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Abstract 

This thesis focuses on the fabrication of photocatalysts with responsive range in 

the visible light and near infrared regions. The preparation of small band gap 

semiconductor-sensitized Ti02 with high visible-light photocatalytic activity has 

been investigated. Upconversion materials are used to extend the photoresponse 

into the NIR region. 

The first chapter describes an effective method for the incorporation CdS and 

gold nanoparticles into highly ordered TiOi nanotube arrays (TNAs) by sonication. 

CdS severs as a visible-light photon acceptor. The absorption ability of CdS is 

further enhanced by gold nanoparticle due to the surface plasma-induced localized 

electromagnetic field enhancement effect. Compared with TNAs/CdS, the 

TNAs/CdS/Au composite exhibits higher photocatalytic activity under visible 

light irradiation. 

Another study is the fabrication of a new visible-light photocataiyst by 

embedding Cu2ZnSnS4 (CZTS) nanocrystals into mesoporous Ti02. TEM, EDX 

and XRD results confirm the formation of the composite. According to the 

UV-visible diffuse reflectance spectrum, the composite shows a broad absorption 

band in UV-visible region within 300 and 800 nm. The new material has high 

visible-light photocatalytic activity and excellent cyclability. 

Because of their unique optical property to convert NIR to visible light, 

upconversion materials are promising candidates to realize NIR photocatalysis. A 



facile self-assembly method has been developed to prepare nanoporous 

NaYF4:Yb，Er upconversion single crystals with strong red emission peaks upon 

NIR excitation. The effects of reaction time and surfactant concentration on the 

porous structure were studied. And the upconversion luminescent properties for 

the obtained porous crystals have been investigated. The porous upconversion 

materials exhibited high ability to adsorb protein molecules. To demonstrate the 

potentials of this material, the energy transfer from porous NaYF4:Yb，Er to 

chlorophylls and methylene blue were investigated. 

Then a NIR photocatalyst was prepared by coupling a low energy band gap 

semiconductor CdS with an upconversion material NaYF4： Yb, Tm. Particles of 

CdS and NaYF4:Yb, Tm were pretreated with thioglycolic acid and 

mercaptoethanol. The reaction between these two organic molecules caused the 

formation of NaYF4： Yb,Tm/CdS composite. Energy transfer from NaYp4： 

YbjTm to CdS was confirmed by the upconversion and fluorescence decay 

properties. Hydroxy! radicals were generated upon NIR irradiation on the 

composite material. The NIR photocatalytic activity of the NaYF4： Yb,Tm/CdS 

composite was investigated by degrading Rhodamine B and methylene blue. A 

mechanism for NIR-driven photocatalysis was proposed. 



摘要 

本學位論文主要探討了具有可見光和近紅外光回應的光催化材料的製備。 

窄帶半導體敏化的二氧化鈦具有很高可見光催化活性。上轉換材料被用於將 

光催化回應延伸至近紅外光區。 

第一章介紹了一種利用超聲將硫化鎘和金納米顆粒引入到高度有序的二氧 

化駄納米管陣列中的方法。作為一種窄帶半導體，硫化鎘可以俘獲可見光子。 

金納米顆粒所引起的表面等離子體共振吸收，使得硫化鎘表面局域電磁場增 

強，最終使得硫化鎘的吸收可見光的能力增強，產生更多的光生電子-空穴 

對。實驗證明，相對二氧化鈦陣列/硫化鎘體系，二氧化鈦陣列/硫化鎘/金的 

複合材料具有更高的可見光催化活性。 

另一項硏究是將硫化銅鋅錫納米晶嵌入到介孔二氧化鈦中’以製備高活性 

的可見光催化劑。透射電子顯微鏡，電子能譜和X-射線衍射結果證實了複合 

物的形成。根據紫外-可見漫反射光譜，所製備的複合材料在紫外-可見光區 

從300到800 nm範圍內有很強的吸收帶。這種新材料具有較高的可見光催化 

活性和良好的重複使用的性能。 

由於其獨特的可將近紅外光轉換成可見光的光學特性，上轉換材料可用於 

實現近紅外光催化。首先我們介紹了一種簡便的通過自組裝方法製備納米多 

孔上轉換NaYF4 ： Yb,Er的方法。研究表明，反應時間和表面活性劑濃度對 

產物形貌和孔結構具有很重要的影響，所獲得的多孔晶體在近紅外光激發下 

可以發射較強的紅光。這種多孔上轉換材料對蛋白質分子具有很強的吸附能 

力。在近紅外光激發下，這種材料所輻射出來的能量可被傳遞到亞甲基藍和 

iii 



葉綠素分子上，為實現近紅外光動力療法和近紅外光合作用提供了一定的理 

論依據。 

第四章討論了一種新型的近紅外光驅動的光催化劑。這種催化劑由上轉換 

材料NaYF4:Yb，Tm和硫化鎘複合而成。首先，NaYF4:Yb，Tm表面被疏基乙 

醇修飾，硫化鎘被騎基乙酸修飾。然後疏基乙醇和疏基乙酸之間的反應將兩 

者結合成複合材料。上轉換光譜和時間分辨光譜證實了從NaYF4:Yb,Tm到硫 

化鎘之間的能量傳遞。在近紅外光照射下，此複合材料可以產生羥基自由基， 

對羅丹明B和亞甲基藍具有一定的降解作用，此外我們還提出了近紅外光催 

化機理。 
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Chapter One 

Chapter One 

Introduction 

1.1 Semiconductor-mediated photocatalysis 

A rapid increase in human population and global economic development 

require more and more energy. Almost 90% of the world's energy that we rely on 

is the non-renewable fossil fuel such as oil, petroleum and natural gas. The 

consumption of fossil fuels generates a large amount of air pollutants and 

greenhouse gases. Chemical waste is another pressing issue. It is reported that the 

yearly consumption of organic dyes and pigments is over 0.7 million tons on a 

global scale, mainly for use in the textile, industrial painting, food, plastics, 

cosmetics, and consumer electronic sectors.[i] A significant fraction of the 

discharge from the above industries is disposed on the land and water each year. 

This causes serious environmental problems.[2� 

To address the problems, many approaches have been developed. The most 

conventional methods are related to physical processes such as adsorption by 

activated carbon and ultrafiltrations^^ These non-destructive approaches can only 

transfer pollutants from one phase to the other one, such as from aqueous to 

adsorbent. Another common approach is bio degradation, a time consuming 

process. Meanwhile it can't be used to degrade all kinds of organic pollutants. In 
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industry some methods have already been used to decompose the hazardous 

chemical wastes such as high temperature incineration, anaerobic digestion. 

However, these methods consumed too much energy. 

Semiconductor-mediated photocatalysis is an attractive environmental 

remediation technology to treat pollutants both in gas and in liquid phase because 

it makes use of the clean, safe, and renewable sunlight to solve environmental 

problems P-s] 

The general mechanism of photocatalysis is well established and briefly 

summarized in the following process as shown in Figure 1.1: 口-6] 

For a semiconductor photocatalyst, there is a filled valence band with lower 

energy, and an empty conduction band with higher energy. The energy between 

these two bands is called the band gap energy (Eg). When a photon with an 

energy of hv matches or exceeds the band gap energy (Eg) of the semiconductor, 

an electron in the valence band (VB) is excited into the conduction band (CB), 

leaving a positive hole in VB. Both reductive and oxidative processes can occur 

at/or near the surface of the photoexcited semiconductor particle. 

The electron can reduce appropriate electron acceptors molecules. In aerated 

aqueous suspensions, oxygen can capture electrons to form superoxide ions (O2O 

and hydroperoxyl radical 

02 + e——> O2 ‘ "(1) 

02 • - + H+ -> HOz • (2) 
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The positively charged holes oxidize appropriate donor molecules (D), such as 

water and hydroxide molecules to give hydroxy I radicals: 

H20 + h+ — HO • (3) 

The whole process ends up with the complete mineralization of organic 

compounds. 

� > Light 

(i \ (< 390 nm) 

l\ 一 。 ’ 

CB 0 444X / Ox ( � 
h 0 x - ( 0 2 “ ) 

TiO: 3.2eV 

K 
如 Red (HO) 

VB "f 
V > Recr(HO.) 

Figure 1.1 Photoexcitation of a semiconductor (e.g., TiO?) and the subsequent 

generation of an electron and hole, which are trapped by an oxidant (Ox) and a 

reductant (Red), respectively. For TiOz photocatalysis, the “Ox” is a 

surface-adsorbed oxygen molecule, and the "Red" is a surface-bound hydroxy 1 

group. [6] 

During the past decade, the scientific and engineering interests in the 
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application of semiconductor photocatalysis have grown rapidly and have drawn 

from a number of scientific disciplines Researchers have focused much effort to 

develop solar energy-driven photocatalyst to solve environmental problems. 

Figure 1.2 shows the whole solar spectrum. Solar energy mainly distributed in 

ultraviolet light (UV, 4%)，visible light (46%) and infrared light (IR, 47%). To 

more efficiently use solar energy for photocatalysis, the evolution of 

photo catalysts can be divided into three stages. In the very beginning, researcher 

focused on investigating UV light-driven photocatalyst and developed various 

strategies to improve photocatalytic activity. Then much progress has been made 

to extend photocatalysis response to visible light. Very recently NIR-driven 

photocatalysis has been reported. 

46% 

Others 

Figure 1.2 Solar energy distributions 



Chapter One 

1.2 UV light photocatalyst 

In 1972, Fujishima and Honda achieved ultraviolet (UV) light induced water 

cleavage using a titanium dioxide photoanode in combination with a platinum 

counter electrode soaked in an electrolyte aqueous solution.[9] Since then TiO! has 

been widely studied as an efficient photocatalyst because of its appropriate 

electronic band structure, strong oxidizing power, photostability, chemical 

inertness, and commercial availability.[i�…]Various strategies have been applied 

to improve the photocatalytic efficiency, such as surface modification, 

developing porous materials，[��’�8，叫 constructing one-dimensional structure and 

so on.Pa”] 

1.2.1 Surface modification 

As discussed above, photocatalytic activity is highly dependent on the lifetime 

of the electron-hole pairs. If it is too short, the photogenerated electrons and holes 

recombine and dissipate the input energy as heat very quickly, which is the main 

problem that limits the photocatalysis efficiency. Various approaches have been 

developed to inhibit the recombination. A promising solution is to derivatize the 

surface of semiconductor with some trapping materials to inhibit the 

recombination. Various organic molecules having functional groups including 

hydroxyl, carboxyl, silanyl, phosphonate groups have been demonstrated as 

efficient trapping molecules.[岔，23] For example, enhanced photoreduction of lead 
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ions was observed by using cysteine modified TiO�nanoparticles in the study of 

Rajh et al.[24] The proposed mechanism is shown in Figure 1.3. For unmodified 

TiOa, upon excitation, photogenerated electrons were trapped at metal centers as 

Ti (III), while the holes were trapped on the surface OH groups as a (Ti02)«Ti^^0'. 

Recombination of electrons and holes occurred easily as the separation distance 

was short. However, in the case of cysteine-modified Ti02，the holes were trapped 

on cysteine to form carboxyl radical, while the electrons were trapped on the Ti02 

particle. The resulting increased separation distance inhibited the electron/hole 

recombination. 

HO. / zOfP+H 
/TiC 

-0:HO \ � 0 H 
hv 

TiOj 

electrons 

Ha 
HSCCH- H � 0 冬 c / > 

TiCVCystdne 

HS-CCH 

Figure 1.3 Schematic presentation of structure and electron transfer reactions in 

(a) Ti02，(b) TiCVCysteine.閲 
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1.2.2 Porous structure 

After excitation, the formed electron-hole pairs migrate to the semiconductor 

surface. The electrons and holes are thought to induce various redox processes at 

the semiconductor/solution interface. It is reasonable that large surface area will 

be beneficial for the contact between the holes (or electrons) and the pollutant 

molecules. Thus increasing the surface area is another promising method to 

enhance photocatalytic activity 

Based on the well known fact that the specific surface area increase 

dramatically as the size of a material decreases, ultrafine TiO^ nanocrystals have 

been widely studied. Compared with the bulk materials，TiOa nanocrystals have 

larger surface area and much higher photocatalytic activity. 

Introducing porosity in photocatalyst has been proven as an effective method to 

enhance photocatalytic activity. The enhancement is attributed to two aspects: (a) 

a high density of active centers for photocatalytic reactions, (2) an enhanced light 

harvesting because of light reflection and scattering in the pores. [25] 

The sacrificial template strategy has been widely used to fabricate porous 

photocatalysts. Based on the nature of the templates, two general approaches are 

involved: the hard and soft templates. Silica, meta� oxide，carbons, alumina, 

cellulose fibers etc., all have been widely used as hard templates.[25] The typical 

soft templates are some single organic molecules and surfactant micelles. After 
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removing the templates by appropriate solvent or calcination, a porous 

photocatalyst is obtained. For example, poly(alkyleneoxide) block copolymer, 

(abbreviated as Pluronic F-127，BASF) has been widely used as soft templates to 

prepare porous Ti02-based materials.网 

1.2.3 One dimensional nanostructure 

For the conventional Ti02 nanoparticles the electron transport time constants 

are very low. Such low electron diffusion coefficients within is due to defects, 

surface states, grain boundaries etc. that act as electron trapping sites, thus 

slowing down electron flow, enhancing recombinationJ^^' ̂ ^̂  

In order to overcome this issue, recently research has been focused on the use 

of one-dimensional nanostructures of TiO�’ such as, nanotubes, nanorods, 

nanowires. Especially, the highly ordered TiCh nanotube arrays (TNAs) 

synthesized by anodic oxidation of titanium had generated considerable scientific 

interests. Compared with random nanoparticle systems, the precisely oriented 

nature of the crystalline nanotube arrays could improve the electron transport 

properties because of a directional smooth electron mobility (limiting random 

walk in the wide nanocrystalline network) and decreased intercrystalline contacts 

(accelerating electron transport and lowering the recombination probability). 

Furthermore, the TNAs with high surface area provide more opportunities to 

harvest sunlight for energy conversion or photodegradation.問 
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As initially reported by Zwilling and co-workers in 1999, the first generation 

titania nanotube arrays fabricated by anodizing a Ti-based alloy in an aqueous HF 

based electrolyte could reach a length of about 500 n m . ^ Then in the subsequent 

work, the nanotube array length was increased to even lOOOjxm by using a 

non-aqueous, polar organic electrolyte such as formamide, dimethylsulfoxide and 

ethylene g l y c o l J � ^ 

The growth mechanism has also been widely studied. As shown in Figure 1.4，it 

involves four steps:[30-34] 

(1) Metal atoms at the surface were oxidized by O2 or OH" ions to form an initial 

oxide layer (Figure 1.4a). The overall reactions for the formation of titanium oxide 

can be shown as: 

2H2O O2 + 4e + 

Ti + O2 — Ti02 

(2) Small pits are formed due to the localized dissolution of the oxide (Figure 

1.4b), represented by the following reaction. 

Ti02 + 6 F + — TiFfi '̂ + 2H2O 

(3) The electric field intensity across the remaining barrier layer is increased due 

to the formation of the small pits, resulting in the growth of the small pits into 

bigger pores (Figure 1.4c). 

(4) As the pores become deeper, the electric field in these protruded metallic 



Chapter One 

regions increases. The field-assisted oxide growth and oxide dissolution is further 

enhanced. As a result, the nanotube arrays formed (Figure 1 Ad, e). 

丨 i 1 
i i 1 , � 5， 

'1 f il. UH 
(S { Hiiijiji iUii' ‘ 

丨丨' 1 V, 11 „ f(i ', 1 i|i 1'丨‘Mi,'丨'；‘ 0 為 4丨 

� Metal 

Barrier layer 

Metal (c) 

Pores 

J'i iiMi 
Barrier lasffir (d) (e) Barrier layer 

Figure 1.4 Schematic diagram of the evolution of a nanotube array at constant 

anodization voltage: (a) oxide layer formation, (b) pit formation on the oxide layer, 

(c) growth of the pit into scallop shaped pores, (d) metallic part between the pores 

undergoes oxidation and field assisted dissolution, and (e) fully developed 

nanotube array with a corresponding top view.^ 

It has been shown that TNAs exhibit higher photocatalytic activity than 

comparable nanoparticle. This photocatalytic activity can be further enhanced by 

applying an external bias.[35] The unique properties make TNAs excellent 

candidates for various applications, such as dye-sensitized solar cells, gas sensors, 

photocatalysts, water-splitting catalysts for hydrogen generation, and so forth 

1 0 
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1.3 Visible light photocatalyst 

Ti02 exhibits high photocatalytic, deodorizing, antibacterial and self-cleaning 

properties under UV illumination. Due to the large band gap, pristine anatase and 

rutile TiOa photocatalysts can only be activated by ultraviolet photons. However 

UV only occupies about 4% of the solar spectrum. To more efficiently use the 

solar energy, great attention has been paid to the development of 

visible-light-induced photocatalysts, which are able to operate effectively not only 

under UV but also under the most environmentally ideal energy source, sunlight. 

Various approaches have been developed to extend the response of 

photocatalysts into the visible light region. These include doping metallic and 

nonmetallic elements in conventional photocatalysts to decrease the band gap to 

accommodate the visible light photon energy，[3740] directly using some low band 

gap semiconductors as novel p h o t o c a t a l y s t s / " ^ fabricating composite 

semiconductors. [45-貼] 

1.3.1 Metal and non-metal doping 

The optical response of a photocatalyst is largely dependent on its underlying 

electronic structure which is related to its chemical composition, atomic 

arrangement, and physical dimension. For T1O2, both the metal (titanium) and the 

nonmetal (oxygen) component can be replaced to alter its optical properties尸’ 

To maintain the integrity of the crystal structure, various transition metals have 

1 1 
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been doped into TiOi to substitute the Ti4+ cations. The dopant cations create 

intermediate states between the CB and VB of Ti02, which induce visible light 

absorption at the sub-bandgap energies. Figure 1.5 presents a typical mechanism 

for the absorption of visible light for metal-doped TiOi-̂ ^̂ ^ When TiOi was doped 

with V，a V t2g level formed. The visible light absorption for the V-doped TiOi can 

be due to a donor transition from the V t2g level into the CB and the acceptor 

transition from the VB to the V t2g level. Many metal dopants involving Ag, Cr, Al, 

Fe’ Au, Mn，Ni have been studied._ 

Non-metal dopants including C/^o] N，[5" sP^^ F卵 can also create 

intra-band-gap states close to the VB edges. For example, Asahi et al reported the 

good visible photocatalytic activity of N-doped TiO� films.[52] They found that 

nitrogen atoms substituted the lattice oxygen sites and narrowed the band gap by 

mixing the Nip and 02p states. 

12 
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Figure 1.5 Schematic diagram to illustrate the photoexcitation process under 

visible light of the V-doped TiOẑ ^̂ ^ 

1.3.2 Low band gap semiconductor photocatalysts 

Another approach to extend photoresponse to visible light is to use low band 

gap semiconductors. There are at least two requirements to employ such 

semiconductors as visible light photocatalysts. Firstly, the band gap energy should 

be lower than 3.1eV to capture visible light photons. Also the chemical potential 

of VB and CB should be at a suitable position so that they are powerful to oxide 

or reduce pollutant molecules. Based on these factors, many kinds of low band 

gap photocatalysts have been developed. Figure 1.6 shows several widely studied 
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visible light-driven photocatalysts. 

VvsNHE(eV) 
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Figure 1.6 Band position of selective visible light p h o t o c a t a l y s t [ 4 6 ， 

Metal sulfides are very attractive visible light photocatalysts due to their narrow 

band gaps with valence bands at relatively negative potentials. CdS is 

well-known visible light photocatalyst. Various methods have been developed to 

prepare CdS-based photocatalyst, such as solution precipitation,[苎台]chemical 

vapor deposition，[59] hydrothermal[6o] and photochemical m e t h o d s S i z e and 

morphology-dependent photocatalytic activity were widely investigated. In 

addition to the higher photocatalytic activity, CdS has also shown good activity 

for visible light photocatalytic hydrogen productionJ^^^ 

However, for CdS the separation efficiency of the electron-hole pair is very low. 

Moreover, the photostability of CdS is very poor.网 Under strong UV or visible 

14 
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light irradiation, CdS is prone to photoerosion because CdS itself could be 

^ I 

oxidized by the photogenerated holes to release Cd . Thus the photocatalytic 

activity could not be repeated for many times. And the released Cd̂ "̂  ions cause 

environmental issues. Surface modification is a common approach to overcome 

these problems. It has been reported that poly aniline modified CdS show 

enhanced visible light photocatalytic activity and anti-photoerosion 

perfomianceJ64] Upon visible light irradiation, the photogenerated holes in the 

valence band of CdS were transferred to polyaniline on the photocatalysts surface. 

The improved separation efficiency of electron-hole pairs leads to higher 

photoactivity and excellent anti-photocorrosion property.岡 

Although some metal sulfide semiconductors have very low bandgap and high 

absorption coefficient, they are not good photocatalysts. For example, the bandgap 

of Cu2ZnSnS4 (CZTS) is only about 1.5eV and its absorption coefficient is very 

large (>10^ cm’，，However it can not be directly used as photocatalyst 

because of high recombination efficiency. 

1.3.3 Composite semiconductors 

There are drawbacks for the single low bandgap semiconductor photocatalyst, 

such as narrow-spectrum response and photoerosion. Many researchers focus their 

efforts on the design and development of composite photocatalysts composed of a 

large and a low band gap semiconductor. A typical example is TiCVCdS 

15 
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composite. Figure 1.7 shows the general mechanism for the charge-transfer 

process involved in the TiOz/CdS composite.[6刀 CdS is low bandgap 

semiconductor, which can be activated by visible light. The conduction band of 

Ti02 is less negative than that of CdS. Thus under visible light irradiation the 

photogenerated electrons on the conduction band of CdS are quickly injected into 

that of Ti02. As a result more efficient charge-carrier separation can be achieved, 

resulting in improved photocatalytic activity. 

V vs NHE (eV) 
- 2 

0 

2 

3 

Figure 1.7 Schematic diagram to illustrate the mechanism of visible light 

photocatalysis for TiOs/CdS composite^^^^ 

To prepare the composite photocatalysts, various approaches have been 

developed, Li et al synthesized CdS quantum dots sensitized ordered mesoporous 

16 
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Ti02 by planting CdO as a seed into the Ti02 network and then converting it to 

CdS by ion-exchange at room temperature.[46] Ti02@CdS core-shell nanorods 

films have been fabricated by using a simple and low-cost chemical bath 

deposition method.[68] As described above TNAs exhibit higher photocatalytic 

activity. Thus decoration of TNAs with CdS nanoparticles has been widely used to 

fabricate visible light photocatalyst by using sonication-assisted synthesis[69] or 

electrochemical methods[™]. 

Furthermore CdSe，[45� M0S2尸]and WS2^^^^-sensitized Ti02 nanoparticles have 

been synthesized by ultrasound-driven, in situ photoreduction deposition and 

microemulsion-mediated solvothermal methods. 

1.4 Near infrared-driven photocatalyst 

The whole solar energy spectrum includes near infrared (NIR, 44%)，visible 

(47%), and UV (4%) light. Previous studies have been mainly focused on the 

utilization of UV and visible light for photocatalysis. However, the utilization of 

NIR which constitutes almost half of the solar spectrum is still a formidable task. 

Near infrared (NIR) light is electromagnetic radiation with a wavelength 

starting from the nominal edge of visible red light at 700nm, and extending 

conventionally to L4|Lim. Due to the relatively low photon energy (lower than 

l,7eV), NIR can not be directly captured by conventional semiconductors. 

Recently researchers have noticed the importance of NIR in solar applications. 

17 
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Considerable attention has been focused on the preparation of some special 

organic dyes whose absorption extends to MR. For example, Vasseur et al used 

lead phthalocyanine (PbPc) films to construct solar cell.[72� PbPc flims exhibit an 

strong M R absorption peak at a wavelength of A.=900 nm. Thus the solar 

conversion response is extended to NIR region. Various organic dyes with MR 

absorbing ability have been synthesized for dye-sensitized solar cells.�3-75] 

However due to the poor stability these organic dyes are not suitable for 

photocatalysis. They could be decomposed by the photogenerated free radicals. 

Thus NIR-driven photocatalysis for pollutant degradation has not been reported 

before. 

Recently great progress has been made in the preparation of upconversion 

materials which can emit visible or UV light by absorbing two or more 

near-infrared (NIR) photons ？刀 The unique optical properties and excellent 

stability make it possible to combine upconversion materials with conventional 

photocatalysts to realize NIR-driven photocatalysis. 

1.4.1 Upconversion materials 

Together with second harmonic generation (SHG)[78, 79] and two-photon 

absorption (TPA)[80’8i]，upconversion is one of the most widely studied nonlinear 

optical processes which convert long-wavelength excitation photons into shorter 

wavelength output p h o t o n s . [ 7 6 ’ 77，間 However unlike SHG and TPA, upconversion 

18 
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is based on the existence of at least two metastable intermediate states as shown in 

Figure 1.8.[台〕]Thus compared with SHG and TPA, upconversion is more efficient. 

1.4.1.1 Upconversion mechanism 

A variety of different UC mechanisms have been established. Most of them 

involve absorption and nonradiative energy transfer steps. The three well know 

ones are shown in Figure 1.8,[76’ 77,82] 

E2 

E1 

G 
ETU 

(e) 

JLt 

E2 

E1 

G -G 

E2 

•G 
PA SHG TPA 

Figure 1.8 Energy schemes for different two photon luminescence processes: (a) 

excited state absorption (ESA)，(b) energy transfer upconversion (ETU), (c) 

photon avalanche (PA), (d) second Harmonic Generation (SHG) and (f) two 

photon absorption (丁?八).[冗，""] 

The simplest one is the excited state absorption (ESA, Figure 1.8a).[77] jj^g 

process is caused by the successive absorption of pump photons in a single ion. 

When excitation energy satisfies the transition from ground level G to excited 

metastable level El, an ion will be promoted from G to El state. It is called 
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ground state absorption (GSA). Subsequently, a second photon further promotes 

the ion to the higher-lying excited state E2，resulting in upconversion emission. 

Energy transfer upconversion (ETU) is another mechanism.[？？】Similar to ESA, 

ETU also involves the sequential absorption of two photons. However ETU is a 

cooperative process between two neighboring ions. As shown in Figure 1.8b，GSA 

generates two ions in their El states. Then the non-radiative energy transfer 

promotes one of the ions to E2 state, while the donor ion relaxes back to G state. 

Photon avalanche (PA) phenomenon was first reported by Chivian in Pr̂ " -̂based 

materials.[83] PA-induced upconversion requires a pump intensity above a certain 

threshold value. Figure 1.8c shows the general energy diagram of the PA process. 

A non-resonant weak GSA process populates a El state, followed by the 

generation of E2 state by a resonant ESA. Then a cross-relaxation energy transfer 

from the excited ion in E2 state to a neighboring ground state ion populates two 

ions in El states. The two ions could further populate level E2 to initiate 

cross-relaxation by ESA. So the amount of ions in E2 states exponentially 

increased, producing strong UC emission as an avalanche process. 

The upconversion efficiency in the three processes is as the following order: 

PA>ETU>ESA. Although PA is the most efficient one, its disadvantages are also 

obvious, including pump power dependence and slow response to excitation. ETU 

is instant and pump power independent. Compared with ESA, ETU is two orders 

of magnitude higher in efficiency. Thus ETU has been widely used to offer highly 
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efficient upconversion in the past decade. 

1,4.1.2 Requirements for upconversion 

The typical upconversion materials are composed of the crystalline host and 

rare earth dopants. The most efficient upconversion materials are rare earth 

co-doped materials, including three parts: host crystal, activator and sensitizer. 

Host crystals provide space for upconversion. The selection of host material is 

based on two considerations.[84] The first requirement is close atomic size and 

lattice to the dopant ions. This is to make sure that the dopant ions experience the 

same environment to minimize crystal defect which could inhibit the 

upconversion efficiency.[？石，7?] As all trivalent rare earth ions exhibit similar ionic 

size and chemical properties, their inorganic compounds are ideal host materials. 

The other requirement is that host materials should have low lattice phonon 

energy.[76，？刀 phonons represent energy propagation in the lattice through atomic 

vibrations. Phonon energy can interact with the electronic states of an atom. Thus 

the amount of ions in high energy states decreased, resulting in low upconversion 

efficiency. Heavy halides including chlorides, bromides and iodides have low 

phonon energies less than 300 cm"^ but they are hygroscopic. Oxides exhibit high 

stability. However their photon energies are higher than 500cm"'. The relatively 

low photon energies and high chemical stability make fluorides excellent host 

materials for upconversion 86] have been widely accepted that NaYF4 is the 

best host material for upconversionJ^^"^^^ 
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It has been reported that co-doped upconversion materials show higher 

efficiency than singly doped upconversion materials. In co-doped upconversion 

materials, the role of sensitizer is to absorb NIR light. To enhance upconversion 

efficiency, a sensitizer should exhibit high absorption cross-section in the NIR 

region. And the energy level of the sensitizer must be close to the activator ions to 

realize ETU process between the two ones. Trivalent Yb has only one excited 4f 

level of 2F5/2 which corresponds to the absorption band around 980nm. And the 

absorption cross section is lager than the other lanthanide ions. Furthermore the 

transition of Yb^^ matches very well with many f-f transitions of typical 

upconverting lanthanide ions (Er̂ "̂ , Tm "̂̂ , and Ho].). Thus Yb̂ "̂  is the common 

sensitizer used in upconversion materials. To enhance the absorbance the 

concentration of sensitizer should be higher than 20% and lower than 40% to 

minimize the back-transfers.[了石’ 77] 

Activators that emit the radiation are the most important part in upconversion 

materials. According to the upconversion mechanisms, the basic requirement for 

activators is the metastable intermediate states. The lanthanides are enriched such 

metastable states because their 4f electrons are well shielded by the completed 

filled 5s and 5p sub-shells. The efficient shielding results in weak electron-phonon 

coupling that is responsible for the presence of various excited f-f states. And the 

lifetime of the metastable states are relatively long (up to 0,1 s). These unique 

properties allow the lanthanides to be excellent activator for upconversion 
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process.[76'77:i 

1.4.1.3 lypical energy transfer in upconversion process 

In the co-doped upconversion materials, ETU is the major process. To realize 

efficient energy transfer from sensitizer, the energy gaps of the activator should be 

close to those of sensitizers. Er�.，iW.，and H o � , with such ladder-like arranged 

energy levels are frequently used activators. 

Figure 1.9 shows the appropriate energy level diagrams with the principal 

radiative and nonradiative processes for Yb/Er and Yb/Tm upconversion 

materials.[77] A typical upconversion mechanism for Yb/Tm system involves a 

multi-photon process through four successive energy-transfer steps as shown in 

the following part: 

(1) A Yb̂ "̂  ion absorbs a 976nm MR photon to be promoted to "̂ Vsa level Then 

a Tm3+ ion is excited into the its ^Hs level by energy transfer from the first excited 

Yb3+ ion, and then relaxes into its level; 

^ ^ o I n n 

(2) The Tm could be further excited from H4 to the F2 level by capturing the 

energy released from the second excited Yb̂ "̂  ion. And then it relaxes to its 

level. 

(3) The released excited energy from the third excited Yb^^ ion promote the 

Tm3+ ion to the 'G4 state. Blue light is emitted when the Tm̂ "̂  drop back to its 
-J 

ground state. Also the red emission 650 nm when it relaxes into the F4 state. 

(4) The fourth excitation of Tm̂ "̂  generates the level. The relaxation from 
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Figure 1.9 Proposed energy transfer mechanisms showing the UC processes in 

Er3+, Tm3十，and Yb̂ "̂  doped crystals under 980-nm diode laser excitation.【？刀 The 

dashed-dotted, dashed, dotted, and foil arrows represent photon excitation, energy 

transfer, multiphonon relaxation, and emission processes, respectively. Only 

visible and NIR emissions are shown here. 
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'D2 to ground state also causes blue emission. 
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1.4.2 NaYF4-based highly efficient upconversion materials 

The trivalent Ŷ "̂  exhibits close atomic size to rare earth elements. And the 

phonon energy of NaYF4 is lower than 5 0 0 c m " T h u s NaYF4-based 

upconversion materials have been widely considered as the most efficient 

upconversion m a t e r i a l 明 for example, the green emission of NaYF4;Yb，El-

and blue emission of NaYF4:Yb, Tm are visual by naked eyes under very weak 

980nm M R irradiation. 

The efficiency of NaYF^based upconversion materials is phase-dependent. 

According to the previous reports, hexagonal phase (p-phase) NaYF4 offers about 

an order-of magnitude enhancement of upconversion efficiency relative to its 

cubic phase (a-phase) c o u n t e r p a r t . [卯列 As shown in Figure 1.10, the 

phase-dependent property is due to the different crystal-fields around trivalent 

lanthanide ions in matrices of various symmetries,[95] Hexagonal structure has a 

lower symmetry than cubic phase. Low symmetry corresponds to a crystal-field 

containing more uneven components around the dopant ions than high symmetry 

counterparts. The uneven components enhance the electronic coupling between 4f 

energy levels and higher electronic configuration and subsequently increase f-f 

transition probabilities of the dopant ions. 
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丨 RE3+, Na+(2) 

Figure 1.10 a, b, Schematic presentation of cubic- and hexagonal-phase NaREF4 

nanostructures, respectively. In the cubic phase, equal numbers of F" cubes contain 

cations and vacancies. In the hexagonal phase, an ordered array of F" ions offers 

two types of cation sites: one occupied by Na+ and the other occupied by RE], and 

Na+ [9 到 

Various approaches have been developed to prepare NaYF4-based upconversion 

materials, including coprecipitation,[9o] hydrothermal and solvothermal/^^"^^^ 

thermal-decomposition methods.[卯训 xhe effect of morphology on the 

upconversion efficiency has been investigated by using rare earth-doped NaYF4 

nanospheres,[88，�]]nanoplates,[ioi] nanorods，[】04，i05] nanodisksJ^] Surface 

modification has been used not only to improve the efficiency and photostability, 

but also to provide more opportunities to attach biological molecules for 

biological applications.[肌-剛 

The unique NIR to visible optical property have been widely used in a variety 

of applications, including solid-state lasers’^�] NIR quantum counting devices,[83] 

biotechnology[111，etc. Recently the fluorescence resonance energy transfer 
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(FRET) from upconversion materials to downconversion fluorescent materials and 

metal nanoparticles has attracted great research i n t e r e s t s . � n 5 ] p ^ j . example, 

Zhang et al synthesized mesoporous-silica-coated NaYF4 nanoparticles•[叫 

Photosensitizers were incorporated into the porous silica shell. The resulting 

materials were used photodynamic therapy. Upon NIR irradiation, the 

nanociystals convert NIR to visible light, which further triggers the 

photosensitizer to release reactive singlet oxygen to kill cancer cells. Wang and 

coworkers have incorporated NaYF4:Yb, Er into dye sensitized solar cellJ""^^ The 

dyes can efficiently absorb the up-converting luminescence emitted by NaYF4:Yb， 

Er under NIR irradiation. 

Near infrared (NIR) photocatalysis involving YP3： Yb，Tm/Ti02 core/shell 

nanoparticles has been reported recently.卩】幻 The upconversion YF3： Yb,Tm 

particles absorb NIR light and emit a very weak UV light which excites TiOi for 

photocatalysis. NIR to UV conversion is obviously a difficult process, and it 

would be much easier to convert NIR to visible-light. 

1.5 Summary 

This chapter gives a brief introduction on the mechanism of 

semiconductor-mediated photocatalysis. Furthermore the strategies to improve the 

photocatalytic activity of UV light photocatalysts are presented. Then the 

approaches to fabricate visible light photocatalysts are discussed. Finally the 
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fundaments of upconversion materials are described, including mechanism, 

requirements of construct upconversion materials, and applications. 

1.6 Aim of This Research and its Significance 

According to the energy distribution (Figure 1.2)，over 80% of solar energy is 

in the visible and near infrared light spectral region. To harvest this part of solar 

spectrum, it is very important to develop broad spectral photocatalysts. In this 

thesis, firstly we are focusing on improving the photocatalytic efficiency of visible 

light photocatalysts. Then the photoresponse of photocatalysis is further extended 

into NIR region. 

The improvement of visible light photocatalytic efficiency is realized by two 

approaches: fabricating a composite semiconductor by combining a novel low 

bandgap semiconductor CZTS with mesoporous TiO〗； incorporating CdS and 

gold nanoparticles into TNAs. 

NIR-driven photocatalysis is prepared based on the upconversion materials. A 

facile self-assembly method is developed to prepare porous NaYF4:Yb，Er 

upconversion nanocrystals. Then NIR-driven photocatalysts are synthesized by 

coupling NaYF4:Yb，Tm with conventional visible photocatalyst CdS. The 

NIR-driven photocatalytic activity is studied. 

It is believed that the broad spectral photocatalysts are of interests in the field of 

photochemistry, catalysis, as well as environment science. It will open up new 
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possibilities for the development of efficient solar-induced photocatalysts. 
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Chapter Two 

Construction of Au and CdS Loaded Ti02 Nanotube 

Arrays with EEhanced Visible Light Photocatalytk 

Activity 

2.1 Introduction 

Among the widely used semiconductor photocatalysts, TiOi is currently the 

most promising one because of its unique properties, such as high photocatalytic 

activity, stability and chemical stability JCons ide rab l e effort has been made to 

further improve the photocatalytic activity of TiOa. Recently the highly ordered, 

vertically aligned Ti02 nanotube arrays (TNAs) fabricated by Ti anodization have 

generated significant research i n t e r e s t s T h e highly ordered structure offers 

large specific surface areas to efficiently capture solar energy. And the precisely 

oriented nature makes them excellent electron percolation pathways for vectorial 

charge transferJ^"^^^ However, as a wide band gap semiconductor (3,2V) Ti02 can 

only activated by UV light. To shift the photoresponse of TNAs to visible light, 

various approaches have been developed, for example, nonmetal (C-，[叫 N - / � ” 

B-[i4] ) and metal (Ag-，[明 Fe-，[i6] Zr-[i7]) doped TANs show enhanced visible light 
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photocatalytic activity. Another method is to construct semiconductor composite, 

such as TNAs/CdS，_ TNAs/CdSe.剛 

Although CdS is of low band gap (2.6eV) and large absorption cross section, 

the serious photoerosion limit its use as an efficient visible light photocatalyst. 

However many researches have indicated that the photostability of CdS is highly 

improved after combining with TiO� . And the photocatalytic activity is also 

enhanced because of efficient electron t r a n s f e r T h u s CdS-sensitized TNAs 

with efficient visible light photocatalytic activity have been widely investigated. 

Gao et al have reported a close space sublimation technique to prepare TNAs/CdS 

c o m p o s i t e . P e n g et al fabricated a coaxial heterogeneous structure of TNAs 

with CdS as a super-thin coating by modified electrochemical atomic layer 

d e p o s i t i o n W a n g et al used developed a single-step sonoelectrodeposition 

method to prepare TNAs/CdS?3] 

Due to the unique optical properties, plasmon resonant nanostructures have 

generated considerable interests in many fields, including near-field opticsp^� 

surface enhanced spectroscopy[25] and medicine.[26] Au，[27� Ag^®] Pt[29] particles 

have been widely loaded into Ti02 to act as electrons trap to enhance 

photocatalytic activity. In recent years, plasmonic nanoparticles closely coupled to 

absorbing semiconductors have been utilized to enhance absorption in ultrathin 

film solar cells.[3°，31] 

In this study we develop an effective method to prepare TNAs/CdS/Au 
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composite with the assistance of sonication. CdS sever as visible light photon 

acceptor. Through the surface plasma effect gold nanoparticle enhance the 

absorption ability of CdS. Thus the photocatalytic activity was enhanced 

compared with TNAs/CdS. 

2.2 Experimental Section 

2.2.1 Synthesis of Ti02 nanotube arrays 

Highly ordered TiOa nanotube arrays were fabricated by an anodic oxidation 

approach in a two-electrode electrochemical cell. Ethylene glycol (96.5 wt %) 

solution with additions of 0.5 wt % of NH4F and 2.0 wt % of deionized (DI) water 

was used as electrolyte. Ti foil (2cm x 2.5cm) was used as a working electrode, 

and a platinum (1cm x 3cm) foil served as a counter electrode. Prior to the 

anodization, Ti foils were washed with ethanol, acetone by ultrasonication to 

remove the contamination, subsequently rinsed with DI water and then dried in a 

N2 stream. Anodization is carried out by imrnersing Ti foils in as-prepared 

electrolyte at room temperature. The effect of anodization time periods and 

voltage on the morphology and size of the prepared nanotube array were 

investigated. After anodization the samples were removed from the electrode cell, 

washed with DI water, and then sonicated in ethanol for 2 mm to remove the 

surface debris. 
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2.2.2 Synthesis of CdS-Sensitized TNAs 

TNAs were firstly modified by mercaptoacetic add (MAA). TNAs were 

immersed MAA aqueous solution for 2h, then washed by Dl-water several time. 

The modified TNAs were sequentially dipped in four different beakers for 1 min 

in each beaker during sonication. The first beaker contained 0.025 M cadmium 

chloride (CdCb)，the next contained 0.025M sodium sulfide (Na2S) solution. And 

the other two contained DI water for rinsing the samples. Such preparation 

procedure was repeated a number of times. In this study, 1，2, 3 and 4 cycles of 

CdS deposition were performed (denoted as TNAs/l-CdS, TNAs/2-CdS, 

TNAs/3-CdS，TNAs/4-CdS, respectively). 

2.2.3 Synthesis of TNAs/CdS/Au 

nsfAs/3-CdS films were immersed into 1, 2-ethanedithio� ethano� solution 

for 2h, then washed by ethanol and DI water several times. The prepared films 

were sequentially dipped in four different beakers for 1 min in each beaker during 

sonication. The first beaker contained 0.001 M gold chloride hydrate 

(HAUCI4.3H2O), the next contained O.OOIM Sodium borohydride (NaBHU) 

solution. And the other two contained DI water for rinsing the samples. Such 

preparation procedure was repeated twice (denoted as TNAs/3-CdS/2-Au). Then 
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the prepared films were washed by Dl-water and dried. A subsequent heating at 

400 °C for 1 h with a temperature increasing rate of 1 °C min'^ in air was applied 

to improve crystallization. 

2.2.4 Materials Characterization 

The general morphology of the products was characterized by a field-emission 

scanning electron microscope (FESEM, FEI, Quanta 400 FEG) equipped with an 

energy-dispersive spectroscopy instrument, TEM images and EDX profiles were 

taken on a Philips CM-120 electron microscopy instrument coupled with an 

energy-dispersive X-ray (EDX) spectrometer. X-ray diffraction (XRD) patterns 

were recorded using a Bmker D8 Advance diffractometer with high-intensity Cu 

Kai irradiation (A-=1.5406 A). UV-vis spectra were recorded on a Varian Gary 

100 Scan UV-visible system. X-ray photoelectron spectroscopy (XPS, Versa 

Probe PHI 5000) was employed to determine surface electronic states. The shift of 

the binding energy due to relative surface charging was corrected using the Cis 

level at 284.8 eV as an internal standard. 

2.2.5 Photocatalytic Degradation of Methylene Blue 

Methylene blue (MB) was considered as a model contaminant to test the 

photocatalytic activity of the samples. Briefly, the prepared TNAs, TNAs/CdS 

and TNAs/CdS/Au were placed on the bottom of the beaker containing 20 mL 

MB aqueous solution (10 ppm). Above the beaker a 300W tungsten halogen lamp 
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with a 400 nm cutoff filter was used as visible light source. A cooling system was 

used to lower the temperature of MB solution. After 12 h of adsorption/desorption 

equilibrium, the photocatalytic degradation of methylene blue was initiated. 

Photodegradation was monitored by measuring the absorbance of the solution at 

664 nm, 

2.3 Results and Discussion 

Figure 2.1 shows the fabrication process for TNAs/CdS/Au composite. 

According to the literatures, many OH groups existed on the surface of Ti02 

nanotubes. Based on the strong coupling between OH and COOH groups, the 

surface of TNAs are functionalized by thioglycolic acid molecules and terminated 

with many SH groups. In the next step, the strong interaction between the -SH 

groups and cadmium ions facilitates the formation of CdS nanoparticles inside the 

nanotubes. The subsequent functionalization with 1，2-ethanedithiol forms many 

SH groups on the surface of CdS nanoparticles. Then gold nanoparticles deposited 

in situ on the surface of CdS nanoparticles. 
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Figure 2.1 Strategy for the preparation of TNAs/CdS/Au composite. 

2.3.1 Morphology and Composition study 

2.3.1.1 Pure TNAs 

The morphologies of the TNAs films were examined using FESEM. Figure 2.2 

presents the typical FESEM images with top, bottom and side views of the 

prepared TNAs film. The TNAs were covered with a large amount of debris 

(Figure 2.2a), which could be removed by sonication cleaning in ethanol (Figure 

2.2b-e). Uniform nanotube arrays with the tubes open on the top and close at the 

bottom could be clearly observed. The average inner diameter of the nanotube is 

about 130 nm with a wall thickness of 10-20 nm. From the cross sectional image 

(Figure 2.2f), it can be clearly seen that the TNAs are highly ordered, compact 

(nanotubes were well-attached to each other) and vertically oriented (straight). 

The tube length is about 20|im, corresponding to a high aspect ratio of about 150. 

The hollow structure could be more clearly seen from TEM images in Figure 2.3. 
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Both inner and outer surface of the nanotubes are rather smooth. The mechanism 

for the formation of TNAs in fluoride ion containing electrolytes involves three 

simultaneously occurring processes ：口之](i) Ti02 formation at the surface of the 

metal due to interaction of the metal with O2 or OH" ions, (ii) field assisted 

dissolution of Ti02 in electrolyte and (iii) chemical dissolution of Ti and TiOi due 

to the etching by fluoride ions. 

The evolution of pore size and length of the prepared TNAs were further 

investigated by adjusting the anodization voltage (Figure 2.4a) and reaction time 

(Figure 2.4b). From Figure 2.4a it is seen that at low anodization voltages (10 V 

and 20 V)，the electrochemical anodization speed was very low and the products 

had very small pore sizes and length. With the increase of anodization voltage, the 

pore size and length greatly increase. It might be due to the high electrochemical 

anodization speed. Although the pore size and length further increase at 80V, the 

increment speed from 60 to 80V is lower than that from 40 to 60V, indicating that 

that the dissolution speed is higher than electrochemical anodization speed. The 

similar phenomenon was observed in the time-dependent evolution as shown in 

Figure 2.4b. 
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Figure 2.2 FESEM images of TNAs grown from a 0 5 wt % NH4F ethylene 

glycol electrolyte for 3 h at 60 V. Typical top (a-d), bottom (e) and cross sectional 

view images were obtained, (a) before ultrasound treatment (b-f) after ultrasound 

treatment. 

a 

Figure 2.3 TEM images of TNAs grown from a 0 5 wt % NH4F ethylene glycol 

electrolyte for 3 h at 60 V. 
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Figure 2.4 Voltage- (a) and time-(b) dependent evolution of pore size and length 

of TNAs. The anodization time and voltage in figure a and b are 3h and 60V， 

respectively. 

2.3.1.2 TNAs/CdS 

In order to facilitate the filling of CdS, TNAs were functionalized by MAA 

molecules. Thus more Cd can be anchored on the surface of TNAs through the 

O f 

interaction between SH groups and Cd , favoring the in situ formation of CdS 

nanoparticles. The morphologies and composition of the as-prepared TNAs/CdS 

was studied by SEM and EDX, as shown in Figure 2.5. Clearly, CdS deposition 

process did not destroy the ordered Ti02 nanotube array structure. For 

TNAs/1-CdS (Figure 2.5a)，some CdS nanoparticles with diameters smaller than 

20 nm are observed on inner surface of the regularly arranged tube. The 

corresponding EDX analysis (inset in Figure 2,5a) confirms the presence of CdS 

nanoparticles. For TNAs/2-CdS (Figure 2.5b) and TNAs/3-CdS (Figure 2.5c), the 

amount of CdS nanoparticles greatly increased. A uniform coaxial heterogeneous 
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structure was formed. When the amount of CdS is further increased to form 

TNAs/4-CdS (Figure 2.5d), the entrance of the TNAs was blocked by many large 

CdS nanoparticles. These large particles could block the light to get inside the 

nanotube. As a result the photocataiytic activity is decreased. 

EDX quantitative analysis confirmed that the stoichiometric ratio of Cd to S for 

eveiy sample approximately equals to 1:1，as expected for the format of CdS 

compound. The atomic ratio of Cd/Ti increases with the amount of CdS, which 

agrees well with our experiment conditions (Figure 2.5e), 
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0 00 
TiO,/1-CclS TiO/2-CdS TiO,/3-CdS TiO,/4-CcjS 

Figure 2.5 FESEM images and EDX analysis of TNAs/CdS composite with 

different amount of CdS grown 

(a) TNAs/l-CdS (b) TNAs/2-CdS (c) TNAs/3-CdS (d) TNAs/4-CdS. The 

insets are the corresponding EDX analysis. Figure e shows the atomic ratios of 

Cd/Ti for different samples. 

51 



Chapter Three 

SEM observations confirm the formation of CdS nanoparticles on the inner 

surface of TiOi nanotubes at the opening area. To determine whether the CdS 

particles were introduced on the outer surface and deep into the TNAs, the 

TNAs/3-CdS film was further investigated by TEM (Figure 2.6). Compared with 

Figure 2.3，it is obvious that many CdS nanoparticles are seen inside the whole 

tube. And the outer surface is rather smooth, indicating that this method can 

effectively suppresses the deposition of the CdS on the outer surface of the 

nanotube. 

Compared with the reported methods, [33 34] lower precursor (Cd 2+� 

concentration and less recycling treatment are involved to prepare uniform 

TNAs/CdS in our method. It might be due to both the assistance of ultrasonication 

and surface modification. 

Figure 2.6 TEM images ofTNAs/3-CdS 
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2.3.1.3 TNAs/CdS/Au 

To prepare gold nanoparticles around CdS, 1，2-ethanedithiol ethanol was used 

to functionalize TNAs/3-CdS. The two SH- groups connect the CdS with gold 

together. The morphologies and composition of the asprepared TNAs/CdS was 

studied by SEM, TEM and EDX, as shown in Figure 2.7. SEM and TEM 

observations (Figure 2.7a-d) are similar to TNAs/CdS. Many nanoparticles could 

be seen inside the whole tube. The difference between TNAs/3-CdS and 

TNAs/3-CdS/2-Au could be distinguished from EDX analysis (Figure 2.7e and f). 

For TNAs/3-CdS/2-Au, EDX analysis shows a strong signal of gold along with Ti, 

Cd and S. And the atomic ratio of Ti: Cd; S: Au is determined to be 

28:1.02:1.18:1.25, indicating the formation of TNAs/CdS/Au composite. 
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Figure 2.7 SEM, TEM images and EDX analysis of the prepared films 

(a- d, f) TNAs/3-CdS/2-Au (e) TNAs/3-CdS 
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Figure 2.8 XRD patterns for (a) Ti foil，(b)TNAs and (c)TNAs/CdS/Au 
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2.3.2 XRD and XPS Measurements 

The structures of the products are also investigated by XRD, as shown in Figure 

2.8. Figure 2.8a shows the typical XRD pattern for the pure Ti foil, which is 

consistent with the standard (JCPDF 44-1294). In Figure 2.8b，the diffraction 

peaks at 20 of 25.3, 37.0, 37.8, 38.5, 48.1，53.9’ 55.1, 62.7, 68.7, 70.3, 75.0 and 

76.1° match very well with anatase-TiO! (JCPDF 21-1272). And the strong 

intensity indicates good crystallinity. Compared with Figure 2.8b, Figure 2.8c 

shows four new peaks centered at 16 of 26.5, 28.3，44.4 and 64.6°. They are 

attributed to (002)，(101) crystal plans of hexagonal CdS phase (JCPDF 41-1049) 

and (200)，(220) plans of cubic phase gold (JCPDF 04-0784)，respectively. It 

should be mentioned that these peaks are rather weak due to the smaller amount 

compared with TiCh. The other diffraction peaks of CdS and gold are not clearly 

observed because of the overlap with anatase YiOj. 
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XPS was carried out to analyze the chemical composition of the prepared 

TNAs/3-CdS/2-Au. Figure 2.9 shows high-resolution XPS spectra of the four 

different elements. The spin-orbit components (2p3/2 and 2pl/2) of the Ti 2p 

peak were well deconvolved by two curves at approximately 458.8 and 464.7 eV, 

corresponding to Ti4+ in a tetragonal structure (Figure 2.9a). The Cd 3d5/2and Cd 

3d3/2 peaks are centered at 405.4 and 412.3 eV with a spin-orbit separation of 6.9 

eV (Figure 2.9b). It is in good agreement with published values for CdS.[均 The S 

2p core level spectrum given in Figure 2.9c indicates two chemically distinct 

species because of the presence of S 2p3/2 and S 2pl/2. The peak at 161.3 eV is 

for sulfide. The area ratio is about 2:1, which matches very well with published 

values for C d S P � � The peaks observed at 83.6 and 86.9 eV confirmed the 

formation of metallic gold. 

15000 

1500 

455 460 
Binding Energy / eV 

412 

Bindina Enerav / eV 

1200 
le&mding Energyl/il/ 80 8 2 ^ . 8 4 ^ 8 6 叩、,90 92 

Binding Energy / eV 

Figure 2.9 High-resolution XPS spectra of (a) Ti 2p, (b) Cd 3d, (c) S 2p and (d) 

An 4f for the TNAs/3-CdS/2-Au composite 
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Figure 2.10 UV-visible absorption spectra of (a) TNAs, (b) TNAs/3-CdS and (c) 

TNAs/3-CdS/2-Au 
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2.3.3 UV-visible Spectra 

UV-visible diffuse reflectance spectroscopy (DRS) was used to characterize the 

electronic states of the as prepared samples. As shown in Figure 2.10a, pure TNAs 

show strong absorption in UV region (below 400 nm) due to the intrinsic 

interband transition absorption. Compared with pure TNAs, TNAS/CdS exhibits a 

broad absorbance band in visible light region with the absorption onset at 550 nm 

(Figure 2.10b). This indicates that CdS can be used to assist TNAs to capture 

visible light. For TNAS/CdS/Au composite, the broad peak centered at 565 nm is 

corresponding to plasmon resonance absorption of Au nanoparticles (Figure 

2.10c). The absorbance is so intense that the CdS absorption is overlapped. And 

the absorption intensity in both UV and visible region is highly enhanced. Such 

absorption enhancement might be due to the plasmon-induced local field effect. 
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2.3.4 Photocatalytic Activity 

To evaluate and compare the photocatalytic activity of the samples, the 

degradation of methylene blue was used as a probe photoreaction. Figure 2.11 

illustrates the results of the photocatalytic evaluation. It can be clearly seen from 

Figure 2.11a that TNAs/3-CdS is efficient in the photodegradation of methylene 

blue under visible light irradiation. The concentration of methylene blue dropped 

to about 55% after 3h irradiation. Enhanced photocatalytic activity is achieved for 

TNAs/3-CclS/2-Au as shown in Figure 2.11b, And the final concentration of 

methylene blue is only about 28% after 3h irradiation. This is because gold 

nanoparticles can enhance the light absorption ability of CdS, which has been 

demonstrated by UV-visible absorption spectra. Thus more electrons are promoted 

into conduction band of CdS under visible light irradiation. Consequently, the 

number of electrons transferred from CdS to TiOi is also increased. 

The recyclability of TNAs/3-CdS/2-Au is also investigated. After the 

photocatalytic reactions the substrate was removed from the solution and dried for 

the subsequent photoreaction cycle. As shown in Figure 2.12, the 

TNAs/3-CdS/2-Au composite showed good stability. And the photocatalytic 

activity maintained very well after three reaction cycles. 
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Figure 2.11 Photodegradation of methylene blue for (a) TNAs/3-CdS and (b) 

TNAs/3-CdS/2-Au under visible light irradiation (A > 400 nm). (c) A comparison 

of the photoactivities for TNAs/3-CdS/2-Au and TNAs/3-CdS. A is the 

absorbance of methylene blue (^ax = 664 nm) and Ao is the initial absorbance. 
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Figure 2.12 The cyclability of photocatalytic activity for TN As/3-CdS/2-Au 
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2.3.5 Mechanism 

In TNAs/CdS composite, the low band gap semiconductor CdS could capture 

visible light photons. Then the photogenerated electrons are injected into the 

conduction bands of Ti02 to trigger photocatalysis (Figure 2.13a). 

In TNAs/CdS/Au composite (Figure 2.13b), the absorbance in the visible light 

region is much larger than TNAs/CdS as shown in UV-visible absorption spectra 

(Figure 2.10). This is because gold nanoparticles have a strong surface plasmon 

absorption peak in visible light region. The surface plasmon excitation can 

provide large electromagnetic field enhancements on the surfaces of metals 

Then the localized field amplification can greatly enhance the absorption of the 

CdS that have been closely coupled to gold nanoparticles. Then more electrons are 

promoted into the conduction bands of CdS. Thus the photocatalytic activity is 

enhanced. 

Figure 2.13 Schematic diagram representing the inter-particle charge transfer 

process in TNAs/CdS and TNAs/CdS/Au composite. 
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2.4 Conclusions 

A surface modification approach has been used for the fabrication of 

TNAs/CdS/Au composite. According to the photocatalytic activity investigations, 

TNAs/CdS/Au composite exhibits higher efficiency than TNAs/CdS. The 

enhancement is because of the plasmon-enhanced optical absorption. 
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TiO. as 

3.1 iMtroduction 

In recent years a great deal of effort has been focused on the 

semiconductor-induced photocatalysis for environmental applications such as air 

purification/''^^ water disinfection/^-^� hazardous waste decomposition/?-叫 

Titanium dioxide is the most widely used photocatalyst because of its superior 

photoreactivity, nontoxicity, high photocorrosion resistance and low price 

Various strategies have been developed to enhance photocatalytic activity of 

Ti02-based materials, such as doping different elementsj^^''^^ surface 

modification,[19-2II etc. Incorporating pores in bulk materials is a promising 

approach.[22-24] The porous architectures with large surface area and interwoven 

porous network would improve the photoabsorption and the mass-transfer of 

materials, resulting in enhanced photocatalytic activity 

However the Ti02 photocatalyst generally suffers from a relatively low 

quantum efficiency due to its large band gap. It can only be activated by 

ultraviolet irradiation, which only occupies 4% of the solar radiation. As a result, 

the abundant visible light in solar spectrum or artificial light sources cannot be 
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utilized. The development of broad spectral photocatalyst, especially visible 

light-driven photocatalysts, attracted great attention in photocatalysis research.�25’ 

26] 

Coupling a small bandgap semiconductor with TiOi is an effective method to 

realize visible light p h o t o c a t a l y s i s T h e enhanced photocatalytic activity is 

beneficial from two unique properties of the composite semiconductor. The first 

important feature of the coupled semiconductor system is that the photo-generated 

electrons and holes can transfer from one semiconductor to another. Thus the 

recombination rate of the pair was decreased. Another one is that the small band 

gap semiconductor help TiOa absorb visible light. 

Cu2ZnSnS4 (CZTS) composed of earth abundant and non-toxic elements has 

received wide research interests because of its potential as an absorber material 

for solar energy a p p l i c a t i o n s . [ 劝 - 切 j he small bandgap (1.4-1.6eV) and large 

absorption coefficient (up to lO^ cm"') make it an excellent candidate for the 

application of thin-film solar cellsJ^^' ̂ 4�Katagiri and co-workers have fabricated 

CZTS thin film solar cells by sputtering and vapor deposition techniques with 

efficiencies of up to 6 . 7 % C Z T S thin films have also been applied as 

photoelectrodes for H! evolution from water under solar light. And the solar 

energy conversion efficiency in H2 production using modified CZTS reached 

1.2%严，37] However CZTS has not been reported as a photocatalyst to decompose 

pollutants. It might be due to the short life time of photogenerated electrons and 
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the weak oxidation ability of the photo generated holes. 

Herein we reported a new efficient and stable visible light driven-photocatalyst, 

in which CZTS nanocrystals were incorporated into mesoporous TiO� . The 

introduction of CZTS nanocrystals into the Ti02 mesoporous structure can extend 

the photoresponse of T1O2 to the visible-light region. And enhanced visible-light 

photocatalytic performance is therefore realized. 

3.2 Experimental Section 

3.2.1 Synthesis of CZTS nanocrystals网 

In a typical reaction, 0.26 g of Cu(AcAc)2 (99.9%)，0.109 g of Zn(Ac)2.2H20 

(99.9%)，0.1128 g ofSnCl2.2H20 (99,9%)，0.065 g of S (99.9%) were added to 20 

mL of oleylamine (70%) in a 100 mL three-neck flask. The reaction mixture was 

degassed under vacuum for 2 h, purged with argon for 30 min at 110 °C, heated to 

280 °C for 1 h, and then cooled to room temperature. The nanocrystals were then 

isolated by precipitation with ethanol followed by centrifugation. Solid reaction 

byproducts and poorly capped nanocrystals were removed by redispersion in 

cyclohexane and centrifugation at 10000 rpm for 2 min. The nanocrystals were 

washed three more times by solvent/ antisolvent precipitation with 

cyclohexane/ethanol. A typical reaction yielded about 100 mg of nanocrystals. 

67 



Chapter Three 

3.2.2 Synthesis ofTiOz/CZTS composites 

In a typical synthesis procedure, 0.5 g of poly(all<yleneoxide) block copolymer 

(Plutonic F-127, BASF) was dissolved in 6 mL ofethanol (EtOH) containing 0.05 

g of CZTS nanocrystals. To this solution was added 0.6 ml of titanium 

tetrachloride (Aldrich) under vigorous stirring for 0.5 h. The resulting sol solution 

was gelled in an open Petri dish at 40 °C in air for 1 day. The as-prepared sample 

was then calcined at 400 °C for 4 h in air. Finally, 0.4356g of gray powder was 

obtained. Thus the ratio of CZTS in the composite is about 11%, 

3.2.3 Materials Characterization 

TEM images and EDX profiles were taken on a Philips CM-120 electron 

microscopy instrument coupled with an energy-dispersive X-ray (EDX) 

spectrometer. Samples were dispersed into to cyclohexane and were dropped onto 

a carbon-coated gold grid followed by solvent evaporation in air at room 

temperature. X-ray diffraction (XRD) patterns were recorded using a Bruker D8 

Advance diffractometer with high-intensity Cu Ka! irradiation 1.5406 A). 

UV-vis spectra were recorded on a Varian Gary 100 Scan UV-visible system. 

X-ray photoelectron spectroscopy (XPS, Versa Probe PHI 5000) was employed to 

determine surface electronic states. The shift of the binding energy due to relative 

surface charging was corrected using the Cis level at 284.8 eV as an internal 

standard. The N2-sorption isotherms were recorded at 77 K in a Micromeritics 
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ASAP 2010 instrument. All the samples were degassed at 150 °C and 10"̂  Torr for 

24 h prior to the measurement. The Brunauer-Emmett-Teller approach was used to 

determine the surface area. The diffuse reflectance spectra of the samples over a 

range of 200-800 nm were recorded by a Varian Gary 100 Scan UV-vis system 

equipped with a Labsphere diffiise reflectance accessory. 

3.2.4 Photocatalytic Degradation of Rhodamine B 

Rhodamine B was considered as a model contaminant to test the photocatalytic 

activity of the samples. Briefly, the prepared CZTS, TiC^/CZTS and pure TiOi 

were placed on the bottom of the beaker containing 20 mL Rhodamine B aqueous 

solution (10 ppm). Above the beaker a 300W tungsten halogen lamp with a 400 

nm cutoff filter was used as visible light source. After 12 h of 

adsorption/desorption equilibrium, the photocatalytic degradation of methylene 

blue was initiated. Photodegradation was monitored by measuring the absorbance 

of the solution at 553 nm. 

3.3 Results and Discussion 

3.3.1 TEM and EDX analysis 

The morphology and size of the prepared samples are investigated by TEM and 

EDX analysis. Figure 3.1a and b show typical TEM images of pure CZTS 

nanocrystals. The particles have an average diameter of 20nm. A typical EDX 
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spectrum of the particles is shown in Figure 3.1e. The average composition of the 

nanocrystals determined by EDX analysis of 20 nanocrystals is 

Cu2.07Zn1.00Sn1.28S3.82- The slightly tin rich and sulfur-deficient nature is similar to 

the reported p h e n o m e n o n T h e signal of gold in the spectrum comes from the 

carbon-coated gold grid. To facilitate electron transfer, mesoporous TiCh was 

selected to load CZTS nanoparticles. From Figure 3.1c and d it can be clearly 

observed that many nanoparticles distributed evenly into the mesoporous TiCh. 

The corresponding EDX analysis confirms the presence of CZTS (Figure 3. If). It 

indicates the formation of TiOi/CZTS composite. 
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2.0 4.0 6.0 8.0 10.0 12.0 14.0 20 40 60 80 100 120 140 

Figure 3.1 TEM images and EDX analysis of CZTS nanocrystals (a, b, e) and 

TiC^CZTS composite (c, d, f). 
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Figure 3.2 XRD patterns ofCZTS (a) and TiC^/CZTS (b’ c). (c) is the fine scan 

within 26.5 and 30 degree. 
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3.3.2 XRD Measurements 

X-ray diffraction (XRD) was used to identify the crystalline phase of the CZTS 

and TiCVCZTS sample. As shown in Figure 3.2a the prepared CZTS nanocrystals 

are indexed to the typical kesterite structure. Kesterite is composed of a tetragonal 

unit cell, with sulfur atoms located in a face centered- cubic subiatticeJ^^^ The Cu, 

Zn, and Sn atoms occupy half the tetrahedral interstitial sites within the S 

sublattice, with compositional order. Figure 3.2b presents the XRD pattern of 

TiCVCZTS composite. The diffraction peaks at 2Q of 25.2, 37.9, 48.1，53.8, 55.4， 

62.6, and 75 .3�are attributed to anatase-TiCb (JCPDF 21-1272). The diffraction 

peak at 26 of 28.2° is corresponding to the (112) crystal plane of CZTS, as seen in 

Figure 3.2c. The other diffraction peaks of CZTS can not clearly be observed 

because they overlapped with that of anatase Ti02. 
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3.3.3 UV-visible Spectra 

UV-visible diffuse reflectance spectroscopy (DRS) was performed to determine 

the electronic states of the as prepared samples. Figure 3.3 shows the UV-visible 

absorption spectra of mesoporous TiOa, CZTS and TiCVCZTS samples. As a large 

energy gap semiconductor (3.2 eV), the pure anatase TiO! shows significant 

absorbance in the UV region (Figure 3.3a). The absorption onset of the small 

bandgap semiconductor CZTS is extended to 800nm (Figure 3.3b). As shown in 

Figure 3.3c, the TiOa/CZTS composite exhibits a broad absorption bands in 

UV-visible region within 300 and 800 nm, suggesting the effective 

photoabsorption property for the composite photocatalyst system. The visible light 

absorption property provides clear evidence for the formation of CZTS 

nanocrystals embedded in the mesoporous TiO�. The enhanced ability to absorb 

visible-light makes it a promising photocatalyst for solar-driven applications. 
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Figure 3.3 UV-visible absorption spectra of (a) Pure TiOj, (b) CZTS and (c) 

TiCVCZTS 

3.3.4 BET Analysis 

To study the porous structure, N2 adsorption-desorption isotherm was 

investigated. Figure 3.4 shows the pore size distribution plots and N2-sorption 

isotherms (inset) for the mesoporous TiOi and TiCVCZTS. Both samples show 

typical type-IV curves of mesoporous materials. Brunauer-Emmett-Teller (BET) 

method was used to determine the specific surface area and pore volume. For pure 

TiOi they are 136 m^g'̂  and 0.17 m^g'', respectively. According to the desorption 

branch of the isotherm, the mean pore diameter is determined to be 6.4 nm with a 

narrow distribution. 
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ry 1 

The Ti02/CZTS composite exhibits a specific surface area of 123 m g' and a 

pore volume of 0.2 mV'- The average pore diameter is about 4.8, which could be 

considered to be identical with the pure Ti02 sample because of a typical 

uncertainty of 5% for BET surface area measurements. 

The BET results also demonstrate that after embedding CZTS, the mesoporous 

structure of TiOi was not destroyed. Such mesoporous architecture with large 

surface area plays an important role in catalyst design for its being able to 

improve the molecular transport of reactants and products. 

0.0 0.5 

Relative Pressure (PIP。） 

0.08 

0.07 

0.06 

7 0.05 
E 

f 0.04 o> 

E 0.03 � 

i 0.02 
•a 

0.01 

0.00 

0
 o

 o

 c
 

5
 o

 5
 

1
 1
 

Y
o
 ̂B
o

 /
 P
9
q

」
0
s
p
\
/

 9
U
J
n
p
>
 



Chapter Three 

0.125 

0.100. 

0.075-

0.050 • 

0.025-

0.000-

0.0 0.2 0.4 0.6 0.8 

Relative Pressure (P / P。） 

-0.025 
20 40 

Pore diameter / nm 

60 

Figure 3.4 N2 adsorption-desorption isotherms (inset) and corresponding 

pore-size distribution curves for pure TiCh (a) and TiOz/CZTS (b). The pore-size 

distribution was determined from (Resorption branch of the isotherm. 

3.3.5 Photocatalytic activity 

In order to evaluate the photocatalytic activity of the samples, the degradation 

of Rhodamine B was used as a probe photoreaction. Results of the photocatalytic 

evaluation are summarized in Figure 3.5. It is clear that the TiOz/CZTS composite 

exhibit high photocatalytic activity under visible light irradiation. And the 

degradation follows a first-order rate law. Both pure TiOi and CZTS show no 

activity for the degradation of Rhodamine B under visible light. 

To investigate the recyclability of the TiOi/CZTS photocatalyst, the sample 

powders after the photocatalytic reactions were collected by centrifugation and 
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Figure 3.5 (a) Time-dependent absorption spectra of Rhodamine B (lOppm) 

solution containing TiOi/CZTS composite under visible light irradiation (A > 400 

nm). (b) A comparison of the photoactivities for TiOi, CZTS and TiOi/CZTS. A 

is the absorbance of Rhodamine B (A âx = 553 nm) and Ao is the initial 

absorbance. 
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dried for the subsequent photoreaction cycle. As shown in Figure 3.6, the 

Ti02/CTTS composite shows excellent stability and maintain a similar level of 

photocatalytic activity after three reaction cycles. 
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Figure 3.6 The cyclability of photocatalytic activity for TiCVCZTS 

3.3.6 Photoca ta lys i s M e c h a n i s m 

Due to its low bandgap the embedded CZTS nanocrystals could absorb visible 

light photons to produce electron-hole pair. Although the absorption coefficient of 

CZTS is very large, the visible light photocatalytic activity of pure CZTS is very 

weak. It might be due to two reasons. The potential of photogenerated holes in the 

conduction bands are too positive to oxidize pollutant molecules. And the 

recombination of the electron-hole pair is very quick. The TiCh/CZTS composite 

exhibit enhanced photocatalytic activity. It is because the appropriate energy 

levels of the conduction and valence bands allow CZTS to act as sensitizers for 

visible light photocatalysis (Figure 3.7). Under visible light irradiation, the 

photogenerated electrons in the conduction band of CZTS are quickly injected 

into that of Ti02 and accumulate at the lower-lying conduction band of TiCh. Thus 
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efficient charge separation is achieved. Consequently, the photo-generated 

electron is scavenged by the oxygen in water，hence forming highly reactive free 

radicals to degrade pollutant molecules. 

Vvs NHE (eV) 
-2 

0 

2 

3 
丁 i a 

Figure 3.7 Schematic diagram representing the inter-particle charge transfer 

process in a TiOa/CZTS composite. 

3.4 Conclusions 

As a novel low band gap semiconductor, CZTS nanocrystals were incorporated 

into mesoporous Ti02. The prepared TiOi/CZTS composite exhibits excellent 

photocatalytic activity and photostability under visible light irradiation. This study 
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demonstrates semiconductor composite is a promising system to realize broad 

spectral photocatalysis. 
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Chapter Four 

Synthesis, Characterization and Potential Applications of 

Porous Upconversioe Materials 

4.1 Introduction 

Upconversion fluorescent materials can emit visible (and even UV) light upon 

near-infrared (NIR) excitation via the sequential absorption of two or more 

low-energy photons."，�]In the last decade, great progress has been made in the 

preparation of upconversion materials, which can emit visible light by absorbing 

two or more near-infrared (NIR) photons. This endows upconversion with many 

advantages, such as low background light, high sensitivity for detection, high 

photo-stability, reduced instrument cost and high light penetration d e p t h S u c h 

wonderful properties have already rendered upconversion materials very attractive 

uses in solid-state l a s e r s , N I R quantum counting devices,问 3D flat-panel 

displays，[7] biotechnology^^ To date, lanthanide-doped NaYF4 (NaYF4:Yb’Er or 

Yb,Tm) is the most efficient upconversion material, in which the sensitizer (Yb^^ 

I ^ ^ H I 

absorbs NIR excitation light and the activator (Er，Tm ) emits the upconversion 

fluorescence.[io] Much effort has been made in the synthesis of lanthanide-doped 

NaYF4 nanocrystals with different morphology, size, emission intensity and 

color.[n-�5] Recently, researchers have demonstrated the use of upconversion 
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nanophosphors (NaYF4:Yb，Er) for in vitro imaging of cancer cells and in vivo 

imaging in tissues.[i^-i9] Generally the materials must be modified to make them 

biocompatible before applying on the cells. Thus surface modification of 

upconversion nanocrystals has attracted considerable i n t e r e s t s . I n addition, 

the detailed mechanisms for upconversion process have been investigated."’ 之] 

And the fluorescence resonance energy transfer (FRET) from upconversion 

materials to downconversion fluorescent materials and metal nanoparticles has 

been explored.[23-25� 

It is well known that FRET is a highly distance-dependent process. Due to the 

relatively large surface area porous materials could facilitate the contact between 

donors and acceptors. More recently few researchers focused on the preparation of 

porous upconversion nanomaterials. Qu synthesized macroporous Zr02:Yb，Er 

upconversion nanomaterials using polystyrene spheres as the template,[26] Zhang 

got ordered mesostructured LaF3:Yb’Er upconversion nanowire arrays after 

removing silica t e m p l a t e s T h e s e hard template-assisted approaches are rather 

laborious. Thus it is very important to develop more facile methods to prepare 

porous upconversion materials. 

Photosynthesis is a process that converts light to chemical energy by plants, 

which is vital for life on earth. It begins with solar energy absorption by 

chlorophylls which can only absorb the red and blue light.[风 29] xhe whole solar 

energy spectrum includes infrared (IR, 47%), visible (46%), and ultra-violet (UV, 
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6%) light. Since UV, IR and a large part of visible-light are not utilized in the 

photosynthesis process, the theoretical maximum conversion efficiency of solar 

energy in natural photosynthesis is approximately 10%. The actual efficiency is 

only about 3-6% due to reflection and respiration. The efficiency becomes even 

lower during cloudy days and nights when the light distributes mainly within 

800-1300 nm.[28'29� Many methods for improving photosynthetic efficiency have 

been developed. For example, supplemental lighting of suitable wavelength 

(especially the red light) has be used to promote plant growthJ]®] Another 

approach is to convert UV or unused visible light (such as green light) to red or 

blue light to enhance absorption by chlorophyllspi] However，the utilization of 

infrared light which constitutes almost half of the solar spectrum is still a 

formidable task. 

Herein we report a facile one-step method for the preparation of NaYRf:Yb,Er 

nanoporous upconversion materials through an oriented self-assembly process 

with coordination of sodium dodecyl sulfate (SDS). The effects of SDS 

concentration and reaction time on the morphology and size of the products were 

investigated. Experimental results reveal that SDS plays an important role in 

controlling the crystal phases, morphologies and sizes of the NaYF4:Yb,Er 

products. And the upconversion luminescent properties for the obtained porous 

crystals have been investigated. The FRET process from the obtained 

NaYF4:Yb,Er porous particles to chlorophylls has been demonstrated, which is the 
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foundation for NIR-driven photosynthesis research. The FRET process from the 

obtained NaYF4:Yb，Er porous particles to methylene blue molecules has also 

been investigated, indicating a novel approach for photodynamic therapy. The 

ability of the porous upconversion crystals to adsorb protein molecules was 

studied. 

4.2 Experimental Section 

All the chemicals used in the present work were of reagent grade and purchased 

from Sigma-AIdrich without further purification. Ultrapure Milli-Q water was 

used in all experiments. 

4.2.1 Synthesis of NaYF4:Yb,Er particles 

In a typical procedure, Y(N03)3 (0.264 mmol), Yb(N03)3 (0.03 mmol) and 

Er(N03)3 (0.006 mmol) were dissolved into sodium dodecyl sulfate (SDS) 

solution (5 mL) under vigorous stirring. Then NaF solution (10 mL, 0.36M) was 

dropped into the above solution. After stirring for 0.5 h，the mixed solution was 

transferred into a autoclave (20 mL) and heated to 160 °C for 3 h and naturally 

cooled down to room temperature. White precipitates were collected from the 

solution after centrifligation, then placed in distilled water (50 mL) and incubated 

for 24 h. The transparent supernatant was removed. Then the obtained precipitates 
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were washed with ethanol and water for three times, respectively, and dried in a 

vacuum at 80 °C for 48 h. 

4.2.2 Extraction of chlorophylls 

In order to get close to the natural system, the chlorophylls was just simply 

extracted without further separation. 100 g of spinach leaves were selected and 

ground. Then 50 ml ethanol was added. An hour later, the supernatant was 

centrifiigated to obtain the original chlorophylls solution. Then the original 

chlorophylls solution was diluted for 2 or 5 times, respectively (denoted as xl/2 

and xl/5 chlorophylls). 

to chlorophylls 

5 mg of NaYF4:Yb，Er particles was added into 1 mL of ethanol, followed by 

the addition of different volume of original chlorophylls. Here 0，50, 100，150, 

200, 250，300, 350，400，450，500, 600，700, 800，900, 1000, 2000|iL of 

chlorophylls was tried. And the corresponding upconversion fluorescence spectra 

were recorded. Then xl/2 and xl/5 chlorophylls was added into the NaYF4:Yb，Er 

suspension, respectively. The other conditions were identical with the above 

experiments. 
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Control experiments: Pure ethanol was added into the NaYF4:Yb，Er suspension, 

instead of chlorophylls. Here 0, 200，400, 600, 800, 1000, 2000 [iL of ethanol was 

tried. 

4.2.4 Characterization 

X-ray diffraction (XRD) patterns were carried out on a Bruker D8 Advance 

diffractometer with high-intensity Cu Kai irradiation (1=1.5406 A). The general 

morphology of the products was characterized by a field-emission scanning 

electron microscope (FESEM, FEI, Quanta 400 FEG). TEM images were taken 

on a Philips CM-120 electron microscopy instrument. HRTEM images were 

obtained by employing a Tecnai F20 microscope (FEI, 200 kV).The 

Brunauer-Emmett-Teller (BET) surface area (SBET) and pore size distribution 

were determined by using a Micromeritics ASAP 2010 nitrogen adsorption 

apparatus. All the samples were degassed at 120 °C prior to BET measurements. 

Room temperature Upcon vers ion fluorescence spectra were recorded on a Acton 

SpectraPro-300i monochromator integrated with an Princton Instruments 

thermoelectrically cooled CCD (TE/CCD-1024-E/1), which was cooled to - 5 0 � C . 

A commercial IR laser working at 976.5 nm wavelength with tunable power was 

used for excitation. UV-vis spectra were recorded on a Varian Gary 500 Scan 

UV-visible system. Room-temperature fluorescence spectra of the pure 

chlorophylls were recorded on a Hitachi F-4500 fluorescence spectrophotometer. 
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4.3 Results and Discussion 

4.3.1 Influence of Reaction Parameters on Particle Morphology 

and Structure 

XRX) patterns of the products obtained at different SDS concentrations are 

shown in Figure 4.1. Figure 4.1a corresponds to the case without SDS. According 

to the standard diffraction patterns (JCPDS Card No. 28-1192 for the hexagonal 

and 77-2042 for the cubic phase), the product prepared in the absence of SDS is a 

mixed phase composed of dominantly hexagonal and a small amount of cubic 

NaYF4. The intensity ratio of hexagonal (110) to cubic (111) is 2.57. With 

increasing SDS concentration to 5 mM, the ratio decreases to 0.15 (Figure 4.1b), 

indicating that the predominant phase changes from hexagonal to cubic. At SDS 

concentrations of 10 mM or higher, pure cubic phase is obtained as shown in 

Figure 4.1c, d and e. It has been reported that cubic NaYF4 is the kinetically stable 

product which is the main product at the early growth s tageP� '�-] The long 

reaction time or high reaction temperature will cause the phase transformation 

from cubic to thermodynamically stable hexagonal phase. Apparently, SDS 

inhibits the phase transformation from cubic to hexagonal in our system. 

In Figure 4.1c, d and e, the (111) diffraction peaks is used for the size 

estimation with Scherrer formula. The mean crystallite diameters are 28.3, 24.7 
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Figure 4.1 XRD patterns of NaYF4： Yb,Er particles prepared at different SDS 

concentrations at 160 °C for 3 h: a) 0 mM, b) 5 mM, c)10 mM, d) 50 mM, e) 100 

mM 

91 

Chapter Three 

and 22.6 nm，respectively, indicating that the size of the product decreases with 

the increase of SDS concentration. 
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The size and shape of the products are investigated by SEM and TEM. Figure 

4.2 shows representative SEM images of the samples prepared at different SDS 

concentrations. For the case without SDS (Figure 4.2a， b), the product is 

composed of large microcrystals and many small particles with a diameter of 250 

nm. As shown in the magnified image (Figure 4.2b), the surface of the small 

particles (cubic-like structure) is rather smooth. In the case with 5 mM SDS 

(Figure 4.2c, d), similar products are obtained except that the cubic-like particles 

show obvious porous structure. It can be observed from Figures 4.2e and f that 

increasing SDS to 10 mM causes the formation of pure porous cubic-like particles. 

Average diameter of the particles is about 250 nm. Figures 4.2g and h reveals that 

the products obtained at a high SDS concentration of 50 mM are uniform 

nanospheres with an average diameter of around 150 nm. It is clear that SDS 

plays a shape-controller role during the synthesis. 

TEM images (Figure 4.3) provide more details about the porous structure. For 

the product prepared at lOmM of SDS (Figure 4.3a, b), the clear contrast 

difference in every individual particle represents the pores with size of about 

20-30 nm. It is clear that every larger particle contains many primary 

nanoparticles with diameter of around 30 nm, which matches very well with the 

calculated result obtained from XRD measurements. It could be seen from Figure 

4.3c that the NaYF4： Yb, Er nanospheres prepared at 50mM of SDS are also 
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porous. However the pore size is smaller than 20 nm which is too small to be 

shown clearly in the SEM images. 

According to XRD and morphology investigation, the microcrystals generated 

at low SDS concentrations correspond to the hexagonal phase, while small 

particles are cubic-phase structures. 

f* 解 IK> U •_• I » 广 • 

Figure 4.2 SEM images of the products obtained at different SDS concentrations： 

(a, b) 0 mM (c, d) 5 mM (e,f)10 mM (g, h) 50 mM 

Figure 4.3 TEM images of NaYF4.Yb,Er particles prepared at 160 °C for 3 h at 

different SDS concentrations: (a, b) 10 mM, (c) 50 mM. 
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HRTEM images provide further insight into the porous structure of the product. 

Figure 4.4a displays a representative TEM image of an individual particle. The 

selected area electron diffraction (SAED) pattern taken from the entire particle 

(the inset in Figure 4.4a) shows sharp diffraction spots indicating the formation of 

the single-crystalline structure with a high crystallinity. A representative HRTEM 

image from the selected area outlined by the white rectangle (part b) of the 

particle is shown in Figure 4.4b. According to the fast-Fourier transform (FFT) 

pattern, the HRTEM image is viewed from the [001] zone axis. The clear lattice 

fringes indicate high crystallinity and the measured lattice spacings of about 0.27 

nm are from the {200} planes of the cubic phase NaYF4 (JCPDS Card No. 

77-2042). HRTEM images of different parts of the particle with the corresponding 

FFT patterns as the insets are shown in Figure 4.4c and d. FFT patterns selected 

from different areas are identical, further indicating the whole particle is a single 

crystal. The elemental composition of the formed product is confirmed by energy 

dispersive X-ray (EDX) microanalysis at the single-particle level (Figure 4.4e). It 

confirms the presence of Na, F, Y and the co-doped lanthanide Yb and Er. 
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Figure 4.4 HRTEM images and EDX analysis of NaYF4： Yb,Er particles 

prepared at 160 °C for 3 h (SDS=10 mM): (a) Low magnification TEM image. 

The inset is the electron diffraction pattern of the single particle, (b，c, d) HRTEM 

images from the areas outlined by the white rectangle in (a). The inset is the 

related fast-Fourier transforms, (e) EDX pattern of the particle 
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In order to investigate the formation process of the porous upconversion 

particles, products collected at different reaction times were subjected to SEM 

investigation. Figure 4.5 shows the corresponding SEM images of the products 

obtained at different growth stages. Before hydrothermai conditions, white 

gel-like product composed of many nanoparticles is obtained (Figures 4.5a, b). 

The diameter of the nanoparticles is smaller than 10 nm. XRD pattern (Figure 

4.6a) indicates that these particles possess very low crystallinity. Porous structure 

is obtained at 3 h as described above. When the reaction time increased to 5 h 

(Figure 4.5c, d)，fewer pores can be seen in the structure. This phenomenon is 

more obvious at the reaction time of 24 h (Figure 4.5e, f), in which nearly no 

pores can be seen in the particles. At this stage, there are also many microcrystals 

formed, which can be attributed to the formation of hexagonal phase (Figure 

4.6b). 
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Figure 4.6 XRD patterns of the products obtained at different reaction times (160 

�CSDS=10mM) (a) Oh (b) 24 h (c) 3 h 
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Figure 4.5 Time-dependent morphology evolution of the obtained NaYF4:Yb,Er 

particles (160 10 mM SDS): (a, b) 0 h, (c, d) 5 h, (e, f) 24 h 
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Figure 4.7 N2 adsorption-desorption isotherm and the corresponding pore size 

distribution of the product obtained at different SDS concentration: (160 °C, 3h): 

(a). 10 mM (b). 50 mM 
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N2 adsorption-desorption isotherm and the corresponding pore size distribution 

studies provide more information about the porous structure (Figure 4.7). In 

Figure 4.7a, the pore size distribution indicates most of the pores are in the range 

from 10 to 40 mm. Figure 4.7b shows a large amount of pores with the size lower 

than 10 mm. This is really consistent with the results from SEM and TEM 

measurements. 
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4.3.2 Proposed Mechanism of Formation 

On the basis of the above results, the possible growth mechanism of porous 

upconversion particles in the presence of SDS might be an oriented self-assembly 

process (Figure 4.8), Firstly，Y^^, Yb̂ "", Er̂ "" ions could be chelated by SDS 

molecules to form the complex. After adding NaF solution, NaYF4:Yb，Er are 

nucleated and encapsulated with SDS molecules (Figure 4.5a, b). The obtained 

product is of gel-like structure with low crystallinity (Figure 4.6a). Also due to the 

efficient encapsulation, higher SDS concentration results in smaller size of the 

product (XRD calculation). In the subsequent heating process, the primary 

upconversion nanoparticles serve as the building blocks for the oriented 

self-assembly into larger particles with single crystalline structure, probably 

driven by Ostwald r i p e n i n g坤 Based on the crystal growth tendency of the 

cubic phase, the preferred products have a cubic-like morphology when prepared 

under low SDS concentration. At higher SDS concentrations (SDS could not form 

micelles because of the high temperature and pressure under hydrothermal 

conditions), the efficient encapsulation can inhibit further growth of the 

nanoparticles. Thus they prefer to aggregate into a spherical shape, which is the 

most stable morphology because of the lowest surface area. The morphology 

evolution of the product from cubic-like structures to nanospheres caused by 

different SDS encapsulation efficiency is shown in Figure 4.2. During the oriented 

assembly process, many pores are generated among these particles due to the 
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irregular morphologies of the building blocks. It can be imaged that bigger 

building blocks will result in large pores, and vice versa. So the pore size obtained 

with bigger primary building blocks at low SDS concentration is larger than that 

with smaller ones at high concentration. The size distribution obtained from N2 

adsorption-desorption isotherms (Figure 4.7) agrees with the SEM and TEM 

measurements. 
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Figure 4.8 Schematic illustration for porous upconversion crystal growth in the 

presence of SDS 
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4.3.3 Optical Properties 

Figure 4.9a presents the upconversion spectra of the porous NaYF4:Yb，Er 

particles upon 976 nm NIR excitation. In the spectrum, the green emissions in the 

range from 510 to 560 nm are assigned to ^Hii/2, "̂ 83/2 --̂ '̂ Iis/a transitions. The 

dominant red emission located between 640 and 700 nm corresponds to 

4卩9/2—4Ii5/2 of Er3+.[�M5] As reported in the literature the intensity of the red 

emission is much stronger than the green emission.[3?�It might be due to the 

cross-relaxation process between (4F7/2—4F9/2) and (4Iii/2—>4?9/2) resonant 

transitions at high Yb̂ "̂  concentrations. The luminescence is so strong that it could 

be clearly observed with naked eyes. 

The fluorescence of the cubic phase product is stronger than expected. The 

main reason is that our product is highly crystalline without surface defects to 

quench the fluorescence. It is worth noting that the luminescence for the 

nanospheres obtained at high SDS concentrations is a little weaker than the 

cubic-like products (Figure 4.9b). It could be due to the smaller particle sizeP^] 

To understand the upconversion emission mechanism, the dependence of the 

upconversion luminescence intensity on pump power was investigated. As is well 

known, the emission intensity luc is proportional to the excitation intensity 1讯\ 
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Figure 4.9 Pump power dependent spectra of the products obtained at 160 °C for 

3 h (a, c) 10 mM SDS (b, d) 50 mM SDS The power used in Figure a, h is 700， 

900’ 1100，1300，1500 and 1700 mW, repectively, corresponding to curve A-F 
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/Hc"^/”/iJ39] where n is the number of pump photons involved in the upconversion 

process, which can be determined from the slope of logarithmic plot of the 

upconversion intensity vs the pump power. Thus the power dependent 

upconversion spectra were recorded to determine the number of photons 

responsible for the upconversion process (Figure 4.9c, d). The slopes for the red 

and green emissions are approximately equal to two, indicating two incident NIR 

photons are needed for each emitted photon. 
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4.3.4 Affinity behavior for the porous upconversion crystals to 

protein molecules 

For biological application the used fluorescent nanomaterials must be readily 

absorbed by some biomolecules, or modified by some biocompatible molecules. 

Here we have investigated the affinity behavior of the obtained porous 

upconversion crystals with protein molecules. Here Bovine Serum Albumin 

(BSA), which has molecular weight of about 67kDa and molecular dimension of 

5nmx7nmx7nm，网 is used as an example. 

Figure 4.10a displays FTIR spectra for the porous and nonporous upconversion 

particles after treatment with BSA. In protein molecules, the characteristic peaks 

originated from the peptide bonds (-CO-NH-) are amide I (C=0 stretching), amide 

II (-N-H stretching) and amide III (C-N stretching v i b r a t i o n ) 尸 " s ] p ^ ^ . native BSA 

the peaks centered at 1656, 1538, 1247cni"^ are assigned to amide I, II, III bands, 

respectively (Figure 4.10a-A). In Figure 4.10a-C, the characteristic peaks of BSA 

are also very strong, suggesting BSA molecules are absorbed on the porous 

structure. However, the nonporous structures show very low affinity with BSA 

according to the weak BSA signals in Figure 4.10a-B. 
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The quantity of BSA attached to particles is estimated by TGA (shown in 

Figure 4.10b). For pure upconversion particles the weight loss between room 

temperature and 450°C is less than 1%, which might be due to the removal of free 

and bond water in the sample. And the weight loss within 600-800°C might result 

from the structure changes of upconversion particles. After treatment with BSA 

the product shows a 8% weight loss in temperature range between 200 and 

450°C.[44-46] The larger weight loss might be due to BSA molecules attached in the 

sample. Thus the amount of BSA attached could be estimated to be about 7%. 

After surface modification with some nontoxic materials, such as inorganic 

layer, polymers, biomolecules, fluorescent materials can be used in biological 

systems for biosensor, bioimaging, etc. But it is a very common phenomenon that 

fluorescence was highly decreased or even totally quenched by the encapsulated 

materials. But in our work the upconversion efficiency is just slightly decreased 

according to the comparison between the product before and after BSA treatment 

as shown in Figure 4.10c. 
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Figure 4.10 Affinity behavior for the porous upconversion crystals to protein 

molecules (BSA) (a) FTIR measurement A-pure BSA B-nonporous particles 

(OmM SDS) C-porous particles, (b) TGA and (c) upconversion spectra for the 

porous particles before (A) and after (B) BSA treatment. The porous products 

used in all measurements are prepared at 160°C, 3h (SDS lOmM) 
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4.3.5 Energy transfer from NaYF*: Yb，Er to chiorophylls 

The requirement for energy transfer is to make the donor emission band overlap 

with the absorption band of acceptor Here NaYF4:Yb,Er is the donor and the 

chlorophyll extracted from spinach leaves is the acceptor. Their emission and 

absorption spectra are shown in Figure 4.11. Figure 4.11a presents the 

upconversion spectrum of the porous NaYF4:Yb,Er particles upon 976 nm NIR 

excitation. In the spectrum, there is a green emission peak in the range from 510 

to 560 nm and a dominant red emission located between 640 and 700 nm. 

In the absorption spectrum of the chlorophylls (Figure 4.11b), the band within 

640~700nm is attributed to the Q bands of chlorophylls, arising from tt-tt* 

transitions.[28’29] it is obvious that the red emission peak of upconversion crystals 

matches perfectly with the red absorption band of chlorophylls. The large spectral 

overlap indicates the high efficiency of the FRET from the NaYF4: Yb，Er donor to 

the chlorophylls acceptor. 
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Figure 4.11 (a) Room temperature upconversion emission spectrum of NaYF4:Yb， 

Er particles in ethanol (5 mg/mL) upon 976 nm NIR excitation and (b) absorption 

spectrum of chlorophylls. 

To examine the FRET process, different amounts of chlorophylls were added 

into a 1 mL of 5mg/mL NaYF4:Yb,Er ethanol suspension. The corresponding 

upconversion spectra were recorded upon 976 nm NIR excitation (Figure 4.12a). 

The red emission intensity decreases with the addition of chlorophylls, indicating 

that the chlorophylls absorbed the emitted energy by upconversion particles. 

Interestingly, such FRET from NaYF4:Yb’Er to chlorophylls causes the formation 

of two new peaks centered at about 685 and 730 nm (See detailed spectra in 

Figure 4.12b), which are not caused by the pure chlorophylls (Figure 4.12d) and 

the pure NaYF4:Yb，Er suspension under the NIR excitation. With the addition of 
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more chlorophylls, the first peak shifts gradually from about 685 nm to 700 nm 

while the second peak remains at 730 nm. The two peaks come from the 

fluorescence of chlorophyll molecules according to the literature. The decrease 

of the two chlorophylls fluorescence peaks with increasing chlorophylls 

concentration is attributable to the reabsorption (or self-absorption) process, in 

which the excessive chlorophyll molecules just reabsorb the energy emitted by the 

neighbouring m o l e c u l e s T h u s the perfect spectral overlap, along with the 

decrease of the donor emission peak and the presence of acceptor fluorescence 

peak, demonstrates the FRET process. To further demonstrate the FRET process, 

chlorophylls with different concentrations were used, as shown m Figure 4.12c. It 

is clear that with the increase of concentration of chlorophylls, the efficiency of 

FRET increased. 
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Figure 4.12 (a) Room temperature upconversion fluorescence spectra of the 

NaYF4:Yb,Er ethanol suspension (ImL, 5mg/mL) with the addition of different 

volume of original chlorophylls. A-Q: 0，50，100，150，200，250, 300，350，400， 

450, 500，600, 700, 800, 900, 1000，2000 pL, respectively, (b) Magnified spectra 

of Figure 4.12a. (c) The first-order plots for the upconversion emission intensity 

located at 660 nm and the volume of substance added. A-D: original, xl/2, xl/5 

chlorophylls and pure ethanol, respectively. Iq is the intensity at 660nm of the 

original upconversion suspension. I is the intensity after adding corresponding 

substance, (d) Room temperature upconversion fluorescent spectra of A) the 

original chlorophylls solution, B) two-times dilution, C) five-times dilution. 
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The mechanism of the FRET from upconversion materials to chlorophyll 

molecules upon NIR excitation is shown in Figure 4.13. Firstly, the absorption of 

9 i l- t -

pump photons populates the F5/2 level in Yb . Then energy transfer from the 

excited Y b � . to Er̂ "̂  populates the ^hm level and then to the '̂ V-ja level by 

absorbing the energy of another excited Yb̂ "̂ , or another 976 nm photon. A part of 

the 4ln/2 excited ions relax nonradiatively to the "̂ 113/2 level. The ^Vm levels decay 

nonradiatively to 1/2, "̂ 83/2 and "̂ Fg/i levels, then fall to the ground state, 

producing the green emissions centered at 520 nm, 560 nm and the red emission 

at 660 nm. The "̂ Fg/i level may also be populated from the "̂ 113/2 level of the Er̂ "̂  

ion by the absorption of a 976 nm photon or energy transfer from another Y b � . ion. 

Here, the "̂ Fg/a level is the predominant excited state in this material as suggested 

by the strong red emission from the '̂ Fm-'̂ Iis/z transition (660 nm). For chlorophyll 

molecules, the Q bands are located at about 663 nm. The chlorophyll molecules 

possess very strong absorption ability, which facilitates the FRET from the 

upconversion materials to chlorophyll molecules. The absorbed energy promotes 

the electrons of chlorophylls from the ground state to the excited states. 

According to the l i t e r a t u r e w h e n the chlorophyll molecules are dissolved in the 

organic solvents, lower than 10% of the absorbed energy will be emitted by the 

fluorescence with the rest energy dissipating in the form of heat. So weak 

chlorophyll fluorescence peaks are observed in the spectra. 
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7/2 

Yb 3+ 
15/2 

Er 3+ Chlorophylls 

Figure 4.13 Schematic illustration of FRET mechanism from upconversion 

materials to chlorophylls upon 976 nm NIR irradiation. 

4.3.6 Energy transfer from NaYFg: Yb，Er to methylene blue (MB) 

Recently a novel approach for photodynamic therapy (PDT) based on FRET 

from upconversion materials to photosensitlzers has been developed.[51] The new 

method shows great potential to kill the cancer cells located at deep tissues 

because the NIR light centered at 976 nm, which can penetrate to deeper tissue 

than the red light used in conventional PDT, is used to activate upconversion 

particles to trigger the photoreaction. Due to the relatively large surface area 

porous structure could facilitate the contact between the donors and acceptors to 

enhance the efficiency of FRET which is a distance-dependent process. Thus the 
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FRET from the obtained NaYF4:Yb，Er porous particles to photosensitizers has 

also been investigated. 

To realize FRET there must be an appreciable overlap between the emission 

spectrum of the donor and the absorption spectrum of the acceptor. Here 

NaYF4:Yb，Er is the donor and MB, an efficient second generation photo sensitizer, 

is the acceptor. As shown in Figure 4,14a, MB shows a strong absorption band 

within 600-700 nm arising from tt-td* transitions, which possess a large overlap 

with the emission band of the obtained NaYF4:Yb，Er porous particles, indicating 

that efficient FRET can occur. To further demonstrate the energy transfer process, 

different amounts of MB were added into a 1 mL of 5mg/mL NaYF4:Yb，Er 

ethanol suspension. The corresponding upconversion spectra were recorded upon 

976 nm NIR irradiation excitation (Figure 4.14b, c). It is obvious that the red 

emission intensity decrease with the increase of MB added, further indicating the 

FRET from NaYF4:Yb,Er to MB. 
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Figure 4.14 (a) Room temperature upconversion emission spectrum of NaYF4:Yb, 

Er particles in ethanol (5 mg/mL) upon 976 nm NIR excitation and absorption 

spectrum of MB (40ppm). (b) Room temperature upconversion fluorescence 

spectra of the NaYF4:Yb’Ei. ethanol suspension (ImL, 5mg/mL) with the addition 

of different volume of MB (40ppm). A-G: 0, 50, 100，150，200，400, 800 pL， 

respectively, (c) The first-order plots for the upconversion emission intensity 

located at 660 nm and the volume of MB added. 

4.4 Conclusions 

In conclusion, a facile method has been developed to prepare porous 

NaYF4:Yb，Er upconversion single crystals with strong red emission peaks upon 

NIR excitation. SDS plays an important in controlling the crystalline phase, 
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morphology and pore size of the obtained products. The porous structure 

facilitates the contact between upconversion particles and chlorophylls, resulting 

in the highly efficient FRET. This study suggests a possibility to realize 

NIR-driven photosynthesis to increase photosynthesis efficiency and deal with the 

growing global energy issue. 
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Chapter Five 

NaYF4:Yb,Tiii/CdS Composite as a Novel 

Near-Infrared-Driven Photocatalyst 

5.1 Introduction 

Photocatalysis is an environmentally friendly technique to eliminate toxic 

organic substances in air and water. The process is initiated by the irradiation of 

semiconductor materials with a suitable light source. The subsequently formed 

free radicals with strong oxidizing ability could mineralize organic pollutants to 

CO2 and H2O�.Photocatalysis has attracted much attention in recent years 

because it allows the utilization of clean, safe, and renewable solar energy to solve 

environmental problems. 

Fujishima and Honda discovered the photocatalytic splitting of water on 

titanium dioxide (TiO!) photoanodes under ultraviolet (UV) light in 1972^^1 Since 

then Ti02 has been widely studied as an efficient photocatalyst for its appropriate 

electronic band structure, biological and chemical inertness, strong oxidizing 

power and long-term stabilityHowever, this photocatalyst has a relatively large 

band gap that requires UV light for activation. Much effort has been focused on 

improving the photocatalytic efficiency by understanding the effects of particle 

size, morphology, crystal structure, surface area on the reaction mechanism^'^'^l 
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Various approaches have been developed to extend the response of 

photocatalysts into the visible light region. These include doping metallic (Pt[9]， 

Fe[i。]，Ag⑴]，Cr_) and nonmetallic (tf]]，N_，F"5]，s[i6]) elements in 

conventional photocatalysts to decrease the band gap to accommodate the visible 

light photon energy, and the use of some low band gap semiconductors including 

CdS[i7，18]，W03[19’ 20]，BiV04[2i], Bi2W06[22]，and polymeric semiconductors[， 

Another promising system is the coupled semiconductor such as Ti02/CdS�24，均， 

in which CdS absorbs visible light and transfers the photoexcited electrons to 

TiOa to induce photoreactions. 

Near infrared (NIR) photocatalysis involving YF3： Yb，Tm/Ti02 core/shell 

nanoparticles has been reported recently[26]. The upconversion YF3： Yb,Tm 

particles absorb NIR light and emit a very weak UV light which excites Ti02 for 

photocatalysis. NIR to UV conversion is obviously a difficult process, and it 

would be much easier to convert NIR to visible-light[27-3i] jg widely accepted 

that the hexagonal phase ofNaYF4 is a better host material for up-converting NIR 

to visible light than the nonlinear crystals^^ '̂̂ ^l For example, the efficiency for 

NaYF4:Yb,Tm is 3.4*10' cm /W while that for potassium dihydrogen phosphate 

(KDP) is only in the order of lO—"岡.To take advantage of the much stronger 

visible-light emission, it would be a good idea to replace TiOi with a narrower 

bandgap CdS. 
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Herein, we describe an efficient approach to construct a novel near infrared 

photocatalyst by combining a low energy band gap semiconductor CdS with an 

upconversion material NaYF4： Yb,Tm. Particles of CdS and NaYF4:Yb, Tm are 

pretreated with thioglycolic acid and mercaptoethanol. The reaction between these 

two organic molecules causes the formation of NaYF4： Yb,Tm/CdS composite. 

Results from scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX) and powder 

X-ray diffraction (XRD) measurements demonstrate that CdS nanoparticles are 

uniformly assembled on the surface of NaYF4： Yb,Tm microrods. Energy transfer 

from NaYF4： Yb,Tm to CdS is confirmed by the upconversion and fluorescence 

decay properties. Hydroxyl radicals are generated upon NIR irradiation on the 

composite material. The NIR photocatalytic activity of the NaYF4： Yb,Tm/CdS 

composite is investigated by degrading Rhodamine B and methylene blue. A 

mechanism for NIR-driven photocatalysis is proposed. 

5.2 Experimental Section 

5.2.1 Chemicals 

All the chemicals were used as received without further purification. 

121 



Chapter Three 

5.2.2 Synthesis of mercaptoethanol functionalized iipconversion 

microrods 

Pure NaYF4： Yb,Tm microrods were synthesized via an ethylenediamine 

tetraacetic acid disodium salt (EDTA) assisted-hydrothermal methodic. The 

molar ratio of lanthanide ions in the product, Y/Yb /Tm, is 79.5:20:0.5. Then 400 

mg of the prepared NaYF4： Yb,Tm microcrystals were dispersed in 20ml 

deionized water containing 0.2 mL mercaptoethanol. After stirring for 3h，the 

product was separated and washed. 

5.2.3 Synthesis of thioglycolic acid functionalized CdS 

nanoparticles 

Pure CdS nanoparticles are prepared by a hydrothermal reaction[34]. Then 70 

mg of CdS nanoparticles were treated with 10 ml deionized water containing 0.1 

mL thioglycolic acid, stirred for 3h，then centrifoged and washed. 

5.2.4 Preparation ofNaYF4： Yb，Tm/CdS composite 

The NaYF4： Yb，Tm and CdS precursors were mixed in 20ml deionized water, 

then heated to 160�C for 3h. Then the yellow precipitates of NaYF4： Yb,Tm/CdS 

were collected from the suspension by centrifugation (2000 rpm, 5 min) and 

washed with deionized water for several times. For comparison pure NaYF4： 
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Yb，Tm and CdS precursors which were not modified were mixed together, then 

treated the same conditions as described above. 

5.2.5 Detection of photogenerated OH radicals 

Terephthalic acid (4*10-4 乂）was dissolved in NaOH (2*10-̂  M) solution. In a 

typical process, 20 mg NaYF4： Yb,Tm/CdS mixed with 10 mL of terephthalic acid 

solution. Then the mixture was irradiated with a NIR laser (X.=976nm). At every 

30 min, 1.2 mL of the suspensions were collected, then centrifuged. Then 1ml of 

the solution was diluted four times for the PL measurement. The 

hydroxyterephthalate anion formed was monitored by fluorescence analysis with a 

excitation wavelength of 320 nm. In the control experiments，pure CdS and 

NaYF4： Yb,Tm were analyzed under identical conditions. 

5.2.6 Photocatalytic activity measurements 

The photocatalytic activities of the NaYF4： Yb,Tm/CdS were measured by the 

degradation of Rhodamine B in an aqueous solution. 20 mg of photocatalyst was 

suspended in a 10 ml aqueous solution of Rhodamine B (lOppm). Prior to 

irradiation, the suspension was stirred in the dark for 24 hours to establish an 

adsorption/desorption equilibrium between the photocatalyst and Rhodamine B. 

Then the mixture was first irradiated with a NIR laser (A,=976nm, power=2W, 

beam diameter=lcm) for different hours. At 30 min intervals, 0.6 mL of the 
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suspensions were collected, then centrifuged. Then 0.5 ml of the solution was 

diluted eight times for the following measurement. The concentration of 

Rhodamine B was measured by a UV-Visible spectrophotometer and the 

absorption peak at 550nm was monitored. The photocatalytic activity has also 

been demonstrated by using methylene blue as degradation probe. And the 

conditions are same as the degradation of Rhodamine B. Visible light 

photocatalytic activity was done by dispersing 40 mg photocatalyst into 20ml of 

aqueous solution containing 50 ppm Rhodamine B. The light source is a 

commercial 300W tungsten halogen spotlight surrounded with a filter that 

restricted the illumination to the 400-660 nm range. 

Standard cadmium solutions: Four standard solutions were prepared. The 

concentrations of Cd were 0.5, 1，2, and 4mg/L. Pure DI water was used as 

blank. 

Sample solutions: Two identical slurry solutions were prepared by suspending 

20 mg of the composite photocatalyst in 10 ml of 10 ppm Rhodamine B. The 

solutions were stirred in the dark for 24 hours to establish an 

adsorption/desorption equilibrium between the photocatalyst and Rhodamine B. 

One solution was exposed to NIR irradiation for 3 hr while the other was not. 
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Then the suspensions were centrifuged at 2000 rpm. The supernatants were 

collected for ICP-AES measurements. 

5.2.8 Characterization: 

The general morphology of the products was characterized by a field-emission 

scanning electron microscope (FESEM, FBI, Quanta 400 FEG) equipped with an 

energy-dispersive spectroscopy instrument. TEM, HRTEM and EDX line scan 

profiles were carried out on a Tecnai F20 microscope (FBI, 200 kV) coupled with 

an energy-dispersive X-ray (EDX) spectrometer. X-ray diffraction (XRD) patterns 

were recorded using a Bruker D8 Advance diffractometer with high-intensity Cu 

Kai irradiation (^=1.5406 A). Room temperature upconversion fluorescence 

spectra were recorded on a Hitachi F-4500 fluorescence spectrophotometer 

equipped with a commercial 976 nm IR laser with tunable power. In lifetime 

measurements, a 980nm laser line from Optical Parametric Oscillator (OPO) 

(Opotek MagicPRISM) was used for excitation, which was pumped by the third 

harmonics, 355nm line of a Nd:YAG laser (Quantel Brilliant B). The pulse-width 

of laser was 4ns and the photo-detector was using a thermoelectrically cooled 

GaAs photomultiplier tube (PMT) (Hamamatsu R636-10) with 3ns response time. 

A 600MHz oscilloscope (Agilent Infiniium 54830B) was used to record the 

decay-time spectrum by using an average of 512 times. A lOX amplifier was used 
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to record the signal from the NaYF4:Yb，Tm/CdS composite. UV-vis spectra 

were recorded on a Varian Gary 500 Scan UV-visible system. 

5.3 Results and Discussion 

Figure 5.1 shows the synthesis process for the NIR photocatalyst. CdS, a 

well-known low band gap semiconductor (about 2.5 eV)[35’ is coupled to the 

hexagonal phase (P-phase) of NaYF4： Yb,Tm microcrystals. The large 

microcrystals are known to have much higher upconversion efficiency than its 

nano-counterparters[37]. cdS nanoparticles are pretreated with thioglycolic acid 

molecules (SHCH2COOH). The SH groups are for self stabilization, and the 

COOH groups functionalize the surface. The surfaces of (p-phase) NaYF4： Yb,Tm 

microcrystals are activated by the treatment with mercaptoethanol molecules 

(SHCH2CH2OH). The strong interaction between the —SH groups and lanthanide 

ions would leave many OH groups on the surface of the microcrystals. The 

subsequent reaction between mercaptoethanol and thioglycolic acid forms a stable 

NaYF4： Yb,Tm/CdS composite. 
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Figure 5.1 Strategy for the preparation of NaYF4: Yb,Tm/CdS composite. 

5.3.1 Morphology investigations 

The size and morphology of the resulting materials were examined by SEM and 

TEM. Figure 5.2a displays a representative SEM image of the pure NaYF4： 

Yb,Tm microcrystals. The microrod crystals are of a length roughly equal to 6iJ,m 

and diameter of Ifim. As shown in the magnified SEM image (Figure 5.2b) and 

the TEM image (Figure 5.2c)，the surfaces of the microrods are rather smooth. 

However, the surfaces become rougher after the deposition of CdS (Figure 5.2d). 

Figures 5.2e and f present the enlarged views of the single microrods. Clearly, 

CdS nanoparticles of 50 to 80 nm are uniformly assembled on the surface of the 

NaYF4： Yb，Tm microrods. In the TEM images (Figure 5.2g), the apparent 

microscopy contrast further confirms the presence of CdS nanoparticles on the 

surface of NaYTV Yb,Tm microrods. High-resolution TEM images (Figure 5.2h, i) 
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provide further insight into the microstructure of the coated nanoparticles. The 

clear lattice fringes indicate high crystallinity and the measured lattice spacings 

match very well with the planes of hexagonal phase CdS (JCPDS no. 75-1545). 

As seen from Figure 5.2j and k, the color of pure NaYF^: Yb，Tm is white, while 

the composite becomes yellow. 
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Figure 5.2 SEM (a, b, d, e, f), TEM (c, g, h, i) images and pictures (j, k) of the 

products, (a-c): pure NaYF4： Yb’Tm (d-i): NaYp4： Yb,Tm/CdS composite. Figure 

h and i are the corresponding high-resolution TEM images from the areas outlined 

by the rectangles marked in (g). Pictures show the colors of (j) pure NaYF4： 

Yb,Tm and (k) NaYF4： Yb,Tm/CdS 
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To find out whether CdS could be coupled to NaYF4 by physical adsorption, 

control experiments were carried out in the absence of chemical modifiers. As 

shown in Figure 5.3, CdS does not adsorb well onto NaYF4 without surface 

functionalization. The strong coupling between CdS and NaYF4 is probably due to 

the formation of chemical bonds between thioglycolic acid and mercaptoethanol. 

Figure 5.3 SEM images of the products obtained from control experiments 

without surface modification 
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5.3.2 Composition Studies 

EDX elemental line scanning was performed to further determine the 

composition of composite, especially the particles on the surface. Figure 5.4a 

shows the line scan profiles, recorded along the black line presented in Figure 

5.4b. The scanning starts from point A, where both the signal from NaYF4： 

Yb,Tm and CdS are detected. The atomic ratio of Y/Cd is 17:0.4. It can be clearly 

seen from Figure 5.4a that with the scanning going outside, the signal of Y drops, 

while Cd and S increase. At the interface (point B)，Y/Cd decreases to 22:10. 

Following point B is a sharp decrease for Y. But Cd and S gradually grow to the 

maximum value at point C, where Y/Cd is 2:28. This a clear evidence for the 

strong coupling of CdS nanoparticles on the NaYF4： Yb,Tm microcrystals. 
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0 20 40 60 80 100 120 140 
Distance / nm 

Figure 5.4 EDX line scan profiles (a) and TEM (b) image of the NaYTV 

Yb,Tm/CdS composite. Points A, B and C in (a) are corresponding to the same 

points shown in (b). In Figure (a), Y, Cd, and S data are plotted as blue triangles, 

red dots, and black rectangles, respectively. 
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Figure 5.5 XRD pattern of the prepared NaYF4： Yb,Tm/ CdS composite 
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A typical XRD pattern provides further crystallinity and phase information for 

the composite. As shown in Figure 5.5，in addition to the reflections of hexagonal 

phase NaYp4 (JCPDS no. 28-1192)，several weak peaks of hexagonal phase CdS 

(JCPDS no. 75-1545) are observed at 26.5°, 28.1。，36.4° and 48.1°. 
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5.3.3 Optical properties 

NIR photocatalysis depends on the energy transfer from NaYF4： Yb,Tm to CdS. 

The requirement for an efficient energy transfer is to make the donor emission 

band overlap with the absorption band of acceptor^^ '̂ Here NaYF4： Yb，Tm is 

the donor and CdS is the acceptor. The upconversion fluorescence spectrum of 

NaYF4： Yb,Tm and the absorption spectrum of CdS are presented in Figure 5.6a. 

NaYF4： Yb,Tm could absorb NIR photons because the Yb̂ "̂  ion has a large 

absorption cross section from 970 to 1000 nni[40，4i]. After absorbing two or more 

NIR photons, NaYF4： Yb,Tm emits visible and UV light. As shown in Figure 

5.6a-A, five emission peaks appear upon NIR irradiation. The predominate bine 

1 "X 1 "i 

emission peaks at 450 and 476 nm are assigned to the D2—> F4, G4— He 

transitions o f T m 3 + � 4 2 - 4 6 ] j j ^ g two UV emissions at 350 and 361 nm are due to the 

and transitions, respectiveiy[42-46] The weakest red emission at 

645nm is from the 6̂4—>̂ F4 As a semiconductor with low energy 

gap, CdS exhibits a broad absorption band from 200 to 550 nm. It is very clear 

that the absorption band of CdS overlaps very well with the blue emission peak of 

upconversion particles. The large spectral overlap indicates that the upconversion 

blue emission can be strongly quenched by energy transfer. 

To examine the energy transfer process, the upconversion emission spectra of 

the upconversion/CdS composite were recorded upon 976 nm NIR excitation 

(Figure 5.6b). The intensity of UV and blue emission peaks are greatly reduced 
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after the combination of CdS, indicating significant energy transfer. However, it 

can be clearly observed from Figure 5.6c that due to the small overlap with the 

absorption spectrum of CdS, the red emission peak of NaYF4： Yb,Tm only 

decreases slightly. The fluorescence intensity ratio of Ibiue/Ired for the composite is 

11.9，which is much smaller than the value of 41.3 for the pure NaYF4： Yb，Tm. 

Since the two spectra were recorded under identical conditions and the Tm 

content was the same, the decrease in Ibiue/Ired strongly suggests an energy transfer 

from NaYF4： Yb，Tm to CdS. 

A comparison between the lifetimes of the donor alone and the donor-acceptor 

pairs could provide direct evidence on the energy transfer. The life time of the 

emission at 476nm for NaYF4:Yb’Tm and NaYF4:Yb’Tm/CdS were recorded 

(Figure 5.6d). As the addition of CdS quenched the 476 nm emission, a lOX 

amplifier was used when measuring the NaYF4:Yb,Tni/CdS sample. This caused a 

shorter rising time (about 0.4ms，Curve B) than the pure NaYF4:Yb,Tm (about 

0.7ms, Curve A). It should be noted that the signal amplification only affects the 

rise up time but has no effect on the decay time measurements. The decay profiles 

are fit with monoexponential model. The average decay times are 788, and 359jxs 

for the pure NaYF4: Yb,Tm and NaYF4： Yb,Tm/CdS, respectively. The decrease 

in lifetime further confirms the energy transfer. The efficiency of energy transfer 

can be calculated from the following equation["^7]: 

E=1-tda/'CD 
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Figure 5.6 (a) (A)-Upconversion emission spectrum of NaYF4： Yb,Tm and 

(B)-absorption spectrum of CdS. (b, c) Upconversion emission spectra of 

(A)-NaYF4： Yb,Tm and (B)-NaYF4： Yb,Tm/CdS. (c) is the magnified spectrum 

of (b). (d) Time-resolved fluorescence decay curves of Tm̂ "̂  (A«m= 476 nm) of 

(A)-NaYF4： Yb,Tm and (B)-NaYF4： Yb,Tm/CdS. All the upconversion emission 

spectra were recorded upon 976 nm NIR excitation. 
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where tqa and td are the lifetime of NaYF4： Yb,Tm with and without CdS, 

respectively. The observed energy transfer efficiency of the blue emissions is 

54.4%. 
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5.3.4 OH free radical monitoring 

Photocatalysis generates hydroxyl radicals which are responsible for the 

degradation of pollutant molecules. Herein we applied a universally used method, 

photoluminescence technique[48视】，to monitor the formation of hydroxyl radicals 

upon NIR irradiation on the NaYF4： Yb,Tm/CdS composite. Terephthalic acid is a 

traditional fluorescent probe'-'̂ '̂̂ l̂ As shown in Figure 5.7a，the nonfluorescent 

terephthalic acid captures hydroxyl radicals to produce the highly fluorescent 

2-hydroxyterephthalic acid with an emission peak at 420nm upon excitation 

wavelength of 320nm. Therefore, hydroxyl radicals can be monitored by the 

fluorescence intensity changes. The measurement results are shown in Figure 5.7b. 

The fluorescence intensity increases nearly linearly with irradiation time, which is 

similar to the previous observation[48-50]. This is a clear indication of OH radicals 

formation. For comparison, we carried out the control experiments involving pure 

CdS or NaYF4： Yb,Tm. No capability of producing OH radicals is observed from 

Figure 5.7c. And the amount of generated OH radicals is also dependent on the 

concentration of photocatalyst. 
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Figure 5.7 (a) Reaction between the formed OH radicals and probe molecules, 

terephthalic acid, (b) Time-dependent fluorescence spectra of the terephthalic acid 

solution (4*10"'̂ M) containing 20 mg of NaYF4: Yb,Tm/CdS composite upon NIR 

irradiation, (c) Fluorescence intensity of the emission peak at 420nm as a function 

of NIR irradiation time. 
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5.3.5 Photocatalytic properties 

The NIR-driven photocatalytic activity of the NaYTV Yb,Tm/CdS composite 

was measured by the degradation of Rhodamine B in an aqueous solution. Prior to 

the photoirradiation, all the samples were suspended in the Rhodamine B aqueous 

solution for one day to establish the adsorption/desorption equilibrium of dye on 

the sample surface, then pretreated with NIR for one hour. It can be seen from 

Figure 5.8a that the absorbance of Rhodamine B gradually decreases with the NIR 

irradiation, suggesting the occurrence of photocatalysis. In the control 

experiments, no photocatalytic activity could be observed as shown in Figure 5.8b. 

To further demonstrate the photoactivity, NIR driven photocatalytic degradation 

of methylene blue has also been performed as shown in Figure 5.8c and d. Since 

CdS is a good visible light photocatalyst, the composite also show high 

photoactivity under visible light (Figure 5.9). 
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Figure 5.9 (a) Time-dependent absorption spectra of a 50 ppm Rhodamine B 

solution containing NaYF4: Yb，Tm/CdS composite upon visible-light irradiation, 

(b) Photocatalytic degradation of Rhodamine B as a function of visible-light 

irradiation time. 
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Figure 5.8 Time-dependent absorption spectra of Rhodamine B (a) and methylene 

blue (c) solution containing NaYF4： Yb，Tm/CdS composite upon NIR irradiation. 

Rhodamine B (b) and methylene blue (d) reduction in UV-vis absorption spectra 

at 550 nm as a function of NIR irradiation time for different samples. 
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Figure 5.10 SEM (a) and TEM (b) images of the NaYF4： Yb,Tm/CdS composite 

after NIR photocatalysis (3h) 
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It has been reported that under strong UV or visible light irradiation CdS could 

be oxidized by photogenerated holes to release Cd̂ "̂  ions^^^l The photostability of 

the NaYF4:Yb,Tm/CdS composite was investigated. The CdS nanoparticles were 

intact after exposing to NIR for three hours (Figure 5.10). The concentration of 

Cd2+ ions in the solution was also measured by ICP-AES before and after 

photocatalysis. As shown in Table 5.1, there is no evident increase of Cd̂ *̂  ions 

after photocatalysis. The good photostability is not surprising because of the very 

mild visible-light intensity in this NIR-induced system. Moreover, the 

modification with thioglycolic acid could provide a protective effect [49，52’ 53] 
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Standard solutions 

Concentration/ppm Peak intensity 

Standard solutions 

0.5 11512.3 

Standard solutions 1 27454.3 Standard solutions 

2 59924.6 

Standard solutions 

4 120968.5 

Before photocatalysis 2.80 83993.7 

After photocatalysis 3.23 97636.2 

Table 5.1 ICP measurements of the standard solutions and the sample solutions 

before and after NIR photocatalysis. 

5.3.6 Mechanism 

The mechanism for the NIR driven-photocatalysis is shown in Figure 5.11. The 

absorption of pump photons populates the "̂ Vsn level in Yb̂ "̂ . A Tm̂ "̂  ion is 

excited to the ^Hs level by the energy transferred from the excited Yb^ ,̂ and then « 

relaxes nonradiatively to the F4 level. Energy transfer from another Yb ion to 

the Tm3+ causes the formation of a level. Subsequently, the T m � . relaxes to 

the B̂U level and then is excited to the 'G4 level by absorbing energy from another 

excited Yb̂ "̂ . The sequential energy absorption from two excited Yb;. ions 

promotes Tm^^ to 'D2 and ^Pi. Then the excited Tm̂ "̂  ions fall to lower energy 

levels. I D 2 — 3 f 4 ， a n d transitions produce 

the blue emissions at 450 nm, 470 nm, UV emissions at 350 nm, 361 nm and red 
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emission at 645 nm，respectively[4246]. Here the level is the predominant 

excited state in this material as suggested by the strongest blue emission. For 

CdS[54]，the energy gap from valence band (VB) to conduction band (CB) is about 

2.5eV which is lower than the emitted blue and UV photon energy. As well 

known, semiconductors could be excited by the photons with an energy equivalent 

to or higher than the band gap energy, which causes the formation of 

photoelectrons and holes. According to the SEM images, NaYF4： Yb,Tm and CdS 

are very close to each other. These allow energy transfer from NaYF4： Yb,Tm to 

CdS. Then the excited CdS triggers photocatalysis. 
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Figure 5.11 Schematic illustration of energy transfer mechanism from NaYF4： 

YbjTm to CdS upon 976 nm NIR irradiation. 
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5.4 Conclusions 

In summary, we have explored a simple, efficient method to synthesize a novel 

M R photocatalyst, the NaYF4： Yb,Trn/CdS composite. The morphology and 

composition of the resulting photocatalyst were investigated. The energy transfer 

from NaYF4： Yb,Tm to CdS upon NIR irradiation was confirmed. The 

NIR-driven photocatalysis was realized by degrading Rhodamine B and 

methylene blue. This study suggests a promising system to study NIR 

photocatalysis, which may have profound implication on the future utilization of 

solar energy. 
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Chapter Six 

Conclusions 

In this thesis, visible light photocatalysis was studied in the first two chapters. 

Then the preparation and applications of upconversion materials in MR 

photocatalysis was discussed. 

The enhancement of TNAs-based visible light photocatalytic activity was 

realized by the incorporating CdS and gold nanoparticles. The mechanism is 

discussed. It is due to the enhanced light absorption ability of CdS caused by the 

electromagnetic field enhancement effect of gold nanoparticles. 

Then a novel visible light photocatalyst composed of Cu2ZnSnS4 and TiCb was 

prepared. As a small band gap semiconductor, Cu2ZnSnS4 could efficiently absorb 

visible light. After excitation, the photogenerated electrons in the conduction 

bands of Cu2ZnSnS4 were injected into those of TiO�. Thus the composite 

exhibited high photocatalytic activity under visible light irradiation. 

Due to the unique optical property to convert NIR to visible light, upconversion 

materials show great potential in NIR photocatalysis. Firstly, the preparation of 

upconversion materials was studied. A facile self-assembly method to prepare 

nanoporous NaYF4:Yb，Er upconversion single crystals was developed. And the 

upconversion optical properties were investigated. Then several potentials of the 

porous upconversion materials were proposed. 
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Then NIR photocatalysis was demonstrated by using NaYp4： Yb, Tm/CdS 

composite. NaYF4： Yb,Tm/CdS composite was prepared by a surface 

modification method. Energy transfer from NaYF4： Yb,Tm to CdS was confirmed 

by the upconversion and fluorescence decay properties. Then NIR-driven 

photocatalysis was investigated by degrading Rhodamine B and methylene blue. 

A mechanism for NIR-driven photocatalysis was proposed. 
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