heterojunctions have been used as an efficient method for optimizing light absorption, 

charges separation and transfer. There are mainly four kinds of heterojunctions, including 

type-I heterojunctions, type-II heterojunctions, all solid-state Z-scheme, and direct Z-scheme 

heterojunctions as shown in the figure 1.6.58  

The band diagram of type-I heterojunction photocatalyst is constructed with a narrow 

bandgap semiconductor and a wide bandgap semiconductor as shown in figure 1.6A. The 

electrons transfer from the conduction band (CB) of semiconductor A to the CB of 

semiconductor B. And the holes transfer from the valence band (VB) of semiconductor A to 

the valence band of semiconductor B. The electrons and holes are accumulated in CB and VB 
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of semiconductor B. But the type-II heterojunction photocatalyst as shown in figure 1.6B, 

shows the CB and VB energy levels of semiconductor A are higher than semiconductor B. 

Compared with type-I heterojunction photocatalyst, the electrons and holes are accumulated 

at two semiconductors. The effective separation of electrons and holes into two 

semiconductors is beneficial to depressing recombination.  

 

Figure 1.6 Schematic illustration of four heterojunction types of photocatalysts: (A) Type-I 

heterojunction; (B) Type-II heterojunction; (C) All-solid-state Z-scheme heterojunction; (D) 

Direct Z-scheme heterojunction.58 

The Z-scheme heterojunctions are classified into two categories, all-solid-state Z-scheme 

heterojunction and direct Z-scheme heterojunction as shown in figure 1.6C and figure 1.6D. 

In the all-solid-state Z-scheme heterojunction, the photogenerated electrons in CB of the 

photocatalytic semiconductor II (PS II) migrate to VB of the photocatalytic semiconductor I 

(PS I) through an electron mediator. Then these electrons in VB of PS I are excited to CB of 

PS I under light illumination. The holes in VB of the PS II participate in the oxidation reaction. 

the electrons in CB of PS I participate in the reduction reaction. The migration pathway of 

direct Z-scheme heterojunction is similar to All-solid-state Z-scheme heterojunction. The 

difference is without an electron mediator in Z-scheme heterojunction. The photogenerated 

electron in CB of the PS II directly migrates to VB of PS I. 
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1.3.2 Morphology Design of Photocatalyst 

Abundant semiconductor materials with different dimensional have been applied in the 

photocatalytic fields, such as zero dimension (0 D), one dimension (1 D), two dimensions (2 

D), and three dimensions (3 D). The different dimensional materials have different properties 

in light capture, charges transfer and surface reaction sites. The zero-dimensional (0 D) 

material such as quantum dot has been summarized in section 1.3.2. And this section 

summarizes the relationship between the morphology of photocatalysts in 1 to 3 dimensions 

and photocatalytic performance. 

(1) One dimensional Photocatalyst 

 

Figure 1.7 Schematic illustration of charges transfer and separation process of 1D p-n 

junctions. 

One dimensional (1D) photocatalysts have been widely researched in photocatalytic HER 

because of their special physicochemical properties and structures. According to different 

shapes, the one-dimensional materials are classified as nanobelts, nanowires, nanorods, 

nanotubes, and corresponding hollow structures.59 The 1D nanomaterials with a big surface 

area expose a mass of reaction active centers which can absorb reactants on the surface of 

photocatalysts. On the other hand, the 1D photocatalyst has a relatively small size compared 

with another two dimensions. In addition, the channel structures of 1D photocatalysts provide 

a transfer pathway for charges.60 Therefore, the reaction active sites and transfer pathway of 
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1D photocatalysts are contributed to charge separation and surface chemical reaction.  

Yu and coworkers have synthesized NiS nanoparticles/CdS nanorod p-n junction 

photocatalysts by hydrothermal method and applied them in HER.61 The proposed schematic 

charges transfer of photocatalyst under visible light and band diagram of p-n junction are 

shown in figure 1.7.61 The p-type NiS particles are located on the surface of n-type CdS 

nanorods and abundant p-n junctions are obtained. The electrons are rich in the CB of CdS 

nanorods and HER is taken in the CdS nanorods’ surface. The electrons in the bulk of CdS 

nanorods are easily transferred to CdS nanorods’ surface because of shorter transfer distance. 

In the results, the NiS nanoparticles deposited on 1D CdS nanorods present excellent HER 

performance.  

(2) Two dimensional Photocatalyst 

The two dimensional (2D) photocatalyst means that the range of charges moves in two 

dimensions. Compared with 1D photocatalysts, the 2D photocatalysts provide an excellent 

supporting platform for cocatalysts loading or mixing with other semiconductors.62 As 

mentioned in the optimization strategies, the fabrication of heterojunctions is beneficial to 

light absorption range, charge separation and transfer. The 2D morphology can expose more 

desired crystalline facets through precise control of synthesis parameters. In addition, the 

thickness of 2D materials can decrease to nanoscale and even atomic level.63 The shorter 

photogenerated charges transfer distance from bulk to surface are greatly reducing the 

possibilities of charges recombination. The 1D/2D heterojunctions combine the advantages 

of 1D and 2D, such as fast charges transfer along with 1D structures and accelerating surface 

reaction by desired crystalline facet.64  

The ultrathin 2D photocatalysts with the thickness of only a few atoms layers (typically less 

than 5 nm) are emerging because of high surface activity, electronic anisotropy, tunable 

energy band structure, and planar conductivity.65 Yang and coworkers prepare 2D/2D g-

C3N4@ZnIn2S4 ultrathin 2D heterojunctions by solvothermal method.66 The research 

compares the difference between 2D/0D heterojunction and 2D/2D heterojunction in the same 

composition. The schematic illustration comparison of contact interfaces for 2D/0D 

heterojunction and 2D/2D heterojunction is shown in the figure 1.8.66 2D/0D sample with 

point contact results a limited photocatalytic HER performance and slow charges transfer 

efficiency. 2D/2D sample with face-to-face contact brings abundant charges transfer 

pathways which promote charges separation and migration and remarkable HER 
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performance.67  

 

Figure 1.8 Schematic illustration comparison of contact interfaces for 2D/0D heterojunction 

and 2D/2D heterojunction.66 

(3) Three dimensional Photocatalyst  

The three dimensional (3D) photocatalysts such as solid spheres, cubic, and columnar-like, 

are investigated in water splitting. Compared with 1D photocatalyst and 2D photocatalyst, 

the transfer pathway of photogenerated carriers in solid 3D photocatalyst is without limited 

routes. Hence, 3D hollow framework structures and hollow structures are gradually 

synthesized with varied methods. Among these hollow structures, hollow multi-shelled 

structures (HoMSs) with a lot of advantages in the photocatalytic field have been studied 

extensively. According to reported literature,68 the HoMSs possesses a big effective surface 

area and loading ability through a few cavities between different shells. In addition, shell 

thickness, layer number, and porosity can be accurately adjusted and controlled. Up to now, 

the HoMSs materials show special advantages, such as light capture ability, charge separation 

and transfer ability, and accelerating surface chemical reaction through abundant exposed 

active sites.68 

ⅰ. Enhancing light capture ability 

The enhancing light capture ability is contributed by light reflection and light scatting. The 

shells in HoMSs materials can enhance the light reflection and increase light absorption. The 

Beer's law can be used to describe the light absorption, as shown in formula 5,45 in where A 

presents absorbance, I0 and I are incident light and transmitted light intensity, respectively. ε 

as the molar absorption coefficient (usually determined by the nature of the material to A 

constant), L is the thickness of the sample, and C is the concentration of a sample (for solid 

materials is a constant). Light absorption can be adjusted to reduce reflection by adjusting the 
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thickness of the material. In other words, hollow materials with thin shells absorb more light 

than solid materials as shown in figure 1.9B.69 

A = −lg
I

I0
= εLC                                                         (5) 

Scattering enhancement is the increase of optical path through the mutual scattering between 

shells of hollow structures as shown in figure 1.9A.69 Different sizes of materials have 

different Rayleigh scattering effects on light.70 The Rayleigh scattering ability of micron-scale 

materials is stronger than that of nanomaterials.71 Compared with solid materials, hollow 

structures have a higher light absorption and light scattering ability. SrTiO3-TiO2 

heterogeneous HoMSs synthesized by sequential template method (STA) has been applied in 

photocatalytic water splitting as shown in figure 1.9D.72 The HER performance is gradually 

improved through the increase of shell number. To further understand the light capture ability 

of multi-shell photoanode microspheres, the time-domain method (FDTD) was used to 

simulate the theoretical light scattering of a series of hollow multi-shell structures.73 The 

simulation and experimental results also prove that the outer double-layer structure of the 

hollow sphere enhances the light scattering and reflection ability.  

ⅱ. Enhancing charges separation and transfer ability 

Charge transport in oxide networks is thought to occur through diffusion, charge capture, 

destrapping within particles, and grain boundaries causing strong limitations on charge 

transport.74 As previously stated, non-radiative recombination of charges during transport 

occurs mainly at grain boundaries, defects, and impurities.75 Thus, non-radiative processes 

can occur at grain boundaries and defects existed inside or outside of the materials. Compared 

with solid material, HoMSs and cavity material reduce the volume defects of the material 

itself and reduce the probability of electron capture.  

Because of the unavoidable charge recombination in the transport processes, the size 

distribution of materials is an important parameter for realizing better photocatalytic activity. 

Reducing the size of photocatalysts can narrow electrons transfer distance. But the 

nanoparticles are easily aggregating into a big cluster. The hollow structure materials with 

thinner shells reduce the charge migration distance and can significantly depress charge 

recombination as shown in figure 1.9B.45 On the other hand, the close-packed subunits 

between different shells of HoMSs are beneficial for charge transfer resistance. The steady 

contacts derived from calcination reduce charge transfer resistance which is proved by the 
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electrochemical impendence spectrum (EIS) of HoMSs materials.73, 76-79 The resistance 

decreases as the number of shells increases. It is generally believed that parallel resistance 

exists in HoMSs between different shells.80 Therefore, the fast charge transfer within shells 

improves the possibility of charges transferred into surface reactions, which is impossibly 

realized by the simple aggregation of nanoparticles.  

 

Figure 1.9 Schematic illustration of advantages of HoMSs for photocatalysis: (A) Enhancing 

light absorption; (B) Charge transfer distance; (C) Surface properties of HoMSs;69 (D) 

Synthesis method and application of SrTiO3-TiO2 HoMSs.72 

ⅲ. Boosting mass transfer ability 

The surface chemical reaction is the main process in photocatalytic HER. The surface 

chemical reaction process includes three parts. In the first, the reactants are adsorbed by 

photocatalysts’ surface and pores. Next, the reactants after the mass transfer process react 
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with charges. In the end, the resultant of reaction and charges desorb into the photocatalytic 

system.81 The mass transfer process is an important influencing factor for high efficient 

photocatalyst. The mass transfer process includes exterior mass transfer and interior mass 

transfer. But the exterior mass transfer can be negligible in a mixing uniformity photocatalytic 

system whether the catalyst is solid nanoparticles or hollow spheres.82 The total mass transfer 

rate is sometimes decided by interior mass transfer resistance. The interior mass transfer 

process depends on what kind of catalyst. The HoMSs material with controllable shell space, 

pore size, and porosity is a wonderful candidate for photocatalysts. For mass transfer, there 

are two advantages of HoMSs materials as shown in the figure 1.9C.69 A larger surface area 

of the HoMSs contributes to improving the absorption process of reactants; The pore size and 

porosity of shells are beneficial to mass transfer across the shells.83 

1.4 Synthesis of Hollow Multi-shelled Structures (HoMSs) 

The HoMSs material has been widely applied in solar cells, catalysts, drug delivery, lithium-

ion batteries (LIBs), and supercapacitors because of a lot of advantages, such as a high 

surface-to-volume ratio, internal cavities with high loading capacity, low volume density, 

lower electrons transfer resistance, shorter transfer distance.84-85 The state-of-the-art synthesis 

methods mainly include hard template method,86 soft template method, self-template method, 

and sequential templating approach.  

1.4.1 Hard Template Method 

HoMSs materials synthesized by hard template method are obtained after taking complex 

multi-step experiments. This method can be applied to synthesize many kinds of materials 

such as metallic oxide and nonmetallic oxide. The multi-step experiments mainly include 

coating steps and removing template steps.86 As shown in figure 1.10, TiO2 HoMSs was 

synthesized by shell-by-shell method.87 In the first, the silica/titania core/shell nanoparticles 

(ST CS NPs) are synthesized by the sol-gel reaction. The ST CS NPs modified by 

polyvinylpyrrolidone (PVP) is chosen as a seed and coated with silicon dioxide (SiO2) by the 

Stober method (tetraethyl orthosilicate (TEOS) as silicon source). The second layer of TiO2 

was synthesized by sol-gel reaction by adding titanium isopropoxide (TTIP). Before 

removing the template, the composite was calcined at a high temperature to increase 

crystalline. To obtain hollow multi-shelled spheres, the SiO2 template was removed by 

etching at NaOH solution. According to different templates used, the template removing 

methods include etching at specific chemicals (acid solution, alkali solution, salt solution, 
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organic solvent) and calcining strategy.87  

 

Figure 1.10 Schematic illustration of TiO2 HoMSs synthesized by shell-by-shell method.87  

1.4.2 Soft Template Method 

The multi-shelled structures synthesized by soft template method are controlled by the surface 

tension of interfaces in the different systems, such as water and oil emulsion, micelle/vesicle, 

and gas bubble.88 Compared with shell-by-shell method, the synthesis process of the soft 

template method is simple. But the categories of HoMSs materials synthesized by soft 

template method are less reported. For example, Wang and coworkers reported the first 

successful synthesis strategy of Cu2O HoMSs in 2007 as shown in figure 1.11.89 The bilayers 

of a vesicle have obvious interfaces and exist as a circle. There are many Br- suspending 

bonds in two sides of the bilayers vesicle originating from cetyltrimethylammonium bromide 

(CTAB). The suspending bonds act as deposition sites for copper ions (Cu2+) through 

electrostatic interaction. The Cu2+ and Br- suspending bond form the Cu−Br bond closing 

with hydrophilic groups of CTAB. The concentration of Cu2+ in bilayers of vesicle is 

gradually increasing and turning into cuprous oxide (Cu2O). After Ostwald ripening process, 

the hollow spheres are obtained. By turning the concentration of CTAB to control the numbers 

of the vesicle, the multi-shelled Cu2O can be synthesized. Except for the concentration of 

surfactant, the number of vesicles is affected by reaction conditions, including solvent, 

temperature, pH value, and additive agents.81 Although the soft template method can 

synthesize HoMSs in one step, the experiment process requires precise control. 
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Figure 1.11 The Schematic illustration of Cu2O HoMSs synthesized by soft template with 

the multi-lamellar vesicle.89 

1.4.3 Self-template Method 

No external templates are required when using the self-template method to synthesize HoMSs. 

Hence, the self-template method is also named as template-free method. The mechanism of 

self-template method primarily includes Kirkendall effect,90 Ostwald ripening effect91, and 

ion exchange effect.92  

The ion exchange effect has been applied as an efficient self-templating strategy to synthesize 

HoMSs. The ion exchange method can control the morphology, porous sizes, and adjustable 

elemental composition of the HoMSs.92 The ion exchange effect is driven by the 

electrochemical potential difference value between two kinds of metals.81 The 

electrochemical potential brings redox reactions in thermodynamics. Hence, one metal is a 

reducing agent and another metal is an oxidizing agent. The Ostwald ripening is defined as a 

dissolved process and redeposited process. The small crystals such as small particles are 

dissolved first and then the dissolved materials are redeposited on larger crystals or particles.81 

The small crystals turn into spherical larger crystals because the spherical crystals have 

minimizing interfacial energy.88 The inside small crystals are generated in the first and then 

the larger crystal is formed on the outside with lower surfaces energies. To reduce the total 

surface energy, the inside small crystals begin to dissolve and redeposit into larger crystals 

size. That is the main reason for hollow structures forming. The Kirkendall effect is applied 
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to the synthesis of HoMSs because of the different diffusion rates of different elemental 

ions.81 Recently, the combination of ion exchange effect and Kirkendall effect are used to 

synthesize AuAg HoMSs.92 These novel strategies for the formation of shell and hollow 

structures are supposed to synthesize more complex HoMSs. 

1.4.4 Sequential Templating Approach (STA) 

 

Figure 1.12 The schematic illustration of HoMSs synthesized by STA.68 

The STA was promoted by professor Dan WANG’s group in 2009 and the STA was defined 

as using a template for rich metal or nonmetal precursors followed by sequential templating 

multiple times in a one-step annealing process 93 The synthesis of HoMSs by STA requires 

two prerequisites as shown in the figure 1.12.68 The first one is the deep penetration depth of 

precursors located inside of the templates. The corresponding radial concentration 

distribution of precursors is named Cr. The second prerequisite is that the template removing 

rate (Rtr) suits the shell forming rate (Rsf). If Rsf is much less than Rtr, the results will obtain 

dispersed nanoparticles. In contrast, if Rsf is much larger than Rtr, porous microspheres will 

obtain. During the past decade, STA has achieved tremendous advances in both HoMSs 

synthesis and application. Turning precursor concentration,76, 93 heating rate,79 adsorption 

duration and temperature,77, 94 hydrothermal adsorption95, and pretreatment of carbonaceous 

spheres96 can affect the morphology of HoMSs. 

1.5 Motivation and Significance of the Topic 
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Water splitting by solar energy is a green technology. The design of photocatalysts is 

important for water splitting performance. HoMSs materials have been widely studied in 

recent years because of a lot of advantages in solar energy conversion. The HoMSs materials 

such as SrTiO3-TiO2 HoMSs,72 TiO2-CuxO HoMSs,97 SrTiO3 HoMSs 35 have been applied in 

the photocatalytic field and present wonderful performance. Hence, the further design of 

HoMSs photocatalysts is essential. 

In the synthesis of HoMSs part, the synthesis strategies of HoMSs materials by sequential 

templating approach (STA) have been summarized.85 Turning precursor concentration,76, 93 

heating rate,79 adsorption duration and temperature,77, 94 hydrothermal adsorption95 and 

pretreatment of carbonaceous spheres96 can affect the morphology of HoMSs. The 

carbonaceous spheres (CMSs) are chosen as a template to adsorb precursor solution in STA. 

Adsorbing depth inside carbonaceous spheres is important for the formation of HoMSs. The 

adsorbed carbonaceous spheres are calcined in the muffle furnace with a fixed heating rate 

and keep for a few hours at a constant temperature. The HoMSs is gradually formed as the 

temperature increasing and the burning of the carbonaceous template. The precursor adsorbed 

in carbonaceous spheres is turning into oxide in the air atmosphere. If there is no more 

precursor in the deep inside the carbon sphere, the HoMSs with three shells or more is difficult 

to obtain. Based on the above thought, increasing adsorption depth inside of carbonaceous 

spheres is beneficial to get HoMSs with three shells or more.  

The halide inorganic-organic perovskite (named hybrid perovskite) materials attract more 

attention because of the adjustable band gap and longer carrier diffusion length.98 As we all 

know, hybrid perovskite materials cannot be stable in a moisture environment. But in 2007, 

Ki Tae Nam and coworkers propose a strategy for stable methylammonium lead iodide in 

hydroiodic acid solution.99 After this report, many studies about hybrid perovskite materials 

applied in photocatalytic HER have been gradually published. The hybrid perovskite is 

usually applied in solar cells field or light-emitting diode field. The electrons transfer layer 

always chooses titanium oxide (TiO2) as the extraction material of electrons. Combining 

MAPbI3 and TiO2 can construct a heterojunction which helps charges separation and transfer. 

At the same time, the empty cavities HoMSs materials contribute to loading more dye 

molecules and then producing a better light absorption.73 According to the merits of HoMSs 

in photocatalytic, loading hybrid perovskite material into cavities of HoMSs materials 

promises to be a better photocatalyst. 

The electrons transfer pathway in heterojunction includes the bulk of hybrid perovskite, 
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heterojunction interface, and the bulk of TiO2 HoMSs. The TiO2 materials have three phases, 

including anatase, rutile, and brookite. Among these phases, anatase or rutile, or both are 

commonly used as a photocatalyst in photocatalytic hydrogen evolution. Anatase and rutile 

have different properties. The electron mobility of anatase and rutile are 10 cm2/(V·s) and 1 

cm2/(V·s), respectively.100 In addition, rutile phase TiO2 and perovskite have better lattice 

matches which help faster electrons transfer.101 To study the effects of the electrons transfer 

pathway on performance, such as TiO2 HoMSs bulk and heterojunctions interfaces, the 

different ratio of anatase to rutile is taken. If the anatase ratio is larger than rutile, the electrons 

transfer in TiO2 HoMSs bulk is fast. If the rutile ration is larger than anatase, the electrons 

transfer in heterojunctions interface is fast.  

1.6 Research Goals and Strategies 

Regarding the synthesis of HoMSs, increasing adsorption depth inside of CMSs is an 

effective way to get more shells. There are two strategies for increasing adsorption depth. The 

first one is choosing a smaller ions radius which can diffuse with less resistance. But HoMSs 

material category is designed as TiO2 and the Ti4+ in TiO2 precursor solution (titanium 

tetrachloride aqueous solution) has a fixed radius. The second strategy is enlarging the pores 

of CMSs. The CMSs are synthesized by hydrothermal method with sucrose as a carbon source. 

The hydrothermal reaction processes include fragmentation, ring-opening, dehydration, 

polymerization, and carbonization. In the polymerization and carbonization process, the 

reactants such as organic acids, polyhydric alcohols, unreacted sucrose, and aldehydes are 

easily attached to the molecular chain or surfaces of CMSs. The most above reactants are 

soluble in ethanol. Hence, pretreatment of CMSs with ethanol may enlarge possibly the size 

of pores and remove surface reactants. 

Loading the MAPbI3 materials inside TiO2 HoMSs constructs a heterojunction to enhance 

visible-light absorption and improve charges separation. According to reported literatures, 

there are two strategies for loading perovskite. The first one is loading the lead source firstly. 

And then synthesis of MAPbI3 by chemical vapor deposition (CVD) at 200 °C in the iodine 

methylamine atmosphere. The second one is loading MAPbI3 precursor solution and then 

removing solvents in the solution. Comparing the two strategies, the second strategy is simple 

and saves chemicals. The MAPbI3 can be dissolved in dimethyl sulfoxide (DMSO) or N, N-

dimethyl formamide (DMF). Hence, the MAPbI3/TiO2 HoMSs is synthesized by the 

impregnation method through dispersing TiO2-HoMSs in the MAPbI3 precursor. By adjusting 

the concentration of MAPbI3 precursor, the different ratios of MAPbI3 in the composite can 
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be controlled.  

The HER performance can be measured at a top-irradiation vessel reaction system. To realize 

the stability of MAPbI3, a strategy of a saturated solution of MAPbI3 in the mixing of 

Hydroiodic acid and hypophosphoric acid is chosen. To accelerate charges separation, the 

noble metal platinum (Pt) can be deposited by photoreduction of chloroplatinic acid. The 

effects of the morphology of HoMSs on performance can be compared by synthesizing 

MAPbI3/Pt/TiO2- HoMSs with different shells.  

To study the effects of different phase of TiO2 HoMSs on performance, regulation of the ratio 

between anatase and rutile is necessary. The anatase can convert into rutile at high 

temperatures.102-103 But the rutile cannot convert into anatase because the rutile phase is more 

stable than anatase. Hence, the control of TiO2 HoMSs with the different ratios is realized by 

adjusting calcination temperature. The proportion of rutile in the mixing phase is increasing 

as the calcination temperature increases in theoretical rules. 

1.7 Thesis Outline 

Chapter 1 introduces studies of photocatalytic water splitting over the past few decades. The 

principle of photocatalytic water splitting is explained briefly in the first. The main processes 

of photocatalytic HER and corresponding optimization strategies, such as light absorption 

optimization strategies, charges separation and transfer optimization strategies, and surface 

reactions optimization strategies, are surveyed. The heterojunction categories and design 

principles of photocatalysts are also classified and introduced. In addition, the advantages of 

different dimensional photocatalysts applied in photocatalytic water splitting are summarized, 

including 1D photocatalysts, 2D photocatalysts, and 3D photocatalysts. And the effect of 

morphology of photocatalysts on HER performance is also explained. In particular, the merits 

of 3D HoMSs, such as enhancing light capture ability, enhancing charges separation and 

transfer ability, and boosting mass transfer ability, are illustrated in detail. According to the 

above analysis, the motivation, research goals, and strategies are promoted in the end. 

Chapter 2 focuses on the synthesis and control of TiO2 hollow multi-shelled structures 

(HoMSs) and MAPbI3/Pt/TiO2-HoMSs. The CMSs pretreated with ethanol with different 

washing time was chosen as a template to adsorb titanium precursor solution. The TEM 

results indicate that the pretreated CMSs as the template can obtain more shells of TiO2 

HoMSs when extending pretreatment time. The SEM images indicate the size of the pores 

was gradually increased when extending pretreatment time. In addition, the FT-IR results 



 

24 

 

show functional groups of CMSs remain unchanged when extending pretreatment time. The 

experiments on the duration time of adsorption and heating rate are carried out in this chapter. 

In the end, obtained TiO2 HoMSs samples are characterized by XRD, SEM, TEM, Raman, 

SAED, HRTEM, and XPS. The results show that TiO2 HoMSs is the mixed-phase with good 

crystallinity. On the other hand, the synthesis of MAPbI3/Pt/TiO2-HoMSs materials by 

immersion method. The samples characterized by XRD, TEM, elemental mappings, and line 

scan proves that MAPbI3/Pt/TiO2 HoMSs has been successfully synthesized. 

Chapter 3 focuses on the application of MAPbI3/Pt/TiO2-HoMSs materials in photocatalytic 

HER. The photocatalytic performance was measured under visible-light. The PL and PL 

decay results indicate that the heterogenous interface of MAPbI3/TiO2-HoMSs can efficiently 

promote the separation of photogenerated carriers. Additionally, HoMSs assembled with 

multiple shells can support abundant available surfaces for building heterogeneous interfaces 

and photocatalytic reactions. The interfacial photogenerated charge separation and transport 

have demonstrated great influence on photocatalytic performance.  

Chapter 4 focuses on the effects of different phases of TiO2 HoMSs on photocatalytic 

performance. The different phase ratios between anatase and rutile were synthesized at 

different calcined temperatures. The photocatalytic results show the different properties. The 

corresponding electron separation and transfer behavior was characterized by transient 

photocurrent response. Additionally, the electron transfer resistance and conduction band 

potential were confirmed. Compared with rutile, The MAPbI3/Pt/ anatase TiO2 HoMSs 

display better photocatalytic performance. 

Chapter 5 summarizes the main conclusions of chapters 2-4. This chapter reviews a few 

innovations for the synthesis of TiO2-HoMSs, heterogeneous interfaces of MAPbI3/TiO2- 

HoMSs. In addition, more perspective opinions based on current research are promoted. The 

construction of heterojunctions is an efficient method to enhance light adsorption and charges 

separation. But the perovskite in this research system is limited to the photocatalytic 

hydroiodic acid saturated solution splitting system. Hence, the stabilization strategies of 

hybrid perovskite or all-inorganic perovskite in water need further study. The new 

photocatalysts with reasonable conduction band and bandgap are needed to find. The 

heterogeneous in one shell mixed with two kinds of materials. 
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CHAPTER 2.  

Synthesis and Control of TiO2 Hollow Multi-Shelled 

Structures and MAPbI3/Pt/TiO2 HoMSs Composites 

2.1 Abstract 

In the past decade, abundant researches have been reported about the hollow nanostructures 

with different compositions and geometric characteristics. The synthesis of hollow structures 

by sequential templating approach (STA) is universal and widely applicable, especially in 

hollow multi-shelled structures (HoMSs). The pretreatment of carbonaceous microspheres 

used in STA is a very important step in the synthesis process. However, how affect the 

pretreatment process on the surface state has not been reported. In this chapter, the 

pretreatment of carbonaceous microspheres by ethanol was studied. With the prolongation of 

pretreatment time, the pores size of the carbon sphere was increased. Turning the adsorption 

duration time, pretreatment duration time, and heating rate can control the shells’ number of 

TiO2. And the morphology and phase of obtained TiO2 HoMSs samples were characterized 

by XRD, Raman, XPS, TEM, and SEM. Besides, the composite photocatalysts of 

methylammonium lead iodide perovskite (MAPbI3) inside TiO2 HoMSs are constructed by 

the impregnation method. A few characterizations, such as XRD, TEM line scan, TEM 

mapping, and FTIR, confirm that the MAPbI3 was introduced inside TiO2 HoMSs 

successfully. 

2.2 Introduction  

Over the past decades, hollow structures have been studied extensively in broad fields, such 

as catalysts, solar energy conversion, drug release, rechargeable batteries, supercapacitors, 

sensors, and absorption of electromagnetic waves. Up to now, hollow structures usually can 

be obtained by hard template method, soft template method, and self-template method. The 

hard templates mainly include polymer-based templates (polystyrene templates,104 

poly(methylmethacrylate),105 formaldehyde resin templates;106), silica-based templates (solid 

silica templates,107 silica shell as templates,108 mesoporous silica templates;109), carbon-based 
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templates (mesoporous carbon templates,110 solid carbon templates;111), metal-based and 

metal oxide-based templates (nickel,112 gold,113 metal oxide;114), templates based on salts 

(CaCO3 nanoparticles as templates115), natural materials (natural cellulose fibers116). The soft 

templates mainly include emulsion-based soft templates (direct emulsion templates,117 

reverse emulsion templates,118 double emulsion templates;119), micelle/vesicle-based soft 

templates,120 gas bubble-based soft templates,121 electrospray method.122 The mechanisms of 

the self-template method contain Ostwald ripening effect,91 selective etching123, Kirkendall 

effect,90 and ion exchange effect.92  

Recently, compared with simple hollow structures, the hollow multi-shelled structures have 

been proved to be a kind of wonderful functional material with shorter lengths of mass and 

charge transport, enhanced light capture, and effective charge separation. The mentioned 

above synthesis methods are always used for simple hollow structures instead of hollow 

multi-shelled structures. Though these methods can prepare hollow multi-shelled structure, 

synthetic processes need multi-step complex reaction processes and accurate control. The 

sequential templating approach (STA) method provides a simple synthetic route to get multi-

shelled structures. The desired metal source was adsorbed by carbonaceous microsphere 

followed by calcined at muffle furnace. After a one-step calcination process, the HoMSs can 

be obtained. According to the reported literature, the control of morphology can be realized 

by regulating experimental parameters. The shells of Fe3O4 HoMSs and ZnFe2O4 HoMSs can 

be adjusted by the precursor concentration of metal ions.76, 93 The ZnO HoMSs was accurately 

controlled by changing the heating rate.79 In addition, using alkali treated CMSs as a template, 

the unique tin dioxide multi-shell microspheres with higher light trapping ability were 

successfully prepared.73 Except for alkali-treated carbonaceous microspheres, manganese 

oxide hollow microspheres also have been studied with different pH values.124 

The adsorption amount of metal ions by carbonaceous microspheres determines whether there 

are enough metal ions to form multiple shells. At the same time, increasing the precursor salt 

concentration may cause more metal ions to penetrate inside the template and generate more 

shells after heat treatment. Hence, the microstructure of HoMSs (including interlayer spacing, 

the thickness of shells, and shell number) can be regulated by adjusting the adsorption amount 

and embedding depth of metal ions inside of carbonaceous microsphere template and 

changing the annealing conditions.85  

Motivated by the effects of adsorption capacity and embedding depth on morphology, the 

pretreatment manner is really important for the synthesis of HoMSs. Increasing the porosity 
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of the carbonaceous microsphere (CMSs) can reduce the obstruction of metal ions entering 

the inside. Metal ions entering the interior of CMSs ensures adsorption capacity and 

embedding depth. The carbonaceous microsphere used in STA is always obtained from the 

hydrothermal method with sucrose as a carbon source. In the hydrothermal synthesis process, 

there is a carbonization step, in which cross-linking process between intermolecular 

dehydration of linear or branched oligosaccharides or other macromolecules formed in the 

polymerization step will happen. Meanwhile, some accessory substances in the reaction (such 

as polyhydric alcohols, furfural compounds, and weak organic acids) also possibly crosslink 

with the multipolymer.125 The polyhydric alcohols, furfural compounds, and weak organic 

acids are usually easily dissolved in ethanol.  

The MAPbI3 halide perovskite is soluble in the mixed solvent of DMF-DMSO. At the same 

time, TiO2 HoMSs is wettable in the mixed solvent because DMF is an amphipathicity solvent. 

And Abundant pores in HoMSs provide many pathways for introducing MAPbI3 precursor 

inside HoMSs. By removing the organic mixed solvent, the MAPbI3 halide perovskite can be 

introduced inside TiO2 HoMSs. 

In this chapter, the pretreatment of the carbonaceous microsphere by ethanol was carried out. 

The conditions of the preparation of TiO2 HoMSs with single, double, and triple shells were 

obtained through the regulation of adsorption time, carbon sphere pretreatment, and 

temperature rise rate. The longer adsorption time and pretreatment of carbonaceous 

microspheres contribute to the adsorption of more Ti precursors by the CMSs template. The 

TiO2 HoMSs materials obtained in this chapter are mixed phases of anatase and rutile. And 

the TiO2 HoMSs is polycrystalline materials with good crystallinity. Besides, the 

MAPbI3/Pt/TiO2 HoMSs have been synthesized and confirmed by XRD and TEM. 

2.3 Experiment Section 

2.3.1 Chemicals 

Titanium tetrachloride (TiCl4), hypophosphite acid (H3PO2, 50 wt.% in H2O), hydroiodic acid 

(HI, 55 wt.%), and methanol anhydrous were purchased from Sinopharm Chemical Reagent 

Co., Ltd with analytically grade. Sucrose (C12H22O11) was purchased from Beijing Chemical 

Co., Ltd with analytical grade. Ethanol (Purity, 99%) was purchased from Beijing Tongguang 

Fine Chemicals Co., Ltd. The deionized water (DI water18.25 MΩ·cm) was made by the Aike 

lab pure water system. All reagents were directly used without further purification. Dimethyl 

formamide (DMF) and dimethyl sulfoxide (DMSO) were bought from Sigma-Aldrich. 
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Methylamine iodide (MAI) (99.99%) and lead iodide (PbI2) (99.99%) were bought from 

Xi’an Polymer Light Technology Corp. All reagents were used without further purification. 

2.3.2 Experimental Equipment 

Precision electronic balance (Beijing Dolly instrument system Co., Ltd. Model: BS224S), 

magnetic stirring apparatus (Jiangsu Changzhou guohua electronics Co., Ltd. Model: HJ-4A), 

drying oven (Tianjin Taisite instrument Co., Ltd. Model: 202-1), ultrasonic cleaner (Kunshan 

ultrasonic instrument Co., Ltd. Model: K-Q250B), Teflon steel reactor (500 mL), refrigerator 

(Siemens. Model: KG32NV21EC), Aike lab pure water system (Model: AKSW-V-16), 

vacuum oven (Shanghai yiheng technology co., Ltd. Model: DZF-6020). 

2.3.3 Methods  

2.3.3.1 Synthesis of Carbonaceous Microspheres (CMSs)  

The CMSs were synthesized by the hydrothermal method in an emulsion polymerization 

reaction of sucrose.77 Typically, 250 mL of DI water was added firstly into a 500 mL Teflon 

reactor followed by adding the 130 g sucrose gradually with magnetic stirring. After stirring 

for 20 minutes to obtain the complete dissolution of a transparent aqueous solution, the Teflon 

reactor was placed into a steel autoclave. The hydrothermal reaction was kept at 200 °C for 

138-142 minutes and then cooled down to room temperature at a slow rate. The brown 

suspension solution was filtered by a Buchner funnel and then washed three times with 

deionized water. The obtained brown sample was put in a drying oven and dried at 60 °C for 

12 hours. It is worth noting that the reaction time of hydrothermal varies with room 

temperature. Prolonged reaction time is required at low room temperature. 

2.3.3.2 Pretreatment of Carbonaceous Microspheres by Ethanol 

The as-prepared carbonaceous microspheres were ground by agate mortar. 2 g CMSs were 

dispersed at 100 mL ethanol in the beaker with magnetic stirring and ultrasonic dispersion. 

The whole pretreatment process sustains for 4-18 hours at room temperature. finally, the 

suspension was filtered by a Buchner funnel and washed with DI water three times, and then 

dried at 60 °C for 12 hours.  

2.3.3.3 Preparation of Titanium Tetrachloride (TiCl4) Aqueous Solution 

The chemical of titanium tetrachloride (TiCl4) is the source of titanium. As we all know, 

titanium tetrachloride is rapidly hydrolyzed through an intense exothermic reaction to 
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produce a lot of heat and hydrolysates (such as HCl, Ti(OH)X, titanium oxychloride, and 

titanium dioxide) when contacting with water molecules. For the preparation of TiCl4 aqueous 

solution, ice was prepared firstly by refrigerator with 300 mL deionized water. 168 mL of 

titanium tetrachloride (TiCl4) was gradually added into the ice container with continuous 

shaking. When the adding process was completed and the solution decreased to room 

temperature, the TiCl4 aqueous solution was shifted to a 500 mL volumetric flask. After 

volume fixing at 500 mL, 3 mol L-1 of TiCl4 aqueous solution was obtained. The TiCl4 

aqueous was directly used in the following experiments without dilution. 

2.3.3.4 Preparation of Titanium Dioxide (TiO2) HoMSs 

The as-prepared CMSs or pretreated CMSs were firstly ground by agate mortar. Then, the 1.2 

g CMSs or pretreated CMSs were well dispersed in 60 mL of the above-prepared TiCl4 

aqueous solution and then ultrasonication dispersion for 10 min. The above mixed solution 

was under stirring for 1-24 hours at the room temperature or 40 °C water bath followed by 

filtration, washed twice with deionized water, and dried at 60 °C for 6 hours. The black sample 

obtained after the drying process was placed into a muffle furnace with a heating rate of 5-

9 °C min-1
 and held for 2 hours. When the muffle furnace temperature decreased down to 

room temperature, white power was obtained. 

2.3.3.5 Synthesis of MAPbI3.  

The MAPbI3 material was synthesized by simply removing the organic solvent from the 

precursor solution. In the first, 50 μL 1.2 mol/L perovskite precursor organic solution was 

dropped into a 10 mL bottle. The 20 μL mixed solvent (DMF and DMSO by volume as 4:1) 

was placed around the above perovskite precursor solution. Next, the bottle was put in the 

vacuum oven. In the end, the vacuum oven was kept at 70 °C and held for 5 h. The black 

product of MAPbI3 was collected. 

2.3.3.6 Synthesis of Pt/TiO2 HoMSs.  

The photo-reduction method was chosen to load cocatalyst Pt on TiO2 HoMSs from reported 

literature.126 Detailly, a mixed solution of 15 mL deionized water and 4 mL methanol 

anhydrous was prepared in the first. Then, 50 mg TiO2 HoMSs and 75 μL of H2PtCl6·6H2O 

solution (40 mg/mL) were well dispersed in the above mixed solution, followed by ultrasonic 

dispersion. The obtained suspension liquid was irradiated by a 300 W Xe lamp (Ushio-

CERMAXLX 300). After irradiation for 3 hours, the gray products of Pt/TiO2 HoMSs were 

centrifuged, washed with deionized water, and finally dried at 50 °C for 6 h in a vacuum oven. 
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2.3.3.7 Synthesis of MAPbI3/Pt/TiO2 HoMSs.  

The composite was synthesized by the impregnation method. First, 35 mg of Pt/TiO2 HoMSs 

were placed in a bottle, and then the gases in the inside TiO2 HoMSs were drawn out in a 

vacuum system. Then, 50 μL 0.6 ~1.5 mol/L MAPbI3 precursor solution was dropped rapidly, 

and the bottle was kept quiescence at room temperature for 24 h. Next, the 20 μL mixed 

solvent of DMF and DMSO (4:1 by volume) was placed around the above mixture. Finally, 

the bottle was kept att 70 °C and held for 5 hours. 

2.3.4 Characterizations  

The composition of materials was characterized by powder X-ray diffraction (XRD), Raman 

spectra, X-ray Photoelectron Spectroscopy (XPS), and Fourier transform infrared spectrums 

(FT-IR). XRD patterns were recorded on a Panalytical X’Pert PRO MPD [Cu Ka radiation (λ, 

1.5406 Å)], operating voltage at 40 kV, and current at 30 mA. The Raman spectra were 

performed by an HR-550 (Jobin Yvon). XPS spectrums were measured by ESCALab220i-

XL electron spectrometer with VG Scientific using Al Kα radiation (300 W). The binding 

energy of XPS was amended with reference C 1s (284.8 eV) before analysis. The Fourier 

transform infrared spectrometer (FT-IR) was carried out by the Varian company (Excalibur 

3100). The morphology of materials was characterized by scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). SEM images were taken using a JSM-

6700 microscope operating at 5.0 kV. TEM, selected area electron diffraction (SAED), high-

resolution TEM (HRTEM) images were obtained on a JEOL F2000 instrument using an 

accelerating voltage of 200 kV. The mass fraction of perovskite was analyzed and calculated 

from an inductively coupled plasma (ICP) emission spectrometer (Shimadzu, ICPE-9000) 

test.  

2.4 Results and Discussions 

2.4.1 Synthesis and Characterizations of TiO2 HoMSs 

2.4.1.1 Different Adsorption Duration Time 

The sequential templating approach (STA) method was introduced to the controllable 

synthesis of hollow multi-shelled structures (HoMSs) in 2009.93 Conventionally, the STA 

method adopts CMSs as a template. The CMSs were synthesized by emulsion polymerization 

reaction127-128 under hydrothermal conditions with sucrose as a precursor. From the SEM 

images as shown in figure 2.1, it can be observed that the carbonaceous microspheres are well 



 

31 

 

dispersed. Through statistical particle size analysis, the range of size distribution is from 1.5 

μm to 3.5 μm and the average size of the carbonaceous microspheres is 2.72 μm. 

 

Figure 2.1 (A) SEM images of CMSs synthesized by hydrothermal method; (B) 

Corresponding statistics of diameter of CMSs. 

 

Figure 2.2 TEM images of TiO2 samples with different adsorption duration times: (A) 3 hours 

at room temperature; (B) 6 hours at room temperature; (C) 18 hours at room temperature. The 

heating rate is 5 °C min-1. 

To synthesize TiO2 HoMSs, the above-prepared carbonaceous microspheres (CMSs) were 

chosen as templates. HoMSs were prepared by STA with different adsorption times and the 

TEM images were shown in Figure 2.2. When the adsorption time at 3 hours, the sample is a 

single shell layer, but more fragments of the shells existed around the hollow sphere. And the 

spherical shape is not regular as shown in figure 2.2A. In figure 2.2B, with the prolongation 

of the adsorption time to 6 hours, it is noticed that the sample obtained is a hollow monolayer 

structure with a regular spherical shape. When the adsorption time is further extended to 18 

h, a bilayer shape is formed as shown in figure 2.2C. However, the second shell layer in 

HoMSs is smaller. According to the literature,[85] the adsorption capacity of precursors by 
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CMSs and the penetration depth inside the CMSs were discovered to have a greater 

carbonaceous microspheres effect on the formation of the shell layer. Therefore, with the 

increase of adsorption time, the amount of adsorbed metal ions by CMSs and the penetration 

depth of titanium ions inside the spheres gradually increase, resulting in a double-layer shape. 

2.4.1.2 Pretreatment of CMSs by Ethanol 

 

Figure 2.3 TEM images of TiO2 samples synthesized by carbonaceous microspheres 

pretreated with different duration times by ethanol: (A) 0 hours, (B) 1 hour, (C) 4 hours, and 

(D) 18 hours. The adsorption duration time is 6 hours and the heating rate is 5 °C min-1. 

To augment the adsorption and penetration depth of titanium precursor by CMSs, the CMSs 

were pretreated by ethanol and adsorbed under the 40 °C water bath condition. The 

pretreatment durations were 0 hours, 1 hour, 4 hours, and 18 hours. The pretreated CMSs 
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were employed as templates to adsorb metal ions, and the TEM images of the obtained 

samples were shown in Figure 2.3. To contrast the effect of pretreatment on the synthesis of 

HoMSs, without pretreatment of CMSs were also adsorbed in a water bath at 40 °C as a 

control sample, as shown in Figure 2.3A. Compared with the adsorption at room temperature 

(figure 2.2 B), the sample under 40 °C water bath condition forms a bilayer shape of TiO2 

HoMSs. When the pretreatment time of carbonaceous microspheres is 1 hour (figure 2.3B), 

the thickness of the shell layer of the sample obtained is about 100 nm. While a smaller hollow 

sphere of TiO2 was present inside HoMSs. When the pretreatment time is extended to 4 hours, 

the thickness of the inner shell layer of the double TiO2 HoMSs changed to thicker. When the 

pretreatment time was further extended to 18 h, the three-shell layer of TiO2 HoMSs is formed. 

The pretreatment improves shells number of samples. 

 

Figure 2.4 High-resolution SEM images of carbonaceous microspheres pretreated by ethanol 

at different times: (A) and (D) 0 hours; (B) and (E) 4 hours; (C) and (F) 18 hours. 

For purpose of comparative effect of ethanol on the morphology of CMSs, the SEM 

characterization of CMSs with different pretreatment times was performed, and the results 

were shown in Figure 2.4. The surface of the CMSs without ethanol washing presents smooth 

and without obvious pore channels. When the CMSs are washed with ethanol for 4 hours, the 

surface of the CMSs is rougher and the pore size of the surface reaches 56.8 nm. When the 
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ethanol washing duration of the CMSs is further extended to 18 hours, the pore size of the 

CMSs surface reaches a peak at 113.6 nm. The pores size on the surface of CMSs increases 

after the pretreatment of CMSs by ethanol. These pores may contribute to easier penetration 

of the titanium sources into the interior of the CMSs. 

To investigate the effect of ethanol pretreatment on the surface groups of CMSs, FT-IR 

spectrums have been performed, and the results were as shown in figure 2.5. The spectra at 

3200-3700 cm-1 correspond to characteristic peaks of O-H (hydroxyl or carboxyl) stretching 

vibrations.128-129 The peak position at 2926 cm-1 corresponds to the characteristic peak of C-

H stretching vibrations. Meanwhile, the peak position at 800 cm-1 corresponds to the out-of-

plane bending vibrations of C-H.129 The peak position at 1712 cm-1 corresponds to the C=O 

stretching vibration peak, which may originate from quinone, carbonyl, and ester.127, 130 The 

peaks at 1618 cm-1 and 1514 cm-1 correspond to C=C vibrational absorption peaks. The peak 

position at 1022 cm-1 corresponds to the C-O stretching vibration, which may be derived from 

hydroxyl, ether, or ester).125 In comparation with the CMSs, the positions of the vibrational 

absorption peaks of the different groups do not change for the CMSs pretreated with ethanol 

for 4 hours and 18 hours. This result suggests that the group species on the surface of the 

carbonaceous microspheres remained unchanged after ethanol washing.  

   

Figure 2.5 The FT-IR spectra of carbonaceous microspheres washed by ethanol at different 

times. 

To investigate the surface potential of CMSs, the Zeta potential of CMSs pretreated by ethanol 
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at different times was tested as shown in figure 2.6. Compared with the potential of CMSs 

without pretreated (-58.2 mV), there is no more difference in Zeta potential for pretreatment 

time at 4 h (-57 mV) and 18 h (-57.4 mV). The surface electronegativity is possibly caused 

by hydroxy groups on the surface. The electronegativity is beneficial to adsorb titanium 

precursors. Almost constant Zeta potential means pretreatment will not enhance the numbers 

of hydroxy groups on the surface. Hence, the increased number of TiO2 shells in figure 2.3 is 

possibly induced by the pores size of pretreated CMSs. 

 

Figure 2.6 The Zeta potential of CMSs pretreated by ethanol at different times. 

2.4.1.3 Effect of Heating Rate 

To prepare titanium oxide with a thinner shell layer thickness, reducing the amount of 

precursor adsorption can be realized by decreasing the CMSs adsorption time. On the other 

hand, the heating rate of calcination temperature requires matching the removal rate of the 

CMSs template. Therefore, regulating different temperature heating rates during calcination 

is experimentally performed to contribute to the generation of multi-shell layers of TiO2 

HoMSs, and the TEM results were shown in Figure 2.7. With the heating rate increasing from 

5 °C min-1 to 9 °C min-1, the shell numbers of TiO2 HoMSs are increased from 2 to 3 shells. 

This is mainly caused by the increment in the removal rate of CMSs template as the heating 

rate increases. When the removal of the CMSs template is accelerated in calcination, the 

titanium precursors adsorbed on the template are gradually formed as titanium oxide shell 

layers under the atmosphere of air. The first one is the presence of sufficient precursor ions 
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inside the CMSs template in a certain penetration depth. For the second and third shells, the 

removal rate of the CMSs template with an appropriate matching relationship to the oxide 

shell layer formation rate is required.  

 

Figure 2.7 TEM images of TiO2 samples with different heating rate: (A) 5 °C min-1, (B) 7 °C 

min-1, and (C) 9 °C min-1. The CMSs were treated with ethanol for 4 hours and the adsorption 

duration time was 7 hours. 

2.4.1.4 Characterizations of TiO2 HoMSs 

According to the TEM results of TiO2 HoMSs in the above parts and further trial experiments, 

the preparation conditions of single, double, and triple shells were obtained. And these 

synthetic experiment parameters of TiO2 HoMSs were summarized as shown in Table 2.1. 

The XRD spectra of TiO2 HoMSs exhibited in Figure 2.8 reveal that the TiO2 HoMSs is 

mixed phases of anatase (JCPDF: 21-1272) and rutile (JCPDF: 21-1276). Compared with the 

standard PDF cards, the diffraction spectra with 2θ at 25.5, 38.1, 48.3, 54.5(55.3), 62.9, 69.2 

(70.6) correspond to anatase (101), (103), (200), (105), (213), (116) crystal planes. 

Simultaneously the diffraction spectra of 2θ at 27.7, 36.2, 41.6 are referred to as rutile (JCPDF: 

21-1276) (110), (101), (111) crystalline planes. The weight fraction of rutile (WR) is 

calculated by equation 2.1:103  

𝑊𝑅 =
𝐴𝑅

0.884𝐴𝐴 + 𝐴𝑅
          2.1 

where AA is the integrated intensity of the anatase (101) peak, and AR is the integrated 

intensity of the rutile (110) peak. The computation results yielded about 4:1 for anatase 

compared with rutile.  

Raman spectrum is a useful characterization for investigating the structure phase of materials. 

The Raman spectra were used to study the phase of anatase TiO2 or rutile TiO2 as shown in 



 

37 

 

figure 2.9. The characteristic peaks of anatase and rutile likewise confirm that the TiO2 

HoMSs are mixed phases. The peaks in spectra at 140 cm-1, 392 cm-1, 515.8 cm-1, 636 cm-1 

correspond to anatase phase.131-132 The peaks at 443 cm-1 and 612 cm-1 present the rutile 

phase.132 

Table 2.1 The synthetic experiment parameters of TiO2 HoMSs used in the following 

experiments. 

Sample  Pretreatment time 

(h) 

Adsorption time 

(h) 

Temperature      

(°C) 

Heating rate 

(°C/min) 

1S-TiO2 HSs 0 6 Room temperature 5 

2S-TiO2 HoMSs 4 5 40 7 

3S-TiO2 HoMSs 4 7 40 9 

 

Figure 2.8 XRD patterns of TiO2 HoMSs calcined at 550 °C. 

To further characterize the crystallization of TiO2 HoMSs, SAED and HRTEM 

characterizations of 3S-TiO2 HoMSs were carried out, and the results are shown in Figure 

2.10. The SAED pattern consists of multiple bright and dark diffraction rings, indicating that 

the synthesized 3S-TiO2 HoMSs are polycrystalline oxides. The formation of polycrystals is 

mainly explained by the fact that each shell layer of TiO2 HoMSs is composed of multiple 

nanoparticles. In addition, the lattice diffraction streaks with good crystallinity appears in the 

HRTEM results, corresponding to (101) facets of anatase and (110) facets of rutile, 

respectively. The analysis of the above results concludes that the TiO2 HoMSs prepared by 
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the STA method is a mixed phase with a 4:1 ratio of anatase and rutile phases, and 

polycrystalline TiO2 with good crystallinity. 

 

Figure 2.9 Raman spectrum of TiO2 HoMSs, A presents anatase TiO2 and R presents rutile 

TiO2. 

 

Figure 2.10 (A) SAED pattern of 3S-TiO2 HoMSs; (B) HRTEM image of 3S-TiO2 HoMSs. 

Aiming to evaluate more whether there are defects on the surface of titanium oxide, XPS 

characterization of 3S-TiO2 HoMSs was performed, and the results were shown in Figure 



 

39 

 

2.11. Figure 2.11A presents the XPS full spectrum of 3S-TiO2 HoMSs, and peaks 

corresponding to O1s and Ti 2p can be detected. Further study of the High-resolution XPS Ti 

2p orbital spectra of 3S-TiO2 HoMSs in figure 2.11B, the peak positions at 464.5 eV and 

458.7 eV correspond to Ti 2p 1/2 and Ti 2p 3/2 of anatase. And this result indicates that Ti exists 

at +4 valence.133-134 In addition, in the high-resolution XPS O 1s orbital spectra of 3S-TiO2 

HoMSs in figure 2.11C, the O1s peaks of surface hydroxyl oxygen, Ti-O band originated 

from anatase and rutile are from the left to right side, respectively.135-136 

 

Figure 2.11 (A) XPS survey spectra of 3S-TiO2 HoMSs; (B) High-resolution XPS Ti 2p 

orbital spectra of 3S-TiO2 HoMSs; (C) High-resolution XPS O 1s orbital spectra of 3S-TiO2 

HoMSs. 

Eventually, the TiO2 HoMSs with different shell layers were characterized by SEM and the 
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results were shown in Figure 2.12. The results indicate that the TiO2 is composed of multiple 

nanoparticles, which is consistent with the previously reported results. The outer shell layer, 

as well as the inner core, are visible through the broken HoMSs. The particle size statistics of 

the TiO2 HoMSs reveal that the size distribution range of TiO2 is mainly concentrated around 

1 μm. The average particle sizes of 1S-TiO2 HSs, 2S-TiO2 HoMSs, and 3S-TiO2 HoMSs are 

1.04 μm, 1.01 μm, and 1.02 μm, respectively. 

 

Figure 2.12 SEM images and corresponding diameter statistics of TiO2 HoMSs: (A) and (D) 

1S-TiO2 HSs, (B) and (E) 2S-TiO2 HoMSs, (C) and (F) 3S-TiO2 HoMSs.  

 

Figure 2.13 (A) The Nitrogen adsorption-desorption isotherms of TiO2 HoMSs; (B) The BJH 

pore size distributions of TiO2 HoMSs. 

The nitrogen adsorption-desorption isotherm and pore size distribution curves of TiO2 
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HoMSs were measured as shown in figure 2.13 and table 2.2. According to the results, the 

specific surface area of 3S-TiO2 HoMSs is 19.752 m2·g-1 which is bigger than 1S-TiO2 HSs 

(11.039 m2·g-1) and 2S-TiO2 HoMSs (16.375 m2·g-1). The higher specific surface area of 3S-

TiO2 HoMSs exposes more reaction activity sites. The pore size distribution in figure 2.13B 

analyzed by Barret Joyner Halenda’s (BJH) method shows that the distribution of TiO2 

HoMSs is mainly around a range from 2 nm to 8 nm. These pores provide pathways for 

impregnating perovskite precursor solution inside TiO2 HoMSs. Similarly, the 3S-TiO2 

HoMSs presents the highest pore volume (0.118 cm3·g-1) as shown in table 2.2. 

Table 2.2 The values of the specific surface area and pore volume of TiO2 HoMSs. 

Sample  Specific surface area (m2·g-1) Pore volume (cm3·g-1) 

1S-TiO2 HSs 11.039 0.04415 

 2S-TiO2 HoMSs 16.375 0.0791 

3S-TiO2 HoMSs 19.752 0.118 

2.4.2 Synthesis and Characterizations of Pt/TiO2 

The deposition of platinum (Pt) on TiO2 HoMSs was carried out by the photo-deposition 

method. When TiO2 HoMSs is illuminated under ultraviolet light, photogenerated electrons 

are excited into the conduction band (CB) and holes stay in the valence band (VB). The PtCl6
2- 

adsorbed on TiO2 HoMSs surface reacts with photogenerated electrons to form Pt/TiO2 

HoMSs composites eventually.137  

To verify the deposition of Pt on TiO2 HoMSs, the samples were characterized by TEM as 

shown in figure 2.14. Compared with TEM results of TiO2 HoMSs in chapter 2, no obvious 

difference in morphology is observed, suggesting no big Pt clusters formed. But the HRTEM 

results as shown in figure 2.14D, there are two kinds of lattice fringes which correspond to 

anatase (101) and Pt (111). To survey the distribution of Pt elements, the EDX mappings were 

measured as shown in figure 2.14E. The elements distribution of Ti, O, and Pt are shown as 

green, red, and yellow, respectively. The distributions of Ti and O elements are completely in 

conformity. Besides, the distribution range of Pt is consistent with the morphology of TiO2 

HoMSs. This result indicates that platinum grains disperse well on the surface of the TiO2 

substrate. 
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Figure 2.14 TEM images of Pt/TiO2 HoMSs: (A) Pt/TiO2-1S HSs, (B) Pt/TiO2-2S HoMSs, 

and (C) Pt/TiO2-3S HoMSs. (D) HRTEM images of Pt/TiO2-3S HoMSs; (E) The elemental 

mappings of Pt/3S-TiO2 HoMS show the distribution of Ti (green), O (red), Pt (yellow). 

2.4.3 Synthesis and Characterizations of MAPbI3/Pt/TiO2 

 

Figure 2.15 TEM images of (A) MAPbI3/Pt/1S-TiO2 HSs, (B) MAPbI3/Pt/2S-TiO2 HoMSs, 

(C) MAPbI3/Pt/3S-TiO2 HoMSs. 

MAPbI3/Pt/TiO2 HoMSs were constructed by impregnating the perovskite precursor 

(MAPbI3) solution into the inside cavities of HoMSs and followed by annealing. According 

to BET results from figure 2.13, the TiO2 HoMSs possess pores in the shells. The precursor 
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solution can be introduced inside of HoMSs by capillary action.138 When removing the 

organic solvent, the MAPbI3 crystal is formed. Results in figure 2.15 illustrate that the 

MAPbI3 has been well introduced into the Pt/TiO2 HoMSs. From the TEM results, the 

MAPbI3 crystal is distributed in cavities between shells. 

To confirm the phase of MAPbI3/Pt/TiO2 HoMSs, The XRD patterns of samples were carried 

out as shown in figure 2.16. The diffraction peaks match well with the previous literatures.99, 

139-140 The crystal structure of MAPbI3 belongs to the tetragonal and space group of I4/mcm. 

The diffraction characteristic peaks of (110), (220), (310), and (314) of MAPbI3 are detected 

in XRD patterns. In addition, the diffraction characteristic peaks of anatase TiO2 and rutile 

TiO2 match well with the PDF standard card. Hence, the MAPbI3/Pt/TiO2 HoMSs was 

synthesized successfully. 

 

Figure 2.16 XRD patterns of MAPbI3/Pt/TiO2 HoMSs samples. 

To confirm the composited heterostructures and observe the distribution of MAPbI3 in Pt/TiO2 

HoMSs, the high-angle-annular-dark-field scanning transmission electron microscopy 

(HAADF-STEM) was performed as shown in figure 2.17. Based on the observation of 

multiple MAPbI3/Pt/3S-TiO2 HoMSs in figure 2.17A, the MAPbI3 is almost distributed in 

cavities between shells. MAPbI3 crystal mainly exists in the outermost cavity because of the 

largest volume in HoMSs. The EDX spectra of MAPbI3/Pt/3S-TiO2 HoMSs indicate elements 

of Ti, O, Pb, I, N, and Pt have existed in the sample. The single HAADF-STEM image of 
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MAPbI3/Pt/3S-TiO2 HoMSs in figure 2.17C indicates that the Pt element is homogeneously 

distributed on the MAPbI3/Pt/3S-TiO2 HoMSs and the characteristic element Pb of MAPbI3 

is mainly dispersed in inside of MAPbI3/Pt/TiO2 HoMSs. 

 

Figure 2.17 (A) HAADF-STEM image of MAPbI3/Pt/3S-TiO2 HoMSs; (B) EDX spectra of 

MAPbI3/Pt/3S-TiO2 HoMSs; (C) Elemental mappings of MAPbI3/Pt/3S-TiO2 HoMSs show 

the distribution of Ti (blue), Pb (green), Pt (yellow). 

Further, the line scan of MAPbI3/Pt/3S-TiO2 HoMSs was also measured as shown in figure 

2.18. Because of the different color contrast, it can be observed that there are Pt particles in 

the 3S-TiO2 HoMSs surface in figure 2.18A. The selection of scan position is shown in figure 

2.18B and corresponding line scan spectrums are shown in figure 2.18C. When the scan 

position is from 0 nm to 350 nm (from left to right in figure 2.18B), the intensity of I and Pb 

is gradually decreased. This result means that the MAPbI3 crystal is located inside TiO2 

HoMSs. Besides, the intensities of O and Ti gradually increase to a peak and sharply 

decreased. The result of Ti and O is consistent with hollow structures. In the end, the bright 

spot on the surface of 3S-TiO2 HoMSs is confirmed as Pt particles by line scan spectrum in 

figure 2.18C. 

To survey the wide range morphology of MAPbI3/Pt/TiO2 HoMSs, SEM was carried out and 

images were shown in figure 2.19. There are only a few MAPbI3 crystals around Pt/TiO2 
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HoMSs because an additional MAPbI3 precursor solution exists outside of Pt/TiO2 HoMSs in 

impregnating process. Compared SEM results of MAPbI3/Pt/TiO2 HoMSs indicates no 

apparent difference between different samples. Besides, the SEM mapping results in figure 

2.20 show that there are still existing perovskite characteristic elements (Pb and I) although 

there are no obvious perovskite crystals. The reason for this result is probably caused by 

MAPbI3 in the surface, pores, or inside HoMSs. The above analysis of XRD, TEM, and SEM 

proves that the MAPbI3/Pt/TiO2 HoMSs composited heterostructures are successfully 

constructed. 

 

Figure 2.18 (A) TEM image of MAPbI3/Pt/3S-TiO2 HoMSs; (B) Line scan of the selection 

area in figure 3.5A; (C) Line scan spectrum of elements for the selected area. 

 

Figure 2.19 SEM images of (A) MAPbI3/Pt/1S-TiO2 HSs, (B) MAPbI3/Pt/2S-TiO2 HoMSs, 

and (C) MAPbI3/Pt/3S-TiO2 HoMSs 
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Figure 2.20 SEM mapping images of MAPbI3/Pt/3S-TiO2 HoMSs: (A) SEM image, (B) Ti 

element (red), (C) Pb element (yellow), and (D) I element (blue). 

To further verify the surface chemical state of MAPbI3/Pt/TiO2 HoMSs composites, XPS of 

samples was measured. Judged from the XPS survey spectra of samples in figure 2.21A, the 

peaks of orbital of I 3d, O 1s, Ti 2p, Pb 4f, and Pt 4f have existed. The binding energy of XPS 

was corrected with reference C 1s (284.8 eV) as shown in figure 2.21B. Comparing high-

resolution XPS Pb 4f orbital spectra of MAPbI3 and MAPbI3/Pt/3S-TiO2 HoMSs in figure 

2.21C, the blinding energy peaks of Pb 4f orbital in MAPbI3/Pt/3S-TiO2 HoMSs reduce 0.5 

eV. which means MAPbI3 in MAPbI3/Pt/3S-TiO2 HoMSs is more stable than MAPbI3. 

Besides, the difference in the Pb 4f XPS between MAPbI3 and MAPbI3/Pt/3S-TiO2 HoMSs 

suggests the contact between the Pt/TiO2 and MAPbI3. The high-resolution XPS Pt 4f orbital 

spectra have the differences between Pt/3S-TiO2 HoMSs and MAPbI3/Pt/3S-TiO2 HoMSs. 

The Pt 4f 5/2 orbital peak of Pt/3S-TiO2 HoMSs is symmetric. But the asymmetric Pt 4f 5/2 

orbital peak of MAPbI3/Pt/3S-TiO2 HoMSs indicates the interaction between MAPbI3 and Pt 

particles. In addition, the peaks of Pt 4f 5/2 (74.7 eV) and Pt 4f 7/2 (71.3 eV) show that the Pt 

in the surface of TiO2 is zero-valent state metallic Pt.141 The high-resolution XPS N 1s orbital 

spectra in figure 2.21E appears at 402.2 eV correspond to the bond of N-C of perovskite.142 

Meanwhile, there is a new peak at 401.6 eV which possibly stems from the relationship 
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between N in MAPbI3 and Pt particles. 

 

Figure 2.21 (A) XPS survey spectra; (B) High-resolution XPS C 1s orbital spectra of Pt/3S-

TiO2 HoMSs and MAPbI3/Pt/3S-TiO2 HoMSs; (C)High-resolution XPS Pb 4f orbital spectra 

of MAPbI3 and MAPbI3/Pt/3S-TiO2 HoMSs; (D) High-resolution XPS Pt 4f orbital spectra 
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of Pt/3S-TiO2 HoMSs and MAPbI3/Pt/3S-TiO2 HoMSs; (E) High-resolution XPS N 1s orbital 

spectra of Pt/3S-TiO2 HoMSs and MAPbI3/Pt/3S-TiO2 HoMSs. 

 

Figure 2.22 High-resolution (A) Ti 2p XPS and (B) O 1s XPS of different catalysts. 

 

Figure 2.23 FTIR spectra of 3S-TiO2 HoMSs, MAPbI3, Pt/3S-TiO2 HoMSs and 

MAPbI3/Pt/3S-TiO2 HoMSs. 

The high-resolution XPS Ti 2p and O1s orbitals are further investigated as shown in figure 

2.22. The peaks at 464.5 eV and 458.7 eV of the Ti 2p XPS spectrum prove that the valence 

of Ti on the surface of TiO2 HoMSs is Ti4+.143 Meanwhile, the peak at 529.9 eV of O 1s XPS 

in figure 2.22B is assigned to the Ti-O bond without obvious defect on the surface of TiO2 

HoMSs.143 The FTIR spectra (figure 2.23) show that the asymmetric and symmetric N-H 

stretching of doublet peaks at 3184 cm-1 and 3138 cm-1 and CH3-NH3
+ at 1473 cm-1 are 
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presented. The N-H and CH3-NH3
+ are attributed to methyl formamide in MAPbI3/Pt/TiO2.

144 

The FTIR spectra also suggests that the MAPbI3/Pt/TiO2 HoMSs composited heterostructures 

are successfully constructed. 

To compare the pore size before and after loading MAPbI3, the pore distribution of 

MAPbI3/TiO2 HoMSs was measured as shown in figure 2.24. The range of pore size 

distribution of MAPbI3/TiO2 HoMSs is consistent with TiO2 HoMSs. Compared with pore 

size distribution curves of TiO2 HoMSs in figure 2.12B, the pore volume MAPbI3/3S-TiO2 

HoMSs decreases from 0.118 cm3·g-1 to 0.098 cm3·g-1. Meanwhile, the pore volumes of 

MAPbI3/1S-TiO2 HSs and MAPbI3/2S-TiO2 HoMSs are 0.042 cm3·g-1 and 0.074 cm3·g-1. 

Decreased pore volume indicates that the MAPbI3 exists in the pores of shells. The pores in 

shells provide pathways of mass transfer for photocatalytic reaction. 

 

Figure 2.24 The BJH pore size distribution curves of MAPbI3/TiO2 HoMSs 

2.5 Conclusions 

In this chapter, 1-3 shells of TiO2 HoMSs were synthesized using the STA method by the way 

of adjusting adsorption time, CMSs pretreatment, and temperature heating rate. The longer 

adsorption time and pretreatment of CMSs contribute to the adsorption of more Ti precursors 

in the CMSs template. The TiO2 HoMSs obtained in this chapter is a mixed phase of rutile 
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and anatase with a ratio of 4:1. In addition, the TiO2 HoMSs are polycrystalline materials with 

good crystallinity. By SEM characterization and statistics of 1-3S TiO2 HoMSs, the average 

particle sizes of 1S-TiO2 HSs, 2S-TiO2 HoMSs, and 3S-TiO2 HoMSs are close to each other, 

which are 1.04 μm, 1.01 μm and 1.02 μm, respectively. In addition, the photocatalysts of 

MAPbI3/Pt/TiO2 HoMSs were successfully synthesized by the impregnation method and 

confirmed by XRD, TEM, and STEM-Mapping.  
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CHAPTER 3.  

Application of MAPbI3/Pt/TiO2 Composites for Visible-

Light Photocatalytic Hydrogen Evolution 

3.1 Abstract 

Charges separation and transfer process has been proved as an important impactor on the 

photocatalytic activity. In this chapter, the photocatalysts of MAPbI3/Pt/TiO2 HoMSs 

composites with the heterogeneous interface between MAPbI3 and TiO2 HoMSs were applied 

in photocatalytic hydrogen evolution. The TiO2 HoMSs provide abundant contact points and 

reaction active sites. Heterogeneous interfaces efficiently promote the separation of 

photogenerated electron-hole pairs. The exposed reaction active sites accelerate electrons 

consumption. In addition, the cocatalyst Pt is proven to speed up electrons transfer and 

utilization. As a result, samples of MAPbI3/triple-shelled TiO2 hollow structure displayed an 

H2 evolution rate of 6856.2 μmol h-1 g-1 under visible light irradiation, which is much faster 

than that of barely MAPbI3 (268.6 μmol h-1 g-1). This work provides a new strategy for loading 

catalysts inside HoMSs for enhancing photocatalytic hydrogen evolution efficiency. 

3.2 Introduction  

Hydrogen as clean energy has been extensively studied and used in many fields. When 

hydrogen is burned, only water is produced. Photocatalytic hydrogen reaction evolution 

(HER) through the splitting of water,145-146 hydrohalic acid,147-149 has attracted more attention. 

The design route of photocatalysts is mainly corresponding to the photocatalytic processes, 

including light absorption, charges separation and transfer, and surface photocatalytic 

reaction.72 For the light absorption process, the narrow bandgap semiconductors, such as 

sulfides,150-151 C3N4,
152-155 halide perovskites,148 have been applied to improve the light-

sensitive range. For charges separation and transfer, semiconductors such as metal oxides35, 

156-157, and heterojunctions158 have been widely used as charges transfer carriers. For the 

surface photocatalytic reaction, the different dimensional catalysts were designed to expose 

abundant reaction sites.59, 66, 69  
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Organic-inorganic hybrid perovskites have been demonstrated as wonderful light sensitizers 

in solar cells,101, 159-160 light‐emitting diodes,161-162 photocatalysis,163-165 because of the narrow 

bandgap. Generally, the organic-inorganic hybrid perovskites are not stable in the water. In 

2016, methylammonium lead iodide perovskite (MAPbI3) was applied in MAPbI3 saturated 

solution for photocatalytic HER.99 The MAPbI3 in its saturated solution is stable because of 

dynamic equilibrium. After this stable strategy, the perovskite materials have been widely 

applied in photocatalytic HER147-149. But the generated charges have not been utilized 

efficiently then the recombination happened. Hence, heterogeneous interfaces were 

constructed to enhance the utilization efficiency of photogenerated charges.166-167 For 

example, the heterogeneous interfaces include MAPbI3/reduced graphene oxide (rGO),168 

perovskite/sulfides,140, 169 perovskite/metal,170 Z-scheme heterojunction,171 perovskite/metal 

oxide,172-173 perovskite/metal-organic frameworks (MOFs).174 

Except for the construction of heterogeneous interfaces, the preparation of hierarchical 

structures of photocatalysts can also improve photocatalytic solar energy conversion 

efficiency. HoMSs materials with unique layered shell structures exhibit unique 

characteristics in improving photocatalytic HER efficiency.69, 83, 97 The enhancement through 

special structures of HoMSs mainly corresponds to three steps of the photocatalytic process. 

In detail, the enhancement of light absorption derives from light scattering and reflections 

between different multi-shells. The thin shells shorten the transfer distance from materials 

inside to surface reactive sites. Because of thin shells, many reactive sites are exposed to 

accelerate the surface reaction. The numerous pores in the shells of HoMSs are contributed 

to mass transfer then further improve the photocatalytic efficiency. Loading the narrow 

bandgap semiconductors as light adsorber inside of HoMSs is a new strategy for the 

application of HoMSs in the photocatalytic field. The multi-shells provide many contact 

points with light adsorber for fast charges separation and suppressing recombination of 

electron-hole pairs. The behaviors of light scatting and reflections further improve the light 

absorption of narrow bandgap semiconductors inside HoMSs.  

In this chapter, the Pt/TiO2 HoMSs and the MAPbI3/Pt/TiO2 HoMSs composite were applied 

in photocatalytic HER. As the growth of shells numbers from 1 to 3, the photocatalytic 

performance increases. The photocatalytic activity of photocatalyst based on triple-shelled 

composite approach 6856.2 μmol h-1 g-1, which is almost 25 times than the pure Pt/MAPbI3. 

The photocatalysts of Pt/TiO2 HoMSs and the MAPbI3/Pt/TiO2 HoMSs present good stability 

for continuous reaction over 15 hours. Through photo-electric characterizations, the 
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cocatalyst Pt and TiO2 HoMSs are contributed to charges separation and transfer. The thin 

multi-shells in TiO2 HoMSs not only shorten the transfer distance of electrons but also 

decrease the electron transfer resistance. The contacts of multi-shells inside TiO2 HoMSs and 

perovskite crystals generate an abundant heterogeneous interface for fast electron separation 

and transfer. 

3.3 Experiment Section 

3.3.1 Chemicals 

Dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO) were bought from Sigma-

Aldrich. Lead iodide (PbI2) (99.99%) and methylamine iodide (MAI) (99.99%) were bought 

from Xi’an Polymer Light Technology Corp. The sucrose, hydroiodic acid (HI, 55 wt.%), 

hypophosphite acid (H3PO2, 50 wt.% in H2O), tetrabutylammonium hexafluorophosphate 

(TBAPF6), and absolute methanol (AR) were purchased from Sinopharm chemical reagent 

Co., Ltd with analytically grade. All reagents were used without further purification. 

3.3.2 Experimental Equipment 

Precision electronic balance (Beijing Dolly instrument system Co., Ltd. Model: BS224S), 

magnetic stirring apparatus (Jiangsu Changzhou guohua electronics Co., Ltd. Model: HJ-4A), 

drying oven (Tianjin Taisite instrument Co., Ltd. Model: 202-1), ultrasonic cleaner (Kunshan 

ultrasonic instrument Co., Ltd. Model: K-Q250B), Teflon steel reactor (500 mL), refrigerator 

(Siemens. Model: KG32NV21EC), Aike lab pure water system (Model: AKSW-V-16), Top-

illuminated quartz reaction system (Labsolar-6A, Beijing Perfectlight Technology Co., Ltd.), 

Xe-lamp (300 W, Beijing Perfectlight Technology Co., Ltd.), gas chromatograph (Tianmei 

Technology, GC-7900). 

3.3.3 Methods  

3.3.3.1 Synthesis of Pt/MAPbI3/TiO2 HoMSs 

The MAPbI3/TiO2 HoMSs was synthesized firstly by the impregnation method. First, 35 mg 

of TiO2 HoMSs were put into a bottle, and then the gases in the inside TiO2 HoMSs were 

drawn out in a vacuum system. Then, 50 μL 1.2 mlo/L perovskite precursor solution was 

dropped rapidly, and the bottle was kept quiescence at room temperature for 24 hours. Next, 

the 20 μL mixed solvent of DMF and DMSO (4:1 by volume) was placed around the above 

mixture. Finally, the bottle was heated to 70 °C and held for 5 hours. 
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Then, a 50 mg was dispersed into 20 mL MAPbI3 saturated solution which contains 75 uL 

H2PtCl6·6H2O. The reaction system was vacuumed and filled with Ar gas three times. The 

temperature of the reaction system was kept at a constant (15 °C). Then, the reaction system 

was illuminated under a 300 W Xe lamp (Ushio-CERMAXLX 300). After reaction for 3 hours, 

the products of Pt/MAPbI3/TiO2 HoMSs were centrifuged, washed with a saturated solution, 

and finally dried at 50 °C for 6 hours in a vacuum oven. 

3.3.3.2 Mixture of MAPbI3 and Pt/3S-TiO2 HoMSs 

The MAPbI3 materials and Pt/3S-TiO2 HoMSs are obtained from chapter 2. The mixture is 

composed of 17.5 mg MAPbI3 and 17.5 mg Pt/3S-TiO2 HoMSs. The mass fraction of MAPbI3 

in the mixture was around 50 %. The mixture was well ground by using the agate mortar 

under a nitrogen atmosphere. 

3.3.3.3 Preparation of MAPbI3 Saturated Solution 

First, the HI solution and H3PO2 solution are mixed in a volume ratio of 4 to 1. After the 

mixed solution turning to colorless, 1.027 g MAI and 2.97 g PbI2 were put into 10 ml of the 

mixed solution. The mixed solution was removed from the air and filled with Ar gas three 

times to avoid oxidization of the HI solution. Then, the suspension was placed at 90 °C water 

bath with continuous stirring under dark and Ar atmosphere. After three hours, the suspension 

was placed at 15 °C water bath over 3 hours. Separating liquid from solids, the MAPbI3 

saturated solution was obtained. 

3.3.3.4 Photocatalytic H2 Evolution in Deionized Water 

The evaluation of photocatalytic HER performance was carried out through two parts, 

continuous gas collection system, and a sample analysis system. A certain amount of 

photocatalyst Pt/TiO2 was placed on 20 mL mixed solution of deionized water and absolute 

methanol (volume ratio equals 3:1). Then the suspension was dispersed under ultrasonic 

equipment. Next, the suspension was put into Labsolar-6A gas collection system and kept the 

temperature in a constant at 8 °C. The gas collection system was vacuumed. The Xe-lamp 

was used as a sunlight simulator with a full spectrum (light intensity, 0.15 W·cm-2). The 

obtained gas was analyzed by a gas chromatograph. 

3.3.3.5 Photocatalytic H2 evolution in HI solution 

Before the photocatalytic test, the photocatalysts were stored in 15 °C environment. Then, a 

certain amount of photocatalyst was put in 10 mL MAPbI3 saturated solution under 
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continuous stirring. The reaction temperature was maintained at 15 °C by a circulation 

cooling water. The reaction system was pumping vacuum and refilling the Ar gas three times 

to eliminate oxygen before the test. The Xe-lamp was used as a sunlight simulator with a 420 

nm cut-off filter (light intensity, 0.15 W·cm-2). The volume of evolved hydrogen was 

measured by a gas chromatograph (Tianmei Technology, GC-7900).  

3.3.4 Characterizations  

The electrochemical impedance spectroscopy (EIS), Mott-Schottky curves, and transient 

photocurrent response curves were performed on the electrochemical workstation (CH 

Instruments Ins.) in a three-electrode configuration with the assembled photoelectrodes 

(photocatalysts on FTO glass) as the working electrode, the Ag/AgCl as the reference 

electrode and the Pt slice as the counter electrode, and 0.1M Na2SO4 solution was used as 

electrolyte. When testing the photo-electric properties of photocatalysts containing MAPbI3, 

the methylene dichloride containing 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) was used as an electrolyte. For time-resolved photo-current behaviors, a 300 W Xe 

lamp (FX-300, Beijing Perfect light Technology Co. Ltd.). Photoluminescence (PL) spectra 

were scanned on a photoluminescence spectrometer (NanoLOG-TCSPC, HORIBA JOBIN 

YVON). The PL decay spectra were fitted by τave=B1e
(-t/τ1) +B2e

(-t/τ2) +B3e
(-t/τ3). 

3.4 Results and Discussions 

3.4.1 HER Performance of Pt/TiO2 HoMSs 

 

Figure 3.1 The top-illuminated quartz photocatalytic HER system and gas chromatograph.  
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The HER performance was measured by the top-illuminated quartz photocatalytic HER 

system (Labsolar-6A, Beijing Perfectlight Technology Co., Ltd.) and gas chromatograph 

(Tianmei Technology, GC-7900) as shown in figure 3.1. The photocatalysts were put in the 

quartz reaction system and illuminated under Xe-lamp. The reaction system was kept at a 

constant temperature by circulating water. Generated H2 was collected by a gas collection 

system and then measured by a gas chromatograph. The collected H2 was tested at an interval 

of 30 minutes. 

 

Figure 3.2 Photocatalytic HER performance of Pt/TiO2 HoMSs under full spectrum: (A) 

HER performance of Pt/TiO2 HoMSs with different shells; (B) Normalized HER performance; 

(C) Long-term stability of Pt/3S-TiO2 HoMSs; (D) H2 evolution of Pt/3S-TiO2 HoMSs in an 

individual hour. 

The photocatalytic HER performance of Pt/TiO2 HoMSs was tested under full spectrum as 

shown in figure 3.2. The HER performance of Pt/TiO2 HoMSs with different shells in figure 

3.2A shows the performance order: Pt/1S-TiO2 HSs (45.7 μmol) < Pt/2S-TiO2 HoMSs (121.6 

μmol) < Pt/3S-TiO2 HoMSs (156.1 μmol). And the corresponding unit mass HER 
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performances in figure 3.2B are Pt/1S-TiO2 HSs (435.3 μmol·g-1·h-1), Pt/2S-TiO2 HoMSs 

(1158.4 μmol·g-1·h-1) and Pt/3S-TiO2 HoMSs (1486.9 μmol·g-1·h-1), respectively. To verify 

the long-term stability, HER measurement of Pt/3S-TiO2 HoMSs was continuously carried 

out for 20 hours under full spectrum illumination as shown in figure 3.2C and figure 3.2D. It 

displayed that 1129.2 μmol of H2 is continuously produced by Pt/3S-TiO2 HoMSs in 20 hours. 

The H2 evolution of Pt/3S-TiO2 HoMSs in an individual hour in figure 3.2D is around 55 

μmol. The H2 production of the whole process was remaining growth in an approximate 

increment. This result proves that Pt/3S-TiO2 HoMSs presents wonderful stability in HER. 

 

Figure 3.3 Photocatalytic HER performance of Pt/TiO2 HoMSs under full spectrum in the 

unit area. 

To survey whether specific surface area affects performance, the photocatalytic HER 

performance of Pt/TiO2 HoMSs in the unit area was calculated (performance = H2 evolution 

per hour / specific surface area) as shown in figure 3.3. The Normalized HER performance 

of Pt/3S-TiO2 HoMSs is 75.3 μmol·g-1·h-1·m-2 which is higher than Pt/2S-TiO2 HoMSs (70.7 

μmol·g-1·h-1·m-2) and Pt/1S-TiO2 HSs (39.4 μmol·g-1·h-1·m-2). Generally, the higher specific 

surface with more reaction activity sites presents higher photocatalytic activity. After 

calculated HER performance, the photocatalytic performance of Pt/TiO2 HoMSs shows 

different. The difference between different shells is possibly derived from the advantages of 
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HoMSs, such as the light absorption and electron transfer resistance.  

3.4.2 HER Performance of MAPbI3/Pt/TiO2 HoMSs 

 

Figure 3.4 The HER performance of MAPbI3/Pt/3S-TiO2 HoMSs under dark condition.  

Organic-inorganic halide perovskite materials are not stable in the aqueous solution system. 

In this chapter, the saturated MAPbI3 in the mixed solution (8 mL HI and 2 mL H3PO2 were 

mixed at a 4:1 volume ratio) is used. In the MAPbI3 saturated solution, dynamic equilibrium 

is realized between MAPbI3 crystals and ions. The persistent dissolution and deposition of 

MAPbI3 phase is dynamic stable at certain I- and H+ concentrations.99 Hence, the MAPbI3 

can be used as a photocatalyst to evolve hydrogen in the saturated MAPbI3 solution. To 

investigate the HER performance of photocatalyst under dark, the mix saturated solution with 

MAPbI3/Pt/3S-TiO2 HoMSs was measured as shown in figure 3.4. In the first hour, there is 

no signal of hydrogen because of too low the concentration of H2 to detect possibly. In the 

next few hours, the yield is not stable, and only 0.5 μmol H2 is generated after 5 hours. The 

MAPbI3 crystal with a non-centrosymmetric polarized structure is contributed to the 

piezoelectric effect.175 In the external mechanical force, a built-in electric field of perovskite 

improve the effective separation of charges. Hence, the mechanical stretch from stirring is 

possibly contributed to trace H2 generation. 

The photocatalytic performance of photocatalysts containing MAPbI3 was performed under 
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visible light (λ ≥ 420 nm). Before data collection, the photocatalytic HER system was 

continuously stirred until homogeneous dispersion of photocatalyst. To find an appropriate 

proportion of MAPbI3 and 3S-TiO2 HoMSs, the different mass fractions of MAPbI3 in 

composites were synthesized by turning the concentration of MAPbI3 precursor. And accurate 

mass fractions were confirmed by ICP results as shown in table 3.1. The photocatalytic HER 

performance is shown in figure 3.5. After reaction 3 hours, the H2 evolution for 

MAPbI3/Pt/3S-TiO2 HoMSs with 50.03 wt.% MAPbI3 is 719.9 μmol, which is the highest 

production among mass fractions in 33.03 wt.% (280.4 μmol), 42.57 wt.% (448.8 μmol), and 

54.89 wt.% (489.5 μmol). Because the performance of 50.03 wt.% MAPbI3 in MAPbI3/Pt/3S-

TiO2 HoMSs is the highest, the following composite photocatalysts are kept at this mass 

fraction. 

Table 3.1 The mass fraction of MAPbI3 measured by ICP. 

Sample Dissolving 
mass (mg) 

Dilution ratio C (Pb2+) 

 

Mass fraction of 
MAPbI3 (wt. %） 

Pt/3S-TiO2 HoMSs with 0.6 
M precursor 

24.4 ×1000 0.22675 33.20 

Pt/3S-TiO2 HoMSs with 0.9 
M precursor 

24.2 ×1000 0.3125 43.02 

Pt/3S-TiO2 HoMSs with 1.2 
M precursor 

24.9 ×1000 0.39175 50.39 

Pt/3S-TiO2 HoMSs with 1.5 
M precursor 

24.2 ×1000 0.42575 55.64 

Pt/1S-TiO2 HSs with 1.2 M 
precursor 

23.9 ×1000 0.36175 49.17 

Pt/2S-TiO2 HoMSs with 1.2 
M precursor 

24.1 ×1000 0.363 48.85 

Pt/P25 with 1.2 M precursor 24.6 ×1000 0.384 50.17 

To study the effects of the photocatalyst’s structure on photocatalytic performance, the 

photocatalysts with single shell, double shells, and triple shells were measured under the same 

conditions as shown in figure 3.6. As the shell numbers increase from 1 to 3, the 

photocatalytic activities of MAPbI3/Pt/TiO2 HoMSs increase from 2696.2 μmol h-1g-1 

(MAPbI3/Pt/1S-TiO2 HSs) to 6856.2 μmol h-1 g-1 (MAPbI3/Pt/3S-TiO2 HoMSs). But the 

performance of the mixture of MAPbI3 and Pt/3S-TiO2 HoMSs is only 1830.7 μmol h-1 g-1 

which is lower than synthesized composites. Photocatalysts with multiple shells improve 

incident light reflections and scattering. The multi-shelled structures enhance the probability 

of light absorption and improve the light-harvesting capability. More shells will provide a 

larger available surface for building heterogeneous interfaces and reactive sites to promote 

the surface photocatalytic reaction.35, 69, 72, 97 Besides, the photocatalytic performance of 
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Pt/MAPbI3 is a quite lower photocatalytic activity in 268.6 μmol h-1 g-1 when compared with 

MAPbI3/Pt/TiO2 HoMSs. According to the above results, a conjecture is put forward. The 

MAPbI3/TiO2 heterogeneous interface contributes to improving the charges extraction from 

MAPbI3. 

 

Figure 3.5 Photocatalytic HER performance of MAPbI3/Pt/3S-TiO2 HoMSs in different 

mass fractions of MAPbI3 in MAPbI3/Pt/3S-TiO2 HoMSs under visible-light (λ ≥ 420 nm). 

The mass of catalysts used in the test is 35 mg.  

In contrast, the H2 evolution of Pt/3S-TiO2 HoMSs is no single after three hours under visible-

light irradiation. The phenomenon is reasonable because the bandgap of without doped TiO2 

materials generally focuses on 3.0~3.2 eV. The corresponding absorption range of wavelength 

is below 420 nm which is in the ultraviolet part of the full spectrum. Compared with 

MAPbI3/Pt/3S-TiO2 HoMSs, the MAPbI3/3S-TiO2 HoMSs composite generates only 3.7 

μmol h-1 g-1 at the consistent test conditions. Without Pt cocatalysts, the utilization of 

photogenerated electrons is extremely limited. The Pt cocatalyst plays an important role in 

reaction centers of H2 reduction.  

The HI splitting efficiency is an evaluation indicator of the photocatalytic activity of 

photocatalysts. The visible-light driven HI splitting efficiency was obtained from the 

following formula:168, 176 
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Solar HI splitting efficiency =
2NH2

× 𝐸 × 1.6 × 10−19

𝑃sol(W∙cm-2)×A(cm2)×t(s)
× 100%                     3.1 

=
2×Evolved 𝐻2(mol)×𝑁𝐴×𝐸(HI solution splitting)×1.6×10−19

𝑃sol(W∙cm-2)×A(cm2)×t(s)
× 100% 

where NA presents the Avogadro constant (6.02×1023), Psol presents the light intensity (0.15 

W·cm-2), A is the area of the light source (28.26 cm2), and t is the reaction time. The total 

potential solar HI splitting efficiency is adopted as the reported literature.99 The total potential 

of HI splitting E (HI solution splitting) = E(3I-→2e-+I3
-)-E(2H++2e-→H2) = 0.333 V. The 

solar HI splitting efficiencies of different catalysts under visible illumination was calculated 

as shown in table 3.2. The solar HI splitting efficiency of photocatalysts obeys following 

order: MAPbI3/Pt/3S-TiO2 HoMSs (2.88 %) > MAPbI3/Pt/2S-TiO2 HoMSs (1.53 %) > 

MAPbI3/Pt/1S-TiO2 HSs (0.72) > MAPbI3/Pt (0.07 %). This order of the result is consistent 

with HER performance results. The multi-shelled structures indeed improve the activity of 

the photocatalyst. 

 

Figure 3.6 (A) Photocatalytic HER performance of different catalysts under visible-light (λ 

≥ 420 nm). The mixture is mixed of MAPbI3 and Pt/3S-TiO2 HoMSs The mass of catalysts 

used in the test is 35 mg; (B) AQE of MAPbI3/Pt/3S-TiO2 HoMSs measured at light filters 

with different wavelengths.   

To study the visible light response under different light wavelengths, the apparent quantum 

efficiency (AQE) was carried out on a Xe lamp (300 W) with different filters of 

monochromatic light, including 450 nm, 500 nm, 550 nm, 600 nm, and 650 nm. In this chapter, 

the AQE is calculated by the ratio of the electron consumption number (Nelectron) in the 

photocatalytic process to the photons flux per hour (Nphoton) under a specialized wavelength 

range, which is illustrated in the followed equations:7  
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𝐴𝑄𝐸 (%) =
𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

𝑁𝑝ℎ𝑜𝑡𝑜𝑛
× 100% =

2𝑁(𝐻2)

𝑁𝑝ℎ𝑜𝑡𝑜𝑛
× 100%                                   3.2 

𝑁𝑝ℎ𝑜𝑡𝑜𝑛 =
𝐿𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐼𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎 × 𝑡𝑖𝑚𝑒

𝐸𝑝ℎ𝑜𝑡𝑜𝑛
                     3.3 

The calculation of Nelectron comes from a rule that producing one molecule of hydrogen needs 

two electrons, according to the equations mentioned in chapter 1. The Nphoton is calculated by 

using the formula, where the illumination area is 3.61 cm2, and Ephoton is the average single 

photon energy. Ephoton can be calculated by the following equation: 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 =
ℎ𝑐

𝜆
                                                                   3.4 

where h presents the Planck constant, λ presents the light wavelength, and c is the speed of 

light. Meanwhile, the AQE of MAPbI3/Pt/3S-TiO2 HoMSs was plotted as shown in figure 

3.6B. The AQE of MAPbI3/Pt/3S-TiO2 HoMSs under from 450 nm to 650 nm is around 1.437 % 

to 1.523 %, which indicates the MAPbI3 introduced in Pt/3S-TiO2 HoMSs broaden the 

response scope of light wavelength. 

Table 3.2 The solar HI splitting efficiency of different catalysts under visible illumination. 

Sample  Solar HI splitting efficiency (%) 

MAPbI3/Pt 0.07 

MAPbI3/Pt/1S-TiO2 HSs 0.72 

MAPbI3/Pt/2S-TiO2 HoMSs 1.53 

MAPbI3/Pt/3S-TiO2 HoMSs 2.88 

Long-term stability is one of the evaluation indicators of photocatalysts. To investigate the 

long-term stability of MAPbI3/Pt/3S-TiO2 HoMSs, the experiment was performed under 

visible-light illumination with a light filter λ ≥ 420 nm. The result of long-term stability is 

shown in figure 3.7. After 30 hours of continuous light irradiation, 10652.4 μmol of H2 is 

produced by the MAPbI3/Pt/3S-TiO2 HoMSs. The H2 production of the whole process is 

remaining growing in different increments. In the first 15 hours, the H2 evolution rate almost 

keeps a constant. After 15 hours, the H2 evolution increment per hour is slightly decreased. 

To study changes in increments, the increment per hour was calculated as shown in figure 

3.7B. In the first 15 hours, the H2 evolution increment is around 400 μmol. The individual 

high points and low points may be caused by unevenly mixing of gas in the reaction system 
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before tests. In the range from 16 hours to 25 hours, the H2 evolution increment was around 

340 μmol. In the last five hours, the H2 evolution increment was around 250 μmol. Even if 

the increment decreases gradually, the MAPbI3/Pt/3S-TiO2 HoMSs still have good catalytic 

activity. 

 

Figure 3.7 (A) Long-term stability test of the MAPbI3/Pt/3S-TiO2 HoMSs; (B) The 

corresponding H2 evolution per hour; The mass of catalysts used in the test is 55 mg. 

 

Figure 3.8 (A) XRD patterns of MAPbI3/Pt/3S-TiO2 HoMSs after HER test; (B) TEM image 

of MAPbI3/Pt/3S-TiO2 HoMSs after HER test.  

After HER test, the sample was fast centrifugated and the sample was drying at 15 °C for 48 

hours. The composition and morphology of MAPbI3/Pt/3S-TiO2 HoMSs after HER test were 

investigated by using XRD and TEM as shown in figure 3.8. After HER test, The XRD result 

reveals that MAPbI3/Pt/3S-TiO2 HoMSs maintain the phase structure when compared with 

XRD patterns of MAPbI3 in figure 3.3. The diffraction characteristic peaks of MAPbI3 and 
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TiO2 have no difference except for the diffraction peak intensity of MAPbI3. The TEM results 

in figure 3.8B indicate that the MAPbI3 still exists inside 3S-TiO2 HoMSs. Hence, the XRD 

and TEM results reveal that MAPbI3/Pt/3S-TiO2 HoMSs maintain the phase structure and 

morphology structure after the long-term test. Besides, the MAPbI3 materials were put into 

MAPbI3 saturated solution (HI:H3PO2=4:1 in volume) as shown in figure 3.9. Comparing the 

pictures taken at 0 hours to 96 hours, the MAPbI3 exists stably in a saturated solution. 

 

Figure 3.9 MAPbI3 materials stored in saturated solution (HI:H3PO2=4:1 in volume) for 

different times. 

 

Figure 3.10 Photocatalytic HER performance of MAPbI3/Pt/P25-TiO2 under visible-light 

illumination (λ ≥ 420 nm). (A) HER activity for MAPbI3/Pt/P25-TiO2 is 3602.8 μmol/h/g; 

(B) The Long-term stability test of MAPbI3/Pt/P25-TiO2. The mass of catalysts used in the 

test is 35 mg. 

To compare other morphologies of titanium oxide, nano-particles P25-TiO2 were applied to 

synthesize MAPbI3/Pt/P25-TiO2 for photocatalytic HER. The HER activity and the long-term 

stability are shown in figure 3.10. The HER activity of MAPbI3/Pt/P25-TiO2 is 378.2 μmol 

after three hours (3602.8 μmol h-1 g-1) which is much lower than the performance of 
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MAPbI3/Pt/3S-TiO2 HoMSs. The great enhancement in HER activity of MAPbI3/Pt/3S-TiO2 

HoMSs is attributed to the unique structural features of HoMSs. The long-term stability of 

MAPbI3/Pt/P25-TiO2 is lower than MAPbI3/Pt/3S-TiO2 HoMSs in the first 15 hours. The 

perovskite inside HoMSs may form a local high concentration which is contributed to the 

dynamic equilibrium of MAPbI3. But in this reaction, the MAPbI3/Pt/P25-TiO2 are possibly 

decomposed to MAPbI3 and Pt/P25-TiO2, suggesting the hydrogen evolution rate may not 

stable. 

 

Figure 3.11 (A) HAADF-STEM image of Pt/MAPbI3/3S-TiO2 HoMSs; The Elemental 

mappings images of MAPbI3/Pt/3S-TiO2 HoMSs: (B) Ti (green), (C) O (red), (D) Pb (blue), 

(E) I (yellow), (F) Pt (purple). 

To compare the effect of Pt on electron transfer process, Pt cocatalyst was mainly loaded on 

MAPbI3 crystal. The location of Pt cocatalyst on MAPbI3 is designed to let photogenerated 

electrons transfer to Pt and TiO2 HoMSs. The photocatalyst of Pt on MAPbI3 and TiO2 was 

synthesized by the following steps. MAPbI3 was firstly filled into 3S-TiO2 HoMSs to form 

MAPbI3/3S-TiO2 HoMSs and then they were loaded with Pt in the perovskite saturated mix 

solution of HI and H3PO2 (named as Pt/MAPbI3/3S-TiO2 HoMSs to distinguish with 

MAPbI3/Pt/3S-TiO2 HoMSs). To load Pt cocatalyst on MAPbI3/3S-TiO2 HoMSs successfully, 

all the synthetic conditions were consistent with before except for the different experimental 
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sequence and reaction medium. The obtained sample was characterized by HAADF-STEM 

as shown in figure 3.11. The Ti and O are corresponding to TiO2 characteristic element. The 

Pb and I in inside of HoMSs are corresponding to MAPbI3 characteristic element. By 

comparing with Ti position and Pb position, the Pt is distributed on both MAPbI3 and TiO2. 

But the Pt is mainly loaded on MAPbI3 because of the brighter color. 

 

Figure 3.12 Photocatalytic HER performance of Pt/MAPbI3/3S-TiO2 HoMSs under visible-

light illumination (λ ≥ 420 nm) with H2 production rate of 1490.5 μmol/h/g. The mass of 

catalysts used in the test is 35 mg. 

The corresponding HER test was carried out on the same condition as before as shown in 

figure 3.12. The photocatalytic activity of Pt/MAPbI3/3S-TiO2 HoMSs is 1490.5 μmol h-1 g-

1, which is below the photocatalytic activity of MAPbI3/Pt/3S-TiO2 HoMSs (6856.2 μmol h-

1 g-1). This result is possibly caused by different transfer pathways of electrons. When Pt is 

loaded on TiO2 HoMSs, the electrons generated from MAPbI3 are transferred into TiO2 

HoMSs and then transfer into Pt clusters for hydrogen reduction. But when Pt is mainly 

loaded on MAPbI3, the electrons are firstly transferred into Pt on the surface of MAPbI3. The 

photocatalytic activities of Pt loaded on different positions indicate that the photogenerated 

electrons in MAPbI3 are preferred to be extracted by TiO2 and then utilized for photocatalytic 

HER on Pt co-catalyst surface. 
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Figure 3.13 Photocatalytic HER performance under full spectrum illumination of different 

catalysts, Pt/3S-TiO2 HoMSs, Pt/MAPbI3, and MAPbI3/Pt/1S-TiO2 HSs, MAPbI3/Pt/ 2S-TiO2 

HoMSs, MAPbI3/Pt/3S-TiO2 HoMSs. The mass of catalysts used in the test is around 35 mg 

and HER performance is the average value of reacting in 3 hours. 

Table 3.3 the ICP results of Pt for Pt/TiO2 HoMSs. 

Sample  Dissolving mass of 

catalysts (mg) 

Dilution ratio    

(1:50 in volume)  

Concentration 

of Pt (mg/L) 

Mass fraction 

of Pt (%)  

Pt/1S-TiO2 HSs 9.8 50 2.11 1.076 

Pt/2S-TiO2 HoMSs 9.6 50 1.88 0.979 

Pt/3S-TiO2 HoMSs 10.1 50 2.06 1.020 

Pt/P25 TiO2 9.6 50 1.91 0.995 

To investigate the photocatalytic activity in ultraviolet, the photocatalytic HER test under full 

spectrum illumination for different catalysts was also carried out as shown in figure 3.13. 

Compared with HER activity in visible light, the H2 evolution of Pt/TiO2 HoMSs is 718.6 

μmol h-1 g-1 in full spectrum illumination. The HER activity of Pt/MAPbI3 is also promoted 

in the full spectrum illumination. The photocatalysts of MAPbI3/Pt/TiO2 HoMSs present 

better HER activity in full spectrum illumination when comparing with activity in visible 

light illumination. Owing to the sensitivity ability of MAPbI3 and TiO2 HoMSs in the 
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ultraviolet, the MAPbI3/Pt/3S-TiO2 HoMSs show the best HER activity (8712.2 μmol h-1 g-1) 

among all samples. To exclude the influence of the amount of Pt cocatalyst on performance, 

the ICP tests were carried out. The Pt/TiO2 HoMSs materials were dissolved in the 1 mL mix 

solution of hydrofluoric acid and nitrohydrochloric acid in 80 °C water bath with continuous 

stirring. The results of ICP tests are shown in table 3.3. The mass fraction of Pt cocatalyst is 

around one percent. Hence, approximate amount of Pt suggests the multi-shells may work in 

improving photocatalytic performance. 

3.4.3 Photoelectric Properties and HER Mechanism 

 

Figure 3.14 UV-vis absorption spectra of TiO2 HoMSs, Pt/3S-TiO2 HoMSs and 

MAPbI3/Pt/3S-TiO2 HoMSs. 

To survey the effect of structure and composition on light absorption, the UV-vis absorption 

spectrums of different semiconductors were performed as shown in figure 3.14. To survey the 

effect of structure on light absorption by comparing the light absorption of TiO2 HoMSs, the 

3S-TiO2 HoMSs presents higher absorbance than 2S-TiO2 HoMSs and 1S-TiO2 HSs. The 

Multi-shelled structures improve light absorption because of the light reflection and light 

scattering.88 Increasing light absorption by HoMSs is possibly one of the reasons for 

performance improvement. On the other hand, the effect of composition on light absorption 

through comparing the light absorbance between 3S-TiO2 HoMSs, Pt/3S-TiO2 HoMSs, and 
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MAPbI3/Pt/3S-TiO2 HoMSs. When Pt loaded on the 3S-TiO2 HoMSs, the Pt/3S-TiO2 HoMSs 

is sensitive in visible light as shown in figure 3.14. When MAPbI3 is loaded on Pt/3S-TiO2 

HoMSs, the light absorption in the range of visible light is improved greatly. The photographs 

of catalysts in figure 3.15 show that the color is changed gradually from white to dark grey. 

This result also illustrates the macroscopic enhancement of light absorption in the range of 

visible light wavelength. 

 

Figure 3.15 The photographs of catalysts: (A) 3S-TiO2 HoMSs, (B) Pt/3S-TiO2 HoMSs, 

and (C) MAPbI3/Pt/3S-TiO2 HoMSs. 

To verify the advantages of multi-shelled structures in charges separation and transport, 

steady-state PL spectra were carried out as shown in figure 3.16. The photoluminescence 

intensities of different semiconductors are varied in a wide range. Compared with barely 

MAPbI3 with the highest intensity, the introduction of TiO2 HoMSs or Pt decreases the 

photoluminescence intensity. The reason for photoluminescence quenching is because 

photoelectrons transfer process.139, 149, 167 Compared with barely MAPbI3, the sharply 

decrement of the PL intensity of MAPbI3/Pt/TiO2 HoMSs reveals that photogenerated 

electrons within MAPbI3 are effectively extracted, which is attributed to the effective 

available heterogenous interface of MAPbI3/Pt/TiO2. The more shells provide more 

heterogeneous contact interfaces.177-178 The PL intensity of MAPbI3/Pt/TiO2 HoMSs 

decreases as the increase of number of shells. Besides, the PL intensity of the mixture of 

MAPbI3 and Pt/TiO2 HoMSs is stronger than MAPbI3/Pt/TiO2 HoMSs because of the weak 

contact of interfaces. In addition, the higher PL intensity of MAPbI3/TiO2 HoMSs comparing 

with MAPbI3/Pt/TiO2 HoMSs indicates that the introduced Pt further improves electrons 

transfer. 

Meanwhile, time-resolved transient PL decay spectrum was measured and fitted as shown in 
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figure 3.17. The resulted parameters are listed in Table 3.4. The order of calculated average 

carrier lifetime of catalysts is MAPbI3 (630.49 ns) > MAPbI3/Pt/1S-TiO2 HS (15.57 ns) > 

MAPbI3/Pt/2S-TiO2 HoMSs (9.18 ns) > MAPbI3/Pt/3S-TiO2 HoMSs (6.95 ns). The shorter 

carrier lifetime suggests faster electrons transfer. The PL quenching effect in the PL decay 

spectra confirms the efficient transportation of photogenerated carriers in MAPbI3/Pt/TiO2 

HoMSs.168 

 

Figure 3.16 (A) Steady-state PL spectra of MAPbI3, MAPbI3/3S-TiO2 HoMSs, MAPbI3/Pt/ 

TiO2 HoMSs; (B) Corresponding magnify field of (A) selected area. 

 

Figure 3.17 Time-resolved transient PL decay spectra of MAPbI3 and MAPbI3/Pt/TiO2 

HoMSs.  
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Table 3.4 The τave of different catalysts fitted from time-resolved transient PL decay spectra. 

Sample τ1 (ns) τ2 (ns) τ3 (ns) B1 B2 B3 τave (ns) 

MAPbI3 55.6310 302.9098 1257.7075 810.6563 365.9066 78.8893 630.49 

MAPbI3/Pt/1S-
TiO2 HSs 0.7269 5.8348 45.7708 3700.8040 509.7860 49.8183 15.57 

MAPbI3/Pt/2S-
TiO2 HoMSs 0.6756 4.5766 29.1119 2503.1763 484.4699 42.3545 9.18 

MAPbI3/Pt/3S-
TiO2 HoMSs 0.5385 3.9808 37.3044 5116.0332 269.0036 18.4095 6.95 

 

Figure 3.18 (A) The transient photocurrent response curves of Pt/ TiO2 HoMSs and TiO2 

HoMSs, (B) EIS curves of Pt/ TiO2 HoMSs measured at 0.1 M Na2SO4 with Ag/AgCl 

electrode. 

To study the effect of morphology on photoelectricity properties, the transient photocurrent 

response curves and EIS curves of Pt/ TiO2 HoMSs were measured firstly. In figure 3.18A, 

the current density is a positive value which indicates that TiO2 HoMSs is an n-type 

semiconductor. The current density of Pt/ TiO2 HoMSs is apparently bigger than 3S-TiO2 

HoMSs. This result means that deposited Pt on TiO2 HoMSs is beneficial to electrons transfer. 

On the other hand, the current density is gradually increasing as the number of shells increases. 

When the photocatalysts are illuminated under the full spectrum of light, the current curves 

sharply increase and decrease because of charges recombination. The trend of photocurrent 

increment is consistent with the trend of photocatalytic performance. The photocurrent 

increment may partially be caused by multi-shelled structures. On the other hand, the shells 

form parallel resistance which decreases electron transfer resistance as shown in figure 3.18B. 

More shells are contributed to smaller electrons transfer resistance. 

Next, the transient photocurrent response curves of MAPbI3/Pt/TiO2 HoMSs in figure 3.19 

display that the larger photocurrents of composites comparing with the pure MAPbI3, 
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indicating higher photocatalytic HER activities of MAPbI3/Pt/TiO2 HoMSs. Besides, the 

larger photocurrent of MAPbI3/Pt/TiO2 HoMSs suggests that more photogenerated carriers 

can be efficiently used in photocatalytic reactions. The trend of photocurrent value is opposite 

of the PL intensity of photocatalysts. And both results indicate Pt/TiO2 HoMSs improve 

charges separation and transport from MAPbI3. The transient photocurrent response curves 

of the mixture of MAPbI3 and Pt/3S-TiO2 HoMSs were also measured as shown in figure 

3.19B. Compared with MAPbI3/Pt/3S-TiO2 HoMSs, the mixture shows a lower photocurrent 

value, which suggests that the photogenerated charges cannot be timely extracted outside. 

 

Figure 3.19 The transient photocurrent response curves: (A) the MAPbI3 and MAPbI3/Pt/ 

TiO2 HoMSs; (B) Mixture of MAPbI3 and Pt/ TiO2 HoMSs. The transient photocurrent 

response curves of the mixture of the MAPbI3 and Pt/3S-TiO2 HoMSs measured in 

dichlormethane solution containing 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) as electrolyte solution. 

To compare the electron transfer ability of photocatalysts, the EIS curves were measured by 

an electrochemical workstation as shown in figure 3.20. The first small arc is the electron 

conduction impedance of materials and the second arc is the charge transfer resistance of ion 

transfer behavior of photocatalyst.139 In the magnified area of the first arc, MAPbI3 shows the 

smallest electron conduction impedance, which suggesting the bulk transfer of electrons in 

MAPbI3 is better than TiO2 HoMSs. In the second arc, MAPbI3/Pt/TiO2 HoMSs presents 

smaller charge transfer resistance. And the curve of MAPbI3/Pt/3S-TiO2 HoMSs is the 

smallest arc which means the smallest charge transfer resistance among those photocatalysts. 

Because of multi-shells inside HoMSs, the parallel electron transport pathways are generated 

and more shells obtain smaller charge transfer resistance.69, 83 The more shells with abundant 
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heterogeneous interfaces within HoMSs usefully enhance contact area which is contributed 

to charges separation and transport, charge utilization in HER. 

 

Figure 3.20 (A) EIS curves of MAPbI3 and MAPbI3/Pt/TiO2 HoMSs at open-circuit voltage 

versus Ag/AgCl electrode under light illumination; (B) Corresponding magnify field of (A) 

selected area. 

 

Figure 3.21 Contact angle of different photocatalysts: (A) MAPbI3/Pt/1S-TiO2 HS, (B) 

MAPbI3/Pt/2S-TiO2 HoMSs, (C) MAPbI3/Pt/3S-TiO2 HoMSs, and (D) MAPbI3/Pt/P25-TiO2. 
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To exclude the effect of wettability on performance, the contact angle was characterized as 

shown in figure 3.21. The liquid drop used in the test is MAPbI3 saturated solution (HI:H3PO2). 

The contact angles of MAPbI3/Pt/TiO2 HoMSs are 14.37°, 14.27°, and 14.64° for 1 to 3 shells. 

And the contact angles of MAPbI3/Pt/P25-TiO2 is 13.55°. Those approximate contact angles 

prove photocatalysts possess the same wettability. 

To survey the transfer pathways of charges, the conduction band (CB) and valence band (VB) 

(versus the normal hydrogen electrode, NHE) of the MAPbI3/Pt/TiO2 HoMSs photocatalysts 

were determined by the Tauc-plots, ultraviolet photoelectron spectroscopy (UPS) and Mott-

Schottky curves. The bandgap of 3S-TiO2 HoMSs and MAPbI3 was confirmed by the Tauc 

method in the first as shown in figure 3.22. The Tauc method is expressed as the following 

equation179: 

𝑎ℎ𝑣
1

𝑟⁄ = 𝐵(ℎ𝑣 − 𝐸𝑔)                                                   3.5 

Where a, h, and v present absorption coefficient, Planck constant, and frequency, respectively. 

Eg and B are bandgap energy and constant, respectively. The r factor is decided by the nature 

of semiconductors. When the semiconductors belong to a direct bandgap, the r factor is equal 

to 1/2. When the semiconductors belong to an indirect bandgap, the r factor is equal to 2. In 

this step, the 3S-TiO2 HoMSs is recognized as the indirect bandgap because anatase phase is 

main part of TiO2. The Tauc-plots were calculated from the data of UV-vis absorption spectra 

data. The tangent of Tauc-plots indicate that the bandgaps (Eg) of 3S-TiO2 HoMSs and 

MAPbI3 are 3.1 eV and 1.57 eV respectively. 

 

Figure 3. 22 Tauc-plots curves of (A) 3S-TiO2 HoMSs and (B) MAPbI3. 
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Figure 3.23 (A) Ultraviolet photoelectron spectroscopy (UPS) of the MAPbI3 powder; (B) 

The Mott-Schottky curve of 3S-TiO2 HoMSs was measured at 1000 Hz. 

To confirm the conduction band energy (ECB) and valence band energy (EVB), the UPS of 

MAPbI3 and Mott-Schottky curve of 3S-TiO2 HoMSs were measured as shown in the figure 

3.23. The Fermi level of the MAPbI3 is -5.04 eV, which is calculated from the following 

formula:  

Efermi = −(Eexcitation energy − Ecut off) = −(21.21 eV − 16.17 eV) = −5.04 eV          3.6 

Further, the difference value between the EVB to Efermi is equal to 0.57 eV as shown in figure 

3.23A. because the EVB is lower than Efermi, the EVB is equal -5.61 eV. According to the bandgap 

of MAPbI3 obtained, the ECB is obtained from the following formula: 

𝐸𝐶𝐵 = 𝐸𝑔 + 𝐸𝑉𝐵 = 1.57 eV + (−5.61 eV) = −4.04 eV                              3.7 

When using the NHE as a reference,180 the conduction band potential is -0.46 V (vs. NHE), 

and the valence band potential is 1.11 V (vs. NHE) for MAPbI3. Similarly, the conduction 

band potential is -0.2 V (vs. NHE) as shown in figure 3.23B, and the valence band potential 

is 2.90 V (vs. NHE) for 3S-TiO2 HoMSs.  

According to the ECB and EVB mentioned above, the transfer pathways are clear between TiO2 

and MAPbI3. And the photogenerated charges transfer pathways are shown in figure 3.24. 

The potential difference between TiO2 and MAPbI3 provides a force to drive the 

photogenerated electrons injected into the CB of TiO2 from the CB of MAPbI3. Further, the 

co-catalysts Pt on the surface of TiO2 obtained electrons from TiO2 and then converts 

hydrogen ions to hydrogen. The generated holes in the VB of MAPbI3 participate in a reaction 

of I- to I3
-. In this chapter, the H3PO2 is used as a stabilizer to prevent oxidation of I- in the air. 



 

76 

 

At the same time, the H3PO2 is also used to convert photocatalytic generated I3
- into I-. In the 

other words, the H3PO2 enhances the consumption of holes for depressing recombination. 

 

Figure 3.24 Schematic energy band diagram of the MAPbI3, Pt/TiO2, and charge transfer 

process under visible-light illumination. 

3.5 Conclusions 

In summary, the MAPbI3/Pt/TiO2 HoMSs composites were successfully applied in 

photocatalytic hydrogen evolution from HI splitting. The introduced MAPbI3 in Pt/TiO2 

HoMSs improves photocatalytic activity. The H2 evolution rate of samples of MAPbI3/Pt/3S-

TiO2 HoMSs is 6856.2 μmol h-1 g-1 under visible light irradiation, which is far faster than 

barely Pt/MAPbI3 (268.6 μmol h-1 g-1). As the shells increase, the photocatalytic performances 

of composites increase. The characterizations, such as PL spectra, transient photocurrent 

response curves, and EIS curves, indicate that the multi-shells improve charges separation 

and transport effectively. The cocatalyst enhances the utilization of the photogenerated 

charges and splitting efficiency. This chapter verifies the advantages of HoMSs in the 

photocatalytic HER field. Loading narrow bandgap semiconductors inside HoMSs is a new 

strategy to broaden the light response range. 
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CHAPTER 4. 

Effects of Anatase/Rutile Phase of MAPbI3/Pt/TiO2 

Composite on Photocatalytic HER Performance 

4.1 Abstract 

Optimizing electrons transfer is contributed to improving photocatalytic performance in HER 

performance. The electrons transfer pathways of MAPbI3/Pt/TiO2 HoMSs include MAPbI3 

bulk, interfaces of MAPbI3 and TiO2 HoMSs, TiO2 bulk, interfaces of TiO2 and cocatalyst. 

Rutile TiO2 and anatase TiO2 show differences in interface transfer and TiO2 bulk transfer. To 

investigate the influence of rutile TiO2 and anatase TiO2 on electrons transfer, the different 

anatase ratios of TiO2 were synthesized by calcined at different temperatures. The 

comparations of electrons transport between anatase and rutile was characterized by EIS, 

transient photocurrent response, and linear sweep voltammetry method. The experimental 

results prove that electrons transfer in MAPbI3/anatase is faster than MAPbI3/rutile. 

MAPbI3/anatase possesses smaller transfer resistance and higher transient photocurrent value. 

Comparing with electrons transfer in the MAPbI3/rutile, the faster bulk transport in anatase 

is beneficial to improving performance. 

4.2 Introduction  

Charges separation and transfer process play a quite important role in photocatalytic HER 

performance. The common effective charges separation strategy is to construct 

heterojunctions.181-182 In the charges transfer process, the charges recombination easily 

happens in traps such as defects or doping.183 Optimizing electrons transfer affects whether 

the photogenerated electron can take part in surface photocatalytic chemical reactions and 

then be utilized effectively. Impactors of electrons transfer include work function,184 

defects,185 electric field,186 transfer distance,69, 187 electron mobility.100  

The TiO2 materials have three kinds of crystal structure, including rutile, anatase, and brookite. 

The rutile and anatase are usually applied in the photocatalytic field.185-189 In chapters 2 and 
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3, the heterogeneous interface of MAPbI3 and mixed-phase of TiO2 HoMSs has been 

successfully constructed and applied in photocatalytic HER. When MAPbI3 is irradiated 

under light, the electrons are generated and separated into TiO2 HoMSs. The electrons transfer 

pathways include MAPbI3 bulk, interfaces of MAPbI3 and TiO2 HoMSs, TiO2 bulk, and 

interfaces of TiO2 and cocatalyst. The main electron transfer pathways are concerned with 

TiO2 materials. Electrons transfer in the interfaces of MAPbI3 and TiO2 HoMSs has been 

widely studied in perovskite solar cells.189-190 Compared with MAPbI3/anatase, some devices 

based on MAPbI3/rutile present higher power conversion efficiency and external quantum 

efficiency.101, 189 The transient absorption spectra of interfaces of MAPbI3/TiO2 show that the 

extraction ability of rutile from MAPbI3 film is better than anatase.101 

In the TiO2 HoMSs bulk transfer process, rutile and anatase show different properties. The 

rutile is a direct bandgap semiconductor and its bandgap is around 3.0 eV. The anatase is an 

indirect bandgap semiconductor and its bandgap is around 3.2 eV. The anatase TiO2 presents 

a longer lifetime of carriers than rutile TiO2. On the other hand, the electron mobility of 

anatase (10 cm2·V-1·s-1) is larger than rutile (1 cm2·V-1·s-1).100 The electron transfer in anatase 

bulk is faster than rutile. Hence, the rutile TiO2 is beneficial to the extraction of electrons from 

MAPbI3 to TiO2. In contrast, the anatase TiO2 is beneficial to electrons transfer of TiO2 bulk. 

Turning crystal structure anatase/rutile is irreversible. Normally, the transformation of crystal 

structure is from anatase into rutile phase because the rutile phase is more stable. According 

to reported literatures,102-103, 191 the phase transformation can be realized by impurities or high 

temperature. In general, the phase transformation requires a temperature of at least over 

400 °C which is decided by raw materials, methods, pressure, or synthesis process.131  

In this chapter, to investigate the influence of rutile TiO2 and anatase TiO2 on electrons 

transfer, the different anatase ratios of TiO2 were synthesized by calcined at different 

temperatures. The different anatase ratio of TiO2 was confirmed by XRD. The 

MAPbI3/Pt/TiO2 HoMSs materials with different anatase ratios were synthesized by the same 

method used in chapter 2. And then it was applied in the photocatalytic HER process. The 

applied photocatalytic conditions keep consistent with test conditions in chapter 3. The 

contrast of electrons transport between anatase and rutile was characterized by EIS, transient 

photocurrent response, and linear sweep voltammetry method. The experimental results prove 

that electrons transfer in MAPbI3/anatase is faster than MAPbI3/rutile. MAPbI3/anatase 

possesses smaller transfer resistance and higher transient photocurrent value. 
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4.3 Experiment Section 

4.3.1 Chemicals 

The chemicals used in this chapter is consistent with chapter 2. 

4.3.2 Experimental Equipment 

The experimental equipment used in this chapter is consistent with chapter 2. 

4.3.3 Methods  

4.3.3.1 Synthesis of Different Anatase Ratio in Mix Phase of 3S-TiO2 HoMSs 

The above-prepared CMSs were firstly washed with ethanol at room temperature for 4 hours 

and dried at 60 °C for 12 hours. The as-pretreated CMSs were firstly ground by agate mortar. 

Then, dispersing 1.2 g obtained CMSs powers into 3 mol L-1 TiCl4 aqueous solution (60 mL) 

was carried out in an ultrasonicator for 10 min. The above suspending solution was kept 

stirring for 7 hours at 40 °C. After the stirring process, the suspending solution was filtrated 

and washed by a Buchner funnel with deionized water two times followed by drying at 60 °C 

for 6 hours. In the end, the obtained sample was put into a muffle furnace. The sample was 

heated to 500 °C-700 °C in the air from room temperature with the heating of 9 °C min-1 and 

kept for 2 hours. The white power of 3S-TiO2 HoMSs is obtained. 

4.3.3.2 Synthesis of 2S-TiO2 HoMSs 

The above-prepared CMSs were firstly washed with ethanol at room temperature for 4 hours 

and dried at 60 °C for 12 hours. The as-pretreated CMSs were firstly ground by agate mortar. 

Then, dispersing 1.2 g obtained CMSs powers into 3 mol L-1 TiCl4 aqueous solution (60 mL) 

was carried out in an ultrasonicator for 10 min. The above suspending solution was kept 

stirring for 5 hours at 40 °C. After the stirring process, the suspending solution was filtrated 

and washed by a Buchner funnel with deionized water two times followed by drying at 60 °C 

for 6 hours. In the end, the obtained sample was put into a muffle furnace. The sample was 

heated to 500 °C in the air from room temperature with the heating of 7 °C min-1 and kept for 

2 hours. The white power of 2S-TiO2 HoMSs is obtained. 

4.3.3.3 Synthesis of 1S-TiO2 HSs 

The above-prepared CMSs were directly used without pretreatment. The as-prepared CMSs 

were firstly ground by agate mortar. Then, dispersing 1.2 g obtained CMSs powers into 3 mol 
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L-1 TiCl4 aqueous solution (60 mL) was carried out in an ultrasonicator for 10 min. The above 

suspending solution was kept stirring for 6 hours at room temperature. After the stirring 

process, the suspending solution was filtrated and washed by a Buchner funnel with deionized 

water two times followed by drying at 60 °C for 6 hours. In the end, the obtained sample was 

put into a muffle furnace. The sample was heated to 500 °C in the air from room temperature 

with the heating of 5 °C min-1 and kept for 2 hours. The white power of 1S-TiO2 HSs is 

obtained. 

4.3.3.4 Synthesis of Pt/TiO2 HoMSs and MAPbI3/Pt/TiO2 HoMSs.  

The synthesis conditions and processes of Pt/TiO2 HoMSs and MAPbI3/Pt/TiO2 HoMSs are 

consistent with chapter 2. 

4.3.3.5 Photocatalytic H2 Evolution. 

The experimental equipment used in this chapter is consistent with chapter 3. 

4.3.4 Characterizations  

The experimental equipment and methods used in this chapter are consistent with chapter 3. 

4.4 Results and Discussions 

4.4.1 Synthesis and Characterizations of TiO2 HoMSs and MAPbI3/Pt/TiO2 HoMSs 

 

Figure 4.1 The XRD patterns of 3S-TiO2 HoMSs synthesized in different calcination 

temperatures. 
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The anatase and rutile are two kinds of crystal structures of TiO2. To obtain the anatase TiO2 

and rutile in this chapter, the experiments of the calcined process at different temperatures 

were carried out. And the XRD results are shown in figure 4.1. The diffraction peaks 

correspond to diffraction characteristic peaks of anatase (JCPDF: 21-1272) and rutile (JCPDF: 

21-1276). As the calcined temperatures increase, the diffraction intensity of rutile TiO2 is 

gradually increasing. After being deducted from the baseline, the weight fraction of rutile 

(WR) is calculated by equation 2.1 as shown in table 4.1. When the calcination temperature is 

at 500 °C, the mass fraction of the anatase is 92.1 % and the sample calcined at 500 °C is 

regarded as anatase TiO2. When the calcination temperature is at 700 °C, the mass fraction of 

the rutile is 95.52 % and the sample calcined at 700 °C is regarded as rutile TiO2. 

Table 4.1 The mass fraction of rutile TiO2 calcined at different temperatures. 

To observe the morphology of Pt/3S-TiO2 HoMSs calcined at different temperatures, the 

TEM was carried out as shown in figure 4.2. The Pt was deposited on the surface of TiO2 by 

the photoreduction method which is consistent with chapter 2. There is no obvious 

agglomerating Pt cluster. Compared with different samples, the thickness of the outermost 

shell is around 100 nm. In this chapter, we suppose that electron transfer distance is no 

difference between samples calcined at different temperatures because of the same thickness 

of shells. 

To compare the electron transfer between MAPbI3/Pt/anatase and MAPbI3/Pt/rutile, the 

samples calcined at 500 °C and 700 °C were chosen. To avoid the MAPbI3 perovskite effect 

on the HER performance, the synthesis method and processes of MAPbI3/Pt/3S-TiO2 HoMSs 

were consistent with chapter 2. The TEM results in figure 4.3 show that MAPbI3 was 

successfully introduced inside of Pt/3S-TiO2 HoMSs. The MAPbI3 crystals similarly exist in 

the inner cavity and middle cavity. 

Calcination temperature (°C) Mass fraction of anatase (%) Mass fraction of rutile (%) 

500 92.10 7.90 

600 51.05 48.95 

650 15.98 84.02 

700 4.48 95.52 
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Figure 4.2 The TEM images of Pt/3S-TiO2 HoMSs synthesized in different calcination 

temperatures: (A) 500 °C, (B) 600 °C, (C) 650 °C, and (D) 700 °C. 

 

Figure 4.3 The TEM images of MAPbI3/Pt/3S-TiO2 HoMSs with different 3S-TiO2 HoMSs 

synthesized in varied calcination temperatures: (A) 500 °C, (B) 700 °C. 
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4.4.2 HER Performance of MAPbI3/Pt/3S-TiO2 HoMSs with Different Phase Ratios 

The photocatalytic HER performance of MAPbI3/Pt/3S-TiO2 HoMSs was measured under 

the same conditions in chapter 3. To avoid the effect of ultraviolet light on TiO2, the HER test 

was irradiated under visible light by a light filter (λ>420 nm). The H2 evolution results are 

shown in figure 4.4. The performance of the sample of MAPbI3/Pt/3S-TiO2 HoMSs-500 °C 

(819.43 μmol) is higher than the sample of MAPbI3/Pt/3S-TiO2 HoMSs-700 °C (510.03 

μmol). The H2 increment per half-hour in figure 4.4 shows that the sample of MAPbI3/Pt/3S-

TiO2 HoMSs-500 °C is more H2 increment around 40 μmol than the sample of MAPbI3/Pt/3S-

TiO2 HoMSs-700 °C. In addition, in the MAPbI3/Pt/TiO2 photocatalyst, the performance of 

higher weight fraction of anatase in TiO2 HoMSs (500 °C) is better than the photocatalyst of 

MAPbI3/Pt/3S-TiO2 HoMSs calcined at 550 °C in chapter 3 (719.9 μmol). Those results mean 

that the photocatalyst composed with anatase (92.10 wt.%) obtains better photocatalytic 

efficiency. 

 

Figure 4.4 (A) The HER performance of MAPbI3/Pt/3S-TiO2 HoMSs. (B) The increment of 

H2 evolution per hour. 

4.4.3 Photoelectric Properties 

To compare the charge transfer ability of samples, the EIS curves were measured at methylene 

dichloride solution containing 0.1 mol/L TBAPF6 electrolyte. The EIS curves in figure 4.5 

show the circle of MAPbI3/Pt/3S-TiO2 HoMSs-500 °C is a smaller semicircle, which 

indicates the effective separation of photogenerated electron-hole pairs and fast charge 

transfer.192 The radius of the semicircle implies the photocatalytic HER rate happening at the 

surface. The photocatalyst of MAPbI3/Pt/ 3S-TiO2 HoMSs-500 °C with a smaller arc means 

smaller charges transfer resistance (Rct) when compared with MAPbI3/Pt/3S-TiO2 HoMSs-
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700 °C. The photocatalyst with a higher anatase ratio contributes to efficient electrons transfer 

which enhances photocatalytic HER efficiency. 

 

Figure 4.5 EIS curves of MAPbI3/Pt/TiO2 HoMSs at open-circuit voltage versus Ag/AgCl 

electrode under light illumination. 

To investigate electron transfer between MAPbI3/Pt/3S-TiO2 HoMSs-500 °C and 

MAPbI3/Pt/3S-TiO2 HoMSs-700 °C, the transient photocurrent response curves were tested 

in different light intensities as shown in figure 4.6. Under the light density of 100 mW·cm-2 

in figure 4.6A, the photocurrent curves increase sharply into a platform and decrease sharply. 

The higher current intensity stems from effective charges separation.193-195 When the light 

intensity turns to 150 mW·cm-2, the photocurrent curve of MAPbI3/Pt/3S-TiO2 HoMSs-

500 °C also increases sharply into a platform. But the photocurrent curve of MAPbI3/Pt/3S-

TiO2 HoMSs-500 °C increases to the highest point and then decreases slightly. The decrement 

indicates that charges recombination happened when light intensity increases. While under 

200 mW·cm-2, The slope of the platform is greater. Both photocurrent curves are gradually 

decreasing because electrons are not exported in time. After light is off, the photocurrent 

curves decay phenomenon occurs because of the recombination of electron-hole pairs on 

photocatalysts surface.193 As the light intensity increases, the slope of the platform turns 

steeper, especially under 250 mW·cm-2 in figure 4.6D. When the light intensity increases, 
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more and more electrons are generated. The sample of MAPbI3/Pt/3S-TiO2 HoMSs-500 °C 

presents better electron transfer ability. 

 

Figure 4.6 Transient photocurrent response curves of MAPbI3/Pt/3S-TiO2 HoMSs measured 

under different light power density (λ > 420 nm): (A) 100 mW·cm-2, (B) 150 mW·cm-2, (C) 

200 mW·cm-2, (D) 250 mW·cm-2. 

To exclude the effects of Pt on electrons transfer, transient photocurrent response curves of 

MAPbI3/3S-TiO2 HoMSs were carried out as shown in figure 4.7. When the test is under 100 

mW·cm-2, the peak photocurrent is approximate between the two samples. But the current 

curve of MAPbI3/3S-TiO2 HoMSs-700 °C is gradually decreasing. When the light intensity 

increases to 150 mW·cm-2 or even bigger, the sample of MAPbI3/3S-TiO2 HoMSs-500 °C 

presents a higher current density which means effective charges utilization. The photocurrent 

response behavior of MAPbI3/3S-TiO2 HoMSs-500 °C is faster than MAPbI3/3S-TiO2 

HoMSs-700 °C. The faster response behavior indicates quick charges separation and 

transferability. Without Pt cocatalysts, the electrons transfer pathways include MAPbI3 bulk 

transfer, interface transfer between MAPbI3 and TiO2, and TiO2 bulk transfer. The main 
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differences in electron transfer pathways are interface transfer and TiO2 bulk transfer because 

of the same MAPbI3 materials. Anatase TiO2 HoMSs-500 °C with faster electron mobility 

may be the main reason for quick charges separation and transferability. 

 

Figure 4.7 Transient photocurrent response curves of MAPbI3/3S-TiO2 HoMSs measured 

under different light power density (λ > 420 nm): (A) 100 mW·cm-2, (B) 150 mW·cm-2, (C) 

200 mW·cm-2, and (D) 250 mW·cm-2. 

For better comparison of the electron transferability, the transient photocurrent response 

curves were tested in different illumination times as shown in figure 4.8. In figure 4.8A, the 

photocurrent curve of MAPbI3/Pt/3S-TiO2 HoMSs-500 °C increases to the highest value in 

the first illumination time of 2 seconds. When illumination time changed at 5 seconds, the 

response curves approximate square which further proves the better electron transferability.196 

In contrast, the photocurrent curve of MAPbI3/Pt/3S-TiO2 HoMSs-700 °C is unable to 

increase to the highest value in the first illumination time of 2 seconds in figure 4.7B. 

Compared with figure 4.8B, the response curves quickly fall back to zero point in figure 4.7A. 

This phenomenon also indicates that MAPbI3/Pt/3S-TiO2 HoMSs-500 °C with better 
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electrons transfer ability after power off of simulation light.197 

 

Figure 4.8 Transient photocurrent response curves measured under different illumination 

times: (A) MAPbI3/Pt/3S-TiO2 HoMSs-500 °C, and (B) MAPbI3/Pt/3S-TiO2 HoMSs- 700 °C. 

 

Figure 4.9 Transient photocurrent response curves measured under different voltage biases: 

(A) MAPbI3/Pt/3S-TiO2 HoMSs-500 °C, and (B) MAPbI3/Pt/3S-TiO2 HoMSs-700 °C. 

The additional electric field can enhance charges separation and transfer of photocatalysts. 

To compare the electron transferability, the transient photocurrent response curves were 

measured under different additional voltage biases as shown in figure 4.9. The photocurrent 

density under light illumination increases as the additional voltage bias increases. However, 

the increment of MAPbI3/Pt/3S-TiO2 HoMSs-500 °C from 0 V to 0.1 V is larger than the 

increment of MAPbI3/Pt/3S-TiO2 HoMSs-700 °C. The almost photocurrent increment (1 

μA·cm-2) of MAPbI3/Pt/3S-TiO2 HoMSs-500 °C indicates higher charges separation 

efficiency.196, 198 Hence, the larger increment proves better electrons transferability of 

MAPbI3/Pt/anatase. 
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Figure 4.10 Linear sweep voltammetry curves of MAPbI3/Pt/3S-TiO2 HoMSs: (A) under 

dark condition, and (B) under illumination condition. 

To compare the onset potential of samples, linear sweep voltammetry curves were carried out 

in figure 4.10. As the applied potential bias increases, the photocurrent also increases. When 

tested in the dark as shown in figure 4.10A, the onset potential of MAPbI3/Pt/3S-TiO2 

HoMSs-500 °C is smaller than MAPbI3/Pt/3S-TiO2 HoMSs-700 °C. Smaller onset potential 

indicates better catalyzing photocatalytic HER kinetics.149, 169, 199 When tested under 

illumination as shown in figure 4.10B, the sample of MAPbI3/Pt/3S-TiO2 HoMSs-500 °C 

presents higher photocurrent density than MAPbI3/Pt/3S-TiO2 HoMSs-700 °C. Higher 

photocurrent density means better effective electrons transfer and separation.194, 200-202 Hence, 

the anatase bulk transfer with a fast electron migration rate shows better electrons 

transportability when electrons transfer from MAPbI3 bulk to reaction sites. 

 

Figure 4.11 (A) XRD patterns of 1S-TiO2 HSs and 2S-TiO2 HoMSs, The TEM images of (B) 

1S-TiO2 HSs, and (C) 2S-TiO2 HoMSs. 

To confirm anatase with a positive role in photocatalytic, the 1S-TiO2 HSs and 2S-TiO2 

HoMSs calcined at 500 °C were synthesized. The corresponding XRD and TEM results are 
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shown in figure 4.11. According to the calculation formula 2.1, the weight fraction of rutile, 

the weight fractions of anatase are 90.5 % and 90.2 % for 1S-TiO2 HSs and 2S-TiO2 HoMSs 

respectively. The TEM images show similar morphology compared with TiO2 HoMSs 

calcined at 550 °C in chapter 2. The synthesis method of MAPbI3/Pt/TiO2 composite was 

consistent with chapter 2. And the corresponding TEM results of MAPbI3/Pt/TiO2 composite 

in figure 4.12 is no obvious difference in morphology. 

 

Figure 4.12 TEM images of (A) MAPbI3/Pt/1S-TiO2 HSs-500 °C and (B) MAPbI3/Pt/2S- 

TiO2 HoMSs-500 °C. 

To compare the photocatalytic performance of MAPbI3/Pt/TiO2 HoMSs-500 °C with different 

shells, the conditions of all tests were the same as before. The photocatalytic performances of 

MAPbI3/Pt/1S-TiO2 HSs-500 °C and MAPbI3/Pt/2S-TiO2 HoMSs-500 °C are 424.47 μmol 

and 706.54 μmol after reacting 3 hours as shown in figure 4.13. These photocatalytic 

performances are higher than MAPbI3/Pt/TiO2 HoMSs with TiO2 calcined at 550 °C in 

chapter 3. Photocatalysts with a higher ratio of anatase have better catalytic performance. On 

the other hand, the sample of MAPbI3/Pt/2S-TiO2 HoMSs-500 °C is around 30 μmol more 

than MAPbI3/Pt/1S-TiO2 HSs-500 °C per half hour. And the increment for both catalysts is 

relatively a constant which indicates good photocatalytic stability. The performances of 

MAPbI3/Pt/TiO2 HoMSs with TiO2 HoMSs calcined at 500 °C and 550 °C were calculated 

as shown in figure 4.13B. The performance of photocatalysts with TiO2 HoMSs calcined at 

500 °C shows a higher photocatalytic performance, suggesting anatase TiO2 enhances 

photocatalytic performance.  
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Figure 4.13 (A) The photocatalytic performance of MAPbI3/Pt/TiO2 HoMSs-500 °C; (B) The 

performance of MAPbI3/Pt/TiO2 HoMSs with TiO2 HoMSs calcined at 500 °C and 550 °C. 

 

Figure 4.14 Mott-Schottky curves of 3S-TiO2 HoMSs measured at 1000 Hz: (A) 500 °C, 

(B) 700 °C. 

To confirm the band diagram affected by anatase and rutile, the Mott-Schottky curves of 3S-

TiO2 HoMSs were measured as shown in figure 4.14. The potential of the conduction band 

of 3S-TiO2 HoMSs-500 °C is 0.25 V (vs. NHE) and the potential of the conduction band of 

3S-TiO2 HoMSs-700 °C is 0.125 V (vs. NHE). Both potentials are approximate with reported 

literatures of anatase and rutile respectively. According to the UPS date of MAPbI3 in chapter 

3, the schematic energy band diagram was constructed in figure 4.15. The photocatalysts with 

a more negative CB potential present stronger hydrogen reduction ability. Comparing both 

TiO2 HoMSs calcined at 500 °C and 700 °C, the CB potential (vs. NHE) of anatase is closer 

to the CB potential (vs. NHE) of MAPbI3. 
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Figure 4.15 Schematic energy band diagram of the MAPbI3/Pt/TiO2 photocatalysts with (A) 

TiO2 in anatase phase and (B) TiO2 in rutile phase.  

 

Figure 4.16 Schematic electrons transfer pathways from MAPbI3 to reaction sites, including 

bulk transfer (BT) and interface transfer (IT). 

The photogenerated electrons transport pathways of photocatalyst are supposed as shown in 

figure 4.16. In the first, the photogenerated electrons are transferred from the bulk inside to 

the crystal surface after light irradiation. Second, the electrons are extracted through 

heterogeneous interfaces between MAPbI3 and TiO2. Then, the electrons through TiO2 bulk 

transfer from the inner side to the outside. In the end, the electrons are transferred into the 

cocatalyst surface and then taking HER process. In this chapter, the first step of bulk transfer 
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is assumed as no difference between photocatalysts because of the same perovskite materials. 

Besides, the photocurrent response curves of MAPbI3/TiO2 HoMSs-500 °C with stronger 

electrons transfer ability indicate the transport of electrons in MAPbI3/anatase TiO2 is faster 

than MAPbI3/rutile TiO2. According to the above results of the photoelectric test, the 

interfacial electrons transfer of MAPbI3 and rutile TiO2 HoMSs is not a determinant. Although 

the interfaces of MAPbI3/rutile TiO2 in perovskite solar cells exhibit the good extraction 

ability of electrons, MAPbI3/anatase interfaces show a better photocatalytic reactivity. Hence, 

electrons transfer in TiO2 bulk transfer with faster electron mobility affects largely 

photocatalytic efficiency more obviously. 

4.5 Conclusions 

The different anatase/rutile ratio of TiO2 HoMSs was successfully synthesized through 

turning calcination temperature. As the calcined temperatures increase, the phase ratio of 

rutile TiO2 is gradually increasing. The photocatalytic HER performance results show that the 

MAPbI3/Pt/TiO2 HoMSs with a higher proportion of anatase presents better performance 

instead of the photocatalysts with traditional anatase/rutile phase ratio 4:1. The electrons 

separation and transferability were characterized by EIS and transient photocurrent response. 

Compared with MAPbI3/Pt/rutile, MAPbI3/Pt/anatase has smaller electrons transfer 

resistance and better electrons transfer capability. The electrons transfer in TiO2 bulk transfer 

with faster electron mobility may affect photocatalytic efficiency more obviously.  
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CHAPTER 5.  

Conclusions and Future Prospects 

5.1 Conclusions  

In the context of energy shortages, preparation of hydrogen clean energy by photocatalysis 

was researched in this thesis. The MAPbI3/Pt/TiO2 HoMSs composites were synthesized in 

chapter 2 and applied in photocatalytic HER in chapter 3. The heterogeneous interface 

between MAPbI3 and TiO2 HoMSs was proved to be an efficient method for enhancing 

charges separation and utilization. The application of hollow multi-shelled structures in the 

photocatalytic field possesses outstanding advantages, such as light absorption, charges 

separation and transfer. In chapter 4, the different phase ratios of anatase TiO2 and rutile TiO2 

were synthesized through different calcination temperatures. The specific research content is 

as follows: 

Chapter 2 focuses on the synthesis and control of TiO2 HoMSs. The CMSs pretreated by 

ethanol with different washing times were chosen as templates to adsorb titanium precursor 

solution. The TEM results indicate that the pretreated CMSs as the template can obtain more 

shells of TiO2 HoMSs when extending the pretreatment time. The SEM results indicate the 

size of pores increases gradually when extending the pretreatment time. In addition, the FT-

IR and Zeta potential results show functional groups of CMSs remain unchanged when 

extending pretreatment time. The experiments on the duration time of adsorption and heating 

rate are carried out in this chapter. In the end, obtained TiO2 HoMSs samples are characterized 

by XRD, SEM, TEM, Raman, SAED, HRTEM, and XPS. The results show that TiO2 HoMSs 

is the mixed-phase (WAna:WRut =4:1) with good crystallinity. The synthesis of 

MAPbI3/Pt/TiO2 HoMSs materials by impregnation method. Samples characterized by XRD, 

TEM, elemental mappings, and line scan proves that MAPbI3/Pt/TiO2 HoMSs has been 

successfully synthesized. 

Chapter 3 focuses on the application of MAPbI3/Pt/TiO2 HoMSs in photocatalytic HER. The 

bandgap and conduction band of MAPbI3 and 3S-TiO2 HoMSs were confirmed by UPS and 

Tauc-plots. The PL and PL decay results indicate that the heterogenous interface of 
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MAPbI3/TiO2 HoMSs can efficiently promote the separation of photogenerated carriers. 

Thanks to the thin shell structure, it can also reduce the transmission distance of the carriers 

to repress the charge recombination and improve the charge utilization. Additionally, HoMSs 

assembled with multiple shells can support abundant available surfaces for building 

heterogeneous interfaces and photocatalytic reactions. As a result, samples of MAPbI3/triple-

shelled TiO2 hollow structure displayed an H2 evolution rate of 6856.2 μmol h-1 g-1 under 

visible light irradiation, which is much faster than that of barely MAPbI3 (268.6 μmol h-1 g-

1). The interfacial photogenerated charge separation and transport have demonstrated great 

influence on photocatalytic performance. 

Chapter 4 focuses on the effect of different anatase/rutile ratios of TiO2 HoMSs on the 

photocatalytic performance of MAPbI3/Pt/TiO2 HoMSs composite. A higher proportion of 

rutile in TiO2 HoMSs was obtained successfully through turning calcination temperature at 

700 °C. Compared with the performance of the higher proportion of rutile (510.03 μmol), the 

MAPbI3/Pt/ TiO2 HoMSs with the higher proportion of anatase presents better performance 

(819.43 μmol). The EIS and transient photocurrent response curves prove that electrons 

transfer in MAPbI3/anatase is faster than MAPbI3/rutile. In addition, compared with 

MAPbI3/Pt/rutile, MAPbI3/Pt/anatase has smaller electrons transfer resistance and better 

electronic transfer capability. The electrons mobility of anatase may improve the electrons 

transfer. 

5.2 Future Prospects 

In this thesis, the TiO2 HoMSs and MAPbI2/Pt/TiO2 HoMSs were successfully synthesized 

and applied to photocatalytic hydrogen evolution. The experiment results show an 

outstanding HER activity and provide an effective design strategy for photocatalytic. In this 

section, the prospects based on the above results are proposed as follows. 

1. Co-catalyst existed in a type of single atom. The Co-catalyst is loaded on the surface of 

photocatalysts to accelerate charges separation and the surface chemical reaction. In this 

thesis, the Pt was loaded as clusters by the photoreduction method. The catalysts with the 

single atom present wonderful catalytic activity and lower economic cost, especially in the 

noble metal. hence, the single atom strategy of noble metal or non-noble metal is worthy to 

further study. 

2. The composition of HoMSs. The heterojunctions are effective in promoting charges 

separation and reasonable band position for photocatalytic redox reaction. Based on the 
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HoMSs structure in this thesis, the heterogeneous composition in one shell is beneficial for 

charges separation in perovskite sensitizer. One kind of composition extract photogenerated 

electrons which participate in the hydrogen reduction reaction. Another kind of composition 

extracts holes from perovskite sensitizer. The dual charges separation pathways depress the 

recombination of electrons and holes. 

3. The stability of perovskite sensitizer in water. The present photocatalysts in this thesis are 

applied in perovskite saturated HI:H3PO2 solution. Despite the high photocatalytic activity of 

photocatalysts, the further application of hybrid perovskite in pure water is impossible for 

now. Hence, improving the stability of hybrid perovskite in pure water requires further study. 

The improving strategies include packaging by polymer semiconductor or inorganic materials, 

modification, or doping. 

4. New photocatalysts. The new photocatalysts with reasonable conduction band and bandgap 

are needed to find. The reasonable bandgap can absorb visible light with a wavelength range 

of 400-800 nm. The bandgap also needs to be bigger than the chemical potential of overall 

water splitting (1.23 eV). Compared with hydrogen reduction potential, the reasonable 

conduction band needs more negative. And the valence band is required more positive than 

oxygen oxidation potential. 

5. Recently, the photocatalytic water splitting efficiency is not enough for the actual 

application. The water splitting efficiency of photo-electro catalysis maybe meets the 

requirement of the market. The electrolysis of water is recognized as the main part of a 

synergetic system. Photocatalytic water splitting is mainly used to decrease electric power 

consumption. 
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