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Abstract 

TiO2-based photocatalytic/photovoltaic applications have received enormous 

research interest. However, one key problem inhibiting practical application is the fast 

photoexcited electron/hole pair recombination rate, thus understanding photoexcited 

electron hole behavior is of critical importance. Band bending, which has been seldom 

studied but widely exist in semiconductor photochemistry, may play important roles in 

dictating electron and hole behavior. In this thesis, photoluminescence (PL) spectroscopy 

was employed to study the band bending changes in TiO2 nanoparticle powders caused by 

physical or chemical means. 

We studied the effect of mixing singled-walled carbon nanotubes (SWNT) into 

TiO2 nanoparticle powders on charge transport improvement. It was found that SWNTs 

accept electrons from photoexcited TiO2 and quench the PL intensity from TiO2. However, 

charge transport through TiO2 nanoparticles is not improved by mixing SWNTs, which is 

inferred from similar time constant of the PL increase under continuous UV irradiation. 

This is due to the effect of charge immobilization caused by positively charged TiO2 

particles which inhibit electrons transferred to SWNTs from being transported away 

through SWNT channels. 

We also found that small coverages of 3 nm-Au nanoparticles deposited on TiO2 

significantly diminish the 540 nm (2.3 eV) PL emission from TiO2 due to injection of 

photoexcited electrons into the Au nanoparticles. The lack of PL increase from Au/TiO2 

during continuous UV irradiation is due to a short circuit established through Au 

nanoparticles where transferred electrons in Au recombine non-radiatively with holes in 
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TiO2. The photoexcited electron transfer from TiO2 to the Au nanoparticles can occur from 

the Au particle perimeter over a distance of at least 4 nm. 

Oxygen adsorption was found to change the band bending of the anatase phase TiO2 

in P25 nanopowder in different ways. First, oxygen can adsorb through irreversible 

reaction with defects, reducing the intrinsic upward band bending at the TiO2 surface and 

resulting in increased PL emission. Second, oxygen exposure also leads to molecular 

chemisorption that yields an outermost negative charge at the surface which increases the 

upward band bending of TiO2 and decreases the PL emission. Since band bending plays an 

active role in directing charge carrier to the surfaces, the finding that oxygen adsorption 

can have two different, and quite opposite, effects on the band bending of TiO2 provides a 

new perspective on how oxygen may influence photocatalytic reaction efficiencies. 

We also found that the band bending of TiO2 may change during the course of 

photoelectrochemical reactions. The PL intensity of TiO2 increases when exposed to 

hydrogen cations under continuous UV irradiation, signaling a decrease in the upward band 

bending and increased electron-hole radiative recombination rate, is caused by charge 

transfer during photoreduction of hydrogen cations. Residual photoexcited holes left in 

TiO2 due to the transfer of photoexcited electrons to hydrogen cations lowers the original 

upward band bending and increases the radiative charge recombination rate. This unusual 

observation that charge transfer during a photoelectrochemical reaction at a semiconductor 

interface alters the surface band bending and photoexcited electron/hole recombination rate 

suggests that photocatalytic activity may change during reactions. 
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1 Introduction 

Research interests in TiO2-based photocatalysis sprung from 1972 since the 

pioneering work by Fujishima and Honda1 in which H2 and O2 were produced by UV 

irradiation of a TiO2 anode to split water. Photocatalytic remediation of hazardous wastes 

in both water and air using TiO2 emerged as a practical research interest.2 TiO2 was also 

found to be a promising material for the manufacture of low-cost, non-toxic photovoltaic 

cells after the fabrication of dye sensitized TiO2 solar cells by Oregan and Gratzel.3 

Although these TiO2-based photo-technologies target different applications, the common 

driving force is photoexcitation and photoexcited electron/hole pair recombination is one 

of the main factors that reduces device efficiency. Therefore, understanding the behavior 

of photoexcited electrons and holes is central to improving photocatalytic efficiencies.  

The main focus of this thesis is the photoluminescence (PL) study of surface band 

bending of TiO2 nanoparticles, which has been reported to have significant impacts on 

tuning the electron and (or) hole availability at the TiO2 surface.4 Studies in this thesis 

include: (1) the effect of Single-Walled Carbon Nanotubes (SWNT) on charge transport; 

(2) the effect of Au nanoparticle deposition on quenching PL; (3) the different effects of 

oxygen reaction with TiO2 on band bending of TiO2; and (4) the change of surface band 

bending of TiO2 due to charge transfer during photoreactions. 
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1.1 Mechanism of Photocatalysis 

 

Figure 1.1. Mechanism of TiO2 based photocatalysis. Band gap of TiO2 is 3.0 – 

3.2 eV. (1) photoexcitation, (2) bulk recombination, (3) charge separation, (4) surface 

recombination, (5) surface reduction reaction, (6) surface oxidation reaction.5 

Figure 1.1 shows the basic mechanism of photocatalysis. The electronic structure 

of TiO2 consists of a valence band (VB) which is fully-filled at ground state and a 

conduction band (CB) which is completely empty at ground state. There exists a band gap 

of ~ 3.0 – 3.2 eV between the VB and CB in which there exist no electron orbitals (ideal 

case). When irradiated with photons with energy larger than the band gap energy (hν≥Eg, 

incident photon wavelength shorter than 387 nm for TiO2), electrons residing in the VB 

can be excited into the CB with positively charged holes left in the VB (process 1), resulting 

in photoexcited electron/hole pairs. Both the electrons in CB and holes in VB are able to 

move within the TiO2 nanoparticles. The photoexcited electron/hole pairs can separate and 

migrate to the surfaces to participate in reactions (process 3). The photoexcited electrons 

are strong reducing agents and are able to reduce electron acceptors (process 5) while the 
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photoexcited holes are strong oxidizing agents and are able to oxidize electron donors 

(process 6). If both the electron donor and electron acceptor are water molecules, the net 

reaction can be H2 and O2 production by water splitting.6 If the electron acceptor molecules 

are O2 while the electron donor molecules are organic pollutants, the reaction can be used 

for the remediation of environmental pollutants.2 If the electrons and holes are collected by 

two separate electrodes and recombine through an external circuit, the process works as a 

photovoltaic cell which converts solar energy into electrical energy. For chemical reactions 

to occur on the surface of TiO2, the energy levels of electrons and holes have to satisfy the 

thermodynamic laws, i.e., the electrochemical potential of photoexcited electrons need to 

be more negative than the potential of the reduction reaction and the potential of 

photoexcited holes need to be more positive than the potential of the oxidization reaction.6-

7 The potential relationship between TiO2 and the water splitting reaction is shown in 

Figure 1.1. 

In addition to the charge separation processes and chemical reactions on TiO2 

surfaces, the photoexcited electron/hole pairs can also recombine either in the bulk of TiO2 

(process 2) and (or) at the surface of TiO2 (process 4). If the energy is released as photon 

emission, photoluminescence (PL) can be measured from TiO2. The energy can also be 

released as heat. The fast recombination rate of electrons and holes is considered as one of 

the main reasons that limit the efficiency of TiO2-based photo-applications.7-8 Therefore, 

it is of great importance to study factors that affect the electron-hole separation and 

recombination rate. 
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1.2 Methods to improve photocatalytic efficiency 

The photocatalytic efficiency of pure TiO2, especially for hydrogen production 

reaction, is actually very low. In pure water-splitting without hole scavengers, the 

photocatalytic hydrogen yield can be zero.9 Therefore, researchers have studied various 

methods to improve the efficiency of TiO2-based photo-technologies. Here, several 

important concepts that relate to the results in this thesis are briefly introduced. More 

information can be found from the literature.5-8, 10-12 

1.2.1 Noble metal loading 

 

Figure 1.2. Mechanism of noble metal loading in increasing photocatalytic activity 

Because the work functions of noble metals, such as Pt, Au, Ag, are higher than the 

work function of TiO2,
13 the Fermi energies (chemical potential) of noble metals are lower 

than that of TiO2, as shown in Figure 1.2 (the top of Pt conduction band is lower than CB 

of TiO2). Hence, photoexcited electrons tends to be captured by the noble metal islands 

deposited on TiO2, with holes left in the VB of TiO2, enhancing charge carrier separation 
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and suppressing charge carrier recombination.7-8, 14 (A more detailed analysis on this 

subject can be found at Appendix A). Moreover, because noble metals are also good 

catalysts, the photocatalytic efficiency improvement, especially for hydrogen production 

occurring on metal islands, is considered also originating from the catalytic property of 

noble metals.7-8 

1.2.2 Adding hole or electron scavenger 

Adding hole scavengers which react rapidly with photoexcited holes can suppress 

the electron/hole pair recombination by competitive hole consumption, thereby increasing 

the number of electrons available for desired reactions at surfaces. Electron scavengers 

work similarly to increase the number of available holes.8 Another important reason for 

adding hole or electron scavengers is to suppress back reactions. For example, in hydrogen 

production through water splitting, the back reaction between H2 and O2 to form H2O, 

which is thermodynamically favorable, especially on the surface of noble metals, greatly 

inhibits the net rate of hydrogen production.8 Adding methanol to react with holes can 

suppress the production of O2 and therefore greatly improve the hydrogen production rate. 

Sreethawong et al. showed that H2 production on Pt/TiO2 can be improved from 0 μmol/h 

to ~ 1400 μmol/h with the addition of methanol as a hole scavenger.9 

1.2.3 Composite semiconductor 

Figure 1.3 shows the mechanism by which composite semiconductors can enhance 

charge separation. Upon photon illumination, photoexcited electrons in CdS tend to inject 

into the CB of TiO2 which has a lower energy while holes remain in CdS because of its 

higher VB potential which is lower energy for positively charged holes(i.e. holes “float”). 
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Moreover, if excitation also occurs in TiO2, electrons will remain in CB of TiO2 while 

holes will inject into the VB of CdS. This composite scheme separates electrons and holes 

into different materials and thus improves charge separation and reduces charge 

recombination.5 For composite semiconductors to work, both the VB and CB of one 

semiconductor need to be higher than those of the other semiconductor. 

 

Figure 1.3. Mechanism of composite semiconductors5 

1.3 Phases of TiO2 

In nature, TiO2 is found to exist in three different phases: anatase, rutile, and 

brookite.15 Both anatase and rutile phase TiO2 are semiconductors with bandgap energies 

between 3.0 - 3.2 eV and are well studied. However, the brookite structure is not often used 

for photocatalytic studies due to its low photocatalytic activity. The lattice structures of 
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both rutile and anatase belong to the distorted octahedron class and their structures are 

illustrated in Figure 1.4. 5, 15 

Although anatase and rutile phase TiO2 are both photoactive and they possess 

similar band gap energies, some of their properties are quite different. First, it is commonly 

considered that anatase TiO2 is more active than rutile phase TiO2. Karakitsou & Verykios 

showed that the rate of H2 production decreases linearly with the increase of rutile phase 

fraction in anatase-rutile composite.16 Second, the rutile phase is usually considered more 

stable than the anatase phase, especially for large particles. It has been widely reported that 

anatase will transform into the rutile phase when the temperature is higher than 600 – 900 

℃. 16 For the last several decades, surface studies mainly focused on the rutile (110) surface 

due to the lack of anatase single crystals.17 Only recently have several surface science 

studies on anatase (101) surfaces been reported.18-19. Hence, there still exist gaps in 

correlating the measured photocatalytic activity on anatase nanoparticles with the surface 

processes studied by surface science techniques on rutile(110) surfaces. 

P25 TiO2 nanopowder is a commercial product from the Degussa company that is 

widely used in research to benchmark activities of synthesized TiO2 photocatalysts. The 

P25 TiO2 consists of 75% of anatase with an average diameter of 85 nm and 25% of rutile 

with an average diameter of 25 nm.20 
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Figure 1.4. Lattice structure of rutile and anatase TiO2 
5
 

1.4 Band bending 

The band structure of TiO2 is characterized by its CB and VB. The CB and VB 

should be flat if the TiO2 lattice is infinitely large with no defects, i.e. the CB potential 

energy is evenly distributed spatially across the TiO2 lattice and so is the VB. However, 

due to multiple reasons, the CB and VB of TiO2 are usually not flat and bend near surfaces 

or interfaces. The phenomenon that the CB and VB bend from the flat band situation is 

called band bending, which was first developed by Schottky and Mott to explain the 

rectifying effect at a metal/semiconductor interface.12 

The main driving force of band bending is that when materials with different Fermi 

energy (a different term of chemical potential widely used in solid state physics21) are in 

contact, electrons flow from the material with higher Fermi energy to the material with 

lower Fermi energy until the Fermi energies equilibrate. For example, in Figure 1.5, 
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because the Fermi energy of Au is lower than that of TiO2, electrons in TiO2 are injected 

into Au nanoparticles until their Fermi energies equilibrate. The excess electrons injected 

into Au and leftover holes in TiO2 form a dipole spanning across the Au/TiO2 interface, 

creating an S-shaped potential curve which elevates the CB energy of TiO2 near the 

interface, thus resulting in band bending. The region where band bending exists is called 

depletion layer if the band bending is upward, or accumulation layer if the band bending is 

downward. It is worth noting that because the dielectric constants of metals are usually 

considered infinity, there exists no band bending at the metal side. A more detailed analysis 

using TiO2 and semiconducting single-walled carbon nanotube (SWNT) as an example is 

provided in Appendix B. 

 

Figure 1.5. Band bending formed at Au/TiO2 interface. 𝜙𝑚 – work function of 

Au, 𝜙𝑠 – work function of TiO2, 𝑉𝐵𝐵 – band bending potential. The difference between 

the vacuum energy and the Fermi energy is the work function.14 
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1.4.1 Origins of band bending or band bending change 

Metal/semiconductor contact. As discussed in Figure 1.5, the injection of 

electrons into metals from semiconductors usually results in upward band bending in the 

semiconductors. 

Applied electric field. As shown in Figure 1.6, when a voltage is applied between 

a semiconductor and a metal plate to form a capacitor, charges accumulate at the surfaces 

of both the metal and semiconductor. Unlike metals which can completely shield the 

electric field by rearranging the charge distribution on their surfaces, the electric field can 

penetrate into the semiconductor and cause the bands to bend. When the plate is positively 

charged, the band bending is downward (which can be treated as electron energy decrease 

due to electrostatic attraction between CB electrons and the positive charges from the metal, 

for simplicity), and when the plate is negatively charged, the band bending is upward.12 

 

Figure 1.6. The induction or change of band bending in semiconductor due to applied 

electric field.12 
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Figure 1.7. Band bending caused by acceptor molecule and donor molecule4, 12 

Adsorption of donor and acceptor molecules. Because of the different chemical 

potentials of electrons in semiconductor and gas molecules, electron transfer usually occurs 

when molecules adsorb on semiconductor surfaces, especially for chemisorption.22 When 

adsorbed on semiconductor surfaces, the electron potential in neutral acceptor molecules 
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is lower than the Fermi energy of semiconductor, thus electrons tend to flow from 

semiconductor to acceptor molecules and resulting in negatively charged acceptor 

molecules on semiconductor, causing upward band bending in the semiconductor due to 

electrostatic repulsion, as shown in Figure 1.7.4 Similarly, if donor molecules adsorb on 

semiconductor, the donor molecules possessing positive charge after donating electrons 

into semiconductor cause downward band bending. The band bending caused by gas 

molecule adsorption is similar to the applied electric field situation since both are caused 

by local charge accumulation at semiconductor surface. 

Surface state. Even on a clean semiconductor surface, surface states may still exist 

due to the termination of the bulk lattice periodicity. Unpaired electrons in surface dangling 

bonds usually result in an electronic state with a narrow energy band lying in the band gap 

of the semiconductor, as shown in Figure 1.8. Similar to the situation of 

metal/semiconductor interface, the equilibration of Fermi energies results in upward band 

bending for n-type semiconductor due to the electron migration from the bulk to the surface. 

The introduction of band bending shown in Figure 1.8 is also applicable to band bending 

induced in composite semiconductors which consists of at least two semiconductors with 

different CB, VB and Fermi energies. 

1.4.2 Band bending of TiO2 

It is broadly accepted that TiO2 is an n-type semiconductor due to the formation of 

oxygen vacancies (VO) and interstitial Ti3+ sites which donate electrons into the TiO2 

lattice.23-27 And thus, TiO2 naturally possesses an upward band bending according to Figure 

1.8.28-29 
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Figure 1.8. Band bending caused by surface state.12 

1.4.3 Effects of band bending 

Influences on charge recombination rate. Charge recombination rate in the band 

bending region is suppressed compared to the flat band region for several reasons. As 

shown in Figure 1.9, both photoexcited electrons and holes tends to migrate to locations 

with lower potential energy. The opposite charges possessed by electrons and holes cause 

the photoexcited electrons and holes to migrate in different directions, i.e. electrons migrate 

to the bulk while holes migrate to the surface, resulting in charge separation. Thus, radiative 

charge recombination (resulting in PL ) in the band bending region is suppressed and the 

lifetime of photoexcited charge carriers are elongated, which enhances the probability of 

nonradiative relaxation.30-31 In addition, the minority carriers (which are holes in Figure 

1.9) generated in the band bending region are accumulated at the surface where 
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nonradiative recombination dominates, also resulting in decreased radiative charge 

recombination.31 A downward band bending also decreases radiative charge recombination 

compared to the flat band situation except that the roles of electrons and holes are switched. 

Therefore, if the band structure gradually changes from upward band bending, to flat band, 

and to downward band bending, an increase of PL intensity followed by a decrease of PL 

should be expected. 

 

Figure 1.9. Photoexcited charge separation due to band bending. 

Influences on surface reactions. As discussed above, photoexcited charge carriers 

are separated in the band bending region and their lifetimes are elongated. Moreover, 

because upward band bending tends to accumulate holes at the TiO2 surface while 

downward band bending tends to accumulate electrons at the TiO2 surface, tuning band 
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bending of TiO2 provides a way to modulate the availabilities of photoexcited charge 

carriers at the TiO2 surfaces. 

 

Figure 1.10. Effect of band bending on oxygen desorption from TiO2 surface.4 

Zhang and Yates4 studied the effect of band bending on hole-mediated oxygen 

desorption from TiO2 surface. As shown in Figure 1.10, adsorbing methanol on TiO2 which 

induces downward band bending decreases oxygen desorption rate by driving photoexcited 

holes away from TiO2 surface. On the other hand, adsorbing Cl2 on TiO2 surfaces induces 

upward band bending and increases oxygen yield due to the increased hole availability at 

the TiO2 surface. By tuning the band bending of TiO2, a 100-fold difference in oxygen 

desorption rate was achieved, demonstrating that tuning band bending is an effective way 

to modulate surface reactions. 
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Some may argue that the competitive reaction idea from section 1.2.2 can also 

explain the behavior in Figure 1.10. For example, the decrease of oxygen yield due to 

CH3OH adsorption can be explained by that CH3OH can also be oxidized by holes and thus 

the number of holes available at TiO2 surface is reduced due to the competitive reaction 

with CH3OH. However, this possibility was ruled out by Zhang and Yates by an 16O2 and 

18O2 co-adsorption experiment. It was found that the co-adsorption of 16O2 increases the 

yield of 18O2. Thus, the mechanism must not be the competitive reaction path because the 

competitive reaction between holes and 16O2 should decrease the yield of 18O2. This study 

suggests that band bending may play an important role in photocatalytic processes which 

have not been carefully studied. 

1.5 Band bending studied by PL 

The band bending in semiconductors can be measured by different techniques, such 

as surface photovoltage spectroscopy,32-33 photoelectron spectroscopy34, and PL.12, 14, 24, 30-

31, 35-38 In this thesis, I will mainly focus on the study of band bending by PL. 

1.5.1 Dead layer model 

As discussed in section 1.4.3, the potential energy curve in the band bending region 

separates photoexcited electrons and holes and suppresses the radiative recombination. 

Thus, there is little PL emission from the band bending region, which is considered a dead 

layer for PL emission (theoretically the dead layer and the band bending region are not 

exactly the same, but they are quite close).31 The observed PL mainly comes from the bulk 

of TiO2 where the band is flat, as shown in Figure 1.9. Because of the exponential decay 
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of light intensity inside the semiconductor, the PL intensity from a 1D semiconductor 

sample can be described as31 

IPL = I𝑃𝐿
𝐹𝐵exp⁡(−𝛼𝐷) (1.1) 

in which FB stands for the flat band situation, α is the light absorption coefficient and D is 

the depletion layer depth. Also, for 1D semiconductor surfaces, the depletion layer depth 

and the band bending voltage VBB can be correlated by12 

D = √
2𝜀𝑟𝜀0𝑉𝐵𝐵
𝑒𝑁𝑑

 (1.2) 

in which εr and ε0 are the relative dielectric constant and the vacuum permittivity and Nd 

is the donor density. Combining the above two equations, PL intensity provides a measure 

of the band bending voltage. 

It is worth noting that the usual depletion layer depth is ~ 10 nm and thus for 

nanoparticles, the above equations cannot be directly applied because the nanoparticle has 

to be treated as a sphere instead of a 1D plane. Thus, PL intensity is usually used as a 

method to qualitatively detect band bending change, instead of estimating the band bending 

voltage. 

1.5.2 Band bending change due to gas molecule adsorption 

The band bending changes of TiO2 due to the adsorption of various gas molecules 

have been studied, such as NH3, CO,30, 39 CH3OH, Cl2,
4 H2, O2,

24, 30 and many 

hydrocarbons.36 The study of the various gas molecules suggests that the formation of 

negatively charged adsorbates (acceptor molecules) causes PL intensity to decrease, while 
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the formation of positive adsorbates (donor molecules) results in PL intensity increase,36 

which agrees well with the aforementioned band bending change due to gas molecule 

adsorption on initially clean TiO2 with upward band bending. Further, Anpo et al36 also 

found that the fraction of PL quenching correlates with the ionization potential of 

adsorbates, suggesting that the band bending change is a general physical process instead 

of a site-specific chemical process. 

1.5.3 UV induced band flattening 

 

Figure 1.11. Mechanism of UV induced band flattening 30 

Stevanovic et al.30 studied the effect of UV irradiation induced surface band 

bending flattening effect using PL spectroscopy. It was found that the PL emission intensity 

from TiO2 gradually increases during continuous UV irradiation. The mechanism of the 

increase was explained by the UV induced band flattening effect shown in Figure 1.11. 

Before UV irradiation, the as-prepared TiO2 sample possesses an upward bending as 

discussed before, which can be treated due to negative charges trapped on TiO2 surface 
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which shift the bands upward. Under continuous UV irradiation, photoexcited electrons 

and holes generated in the depletion layer will separate under the potential energy 

difference caused by the band bending, driving holes to the surface of TiO2 while electrons 

to the bulk. The photoexcited holes arriving at the TiO2 surface are able to neutralize the 

original negative charges trapped on the surface and thus decrease the upward band 

bending, which reduces the depth of depletion layer and increases PL intensity. 

1.5.4 Electron hopping through TiO2 particles 

 

Figure 1.12. Electron hopping studied by PL spectroscopy37 

In addition to the above mentioned PL flattening effect, Stevanovic et al37 also 

found that the increased PL intensity during UV irradiation decreases in the dark and the 
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PL decrease rate in the dark increases with the increase of temperature. Moreover, it was 

also found that the time constant for the PL decrease is many orders of magnitude larger 

than that of electron transport inside a particle but is close to the time constant of electron 

hopping through particles. Thus, the authors refined their band bending flattening model 

from the above section with a new feature as shown in Figure 1.12. Because the UV 

irradiation can only penetrate one layer of the TiO2 particles, the PL collected are only from 

the first layer of TiO2. During UV irradiation, when holes are driven to the surface of the 

photoexcited TiO2 in the first layer, the photoexcited electrons can hop through TiO2 

particles into the non-photoexcited TiO2 particles, leaving holes in the first layer of TiO2, 

which causes PL intensity to increase. When UV irradiation is turned off, electrons that 

hopped into non-photoexcited TiO2 particles gradually hop back to the first layer of TiO2 

and recombine with the holes, thus restoring the initial upward band bending and reducing 

PL intensity.  
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2 Experimental 

2.1 High vacuum system 

 

Figure 2.1. Schematic diagram of the high vacuum system. 

The stainless-steel high vacuum system employed in this research is illustrated as 

Figure 2.1. The system was continuously pumped by a turbo pump followed by a 

mechanical pump. A base pressure of ~ 2.0 × 10-9 Torr can be achieved by baking out at 

100 – 120 ℃ for ~ 30 hours. The pressure of the vacuum system was monitored by two 

cold cathode gauges (MKS series 423 I-MAG) and two Baratron gauges. The pressure of 

the chamber was measured by cold cathode gauge 5 whose output was continuously 

recorded by a LabVIEW program with an NI-DAQ (National Instruments Data Acquisition) 

device and the pressure of the gas line was measured by cold cathode gauge 6. Gas bulbs 
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with research grade (≥ 99.99%) gas such as O2, H2, CO, He etc. were connected to the gas 

line through valve 14. Gases were introduced into the gas line by operating valves 14 and 

15, and the gas pressure in the gas line were monitored by Baratron gauge 8 (scale of 1000.0 

Torr). A gas control module which has a volume 𝑉3 = 51.2⁡cm
3 with its pressure measured 

by Baratron gauge 7 (scale of 1.000 Torr) was used to control the amount of gas molecules 

dosed or the target cell pressure. The calibration of the volumes was described before.1 A 

quadrupole mass spectrometer (SRS RGA 200) was installed between the chamber and the 

turbo pump to analyze the purity of gases and detect molecules desorbed from the TiO2 

sample. 

2.2 High Vacuum Chamber 

Figure 2.2 shows the structure of the high vacuum chamber. The cell of the high 

vacuum chamber is a stainless-steel cube with six 4.5-inch ports. Two CaF2 transparent 

windows were installed to two opposite horizontal ports of the cell allowing both UV and 

visible light to transmit. As shown in Figure 2.3, the CaF2 windows allow more than 90% 

of light from 300 nm to 900 nm to pass through. An XYZ three-dimensional manipulator 

was connected to the top of the cell which allows precise adjustment of the sample position 

with an accuracy of 0.001 inches horizontally and 0.04 inches vertically. A reentrant Dewar 

was attached to the manipulator to provide liquid nitrogen cooling for the sample. A 

feedthrough with two copper leads conducting electricity and two K-type thermocouple 

wires was attached to the bottom of the reentrant Dewar. An L-shape sample holder made 

of oxygen-free high-conductivity (OFHC) copper was attached to the two copper leads of 

the feedthrough. The L shape was designed to bring the sample close to the CaF2 window 

because the PL intensity imaging into the detector is very sensitive to the sample position.1 
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The TiO2 powdered sample was pressed at 6000 psi onto a tungsten grid containing ~ 0.022 

cm × 0.022 cm square openings as a circular disk with a diameter of ~ 7 mm and a thickness 

of ~ 0.0095 cm. The tungsten grid with the TiO2 sample was clamped to the OFHC copper 

sample holder. A K-type thermocouple was spot-welded onto the tungsten grid at the 

periphery of the sample to measure the sample temperature. The sample temperature could 

be precisely controlled within 0.1 K in the range of 81 – 1000 K by adjusting the amount 

of electrical heating across the tungsten grid using a LabVIEW program which implements 

a proportional-integral-derivative (PID) control algorithm. 

 

Figure 2.2. Schematic diagram of the high vacuum chamber 
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Figure 2.3. Transparency of CaF2 window 

2.3 PL spectrometer 

PL of TiO2 was collected by a Perkin Elmer FL 55S florescence spectrometer 

placed close to the high vacuum chamber. The spectrometer was equipped with a Xe light 

source and a photomultiplier tube with a detecting range from 200 to 900 nm. The 

excitation of TiO2 (bandgap energy of ~ 3.2 eV, corresponding to 388 nm) was by 320 nm 

UV irradiation selected by gratings installed inside the spectrometer and an additional 320 

nm bandpass filter. A 390 nm cutoff filter was used to reduce the interreference of PL 

intensity due to irradiation light reflected by the CaF2 window. 

2.4 PL of TiO2 

The TiO2 sample examined in this study was mainly the widely used P25 powder 

(Evonik Industries, formerly Degussa) if not otherwise specified. The P25 TiO2 

nanoparticle is a mixture of ~ 75 % of the anatase phase with a mean size of 85 nm and ~ 
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25 % of the rutile phase with a mean size of 25 nm.2 Pure anatase TiO2 (30 nm diameter, > 

99.98 % purity, US Research Nanomaterials Inc.) and pure rutile TiO2 (30 nm diameter, > 

99.9 % purity, US Research Nanomaterials Inc.) were also studied in order to understand 

the origin of PL from P25. X-ray diffraction (XRD) patterns of TiO2 samples were 

collected using a Panalytical X’Pert Pro MPD diffractormeter to confirm the lattice 

structure and phase fraction. The TiO2 samples were usually pretreated first by heating to 

680 K in ~ 0.7 Torr O2 for 40 min in order to oxidize the organic ligands on TiO2 

nanoparticle surfaces. Then the cell was pumped out for 10 min at 680 K and then cooled 

down to ~ 84 K to collected PL spectrum. The parameters including time, temperature, and 

pressure may change according to experiment conducted and are specified in each 

experiment. 

Figure 2.4 (A) shows the PL emission spectra of P25, pure anatase, and pure rutile 

samples at 84 K in vacuum. The 390 nm peak is due to a reflection of the 320 nm exciting 

light off the CaF2 window which enters the PL spectrometer at an oblique angle. The 390-

nm peak is invariant among different measurements taken on the same sample and 

therefore can be neglected (refer to figures in following chapters). The 390 nm peaks seen 

in Figure 2.4 (A) vary because the samples were put into the chamber separately such that 

the geometries between the chamber and the PL spectrometer varied slightly. The 780 nm 

peak is a second order feature of the 390 nm reflection because the PL spectrometer uses 

gratings to filter light beams with different wavelengths. The PL emission from P25 

samples is centered at ~525 nm, which is the same as the emission from the pure anatase 

samples. There is no observable PL emission from the pure rutile sample under our 
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experimental conditions, although some researchers reported a PL emission from rutile at 

~ 835 nm.3 

 

Figure 2.4. (A) PL emission spectra from P25, pure anatase, and pure rutile 

samples; (B) XRD patterns of P25, pure anatase, and pure rutile samples.4 

Figure 2.4 (B), which shows the XRD patterns of P25, pure anatase, and pure rutile 

samples, confirms that the anatase and rutile samples are pure with no phase contamination 
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and that P25 is a mixture of anatase and rutile (80% and 20% respectively based on 

calculations using measured XRD peak intensities, which is close to the nominal 75% and 

25% ratio reported). These findings indicate that the observed PL emission at ~ 525 nm 

from P25 samples is from the anatase phase of TiO2 in P25. Thus, the PL of P25 serves as 

a method to study oxygen adsorption on the band bending change of anatase TiO2, which 

is considered more active as a photocatalyst. 

 

Figure 2.5. Adsorption constant of TiO2.
5
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Figure 2.5 shows the adsorption constant of TiO2 reported by Ghosh and Maruska5. 

The adsorption constant at 320 nm is ~ 7 × 105 cm-1, thus the penetration depth which is 

the inverse of the adsorption constant is ~ 14 nm. Although the penetration depth varies 

from different reports, it is within the range of 15 – 25 nm. Considering that the anatase 

TiO2 particle size in P25 is 85 nm, it is reasonable to assume that the PL emission comes 

from the first layer of TiO2, although there are ~ 1000 layers of TiO2 in the pressed TiO2 

sample. 
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3 Effect of Single–Walled Carbon Nanotubes on 

Photoexcited Electron Hopping between TiO2 Particles 

(modified from J. Phys. Chem. C, 2014, 118(41): 23614-23620) 

Abstract 

Photoluminescence (PL) spectroscopy was employed to study the effect of embedded 

single-walled carbon nanotubes (SWNTs) on charge transport in powdered TiO2. It was 

found that 1-5wt% SWNTs mixed with TiO2 accept electrons from photoexcited TiO2 and 

quench the PL intensity from TiO2. The PL quenching efficiency by SWNTs is 

proportional to the fraction of TiO2 particles which experience electrical contact with 

SWNTs. Ultraviolet light was used to cause surface charging of the SWNT/TiO2 sample 

and the charging/discharging rate was measured using PL. The PL charging/discharging 

rate of all SWNT/TiO2 mixtures is identical to that of pure TiO2, indicating that SWNTs 

only accept photoexcited electron from TiO2 but do not transport electrons under 

conditions of the experiment. This is due to the effect of positively charged TiO2 particles 

which immobilize the photoexcited electrons transferred to SWNTs at the interface 

between first-layer TiO2 and SWNTs, inhibiting charge transport through SWNT channels. 

The inhibition of charge transport through SWNTs may be removed by applying an 

external voltage to overcome the built-in electric field which prevents current flow in the 

SWNTs. 

https://pubs.acs.org/doi/abs/10.1021/jp508061w
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3.1 Introduction 

In the optimization of inorganic photovoltaic devices, a major challenge is to 

enhance the rate of charge transport between semiconductor particles to improve the 

efficiency of collecting photogenerated electrons by the back electrode.1 The charge 

transport phenomenon in metal-oxide semiconductor particles (TiO2, ZnO and others) has 

been extensively studied due to the capability of these materials to be photo-activated by 

sunlight.2-6 Upon absorption of the light from the solar spectrum with energy higher than 

the band gap energy (Ebg ~ 3 eV), these metal-oxide semiconductors can be electronically 

excited. The charge transport induced by ultraviolet irradiation has been studied by surface 

photovoltage spectroscopy7-9, photoluminescence spectroscopy10-12 and modeling13-15. It 

was found that photoexcited electrons in the semiconductor particle can move freely in the 

conduction band or become trapped at a defect site. For such trapped electrons, hopping 

from a site to a neighbor site or from a particle to a neighbor particle takes place. We 

previously demonstrated that continuous UV irradiation on n-type TiO2 electrically charges 

the TiO2 powder by distributing photoexcited electrons deep into the TiO2 powder bed 

causing the surface photovoltage on the exterior geometric surface of the compressed disk 

to become more positive; upward bent bands therefore flatten as holes migrate to the TiO2 

surface. However, in the dark, the powder discharges as negative charge relaxes back to 

the TiO2 surface; the charged capacitor discharges by the slow electron hopping process 

partially restoring negative surface charge.16 These measurements made by studies of the 

time dependence of photoluminescence from TiO2 provide a useful method for measuring 

charge transport between TiO2 particles in a powdered configuration. The relaxation of 

negative charge back to the surface is found to be a very slow process on a time scale of 
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hundreds of seconds at 110 K in contrast to in situ transport processes within a single TiO2 

particle which occur on a picosecond time scale in crystalline TiO2.
17 

One way proposed to amplify the rate of charge transport between TiO2 particles is 

to link the semiconductor particles together with highly conjugated molecules. The 

addition of these molecules is expected to enhance electrical conductance between TiO2 

particles. The unique electronic properties of single-walled carbon nanotubes, a highly 

conjugated molecule with enormous specific surface area, suggest that SWNTs are good 

candidates for enhancement of the electrical conductance between TiO2 particles. The 

conductivity of a SWNT is related to electron delocalization through its conjugated sp2 

orbitals and thus, this molecule should be capable of withdrawing photoexcited charges 

from TiO2 particles and then possibly assisting in charge conduction between particles.18-

19 

Studies have shown that SWNT molecules are expected to behave as acceptor 

molecules for TiO2 electrons which have been excited by UV light into the TiO2 conduction 

band (CB) due to the lower energy of the SWNT-CB compared to TiO2.
20-21 The 

experimentally measured charge carrier mobility in SWNTs is ~ 108 m2 V-1 s-1 at room 

temperature22 and is strongly governed by the density of defects and by electron scattering 

by phonons in the material23. The carrier mobility controlled by electron hopping between 

TiO2 particles16 is ~ 10-10 m2 V-1 s-1, ~18 orders of magnitude below SWNT mobility, 

suggesting that vastly improved conduction should be achieved by mixing SWNTs into 

TiO2. It was reported that SWNTs and other fullerenes enhance interparticle conduction 

between TiO2 particles. Kamat et al.24-26 studied several nanostructures where molecules 

such as SWNT, C60 and graphene oxide were employed to link TiO2 semiconductor 
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particles together. Their findings, measuring the photocurrent of the TiO2 that contained 

SWNTs, show that carbon nanotube molecules act as electron acceptors and also as 

conductors as they are capable of withdrawing charge and transporting it away from TiO2 

particles. It should be pointed out that Kamat’s studies are carried out in solutions (ethanol 

or toluene) with an applied electric field while our studies involve SWNT/TiO2 mixtures 

which have been mechanically prepared and then processed at elevated temperatures in 

high vacuum, under conditions where no external electric field has been applied. 

We present experiments like that shown in Figure 3.1 that involve a new 

photoluminescence (PL) decay method developed in our laboratory to measure the 

enhancement of particle-particle conductivity in vacuum, under well-controlled surface 

conditions, employing different fractions of SWNTs to explore their electron accepting and 

conducting abilities when mixed with TiO2 particles.16 This method involves charging of 

the TiO2 powder and SWNT/TiO2 mixture by continuous UV irradiation at 3.88 eV which 

causes a redistribution of electrons within the TiO2 powder bed. Changes in surface 

photovoltage are observed due to electron transfer away from the TiO2 sample, bending 

the bands downward and decreasing the depletion layer thickness. An increase of the PL 

intensity of TiO2 is shown in Figure 3.1 where a decrease in the depletion layer thickness 

causes an increase in the active depth for PL emission. It is noted here that due to the 

limited depth of UV penetration (~ 20 nm), photoexcitation occurs only in TiO2 particles 

on the very outmost surface of the powder which consists of TiO2 particles of 50 nm 

nominal size. In contrast to charging by UV light, upon discontinuation of irradiation, the 

distributed electrons tend to return back to the surface, partially reducing the surface 

photovoltage as observed by a decrease in the PL intensity as shown in Figure 3.1. By 
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employing this method, we are able to distinguish between electron acceptor and electron 

conducting properties of a linker molecule. We find that photoluminescence due to 

electron-hole recombination in TiO2 is suppressed as the concentration of SWNTs 

increases, showing that SWNTs possess electron acceptor capabilities in agreement with 

the literature. We postulate that the suppression of PL by SWNTs is simply related to the 

fraction of TiO2 particles in the first layer which contact a SWNT and which donate charge 

to the contacting nanotube. In contrast to the electron acceptor property of SWNTs, it was 

also found that incorporation of 1-5 wt% of SWNTs produced no change in the PL 

development rate upon continuous UV irradiation and that the discharge rate is also not 

influenced by SWNTs, showing that electron conductance in SWNT/TiO2 mixtures is the 

same as in pure TiO2. 

The effect of adsorbed oxygen and other species such as organic solvent molecules 

and water solvent can be neglected in our experiments as all work is done under high 

vacuum conditions. 
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Figure 3.1. A. Photoluminescence development (a) during continuous irradiation and (b) 

in the dark; B. Schematic of charging the pure TiO2 powder particles on the surface by 

continuous irradiation which induces charge redistribution toward a flat-band condition; 

discharging in the dark restores upward band bending. Discharging by electron hopping 

between TiO2 particles is temperature dependent with an activation energy of 15 meV. 
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Band bending effects are confined in the TiO2 particles at the surface of the powder 

deposit. Taken from ref. 16. 

3.2 Experimental methods 

The instrument used in this study was described in chapter 2. The SWNT/TiO2 

composites were synthesized by mixing a mixture of metallic (60 %) and semiconducting 

(40%) SWNTs (South West Nanotechnology) and TiO2 powder (Evonik Industries, 

formerly Degussa P-25). Typically, 0.1 g of SWNTs was dispersed into deionized water 

and sonicated for 10 minutes. To obtain composites with different mass ratios of SWNTs 

to TiO2, various amounts of TiO2 were added into the SWNT-water slurry and then 

sonicated for another 10 minutes to better disperse the nanotubes in the TiO2 slurry. The 

slurry was dried under vigorous stirring at 353 K and dried SWNT/TiO2 mixtures with 

1:100, 3:100, and 5:100 weight ratios were produced. Also, the reference sample, pure 

TiO2, was suspended in deionized water, sonicated, and dried at 353 K. The pure TiO2 

sample was pressed into the upper section of the grid while the SWNT/TiO2 samples were 

pressed into the lower section. The two samples were studied on the same grid under 

identical conditions, by adjusting the vertical position of the grid, and the pure TiO2 

samples serve as an internal standard in each experiment. 
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Figure 3.2. SEM micrograph of 5 wt% SWNT/TiO2 composite. 

Before PL and IR measurements, the samples were heated in vacuum to 680 K in 

1.0 Torr of research-grade O2 (99.99%) for 40 min to remove surface impurities and to 

partially oxidize the sample. The sample was then evacuated at 680 K for 10 min to reach 

high vacuum, and then cooled down to 84 K for PL and IR measurements. 

An electron micrograph of the SWNT/TiO2 composite is shown in Figure 3.2 for 

the 5% mixture. It may be seen that the SWNTs exist primarily in bundles, bonded together 

by van der Waals forces, as they interact with multiple TiO2 particles. 

3.3 Experimental results 

Figure 3.3 shows the PL intensity of TiO2 when different concentrations of SWNTs 

are mixed together with TiO2. The PL peak intensity of the clean TiO2 powder reference 

(red spectrum) is compared with PL emission of TiO2 powders that contain (A) 1 %; (B) 

3 % and (C) 5 % of SWNTs by weight (gray spectra). All spectra show the same PL 
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emission peak at ~ 525 nm (2.36 eV) at 84 K. The small feature at 390 nm is an artifact 

that originates from the constant reflection of a component of the incident UV beam off 

the CaF2 window and tungsten grid and this is constant throughout all experiments 

including those made with the clean grid and therefore can be disregarded. The mixed 

SWNT/TiO2 composites (1 - 5 % SWNTs) show a decrease in PL intensity to 82 %, 55 % 

and 40 % respectively (as shown in Figure 3.3 A – C), compared to the PL intensity of the 

pure TiO2 sample. The decrease in PL intensity of TiO2 indicates that a fraction of TiO2 

particles are affected by contact with SWNTs as SWNTs efficiently accept electrons from 

photoexcited TiO2 particles. The fractional decrease in PL is a measure of the fraction of 

TiO2 particles in the first layer which experience an electrical contact with a SWNT and 

scales roughly with fraction of SWNTs in the mixture. The withdrawal of photogenerated 

electrons by SWNTs reduces the magnitude of the electron-hole recombination rate in TiO2 

and hence the photoluminescence intensity. Because of the relatively large quenching 

effect on PL intensity by a small fraction of SWNT and the small penetration depth of UV 

irradiation (~ 25 nm), an alternate model involving light absorption by the SWNTs to 

reduce the PL yield is not validated. 
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Figure 3.3. Photoluminescence spectra of pure TiO2 (red curves) and SWNT/TiO2 

composites (gray curves). The mixed SWNT/TiO2 composites contain: (A) 1 %; (B) 3 % 

and (C) 5 % of SWNTs in TiO2 powder. All samples show an emission maximum at ~ 

525 nm upon excitation by 3.88 eV (320 nm) irradiation in vacuum at 84 K. Spectra from 

TiO2 that contain SWNTs are normalized to the spectrum of the clean TiO2 reference 

sample present in each experiment; the two measurements are carried out by moving the 

grid vertically in the cell. 

Figure 3.4 shows the charging and discharging rates for several TiO2 samples that 

contain 0 %, 1 %, 3 %,  and 5 % of SWNTs at 110 K under vacuum. Our previous finding16 
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indicated that electrons show hopping mobility through TiO2 at this temperature where 

electron hopping occurs with an activation energy of 0.015 eV over the temperature range 

from 84 to 140 K. During continuous UV irradiation with 3.88 eV photons for 185 min in 

vacuum, the PL intensity of pure TiO2 and all SWNT/TiO2 composites increases with very 

similar PL development rates (charging rates) related to the increase of surface 

photovoltage on first-layer TiO2 particles in the powdered samples. When the UV 

irradiation is discontinued, the PL intensity immediately begins to decrease as the electron 

hopping direction is reversed. These measurements show that, in SWNT/TiO2 samples, the 

SWNTs act as electron acceptors by reducing the PL intensity; in comparison, the 

SWNT/TiO2 samples exhibit the same charging/discharging rates as pure TiO2 powder at 

a constant temperature. The inset in Figure 3.4 shows the charging/discharging rates as the 

concentration of SWNTs increases. The average charging rate at 110 K is kc~ 1.4 × 10-4 s-

1, while the average discharging rate at 110 K is kd ~ 3.4 × 10-4 s-1. This result implies that 

SWNTs which connect TiO2 particles accept electrons and therefore interfere with 

electron-hole recombination in the outermost particles of TiO2, but do not have any 

measurable effect on the rate of electrical conduction between TiO2 particles either during 

charging or discharging. Since the time constants for charging are very similar for all 

samples, we show only one charging curve (gray squares) in Figure 3.4 which is an average 

of all charging curves. 
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Figure 3.4. Charging curve (gray squares) is obtained upon continuous UV irradiation for 

185 min in vacuum. Discharging curves for clean TiO2 (blue), 1 wt% SWNT (orange), 3 

wt% SWNT (red), and 5 wt% SWNT (green) upon discontinuation of UV light for 150 

min. Inset shows the rates for both charging (red squares) and discharging (blue squares) 

processes. All data were collected at 110 K in vacuum. The measurements of the 

discharging rates are not influenced significantly by the periodic application of UV light 

for a short time to measure the PL intensity. 

3.4 Discussion  

3.4.1 Photoexcited electron transfer from TiO2 to SWNT: PL quenching 
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Figure 3.5. Schematic diagram of the proposed mechanism for electron transfer from 

TiO2 to a SWNT. The electrons from the valence band in TiO2 are promoted to the 

conduction band by absorption of photon energy of hν ≥ 3.2 eV (process 1); then, they 

either relax to a TiO2 defect site recombining with a hole and emitting PL light (process 

2) or they transfer to an adjacent SWNT (process 3), where PL at 525 nm does not occur. 

The SWNT band gap ranging from 0 to 1.1 eV represents both metallic and 

semiconducting SWNTs. 

As shown in Figure 3.5, the energy of the conduction band of TiO2 when compared 

to metallic or semiconducting SWNTs (with band gap ranging from 0 to 1.1 eV) is always 

higher than the energy of the SWNT conduction band which results in energetically 

favorable transfer of photoexcited electrons from TiO2 to the conduction band of SWNTs20-

21. Upon excitation of TiO2 by UV irradiation, photogenerated electrons in the TiO2 

conduction band of TiO2 can evolve in one of the following ways: (1) de-excite to the 

bottom of the TiO2 conduction band and then quickly find a defect site within TiO2 where 
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they can recombine with a hole, emitting PL light or heat;27-28 or (2) de-excite by 

transferring to the lower-energy conduction band of a carbon nanotube resulting in 

suppressed PL emission from TiO2 particles. We observe that SWNTs behave as electron 

acceptor molecules. All samples which contained different fractions of SWNT in TiO2 

powder show approximately proportional suppression of PL intensity relative to the pure 

TiO2 powder. 

In this study, the UV penetration depth is only ~ 20 nm10, 29-31, which is smaller than 

the average TiO2 particle size, ~ 50 nm. Therefore, the PL signal only comes from the first 

layer of TiO2 particles. A fractional reduction of PL intensity observed is interpreted to be 

the fraction of first-layer TiO2 particles which make effective electrical contact with an 

electron-acceptor SWNT molecule. 

3.4.2 Electron behavior in SWNTs and TiO2 

During continuous UV irradiation (Figure 3.4) of both pure TiO2 and SWNT/TiO2 

samples at 110 K, we observed that charging rates for samples that contained SWNTs do 

not differ from the charging rate of a pure TiO2 sample. Here, the average charging rate is 

kc = 1.4 × 10-4 s-1. This indicates that the SWNTs have no influence on the charge hopping 

between TiO2 particles during irradiation. In addition, upon discontinuation of UV 

irradiation, the discharging rates for all SWNT/TiO2 samples and pure TiO2 are also similar 

to an average rate constant kd = 3.4 × 10-4 s-1. The increase in the SWNT fraction (from 1% 

to 5%) in powdered samples has no influence on the charging/discharging rate of the TiO2 

powder. This result implies that SWNTs in the experimental configuration employed here 
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show only electron accepting properties but do not influence the charge conductance 

between TiO2 particles. 

We propose a schematic electron immobilization model shown in Figure 3.6 to 

explain the physics causing SWNTs to produce no effect on the charging/discharging rate 

of TiO2. As shown in Figure 3.6 (A), there are no photoexcited electrons in either TiO2 or 

SWNTs in the dark. Photoexcited electrons are generated in the first-layer of TiO2 particles 

when exposed to UV irradiation. A fraction of the photoexcited electrons are injected from 

the first-layer of TiO2 to electron acceptor SWNTs, causing charge separation at the 

SWNT/TiO2 interface as the SWNTs become negatively charged leaving positive holes 

behind in TiO2 particles. A fraction of the photoexcited electrons in the first-layer of TiO2 

hop to the non-photoexcited TiO2 particles in the interior of the sample due to the electron 

diffusion caused by the photoexcited electron density gradient.16 Similar ideas have been 

proposed in which a gradient of Fermi level between interconnecting TiO2 particles is 

postulated to drive electrons from one TiO2 particle to another.15, 32 This electron hopping 

process into the interior of the TiO2 powder bed also contributes to charge separation. The 

tungsten grid sample holder can be treated as an insulator isolated from the TiO2 because 

of its thick oxide coating.33 The separated positive charges in the first-layer of photoexcited 

TiO2 and negative charges in SWNTs cannot be neutralized by an external connection to 

ground. In addition, there is no effect by chemical species since all work was done in high 

vacuum. As a result, the positive and negative charges in TiO2 and SWNTs remain separate 

and a large electric field builds up at the interface between SWNTs and first-layer of 

photoexcited TiO2. A smaller electric field is produced in the TiO2 particles, which tends 

to pull the separated electrons back to the first-layer of TiO2 particles. 
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Figure 3.6. Schematic diagram for charge transport in SWNT/TiO2 composite. (A) Before 

UV irradiation, there are no photoexcited electrons in either SWNTs or TiO2. (B) During 

UV irradiation. (1) Photoexcited electron injection occurs into SWNTs; (2) Electron 

hopping occurs through TiO2 particles; (3) Hole migration occurs to TiO2 surfaces due to 

band bending in the outermost TiO2 particles (see Figure 3.1). A positive outward electric 

field builds up as the positive charges accumulate at the first-layer TiO2 surface; (4) 

Electron transport in SWNTs does not occur as electrons injected into SWNTs are 

immobilized by the built-in electric field at the interface between the first-layer TiO2 

particles and SWNTs. (C) When UV irradiation is off, electrons are attracted by the 

positive charged first-layer TiO2 particles and they hop back through TiO2. The main 
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point is that the electric field induced at the interface between first-layer TiO2 and 

SWNTs prevents electron transport through the SWNTs both during irradiation and after. 

The charging and discharging of the TiO2 capacitor occurs in the absence of electron 

transport in the embedded SWNT molecules. 

During UV irradiation, the electron transport behavior in both SWNTs and TiO2 is 

determined by two main factors: (1) forward electron diffusion due to the electron density 

gradient caused by photoexcitation in the first-layer of TiO2 particles; and (2) backward 

electron drift due to the built-in electric field caused by separated positive and negative 

charges. Combining the diffusion and drift effects, the excess negative electrons in SWNTs 

finally establish an equilibrium distribution along the depth through the sample disk, 

controlled by efficient screening of the electric field along the SWNTs. The screening of 

the electric field along the SWNTs, causing a short range for the equilibrium distribution 

of the excess negative electrons in SWNTs, is very similar in principle to the shielded 

Coulomb potential caused by an ionic atmosphere in ionic solution (the Debye-Hückel 

theory). The excess negative electron distribution along SWNTs is described by an 

exponential decay as (more details in Appendix C)34  

𝑛 = 𝐴𝑒−𝑧 𝜆⁄  (3.1) 

where n is the excess electron density, A is the pre-exponential factor to be determined by 

the total number of excess electrons in SWNTs, z is the depth across the sample disk,  and 

λ is the Debye screening length which can be described as 

λ = √
𝜀0𝜀𝑟𝑘𝐵𝑇

𝑁𝑒2
 (3.2) 
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in which 𝜀0 is the vacuum permittivity, 𝜀𝑟 is the relative permittivity, 𝑘𝐵 is the Boltzmann 

constant, 𝑇 is the temperature, 𝑁 is the intrinsic charge carrier density in SWNTs and 𝑒 is 

the electron charge. The above analysis also applies to excess negative electrons in the non-

photoexcited TiO2 particles if we neglect the complex electron diffusion mechanism for a 

trap-filling model13-14 and treat it just as simple diffusion which can be described by Fick’s 

laws. 

Equation (3.2) shows that the screening length is inversely proportional to the 

square root of the intrinsic charge carrier density N of the materials. The intrinsic free 

electron density of SWNTs 21, 35, ~ 1021 cm-3, is much higher than that of TiO2 
36, which is 

~ 1017 cm-3. Therefore, the screening length in SWNTs is much shorter than in TiO2 and 

the excess electron distribution in SWNTs is highly converged at the contact between the 

first-layer TiO2 and SWNTs, as shown in Figure 3.7. As a result, the photoexcited excess 

electrons injected into SWNTs are immobilized at the interface between the first-layer TiO2 

and SWNTs by the built-in electric field, inhibiting electron transport through SWNT 

channels, as shown in Figure 3.6 (B) (as process 4). However, due to the extended 

screening length in TiO2 particles, electron hopping through TiO2 particles still occurs. The 

different screening length in SWNTs and TiO2 caused by the highly different intrinsic 

charge carrier density causes SWNT/TiO2 mixtures to have identical charging/discharging 

rates compared to pure TiO2 as electrons in SWNTs remain immobilized and to therefore 

exhibit similar kinetics for PL development and PL decay. 
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Figure 3.7. Steady state excess electron density distribution along the depth across the 

sample disk during photoexcitation using equations (1) and (2) with a relative 

permittivity of 100. The excess electrons in SWNTs are highly converged in a region less 

than 1 nm in length, while excess electrons in TiO2 can spread over a range of more than 

50 nm. 

When UV irradiation is off, photoexcited electrons are no longer generated in the 

first-layer of TiO2, diminishing the driving force for forward hopping. Therefore, under the 

attraction from the positive charged first-layer TiO2, the electrons slowly hop back through 

TiO2 and neutralize the surface positive charges, as shown in Figure 3.1 (B) and Figure 3.6 

(C).34 

3.5 Conclusion 

By employing photoluminescence spectroscopy which observes 

charging/discharging processes in photoexcited SWNT/TiO2 mixtures we found the 

following results: 
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(1). SWNTs exhibit electron accepting behavior as the PL intensity of SWNT/TiO2 

composites systematically decreases with the increase of the fraction of SWNTs 

mixed into TiO2 powder. The fractional decrease in PL intensity is proportional to 

the average number of SWNT/TiO2 contact points in the first layer of TiO2. 

(2). SWNTs do not affect the rate of electron hopping between TiO2 particles. Measured 

charging/discharging rates are similar to those for pure TiO2, for a 5-fold ratio 

change for SWNTs in TiO2. 

(3). Because of the high intrinsic charge carrier density and short screening length in 

SWNTs, the built-in electric field immobilizes excess electrons in SWNTs at the 

interface between SWNTs and first-layer TiO2 particles. The electrostatic attraction 

between localized electrons in embedded SWNTs and holes in TiO2 strongly inhibits 

electron transport through SWNT channels. 

(4). The basic finding of this work is that the addition of efficient conducting units to a 

powdered semiconductor undergoing photoexcitation under field-free conditions 

will not be useful in increasing electron mobility in the composite structure. We 

postulate that this deficiency can be overcome by the application of an external 

electric field, to overcome the Coulomb interaction between photo-produced holes 

in the semiconductor and electrons in the conductor, as is done in photovoltaic 

devices.  
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4 Effect of Gold Nanoparticles on Photoexcited Charge 

Carriers in Powdered TiO2 – Long Range Quenching of 

Photoluminescence 

(modified from J. Phys. Chem. C, 2014, 118(36): 21275-21280) 

Abstract 

Photoluminescence spectroscopy was employed to study the photoinduced charge 

transfer between TiO2 nanoparticles and Au nanoparticles under vacuum conditions. We 

found that small coverages of 3 nm-Au nanoparticles deposited on TiO2 significantly 

diminish the 540 nm (2.3 eV) photoluminescence emission from TiO2 due to the 

redistribution of the photoexcited charge to Au nanoparticles which are capable of 

accepting negative charges behind the Schottky barrier. The lack of development of the 

photoluminescence emission of Au/TiO2 during continuous UV irradiation occurs due to a 

short circuit established through Au nanoparticles where transferred electrons in Au 

recombine non-radiatively with holes in TiO2. The photoexcited electron transfer from 

TiO2 to the Au nanoparticles occurs beyond the Au particle perimeter over a distance of at 

least 4 nm. The quenching of photoluminescence by resonance energy transfer from TiO2 

to Au nanoparticles is unimportant as Au plasmonic absorption is not observed. 

4.1 Introduction 

The interaction of metals with semiconductor surfaces has become a topic of major 

contemporary interest as a result of recent advances in the field of photonics.1-4 Here, metal 

deposits on semiconductor surfaces may cause enhanced interaction of the semiconductor 

https://pubs.acs.org/doi/abs/10.1021/jp507156p
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with an incident electromagnetic field as a result of radiation coupling to metal particles 

via plasmon excitation in the metal3, 5-7 or conversely to couple electronically excited TiO2 

to plasmonic excitation in the metal8-9, a process producing a resonance between a 

photoluminescence feature and the metal plasmon. This investigation deals with a non-

plasmonic situation where the metal particles are too small to interact plasmonically with 

the electronically excited TiO2. 

The contact interface between the metal and the semiconductor initially becomes 

charged as a result of the equilibration of the Fermi level in the metal and semiconductor, 

resulting in band bending in the semiconductor and the production of a Schottky barrier at 

the contact point between the metal and semiconductor10-12. The degree of band bending 

governs the transfer rate of photoexcited charge carriers at the semiconductor-to-metal 

contact. Such charge transfer effects are of importance in photovoltaic devices and 

photocatalysis.13-18 Most studies of the metal-semiconductor interface have been conducted 

at macroscopic interfaces such as for thin metal films on semiconductor single crystal 

surfaces. It was found by comparing the photoconductance of both pure TiO2 and Pt/TiO2 

powders, that small coverages of Pt on TiO2 cause suppressed photoconductance due to the 

charge transfer from TiO2 to Pt nanoparticles19-20. In addition, Anpo et al.21 observed no 

change in the Ti3+ signal in Pt/TiO2 samples while the Ti3+ signal in pure TiO2 powder 

increased during continuous UV irradiation as detected by electron paramagnetic 

resonance (EPR). This decrease and invariance of the Ti3+ signal in Pt/TiO2 was attributed 

to the transfer of photoexcited electrons from TiO2 to Pt particles. It was found by Kamat 

et al.7, 22 that in an ethanol suspension of Au/TiO2 or Ag/TiO2, photoexcited electrons from 

TiO2 transfer to Au (or Ag) nanoparticles achieving a charge equilibrium. However, the 
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possible recombination of electrons in Au (or Ag) and holes in TiO2 could not be studied 

as holes are scavenged by ethanol. There are several studies23-26 on quenching of the 

photoluminescence (electron-hole recombination) effect due to the charge transfer from 

semiconductors to Au nanoparticles. However, none of these papers deal with the spatial 

range of photoluminescence quenching by metal nanoparticles. 

In this work, we use photoluminescence (PL) spectroscopy to probe a TiO2 

semiconductor surface in contact with 3 nm non-plasmonic Au particles. 

Photoluminescence originates from the electron-hole recombination in semiconductors, 

which is the limiting process in increasing the efficiency of both photocatalysts and 

photovoltaic devices. Therefore, it is important to detect the ways to suppress the electron-

hole recombination. We find that small coverages of Au particles strongly diminish the PL 

effect from the entire TiO2 particle surface as well as the associated surface photovoltage 

charging effect caused by UV irradiation. The surface photovoltage effect results from 

light-induced hole production and hole transport to the n-type TiO2 surface. 

Upon photoexcitation of Au/TiO2 powder, we find that photoexcited electrons 

transfer to Au nanoparticles while photoexcited holes diffuse efficiently toward the 

Au/TiO2 interface. Here, the Au nanoparticles cover about only 0.15 fraction of the TiO2 

particle surface. A long-range quenching effect on photoluminescence is observed to occur. 

In the extended region charge carriers are found to utilize long pathways to achieve non-

radiative recombination in the widely-separated metal particles.  This effect causes a short 

circuit between the TiO2 and the Au which allows charge carriers to bypass the normal 

radiative recombination processes at defect sites in the TiO2 and instead to undergo non-

radiative recombination in the widely-spaced metal nanoparticles. Such metal nanoparticle 
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induced recombination processes therefore bypass normal electron-hole recombination 

processes at defect sites in TiO2, eliminating photoluminescence from the TiO2. The 

evidence for non-radiative recombination on Au/TiO2 comes from the observation that 

irradiation is ineffective in producing surface charging or surface photovoltage on TiO2 

causing the suppression of PL intensity growth, in contrast to the behavior of pure TiO2. 

4.2 Experimental methods 

 

Figure 4.1. Characterization of TiO2 and Au/TiO2 samples. A. Infrared spectra of a clean 

TiO2 (red) and Au/TiO2 (blue) surface at 84 K in vacuum. B. UV-Vis diffuse reflectance 

spectrum of TiO2 and Au/TiO2 compared to the PL spectrum of pure TiO2. A plasmonic 

absorption peak for 3-8 nm Au nanoparticles7, 27 is absent. The dashed green line shows 

the PL spectrum of TiO2 at 110K. C. Electron micrograph. D. Particle size histogram of 
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8 % Au by weight particles on TiO2. The most probable diameter of the Au particles is ~3 

nm28. 

The instrument was described in chapter 2. Gold particles were chemically 

deposited onto the surfaces of TiO2 using the slow hydrolysis of HAuCl4 in a water solution 

of urea containing suspended P-25 TiO2 powder and following the procedure of Zanella29. 

The TiO2 particles consisted of a mixture of anatase crystals and rutile crystals (25 % and 

75 %, respectively) with a surface area of 60 m2/g. The interparticle pore size distribution 

was mainly in the range of 5 – 25 nm as measured by N2 adsorption isotherm behavior. The 

measured average TiO2 particle size was 50 nm. The Au/TiO2 composite contained 8% Au 

by weight. 

Before PL and IR measurements, the samples were heated in vacuum to 680 K in 

0.8 Torr of research-grade O2 (99.99%) for 40 min to remove surface impurities and to 

partially oxidize the samples. The samples were then evacuated at 680 K for 10 min, and 

then cooled to 110 K for PL and IR measurements. A transmission infrared spectrum of 

the Au/TiO2 composite is shown in Figure 4.1 (A). Here IR bands corresponding to a tiny 

coverage of OH species on TiO2 are seen (~3734 cm-1; 3675 cm-1; 3648 cm-1) along with 

traces of CO3
2− functionalities on TiO2 in the range ~ 1684-1297 cm-1. A low coverage of 

impurity hydrocarbon species is hardly visible with absorption bands near 2958 cm-1, 2925 

cm-1, and 2856 cm-1. This type of Au/TiO2 composite material has been widely studied as 

an active catalyst for mild oxidation reactions involving various molecules such as CO, H2 

and hydrocarbons and other organic molecules28, 30-32 and the adsorption and catalytic 

behavior of the material indicates that it contains a mixture of clean Au and almost clean 

TiO2 surfaces. Figure 4.1 (B) shows the diffuse reflectance spectra of both TiO2 and 
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Au/TiO2 samples. The figure shows that a plasmonic absorption peak expected for 3-8 nm 

Au particles is absent. Figure 4.1 (C) and (D) show an electron micrograph of Au/TiO2 and 

a histogram with a Au particle size distribution that indicates a most probable Au particle 

diameter of 3 nm, respectively. Assuming that our sample consists of hemispherical 3 nm 

diameter particles distributed on 50 nm diameter TiO2 spheres, it may be shown that the 

Au/TiO2 contact area is ~ 0.15 of the geometrical area of the TiO2 support. 

4.3 Experimental results 

Figure 4.2 shows the PL spectra of pure TiO2 and Au/TiO2 in vacuum measured at 

110 K. Figure 4.2 (A) shows the initial PL emission when the samples have not been 

previously irradiated with UV radiation while Figure 4.2 (B) shows the PL emission of 

both samples after continuous UV irradiation for 45 min at 110 K that is known to enhance 

the PL intensity of TiO2 due to the surface charging and associated upward band bending 

decrease caused by the surface photovoltage effect33. The pure TiO2 sample shows a PL 

peak maximum at about 540 nm (red curve). The intensity of the PL emission of the 

Au/TiO2 sample is significantly suppressed compared to the pure TiO2; the PL peak is only 

a few percent of its intensity as measured on the pure TiO2 standard (gray curve). This 

result is evidence of Au nanoparticles capturing photoexcited electrons from TiO2 
18 and 

supplying a recombination route which does not generate PL. As a result, the probability 

for excited electrons to radiatively recombine with holes in TiO2 is strongly suppressed. 

There are also two peaks observed at 390 and 780 nm in Figure 4.2. The peak at 390 nm is 

due to a small amount of reflected incident radiation off the CaF2 window and the tungsten 

grid while the peak at 780 nm is a second-order feature of the 390 nm reflected light. Both 

peaks remained invariant during the experiment and are neglected. In addition, the two 
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reflected light peaks were observed when the PL spectrum of an empty portion of the W- 

grid was recorded. 

 

Figure 4.2. Photoluminescence spectra of pure TiO2 (red spectrum) and Au/TiO2 (gray 

spectrum) in vacuum at 110 K before and after surface charging by UV illumination. The 

PL intensities are shown without any normalization. The PL emission exhibits a 

maximum at ~ 540 nm upon excitation by 320 nm (3.88 eV) light. A. PL spectra before 

UV irradiation; B. PL spectra after 45 min of continuous UV irradiation at a UV flux of 

~1.4 × 1014 photons cm-2 s-1. The PL intensity of TiO2 is significantly suppressed in the 

Au/TiO2 sample. The peak at 390 nm and a second-order feature at 780 nm are due to 

reflection of a portion of the incident light from both the CaF2 window and the tungsten 

grid and are neglected. 

Figure 4.3 shows the PL development during continuous 320 nm irradiation in 

vacuum at 110 K for both pure TiO2 (red squares) and Au/TiO2 (gray squares) samples. 

For TiO2, the PL signal increases inverse-exponentially with time during continuous 

exposure to UV radiation. This PL intensity development in pure TiO2 is associated with a 

decrease in the degree of upward band bending in n-type TiO2 
33 as photogenerated holes 
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in the valence band diffuse to the TiO2 surface, causing an increase in positive surface 

photovoltage. As a result, the depletion layer, corresponding to the surface region 

experiencing band bending, contracts, providing more underlying PL-active sites and the 

enhancement of PL emission. Unlike pure TiO2, the Au/TiO2 sample shows very low PL 

emission. Furthermore, the very low intensity of PL emission is invariant during 

continuous UV irradiation for 95 min at 110 K in vacuum, indicating that electrons 

transferred to Au recombine non-radiatively with photogenerated holes from TiO2, 

preventing positive charge buildup on the TiO2 regions surrounding the Au nanoparticles 

upon exposure to 3.88 eV photons. 

 

Figure 4.3. Photoluminescence development of TiO2 (red curve) and Au/TiO2 (gray 

curve) upon continuous UV irradiation of 3.88 eV (λexc.= 320 nm) in vacuum at 110 K. 

Upon continuous UV irradiation, the PL development for TiO2 shows an exponential 

increase in the PL signal.  The PL emission of the Au/TiO2 sample is initially very small, 

and the PL development during illumination is completely suppressed. 
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4.4 Discussion  

4.4.1 Suppression of electron-hole recombination and photoluminescence by Au 

particles 

The contact between Au nanoparticles and TiO2 particles induces a Schottky barrier 

between the metal and the semiconductor as shown in Figure 4.4 (A) and (B). The maximal 

allowed potential energy of electrons in the Au particles (the Au Fermi energy) is lower 

than the potential energy of defect-bound electrons in TiO2 below EF, which results in 

electron flow from TiO2 to Au particles upon contact. This electron transfer causes Fermi 

level shifting in the Au until the equilibrium is reached and the Schottky barrier is 

established upon Fermi energy alignment. As a result, the conduction and valence bands in 

TiO2 bend upwards (as shown in Figure 4.4 (B)). 

Figure 4.4 (C) shows a schematic of the charge transfer between TiO2 and 3 nm Au 

nanoparticles upon illumination by UV radiation based on this work. The Au particles are 

capable of accepting photoexcited electrons from the TiO2 particle. During the continuous 

UV irradiation, the photoexcited electrons favorably transfer to Au particles where they 

may be trapped (Figure 4.4 (D)). As a result, due to the short circuit occurring through Au, 

the recombination process for photogenerated electrons and holes at defect sites in TiO2 is 

strongly suppressed by the Au nanoparticles as indicated by very low PL intensity for the 

Au/TiO2 sample. By this process, the holes in the TiO2 particle reach the interface where 

they recombine non-radiatively with the trapped electrons in the Au nanoparticles, 

emitting heat. There are two important processes: (1) photoexcited electrons in TiO2 are 

trapped by Au nanoparticles; and (2) photogenerated holes in TiO2 recombine non-
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radiatively with trapped electrons in Au, reducing almost to zero the normal radiative PL 

process accompanying electron-hole recombination at a TiO2 defect site as shown in Figure 

4.4C. 

4.4.2 Possibility of energy transfer effects between Au and TiO2 

Quenching of photoluminescence by Au nanoparticles could occur by resonance 

energy transfer from excited TiO2 to Au.8-9 This would be facilitated by a Au plasmon 

which corresponds in energy to the energy of the photon observed in PL for pure TiO2 – 

the PL decrease being caused by energy transfer to the Au plasmon. 

We show in Figure 4.1(B) that the Au/TiO2 sample shows no characteristic 

plasmonic absorbance near 540 nm. Therefore, the quenching of PL is unlikely to be caused 

by resonance energy transfer between photoexcited TiO2 and plasmonic excitation in Au 

nanoparticles; instead electron transfer occurs from TiO2 to Au followed by recombination 

at the Au/TiO2 interface (as shown in Figure 4.4 (C) and (D)).  

Many papers report electron capture by metals in contact with irradiated TiO2. For 

this effect to operate continuously without significant charging during photoirradiation, the 

metal-trapped electron must exhibit continuous non-radiative recombination during 

irradiation, and this is observed for nanoparticle Au/TiO2. 
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Figure 4.4. A. Electronic structure of Au and TiO2 before contact; B. Electronic structure 

of Au and TiO2 after contact; C. Electronic structure of Au -TiO2 upon photoexcitation of 

TiO2. Gold nanoparticles are capable of accepting photoexcited negative surface charge 

from TiO2 resulting in suppression of the PL signal. A possible short-circuit channel for 

the Au nanoparticles to discharge is through recombination of temporarily-trapped 

electrons in the Au particles with holes which have transferred to the surface of the TiO2. 

This recombination process results in heat emission; D. Schematic of photoexcited charge 

production in TiO2, and withdrawal from TiO2 to Au nanoparticles. The white region 

schematically shows excited electron drainage from TiO2 into the Au particle, a 

phenomenon which occurs over a range of 4 nm or more. 



67 

4.4.3 Range of influence of Au on radiative electron-hole recombination 

We find that a small number of ~ 3 nm Au particles suppress the PL phenomenon 

in TiO2 almost completely as shown in Figure 4.2 and Figure 4.3. Using the average 

hemispherical Au particle size, and a nominal 50 nm TiO2 particle size, it was shown that 

the Au particles cover a fraction of only ~ 0.15 of the TiO2 surface causing almost complete 

quenching of the PL from the entire TiO2 particle. This corresponds to a 

photoluminescence quenching radius of at least 4 nm from each Au particle which is 

effective for switching off the photoluminescence. Figure 4.4 (C) shows a schematic of the 

process leading to a short circuit for photoexcited electrons within the ~ 4 nm radius 

quenching region bordering the Au particle. Considering the long electron diffusion lengths 

in porous TiO2 
34-37 which are in the order of μm before recombination with a hole, it is 

feasible for electrons in TiO2 to reach Au nanoparticles upon photoexcitation, and to then 

undergo efficient recombination at the Au/TiO2 interface. 

4.5 Conclusions 

The suppression of the photoluminescence phenomenon in TiO2 regions 

surrounding 3 nm Au particles supported on TiO2 has been observed. Specifically: 

(1) Photoluminescence quenching for at least a 4 nm radius beyond the Au particle 

boundary is observed, indicating the spatial extent of regions contributing photo-

generated carriers which undergo non-radiative electron-hole recombination as 

transport occurs to the Au/TiO2 contact. 

(2) Photoluminescence quenching occurs as a result of a short circuit through Au, 

delivering photoexcited electrons to photoexcited holes in TiO2 via conduction 
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through Au. Normal photoluminescence by way of electron-hole recombination 

processes in TiO2 is quenched by the short circuit. 

(3) Au nanoparticles on TiO2 are also effective for quenching the surface photovoltage 

effect, preventing positive charging of the TiO2 surface upon exposure to UV 

excitation. This observation indicates that the Au supplies a non-radiative 

recombination pathway for separated charge carriers.38 

(4) For 3 nm Au particles which do not exhibit characteristic plasmonic absorption, the 

possibility that PL quenching is due to resonance energy transfer from TiO2 to Au 

plasmons is unlikely. 
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5 Different Effects of Oxygen Adsorption on the Band 

Bending of Anatase 

(modified from J. Phys. Chem. C, 2017, 121(2): 1263-1271) 

Abstract 

Photoluminescence (PL) spectroscopy was used to infer that oxygen adsorption 

changes the band bending of the anatase phase of TiO2 within P25 nanopowder in different 

ways. On the one hand, oxygen can adsorb through irreversible reaction with defects which 

reduces the intrinsic upward band bending at the TiO2 surface and results in increased PL 

emission. On the other hand, oxygen exposure also leads to molecular chemisorption that 

yields an outermost negative charge at the surface which increases the upward band 

bending of TiO2 and decreases the PL emission. Since band bending plays an active role 

in directing charge carrier migration to the surface, the finding that oxygen adsorption can 

have two different, and quite opposite, effects on the band bending of TiO2 provides a new 

perspective on how oxygen may influence photocatalytic reaction efficiencies. 

5.1 Introduction 

TiO2 has attracted enormous research attention due largely to its prospective 

application in utilizing solar energy for environmental pollutant purification, hydrogen 

evolution, and solar cells.1-6 However, the fast radiative and non-radiative recombination 

rates of photoexcited charge carriers limits the efficiency of TiO2-based photochemistry.3 

One effective method to suppress electron/hole recombination in the bulk is by tuning the 

TiO2 band bending to help separate charge carriers and direct desired carriers toward the 

https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.6b11714
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semiconductor surface.7-10 Band bending is the energy gradient in the electron potential 

near the surface of a semiconductor caused by the imbalanced charge distribution 

established under thermal equilibrium for systems such as metal/semiconductor interfaces 

or adsorbent/semiconductor interfaces. Band bending influences surface photoreaction 

rates by driving charge carriers toward, or away, from the surface. Zhang et al. found that 

a 25-fold increase in the rate of hole-mediated desorption of molecular oxygen could be 

achieved by dosing Cl2, an electron acceptor molecule, on to the TiO2 surface to make the 

band bending of TiO2 more upward and thereby increase the hole availability at the TiO2 

surface.9 Oxygen plays an important role in the majority of TiO2 photochemical processes, 

often serving as an electron scavenger and oxidizer precursor in photo-oxidation 

reactions.11-13 However, little attention has been paid to oxygen induced band bending 

changes for TiO2 which may significantly influence the availability of photoexcited charge 

carriers at the TiO2 surface that can drive nonthermal adsorbate chemistry. 

As a contactless and nondestructive method, PL has been shown to be an effective 

method to determine band bending changes because the dimensions of the PL emission 

zone are reduced by the PL “dead layer” near the surface whose depth scales with the band 

bending. Band bending in the near surface region serves to actively separate photoexcited 

electron-hole pairs such that the electron-hole recombination rate is deeply suppressed as 

compared to bulk TiO2. Hence, there is little PL emission from this depletion layer of TiO2 

near the surface, where upward band bending exists.7, 14-16 Although other factors, such as 

specific surface reaction with adsorbents and photoexcited charge capture by adsorbed 

molecules acting as photoexcited charge scavengers, may also affect PL, band bending 

should still be the main reason for PL intensity change as the trend that donor molecules 
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increase PL and acceptor molecules decrease PL is observed for a wide range of molecules, 

indicating a physical rather than specific chemical basis for the PL modulation.16-18 Zhang 

et al. have demonstrated that the effect of band bending significantly outweighs the effect 

of adsorbents as photoexcited charge scavengers in oxygen desorption from TiO2 surfaces, 

which is a process affected by electron-hole pair separation.9 Because ultraviolet excitation 

of TiO2 near 320 nm falls off with a penetration depth of ~ 20 nm16, 19-20 whereas the depth 

of the depletion layer is several nm and related to the band banding,7, 14, 16, 21-22 PL emission 

from nanoparticles, in which much of the material is close to the surface, can be 

significantly modulated by changing the depth of the depletion layer, or band bending. 

More upward band bending extends the depth of the depletion layer and results in lower 

PL emission intensity, and vice versa, as shown in Figure 5.1. 

 

Figure 5.1. Schematics of the relationship between PL, charge depletion layer depth (D), 

and band bending voltage (VBB). 7, 15-16 
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Interaction between oxygen and TiO2 has been studied primarily on centimeter-

scale rutile TiO2(110) samples using surface science techniques. The chemistry of O2 with 

TiO2(rutile) is complicated and involves several different pathways.23-35 Using temperature 

programmed desorption (TPD), Henderson et al.25 found that the saturation of O2 

adsorption on TiO2 at 120 K is ~ 3 times the number of oxygen vacancies, with two-thirds 

desorbing from TiO2 during TPD and one-third remaining behind. The oxygen vacancy 

coverage on TiO2(110) surfaces prepared after annealing in vacuum at 850 K was estimated 

as ~8% of the monolayer or a coverage of 4 × 1013 cm-2. Henderson et al. proposed that 

there are two oxygen adsorption channels on TiO2 – dissociative chemisorption and 

molecular chemisorption. When the number of oxygen molecules adsorbed is less than 

number of oxygen vacancies on TiO2 surface, an oxygen molecule typically dissociates 

and heals an oxygen vacancy, leaving an oxygen adatom on a neighboring Ti site. When 

the number of oxygen molecules adsorbed exceeds the number of oxygen vacancies on the 

TiO2(110) surface, molecular oxygen adsorbs at Ti sites on the surface in the form of O2
−, 

gaining electrons from the TiO2 lattice. Only the molecularly adsorbed oxygen can be 

recovered through TPD because oxygen adsorbed through the dissociative channel remains 

in filled oxygen vacancy sites.25 Besides TPD, molecularly adsorbed oxygen can also be 

removed by photodesorption wherein O2
−  is neutralized by photoexcited holes.9, 23-24, 36 

Both the dissociative26, 28 and the molecular29-30, 35 chemisorption channels have been 

independently confirmed by direct observations using scanning tunneling spectroscopy 

(STM), although the exact extent of charge transfer in the molecular adsorption channel is 

still unclear and O2
2− rather than O2

− has also been suggested by some researchers.23, 33, 37 

In addition to the TiO2 oxygen vacancy mediated oxygen dissociation, it was also found 
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that molecularly adsorbed oxygen on Ti sites can dissociate into two neighboring oxygen 

adatoms on Ti sites without the participation of oxygen vacancies.27, 30 Some recent studies 

proposed that excess Ti interstitials yield ionized Ti3+ subsurface defect sites that may play 

an important role in the adsorption of oxygen.27, 31 Since significant electron transfer is 

involved in both the molecular and dissociative adsorption of O2 on TiO2, band bending 

changes in TiO2 are likely to be significant because of the substantial electron transfer 

involved. 

The chemistry of oxygen on TiO2 has been extensively studied for the rutile phase, 

however, anatase is considered more photoactive and is more widely used as a 

photocatalyst than is rutile. In this report, we use PL to monitor oxygen chemistry on P25 

powder which is an experimental reference standard form of TiO2 because of the reliable 

consistency of its properties. The high purity of P25 and its 20-80 nm diameter particle 

sizes make it well suited for high vacuum PL experiments. By monitoring the PL emission, 

we find that the adsorption of oxygen influences the band bending of anatase TiO2 in two 

different manners. A small amount of oxygen exposure results in oxygen reaction with 

defects that decreases the upward band bending of TiO2 which leads to more PL emission. 

Further oxygen exposure allows molecularly chemisorbed oxygen species to form which 

accumulates negative charge on the TiO2 surface that increases the upward band bending 

of TiO2 which leads to less PL emission. 

5.2 Experimental methods 

The instrument setup was described in chapter 2. The TiO2 examined in this study 

was typically the widely used P25 powder (Evonik Industries, formerly Degussa) which 
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contains ~ 75 % of the anatase and ~ 25 % of the rutile phase of TiO2, as particles with 85 

and 25 nm mean diameters, respectively.38 Pure anatase (30 nm diameter, >99.98% purity, 

US Research Nanomaterials Inc.) was also studied as a comparison. Before measuring the 

PL, the TiO2 sample was first heated to 680.0 K in ~ 0.7 Torr O2 for 40 min to clean the 

sample. Then the cell was pumped out for 10 min at 680.0 K and then cooled down to ~ 84 

K with the cell pressure reading ~ 5 × 10-9 Torr. After the above treatment, the sample was 

heated to a temperature of 110.0 K in this study to take PL measurements. PL was examined 

after, or during three different types of O2 adsorption experiments. (1) Post-oxygen 

exposure: a selected pressure of O2 was introduced to the chamber and enclosed for 10 min 

in the dark, and then the cell was continuously pumped out for 5 min before a PL 

measurement was made under high vacuum conditions. (2) Oxygen flow at a selected 

pressure: several valves were partially opened to establish a flow of O2 gas in the cell which 

maintained a selected pressure over the course of an experiment. (3) Oxygen dose: a 

selected pressure of oxygen was introduced and trapped into the cell and the PL was 

measured continuously. 

5.3 Results and discussion 

5.3.1 Different effects of oxygen adsorption on PL and band bending of TiO2 
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Figure 5.2. Effect of O2 exposure on the PL of TiO2 photoexcited at 320 nm (post-oxygen 

exposure measurement). (A) Integrated PL intensity (emission peak area) after O2 

exposure in the dark measured at 110 K in vacuum. The inset shows PL spectra of 

samples after O2 exposure of (a) 0 Torr × 10 min, (b) 9.1 × 10-4 Torr × 10 min and (c) 3.1 

× 10-2 Torr × 10 min. (B) PL intensity at 525 nm under continuous UV irradiation of 
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states (a), (b) and (c) prepared in part (A). The photon irradiation flux at 320 nm was 1.5 

× 1014 cm-2 s-1 at the sample surface. 

The inset of Figure 5.2 (A) shows the typical PL emissions from P25, under 320 

nm irradiation after different oxygen exposures: (a) 0 Torr × 10 min, (b) 9.1 × 10-4 Torr × 

10 min, and (c) 3.1 × 10-2 Torr × 10 min. Only intensity changes of the ~ 525 nm PL 

emission peak of P25 are observed across different measurements. Figure 5.2 (A) shows 

the integrated PL emission intensity of TiO2 following different amounts of O2 exposure 

in the dark. The PL trend of an increase followed by decrease with increasing O2 exposure 

suggests that the O2 exposure has two different effects on the band bending of TiO2. When 

the exposure is small, the PL emission increases with O2 exposure, suggesting that small 

O2 exposures cause the band bending of TiO2 to be less upward. The PL intensity reaches 

a maximum for a critical O2 exposure of ~ 9.1 × 10-4 Torr for 10 min [state (b) in Figure 

5.2 A; a 174,720 Langmuir dose]. When TiO2 is exposed to further O2, the PL intensity 

monotonically decreases, indicating that the band bending becomes more upward with 

increasing O2 exposure beyond the critical amount. 

Surface science studies on oxygen adsorption on the rutile TiO2(110) surface show 

that both irreversible dissociative and reversible molecular oxygen adsorption coexist. 

Initially when the oxygen exposure is small, the adsorption is mainly through the 

dissociative channel, which heals the oxygen vacancies25, 32 or reacts with other defects, 

such as Ti3+. 27, 31 When the oxygen exposure exceeds the critical amount, there are less 

defects (such as oxygen vacancies) available and therefore the adsorption is mainly 

molecular chemisorption which forms O2
− (or O2

2−) 8, 18, 23 on TiO2 surfaces.25, 32 Although 
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the interaction between oxygen and anatase has not been extensively studied using surface 

science techniques, due to the limited stability of macroscopic anatase surfaces, and there 

is no solid conclusion as to which site (or defect) is responsible for oxygen adsorption, 

certain results suggest that both reversible molecular oxygen chemisorption and 

irreversible oxygen adsorption due to reaction with defects are likely to occur on anatase 

TiO2. The molecular chemisorption of oxygen as O2
−  on anatase surface has been 

demonstrated using electron paramagnetic resonance (EPR)39-41 and density functional 

theory (DFT) calculations.42-43 Diebold et al.44 found by STM observation and supporting 

DFT calculations that molecularly chemisorbed oxygen can react with the oxygen 

vacancies at the anatase surface (or subsurface) and subsequently heal oxygen vacancies. 

We propose that the TiO2 band bending change observed through PL are caused by 

the two different oxygen absorption channels on the anatase phase of P25: (1) an oxygen-

defect reactive adsorption channel, and (2) a molecular chemisorption channel. When the 

O2 exposure is low, the oxygen adsorption preferentially occurs through reaction with 

surface defects, outweighing the molecular chemisorption channel. This lowers the upward 

band bending of TiO2 and increases the PL emission (region a-b in Figure 5.2 (A)). With 

increasing O2 exposure, the population of available defects decreases and reactions with 

defects may be saturated at state b in Figure 5.2 (A). Consequently, the molecular 

chemisorption channel which accumulates negative charge by forming O2
− or O2

2− at the 

TiO2 surface becomes the predominant agent of PL emission change once the O2 exposure 

exceeds the critical amount. The accumulation of negative charges at the surface increases 

the upward band bending of TiO2 
7, 16, 45 and therefore causes decreasing PL emission with 

increasing O2 exposure (region b-c in Figure 5.2 (A)).  
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Figure 5.2 (B) shows the PL development under continuous UV irradiation of states 

a, b, and c prepared in Figure 5.2 (A) by oxygen exposures in the dark. All three PL curves 

increase under continuous UV irradiation, a portion of which can be explained by 

photoinduced band flattening (e.g., all of case “a” with no O2 exposure). Under the energy 

gradient across the depletion layer of TiO2, photoexcited holes preferentially migrate to the 

TiO2 surface and neutralize the negative charges at the surface, causing the band bending 

to be less upward and the PL intensity to increase.16 We propose that the initial band 

bending changes observed are caused by the oxygen-defect reactive adsorption and the 

molecular oxygen chemisorption. Under continuous UV irradiation, photodesorption of 

molecularly chemisorbed oxygen occurs as a result of its neutralization by photoexcited 

holes,9, 33 leading to a diminishing chemisorbed O2 coverage. However, continuous UV 

irradiation is not expected to influence the oxygen adsorption through reactions with 

defects because the oxygen atoms involved have become part of the TiO2 lattice, either by 

healing the defects or forming new defects. The results of Figure 5.2 (B) are consistent 

with the proposed band bending model. The PL developing rate of a < b < c, caused by the 

photodesorption of molecularly adsorbed oxygen, is consistent with the O2 exposure of a 

< b < c during the preparation of these states, which indicates a molecularly chemisorbed 

oxygen coverage of a < b < c. The final PL intensity after UV irradiation is an indication 

of the band bending of the three states after the removal of molecularly adsorbed oxygen. 

The final intensity of curves b and c are close, suggesting that the band structures of b and 

c after the removal of chemisorbed oxygen are similar, which is consistent with the premise 

that the reaction between defects and oxygen was essentially saturated after the O2 

exposure of state b. Also, the fact that the final PL intensity of states b and c is much larger 
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than that of state a, the state without any O2 exposure, reconfirms the upward band bending 

lowering effect caused by reaction between near surface defects and adsorbed oxygen and 

suggests that the oxygen-defect reaction is irreversible under UV irradiation. 

Figure 5.3 shows dynamical change of PL intensity in flowing O2 gas with different 

pressures. From regions (a) to (e), it is shown that the PL intensity drops immediately after 

an increase of O2 pressure, indicating that additional chemisorbed oxygen forms 

immediately after an O2 pressure increase. In region (c), (d) and (e), the gradual increase 

of PL intensity is ascribed to the upward band banding lowering effect caused by oxygen-

defect reactive adsorption. The immediate PL drop followed by gradual increase implies 

that molecularly adsorbed oxygen forms first and then gradually reacts with defects (e.g., 

requiring diffusion), consistent with the literature.30, 43 This suggests that the oxygen-defect 

reactive channel discussed in Figure 5.2 occurs through an intermediate step of molecular 

chemisorption, which would have occurred during the 10 min oxygen exposure in the dark. 

The abnormal absence of the oxygen-defect reaction effect [gradual PL increase] in (b) 

may be caused by the extremely low oxygen pressure. The decrease of curve slope [gradual 

PL increase rate] in region (e) compared to region (d) is caused by the gradual decrease of 

available defects for reaction with adsorbed oxygen. In region (f) where the sample was 

pumped out again, the chemisorbed oxygen is gradually removed by photodesorption and 

therefore the PL intensity increases. The net increase of PL intensity in region (f) compared 

to (a) is because of the irreversible oxygen-defect reaction effect, which was invoked 

earlier to describe the Figure 5.2 (B) behavior. These results reinforce that the band bending 

of TiO2 is affected by the oxygen-defect reaction and molecularly chemisorbed oxygen in 

different ways. 
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Figure 5.3. PL intensity at 525 nm in steady O2 flow with selected pressures: (a) in 

vacuum, (b) 4.5 × 10-7 Torr, (c) 4.5 × 10-6 Torr, (d) 5.0 × 10-5 Torr, (e) 5.7 × 10-4 Torr and 

(f) in vacuum. Photon flux at 320 nm is 1.5 × 1014 cm-2 s-1 at the sample surface. 

Figure 5.4 shows PL measurement with oxygen doses, in which certain pressures 

of oxygen were introduced into the chamber, then enclosed and isolated from the pump. 

The pressure curve in Figure 5.4 (A) shows that after each dose of oxygen, the chamber 

pressure immediately increases to the nominal value. Because of the adsorption onto the 

TiO2 sample and the inner wall of liquid N2 cooled reentrant dewar, the pressure in the 

chamber gradually decreases to the vacuum level. As shown in Figure 5.4 (A), the PL 

intensity first decreases and then increases after each dose of oxygen under UV irradiation. 

The decrease of PL intensity, which correlates to the more upward band bending, is caused 

by immediate formation of molecularly chemisorbed oxygen which is negatively charged 

by extracting electrons from the TiO2.
16, 33, 45 However, the increase of PL intensity which 

correlates to less upward band bending originates from two mechanisms (discussed in 
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Appendix D): (1) oxygen reaction with defects,26, 28 and (2) photodesorption of oxygen 

caused by reaction between photoexcited holes with molecularly chemisorbed oxygen.9, 33 

The overall oxygen treatment of TiO2 shows a ~ 5-fold increase in PL intensity (end point 

of red curve) compared to the one without oxygen treatment (gray dash curve), indicating 

that the changing band bending of TiO2 has a significant effect on the photoexcited 

electron-hole recombination rate that is correlated with the PL intensity. Appendix E 

provides a mathematical model calculating the ratio of photoexcitation in depletion layer 

where there is no PL emission to illustrate the effect of band bending on PL emission. 

Further examination of Figure 5.4 (A) shows that the net increase in PL intensity is only 

obvious for dose (a) and (b), while the net increase of PL intensity from dose (c) to (f) 

follows the same trend curve depicted in the Figure (dash dot arrowed curve), suggesting 

that the oxygen-defect reactive path has already saturated during dose (b) and the increase 

and decrease of PL in region (c) to (f) are mainly caused by the reversible adsorption and 

desorption of molecular oxygen, which agrees with our proposed model. The decrease 

followed by increase exceeding the original PL emission intensity observed in Figure 5.4 

(D) carried out on pure anatase sample, which is the same as observed on P25, reconfirms 

that the proposed TiO2-oxygen interaction model is plausible for anatase.  
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Figure 5.4. Effect of oxygen dose on PL of TiO2. (A) Time-dependent PL intensity at 525 

nm with UV irradiation kept on (red curve on the top). O2 is introduced into the cell by 6 

consecutive doses: (a) 3.1 × 10-4, (b) 9.4 × 10-4, (c) 9.4 × 10-4, (d) 10.6 × 10-4, (e) 3.1 × 

10-4 and (f) 3.1 × 10-4 Torr. After each dose, O2 is enclosed in the cell. The green curve 

on the bottom shows the measured oxygen pressure in the chamber. (B) UV irradiation 

dependence of PL intensity development when O2 is introduced to a bare TiO2 which has 

not been exposed to any O2. (C) UV irradiation dependence of PL intensity development 

when O2 is introduced to a TiO2 surface which was initially exposed to 4.1 × 10-4 Torr 

O2. (D) PL intensity change for a pure anatase sample subjected to a step oxygen dose of 

4.2 × 10-4 Torr from high vacuum condition. 
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Figure 5.4 (B) and 5 (C) show the UV irradiation dependence of oxygen-defect 

reaction and desorption of molecularly adsorbed oxygen in the increase of PL intensity. In 

Figure 5.4 (B), O2 was dosed to clean TiO2 surface near which defects are available. 

Although UV irradiation is turned off, an increase of PL in the dark is still observed, 

suggesting that UV irradiation is not indispensable for the oxygen-defect reaction, which 

can also be concluded from the PL increase caused by oxygen exposure for 10 min in the 

dark as illustrated in Figure 5.2 (A). In Figure 5.4 (C), O2 was dosed to a TiO2 surface 

which had already been dosed with a large amount of O2 to consume available near surface 

defects. The fact that there is no PL intensity increase in the dark demonstrates that the 

desorption of chemisorbed oxygen only occurs under UV irradiation. 

5.3.2 Summarized oxygen adsorption and band bending change model 

Figure 5.5 summarizes the two effects of oxygen adsorption on changing band 

bending of anatase TiO2 observed from above PL measurements. There are defects near 

the surface of clean TiO2 and the band bending is upward (Figure 5.5a).16 After oxygen 

exposure, molecular oxygen chemisorbs immediately on TiO2 surface by extracting 

electrons from TiO2. The negatively charged chemisorbed oxygen accumulates negative 

charge on TiO2 surface and therefore increases the upward band bending of TiO2 (Figure 

5.5b). When defects (such as oxygen vacancy or Ti3+) are available, molecularly adsorbed 

oxygen further interacts with defects, either by healing the defects or forming new defects, 

resulting in decrease of the upward TiO2 band bending (Figure 5.5c). When the O2 

exposure is small, the oxygen-defect reaction effect outweighs the molecular 

chemisorption effect, causing less upward band bending of TiO2 and increased PL 
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compared to clean TiO2. While O2 exposure exceeds a critical amount, the molecular 

chemisorption of oxygen is predominant and upward band bending increases with 

increasing O2 exposure. When UV irradiation is applied, molecularly adsorbed oxygen 

reversibly desorbs from TiO2 surface via its reaction with photoexcited holes but the 

oxygen-defect reaction is irreversible and retained. This causes even less upward band 

bending and even higher PL intensity (Figure 5.5d). These PL observations and the band 

bending model are consistent with the interactions between oxygen and the anatase TiO2 

surface elucidated by direct STM observations and DFT calculations by Diebold et al.44 

 

Figure 5.5. Schematics showing the band banding change of TiO2 caused by interaction 

with oxygen. The D means defect site near TiO2 surface. 

5.3.4 Possible origin of band bending change 

Several reports have indicated that as-prepared TiO2 yields an upward band 

bending.16, 18 The initial upward band bending of TiO2 may mainly come from the Fermi 

level alignment. TiO2 is usually oxygen deficient which may result in defects such as Ti3+ 
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interstitials (Tii
3+) 27, 31 or oxygen vacancies (VO

2+). The formation of Tii
3+ and VO

2+ can be 

written as the following equations: 

Ti → Tii
3+ + 3e− (5.1) 

OO → VO
2+ + 2e− +

1

2
O2(g) (5.2) 

Both reactions donate free electrons to TiO2 lattice and thus make TiO2 n-type and shift 

the Fermi energy upward, which can be described according to equation (5.3)46: 

𝐸𝐹 = (𝐸𝐶 + 𝐸𝑉) 2⁄ + 𝑘𝐵𝑇 ln(𝑁𝐷 𝑛𝑖⁄ ) (5.3) 

in which 𝐸𝐶 and 𝐸𝑉 are the energy of conduction and valence band, 𝑁𝐷 is the donor (i.e. 

defects) density, and 𝑛𝑖 is the electron/hole density for the intrinsic semiconductor, which 

is a constant at certain temperature. Because the bulk of TiO2 experiences lower oxygen 

pressure during preparation, we postulate that the bulk contains more defects than the 

surface of TiO2, hence resulting in a higher Fermi level of the bulk compared to the surface 

before equilibrium (Figure 5.6 (A)). Upon equilibrium, electrons flow from the bulk of 

TiO2, where the Fermi level is higher, to the surface, where the Fermi level is lower, until 

Fermi levels align. The rearrangement of electrons results in extra electrons accumulated 

at the surface and leads to upward band bending near the surface of TiO2, as depicted in 

Figure 5.6 (B). In addition, the unpaired electrons in surface dangling bonds interacting 

with each other also contributes to upward band bending by forming an electronic state 

with a narrow energy band.7  
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Figure 5.6. Schematics showing the possible origin of TiO2 band bending change caused 

by oxygen adsorption. EF – Fermi level, D+ – donor defects. (A) Fermi energy difference 

caused by imbalanced impurities; (B) upward band bending formed upon Fermi level 

pinning; (C) increased upward band bending due to molecularly oxygen adsorption, O2
− – 

negatively charged molecularly adsorbed oxygen; (D) decreased band bending caused by 

oxygen-defect reactive adsorption, D+O2
− – product due to reaction between oxygen and 

the defect site. 

When oxygen adsorbs through the molecular chemisorption channel, electrons in 

the TiO2 lattice are extracted to the surface and forms negatively charged oxygen species. 

This accumulates more electrons at the surface thus making the band bending more upward 

(Figure 5.6 (C)). The chemisorbed oxygen may further react with defects diffused from the 

bulk to the surface through the oxygen-defect reaction channel. Besenbacher et al. 27 have 

found that near surface Ti interstitials can migrate to rutile TiO2(110) surface and react 

with oxygen to form TiOx (x~2) islands on TiO2 surface. Because the defect sites reacting 

with O2
− such as Tii

3+⁡or VO
2+ are positively charged (using the lattice as reference), the 

oxygen-defect reaction channel decreases the upward band bending by reducing the 

accumulated negative charge on TiO2 surface (Figure 5.6 (D)). Compared to the original 
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lattice, the complete oxygen-defect reaction via an intermediate step of molecularly 

adsorbed oxygen decreases the density of donor defects beneath the surface and therefore 

decreases the Fermi level according to equation (3), thus resulting in less upward band 

bending compared to the state without oxygen adsorption, as shown by comparing Figure 

5.6 (D) to Figure 5.6 (B), which explains the overall PL increase caused by the oxygen-

defect reaction channel. 

5.4 Conclusion 

By employing anatase-selective PL spectroscopy of P25 TiO2 and the dead-layer 

model, we observed different band bending changes in anatase TiO2 due to oxygen 

adsorption, which have not been directly observed for anatase in the past but are similar to 

expectations based on O2/rutile chemistries. The main findings include the following: 

(1) Oxygen adsorption changes the band bending of anatase TiO2 in two different ways 

by two adsorption channels: oxygen-defect reactive adsorption channel and 

molecular oxygen adsorption channel. 

(2)  Through the molecular oxygen adsorption channel, negatively charged oxygen 

molecules chemisorbs on TiO2 surfaces by extracting electrons from TiO2 lattice, 

resulting in more upward band bending of TiO2. Molecularly adsorbed oxygen and 

its effect on band bending of TiO2 can be reversibly removed by UV irradiation.  

(3) When defects are available, oxygen-defect reactive adsorption channel occurs 

preferentially through an intermediate step of molecular oxygen adsorption. The 
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reaction between oxygen and defect sites decreases the upward band bending of 

TiO2 irreversibly. 

(4) A 5-fold PL intensity increase was observed, suggesting interaction between 

oxygen and TiO2 has significant effect on changing charge recombination via band 

bending changes. 

The proposed oxygen TiO2 band bending changes originate from anatase, which 

has been rarely studied by surface science techniques but is more important in 

photocatalysis. The anatase-selective PL from P25 provides a new tool to investigate 

anatase surface chemistry. This report on band bending of TiO2 provides a new perspective 

on how TiO2 photocatalytic reactions may be modulated by oxygen.  
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6 Photoreduction of Hydrogen Cations on TiO2 and Its 

Impact on Surface Band Bending and the Charge Carrier 

Recombination Rate: A Photoluminescence Study under 

High Vacuum Conditions 

(modified from J. Phys. Chem. C, 2018, 122(15): 8288-8294) 

Abstract 

The interaction between hydrogen species and TiO2 surfaces is important because of its 

relevance to hydrogen production in the photocatalytic splitting of water on TiO2. In this 

study, the effect of the photocatalytic reduction of hydrogen cations, a half 

photoelectrochemical reaction run under high vacuum conditions, on the surface band 

bending of TiO2 was investigated by photoluminescence (PL) spectroscopy. Exposure of 

TiO2 to molecular hydrogen had no effect on the PL emission from TiO2 but the PL 

intensity increased under UV irradiation when TiO2 was exposed to hydrogen cations 

produced by ionization of molecular hydrogen by a cold cathode pressure gauge. The PL 

intensity increase, signaling a decrease in the upward band bending and increased electron-

hole radiative recombination rate, is caused by charge transfer during photoreduction of 

hydrogen cations. Residual photoexcited holes left in TiO2 due to the transfer of 

photoexcited electrons to hydrogen cations tend to accumulate at the TiO2 surface, 

balancing the originally trapped electrons at the TiO2 surface and thereby lowering the 

original upward band bending. These unusual observations point out that charge transfer 

during a photoelectrochemical reaction at a semiconductor interface alters the surface band 

https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.7b12624
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bending and photoexcited electron-hole recombination rate in ways that are likely to impact 

the efficiency of photocatalytic devices. 

6.1 Introduction 

Enhancing photoexcited electron-hole pair separation and suppressing their 

recombination in TiO2 have attracted vast research interest due to their central roles in 

improving the efficiency of photocatalytic hydrogen production, pollutant decomposition, 

and photovoltaic cells based on TiO2.
1-3 Though it has been rarely studied, tuning the 

surface band bending of TiO2 to more efficiently promote electron-hole pair separation and 

actively sweep desired charge carriers to the surfaces is a promising method to improve 

photocatalytic activity. Upward band bending is usually observed at TiO2 surfaces because 

negative charges accumulate at its surfaces upon the equilibration of the bulk and surface 

Fermi energies.4-5 The upward band bending towards the surface directs photoexcited 

electrons and holes formed near the surface to migrate in opposite directions, and thus 

improves charge separation.6-8 Sheppard et al.9 showed by surface photovoltage 

measurements that surface band bending introduced by doping niobium at different 

concentrations influences charge separation rates in TiO2 during illumination. Zhang et al.7 

reported that a 100-fold difference in the hole-mediated photodesorption rate of O2 from 

the TiO2(110) surface can be achieved by modulating the band bending of TiO2 through 

donor or acceptor molecule adsorption. In addition, the effects of doping various cations 

into TiO2 on photocatalytic hydrogen production rates, attributed to the band bending 

change by Karakitsou et al.,10 indicate that band bending change is a physical process that 

can be applied to a wide range of situations rather than a site/molecule specific chemical 

process which is only valid for certain sites or molecules. Thus, studying band bending 
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may provide fundamental insights to better understand and improve a broad range of 

photocatalytic processes and devices involving TiO2. 

Photoluminescence (PL) spectroscopy which observes the radiative recombination 

of photoexcited charge carries (electron-hole pair) serves as a contactless and 

nondestructive method to characterize the band bending change of TiO2 based on a dead-

layer model in which there is little PL emission from the band bending region (depletion 

layer) underneath the surface where the local potential drives the photoexcited electrons 

and holes in opposite directions.4-6, 11-13 Hence, the measured PL emission originates 

mainly from the TiO2 bulk. Because the 320 nm UV irradiation only penetrates ~ 25 nm 

into the TiO2 sample,14 which is comparable to the length of the depletion layer, PL 

intensity change due to the band bending change in TiO2 can be easily observed under high 

vacuum conditions.5-6 An increase in upward band bending that increases the depth of the 

depletion layer and reduces the dimensions of the flat-band bulk region where radiative 

electron-hole pair recombination can take place, causes PL emission intensity to decrease. 

Therefore, a decrease in PL intensity indicates an increase in the upward band bending of 

TiO2 and vice versa.5 

The interaction between hydrogen and TiO2 has been extensively studied due to its 

relevance to the final step in hydrogen production through photocatalytic water splitting. 

Although it was reported that H2 only interacts with TiO2 weakly through van der Waals 

interactions at room temperature,15-17 heating TiO2 in H2 at elevated temperature introduces 

a new visible light response to TiO2 and improves its photoactivity. These high temperature 

H2/TiO2 changes were attributed to hydrogen atom incorporation and subsequent OH and 

TiH formation in the TiO2 lattice.18-20 Studies have also shown that at room temperature, 



99 

atomic hydrogen can diffuse into the TiO2 lattice and form OH and TiH species, during 

which the Ti3+ concentration is increased due to the donation of electrons from hydrogen 

atoms, making TiO2 a more n-type doped semiconductor.15, 21-23 A key reaction, of 

unsurpassed interest, between hydrogen and TiO2 is the reduction of protons by 

photoexcited electrons to form hydrogen molecules.24 Nevertheless, little attention has 

been paid to the band bending of TiO2 that modulates the electron-hole pair separation 

efficiency and which may change during photochemical reaction because charge transfer 

is involved.5  

In this study, we use PL spectroscopy to report that the upward band bending of 

TiO2 is decreased due to charge transfer incurred during the photoreduction of hydrogen 

cations at a TiO2 nanopowder sample held at 90 K in a high vacuum chamber. A high 

vacuum is employed to eliminate possible band bending changes caused by adsorption of 

unknown species that might otherwise occur in air or aqueous solutions. The low sample 

temperature rules out the possibility that any atomic hydrogen present might be able to 

thermally diffuse into the lattice and thereby change the band bending. Similar PL behavior 

observed during photoreduction of gas phase helium cations suggests that the band bending 

change is a general physical outcome that will apply to other photocatalytic processes at 

semiconductor interfaces where charge transfer is involved. 

6.2 Experimental 

Experiments were conducted with the equipment illustrated in Figure 6.1, which 

was described in chapter 2 besides that an elbow with a tungsten filament was attached to 

study the effect of atomic hydrogen. The TiO2 used in this study is P25 (Evonik Industries, 
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formerly Degussa), a nanopowder that is widely used in research as a reference standard. 

The TiO2 samples were heated in ~ 0.50 Torr O2 at 600 K for 30 min and then pumped out 

for 10 min before each set of experiments to remove adsorbates from the TiO2 surfaces and 

to make their properties consistent. To study the effects of gases, a selected amount of gas 

molecules was dosed into the chamber and isolated from the turbopump by closing the gate 

valve. To study the effect of atomic hydrogen, a tungsten filament connected to the 

chamber through an elbow was heated to 2300 K, which was measured by an optical 

pyrometer (Pyrometer Instrument Co.), to dissociate molecular hydrogen into hydrogen 

atoms.25 

 

Figure 6.1. Configuration of the high vacuum system employed in this study. 
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6.3 Results and discussion 

 

Figure 6.2. Effects of hydrogen dose on the PL of TiO2. (A) PL spectra of TiO2 

collected at different states. (B) PL peak intensity change caused by H2 dose (red) and 

chamber pressure measured by cold cathode gauge (purple). 

6.3.1 Effect of H2 dosing on PL of TiO2 

The PL spectra of P25 TiO2 depicted in Figure 6.2 (A) are collected at the three 

different states marked in Figure 6.2 (B). Figure 6.2 (B) shows the effect of dosing H2 on 
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the PL peak intensity of TiO2. Before dosing H2, the chamber pressure increased from 10-

8 to 10-7 Torr due to the isolation of the chamber from the vacuum pumps. This pressure 

increase shows no impact on the PL trend. However, it is clearly shown that the dose of 

7.1 × 1016 H2 molecules causes PL intensity to increase rapidly. The fast pressure drop after 

the H2 dose is mainly due to the adsorption of H2 onto the inner chamber walls experiencing 

liquid N2 cooling, while the gradual drop of pressure is due to the equilibration of gas 

consumption due to ionization by the cold cathode gauge and gas adsorption/desorption on 

the chamber walls. A comparison between the chamber pressure and the PL increase rate 

suggests that the PL increase rate is correlated with the chamber H2 pressure. 

TiO2 is an n-type semiconductor and naturally develops upward band bending 

underneath its surfaces4-5, which can be treated as due to trapped negative charges on its 

surfaces for simplicity. The upward band bending of TiO2 can be reduced when electron 

donor molecules are adsorbed on its surfaces because the donor molecules which donate 

electrons into the TiO2 lattice possess positive charges on TiO2 surfaces and therefore 

balance the originally trapped negative charges which causes the upward band bending. 

Similarly, the adsorption of electron acceptor molecules increases the upward band 

bending of TiO2.
4, 6-7 It might be argued that the increase of PL upon H2 dose should be 

attributed to H2 acting as electron donor at the TiO2 surfaces. However, various studies 

have shown that molecular hydrogen interacts only weakly with both anatase and rutile 

TiO2.
16-17, 26-27 Lin et al.16 reported only van der Waals interactions between H2 molecules 

and anatase TiO2 such that the extent of charge transfer between H2 and TiO2 is negligible. 

Consequently, the observed increase of PL intensity caused by H2 dosing on TiO2 may be 

more complicated. 
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Figure 6.3. The role of the CCG in PL intensity increase caused by hydrogen dosing. 

6.3.2 Role of cold cathode gauge (CCG) as ionizer 

Figure 6.3 shows evidence that the increase of PL emission is not solely due to the 

introduction of hydrogen molecules. Instead, the CCG, which measures the chamber 

pressure, also plays an important role. As depicted, switching off the CCG at 1100 s shows 

no impact on PL of TiO2 in vacuum. However, when the CCG is turned off, the effect that 

H2 dosing increases PL emission from TiO2 shown in Figure 6.2 is absent, as revealed by 

the dose of 1.7 × 1016 H2 molecules at ~ 2800 s in Figure 6.3. The effect begins immediately 

after the CCG is switched on. These results indicate that the PL increase due to H2 dosing 

is caused by species formed during the interaction between the CCG and H2 molecules, 

instead of molecular hydrogen, which is consistent with reports that molecular H2 interacts 

only weakly with TiO2.
16-17, 26-27 It is worth noting that our finding at 90 K does not conflict 

with reports of black TiO2 or hydrogen doped TiO2 for which a processing temperature 

above 600 K is usually required.18-19, 28 Figure 6.3 also shows that the PL intensity does not 
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flatten out immediately after pump out but continues to increase with gradually decreasing 

slope. This behavior is mainly because the TiO2 nanoparticle sample is porous and 

therefore gaseous species can be trapped by the pores.29 The overall PL increase from ~ 5 

to ~ 50 (arb. unit) in Figure 6.3 indicates that a 10-fold difference in the photoexcited 

electron-hole radiative recombination rate is caused by interaction between TiO2 and the 

active hydrogen species produced by the CCG. 

The CCG operates at a voltage of ~ 5 kV, wherein electrons extracted from the 

cathode are accelerated towards the anode. When gas molecules are present, the accelerated 

electrons can strike and ionize the gas molecules. The ions formed are collected by the 

cathode and the ion current provides a measure of the pressure. Based on the working 

mechanism of the CCG, it is reasonable to assume that the active species causing the PL 

increase are hydrogen cations formed during the ionization of H2 molecules.26 The fact that 

the CCG used to measure the chamber pressure also serves as an ionization source of H2 

molecules points to the attention that should be paid to the possibility that a measurement 

process may influence an experiment. 

One possible but unlikely interference to the above postulation is that oxygen which 

may adsorb on the walls of the CCG during cleaning the sample can desorb by electron-

stimulation from the CCG and cause changes to the PL of TiO2. To rule out this possibility, 

the data shown in Figure 6.3 were collected after sample pretreatment in 0.500 Torr of H2 

for 20 minutes at measurement temperature (i.e. 90 K) after cleaning the sample in oxygen 

to exchange the oxygen adsorbed on the inner walls of the chamber. Due to the adsorption 

of hydrogen to the inner walls of the chamber, the starting chamber pressure in Figure 6.3 

(> 10-8 Torr) is higher than that of Figure 6.2 (< 10-8 Torr). This also causes a slower 
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pressure drop rate and a significantly higher chamber pressure before pump out (~ 10-5 

Torr) than Figure 6.2 (< 10-6 Torr). This pretreatment by H2 significantly decreases the 

possibility that the PL increase is caused by electron-stimulated oxygen desorption from 

the CCG. In addition, the result shown in Appendix G that oxygen desorption decreases 

PL intensity of TiO2 completely rules out the possible effect by oxygen since oxygen works 

in the reverse way. 

 

Figure 6.4. UV dependence of PL increase caused by interaction between CCG and H2 

molecules. 

6.3.3 UV induced photoreaction 

Figure 6.4 illustrates the influence of UV irradiation on the PL increase caused by 

active species produced during the interaction between the CCG and H2 molecules, which 

are most likely to be hydrogen cations as discussed above. The green curve in Figure 6.4 

shows that there is no PL increase without UV irradiation, even though the CCG is turned 
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on and the active species contributing to the PL increase are produced. Instead, the purple 

curve collected under UV irradiation shows normal PL increase as observed before. The 

indispensability of UV irradiation for PL to increase elucidated in Figure 6.4 indicates that 

the PL increase is caused by reaction between photoexcited charges and the active 

hydrogen species generated by the CCG, which is most likely to be hydrogen cations. 

 

Figure 6.5. Effect of atomic hydrogen on PL development with the CCG off 

6.3.4 Ruling out possibility of atomic hydrogen 

Although the active species causing PL to increase is most likely to be H2
+ based 

on the working mechanism of the CCG, which agrees well with the pressure dependent 

measurements shown in Appendix F, it is also possible that atomic hydrogen (H∙) may be 

produced by collision or ionization of H2 molecules by high energy electrons, or by 

collision of H2
+ with H2 molecules.30-31 The latter two processes allow for the production 

of several kinds of Hn
+ (n=1, 2 or 3) cations. It can be deduced that atomic hydrogen 
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adsorption onto TiO2 should increase PL intensity based on reports from the literature. 

Although it was reported that atomic hydrogen can diffuse into TiO2 lattices, 21-22 due to its 

small diffusion coefficient at low temperature,15, 21-22 it is reasonable to assume that 

hydrogen atoms adsorbed onto TiO2 at 90 K stay mainly on the surface. It was found that 

atomic hydrogen donates delocalized electrons into the TiO2 lattice and thus atomic 

hydrogen acts as an electron donor.23 Consequently, atomic hydrogen adsorbed on TiO2 

surfaces should be positively charged after donating electronic charge into the TiO2 lattice, 

which will decrease the upward band bending of TiO2 and increase PL. Hence, it is 

necessary to differentiate whether the PL increase due to molecular hydrogen gas exposure 

with CCG on is caused by hydrogen cations or atomic hydrogen. 

Figure 6.5 illustrates the effect of atomic hydrogen, which was introduced to the 

TiO2 sample by dissociating H2 through a hot tungsten filament at 2300 K,25 on the PL of 

TiO2. The finding that atomic hydrogen exposure increases PL is consistent with the 

expectations expressed above. But, unlike the effect observed in Figure 6.4, atomic 

hydrogen not only causes PL to increase under UV irradiation, but also causes PL to 

increase without UV irradiation. The difference in the PL behavior between dosing atomic 

hydrogen and the active species produced by molecular hydrogen with the CCG on 

indicates that the active species produced by the CCG is unlikely to be atomic hydrogen. 

Hence, we propose that the active species that cause the PL to increase during molecular 

hydrogen dosing are hydrogen cations (Hn
+, with n most likely 2 32) which are produced by 

the ionization of hydrogen molecules by the CCG. 
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Figure 6.6. Schematic of processes occurring on the TiO2 surface. The energy level 

diagrams are for electrons where the direction of increasing energy is reversed for holes. 

6.3.5 Band bending and charge recombination rate change model 

A proposed schematic explaining the PL increase caused by hydrogen cations under 

UV irradiation is illustrated as Figure 6.6. Hydrogen cations are produced during the 

measurement of chamber pressure through the CCG which ionizes hydrogen molecules. 

Under UV irradiation photoexcited electron-hole pairs are generated in TiO2. Because the 

photoexcited electrons are strong reducing agents, hydrogen cations that arrive at TiO2 

surfaces are reduced by the photoexcited electrons (process 1). The photoexcited holes left 

in the valence band tend to migrate toward the surface of TiO2 (process 2) under the electric 

field in the band bending region (depletion layer). The accumulation of holes at the surface 

of TiO2 balances the originally trapped negative charges under TiO2 surfaces and thus 
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causes the band bending to be less upward. The reduction of upward band bending 

decreases the volume of the band bending (depletion) region and accordingly the radiative 

recombination rate of photoexcited charge carriers increases as monitored by the PL 

intensity. The overall photoreaction results in positive charge transfer from hydrogen 

cations to TiO2 nanoparticles, making TiO2 particles positively charged. Because the 320-

nm UV penetration depth into TiO2 is only ~ 25 nm,14 the observed PL only comes from 

the first layer of TiO2 particles, which are insulated from the tungsten grid by thousands of 

layers of TiO2 particles. Hence, it is reasonable that the observed top layer TiO2 can gain 

some excess positive charges without quasi-instantaneous discharge. In addition, the fact 

that hydrogen cations cause no change to the PL of TiO2 in dark without the assistance of 

photoexcited electrons suggests that the positive charge held by the hydrogen cations 

cannot be directly injected into the valence band of TiO2 (process 3, which cannot occur 

spontaneously) because the photoexcited holes are strong oxidants and occupy an energy 

level higher than that of hydrogen cations, which can be inferred from other studies in 

which H2 acts as a hole scavenger.15 
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Figure 6.7. PL intensity of TiO2 decay after turning off UV irradiation. 

6.3.6 Quantitative analysis 

Although reaction between photoexcited electrons and hydrogen cations will 

increase PL because of the associated band bending change as discussed above, it is worth 

considering if consumption of photoexcited electrons by reaction could substantially 

quench the PL intensity. As detailed below, the latter effect is negligible. The number of 

photons incident on each TiO2 particle at the surface during the period from 3500 s to 

11000 s in Figure 6.3, wherein the PL changes from ~ 4 to ~ 35 intensity units, is about 6.3 

× 107 with the assumption that the particle size of the PL-active, anatase particles in P25 is 

~ 85 nm.33 Essentially all of the incident UV photons are absorbed to produce e/h pair 

excitations given the 20 nm UV absorption length of TiO2. According to the dead-layer PL 

model we developed earlier,5 it only requires at most ~ 150 leftover holes per TiO2 particle 

to reduce 88% of the upward band bending compared to its flat band (maximum PL) 
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condition given a TiO2 volume defect density of 1018 cm-3. Therefore, in this study, the 

ratio of photoexcited electrons reacting with hydrogen cations to leave leftover holes and 

the incident photons absorbed is at most ~ 0.00024%, which is negligible. Non-radiative 

and radiative (ca. 0.25%)34 e/h pair recombination dominate the photoexcitation relaxation. 

Therefore, the side-effect of PL quenching caused by reaction between photoexcited 

electron and hydrogen cations via consumption of photoexcited electrons available for 

recombination, is negligible in this study. 

If the number of photoexcited electron-hole pairs is much larger than the number 

of inhomogeneously positioned charges establishing the band bending potential gradient, 

a possible concern is whether the band bending could be electrostatically scrambled by 

charge redistribution of the photoexcited electrons and holes over the TiO2 particle. 

However, the short life time of photoexcited electron-hole pairs observed as ~ 17 μs in 

Figure 6.7 indicates that there are only ~ 0.15 photoexcited electron-hole pairs per TiO2 

particle on average at any time during continuous UV irradiation as in Figure 6.3. Sufficient 

upward band bending to quench the PL to 12% of its maximal (flat band) value would be 

established with 150 immobilized electrons at the surface and the counter positive charges 

distributed across defects in the depletion zone at a defect density of 1018 cm-3. 

Consequently, modulation of the TiO2 band bending by the steady-state photoexcited 

charge density in our experiments should be negligible.  
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Figure 6.8. Effect of helium on PL intensity of TiO2. Influence of CCG on PL 

development. 

Because the decrease in upward band bending, signaled by a PL increase, is caused 

by positive charge transfer from the hydrogen cations into TiO2 through photoinduced 

reduction, it is plausible that photoinduced reduction of other cations should also induce a 

similar band bending change. Figure 6.8 shows similar PL intensity changes caused by 

exposure to helium gas with the CCG off or on. As depicted in Figure 6.8, neutral helium 

atoms have no impact on PL of TiO2 with the CCG off. But the PL increases when the 

CCG is turned on and ions are formed. The finding that helium cation exposure also causes 

PL of TiO2 to increase lends further support to the idea that the active species in the 

hydrogen dosing PL experiments are hydrogen cations, rather than hydrogen atoms, and 

that a band bending decrease is a general physical consequence of cation photoreduction. 

These unusual PL observations, enabled by low temperature, high vacuum, and a 

TiO2 nanopowder sample not subject to prompt charge neutralization in its environment, 

show that charge transfer during a photoelectrochemical reaction at a semiconductor 
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interface alters the photoexcited electron-hole pair recombination rate and surface band 

bending in ways that are likely to impact the efficiency of photocatalytic devices. 

6.4 Conclusion 

By employing PL spectroscopy to monitor the photoexcited electron-hole radiative 

recombination and the dead-layer model to analyze the band bending of TiO2, it was found 

that the reduction of hydrogen cations by photoexcited electrons, which is a half 

photoelectrochemical reaction achieved under high vacuum conditions, alters the surface 

band bending and charge recombination rate of TiO2. The main findings include: 

(1) Molecular hydrogen exposure had no effect on the band bending of TiO2 at 90 K. 

(2) Molecular hydrogen could be ionized into hydrogen cations by the cold cathode 

gauge measuring the chamber pressure and these cations could reach the TiO2 

sample. 

(3) The reduction of hydrogen cations by photoexcited electrons decreases the upward 

band bending of TiO2, signaled by increased PL intensity (electron-hole radiative 

recombination rate), because of the accumulation of positively charged holes at 

TiO2 surface. 

(4) The band bending and charge carrier recombination rate changes observed for TiO2 

due to photoreduction of both hydrogen and helium cations are physical 

consequences of cation photoreduction at a semiconductor interface. 
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Appendix A. Quantitative analysis of photoexcited charge trapping by metal on 

semiconductor surface 

 

Figure A.1. Band structure of metal/semiconductor 

One common idea for the enhancement of photoactivity by noble metal deposition 

is that photoexcited electrons can be injected into metals due to the energy difference 

between the CB of semiconductor and the Fermi energy of metal, as shown in Figure A.1. 

However, because the Fermi energy (chemical potential for electrons) for both the metal 

and the semiconductor are the same in equilibrium without photoexcitation, there should 

exist no net charge flow. Therefore, understanding the driving force of electron transport 

during photoexcitation is important. 
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Upon equilibrium without photoexcitation, the probability for electrons to reside in 

the metal according to Boltzmann distribution is 

𝑃𝑚 =
𝑁𝑚𝑒

−𝐸𝑚 𝑘𝐵𝑇⁄

𝑁𝑚𝑒−𝐸𝑚 𝑘𝐵𝑇⁄ +𝑁𝑠𝑒−𝐸𝐶𝐵 𝑘𝐵𝑇⁄
=

𝐾

𝐾+ 𝑒−∆𝐸 𝑘𝐵𝑇⁄
 (A.1) 

in which 𝐾 = 𝑁𝑚 𝑁𝑠⁄  is the ratio of available sites in metal and in semiconductor and ∆𝐸 =

𝐸𝐶𝐵 − 𝐸𝑚 is the energy difference between the CB of semiconductor and the Fermi energy 

of metal. And the probability for electrons to be found in the semiconductor CB is 

𝑃𝑠 = 1− 𝑃𝑚 =
𝑒−∆𝐸 𝑘𝐵𝑇⁄

𝐾+ 𝑒−∆𝐸 𝑘𝐵𝑇⁄
 (A.2) 

Because ∆E is usually ~ 0.9 eV 1and 𝑁𝑚 is usually larger than 𝑁𝑠, 𝑃𝑚 ≫ 𝑃𝑠. 

Assuming that under photoexcitation at steady state, the above statement may still 

hold. Thus, the additional photoexcited electrons should follow the same distribution as 

𝑃𝑚 ≫ 𝑃𝑠 . Hence, photoexcited electrons are mainly trapped by metals deposited on 

semiconductor surfaces. 

The above model is too simple and may not be applicable to real situations due to 

various reasons. First, the effects of holes are neglected. Second, potential energy change 

due to charge separation is not considered. Third, Fermi-Dirac distribution should be used 

to replace the Boltzmann distribution if Pauli exclusion is a consideration. It has been 

reported that due to the generation of extra electrons and holes under photoexcitation, the 

Fermi energy of electrons and holes are no longer the same and they separate from each 

other. The Fermi energy of electrons and holes during photoexcitation are named quasi-

Fermi energy and are not uniform, thus causing directed net flow of charges.2  
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Appendix B. Band bending at the SWNT/TiO2 interface 

 

Figure B.1. Band alignment of TiO2 and SWNT. The Fermi energy of TiO2 is higher than 

that of SWNT. Upon contact, electrons flow from TiO2 to SWNT, causing charge 

separation across the interface. TiO2 is positively charged, while SWNT is negatively 

charged at equilibrium. 

The band structures of TiO2 and SWNT are shown in Figure B.1. Because the Fermi 

energy of TiO2 is higher than that of SWNT, upon contact, electrons flow from TiO2 to 

SWNT, causing charge separation at the interface. TiO2 will be positively charged while 

SWNT will be negatively charged at equilibrium. The band bending is caused by the 

electrostatic field induced by imbalanced charges across the interface. 

 

Figure B.2. Charge distribution along the interface between TiO2 and SWNT 
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The charge distribution along the distance from the interface can be modeled as 

Figure B.2. the charge in TiO2 are positive with charge density 𝑁𝐷 in a region of 𝑑𝐷, while 

the charge in SWNT are negative with charge density 𝑁𝐴 in a region of 𝑑𝐴. Because of 

charge conservation,  

𝑁𝐴𝑑𝐴 = 𝑁𝐷𝑑𝐷 (B.1) 

From Poison’s Equation, we can also get 

∇2𝜙 =
𝜕2𝜙

𝜕𝑥2
= −

4𝜋𝜌(𝑥)

𝜀
=

{
 
 

 
 

0, 𝑥 < −𝑑𝐷

−
4𝜋𝑒𝑁𝐷
𝜀

, −𝑑𝐷 ≤ 𝑥 < 0

4𝜋𝑒𝑁𝐴
𝜀

, 0 ≤ 𝑥 ≤ 𝑑𝐴

0, 𝑥 > −𝑑𝐴

 (B.2) 

in which 𝜀 is the permittivity and 𝑁 is the defect density. Because there will be no electric 

field outside the charged interface, therefore, we should have 𝜙(−∞) = 𝜙(+∞) =

constant, 𝜙′(−∞) = 𝜙′(+∞) = 0. By solving equation (B.2), we can get 

𝜙(𝑥) =

{
  
 

  
 

𝜙(−∞), 𝑥 < −𝑑𝐷

𝜙(−∞) −
2𝜋𝑒𝑁𝐷
𝜀𝐷

(𝑥 + 𝑑𝐷)
2, −𝑑𝐷 ≤ 𝑥 < 0

𝜙(+∞) +
2𝜋𝑒𝑁𝐴
𝜀𝐴

(𝑥 − 𝑑𝐴)
2, 0 ≤ 𝑥 ≤ 𝑑𝐴

𝜙(+∞), 𝑥 > 𝑑𝐴

 (B.3) 

From equation (B.3), the potential at 𝑥 = 0 should be the same, thus 

𝜙(−∞) −
2𝜋𝑒𝑁𝐷
𝜀𝐷

𝑑𝐷
2 = 𝜙(+∞) +

2𝜋𝑒𝑁𝐴
𝜀𝐴

𝑑𝐴
2 (B.4) 

𝜙(−∞) − 𝜙(+∞) = 2𝜋𝑒 (
𝑁𝐷𝑑𝐷

2

𝜀𝐷
+
𝑁𝐴𝑑𝐴

2

𝜀𝐴
) (B.5) 
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The left side of equation (B.5) should be the difference of work function between 

TiO2 and SWNT, ∆𝜙. The following relationship can be derived by solving equation (B.1) 

and (B.5). 

𝑑𝐷 = √
∆𝜙

2𝜋𝑒𝑁𝐷 (
1
𝜀𝐷
+

𝑁𝐷
𝑁𝐴𝜀𝐴

)
 (B.6) 

The band bending from TiO2 and SWNT can be further be calculated as 

∆𝜙TiO2 =
∆𝜙

1 +
𝑁𝐷𝜀𝐷
𝑁𝐴𝜀𝐴

 
(B.7) 

∆𝜙SWNT =
∆𝜙

1 +
𝑁𝐴𝜀𝐴
𝑁𝐷𝜀𝐷

 
(B.8) 

The potential due to separated charge is plotted as Figure B.3(a). Because electrons 

are negatively charged, the potential energy for electrons is reversed from the potential, 

shown as Figure B.3(b). The band energy of electrons across the SWNT/TiO2 interface, 

shown in Figure B.4, is a superposition of flat band energy in Figure B.1 and the potential 

energy caused by separated charges in Figure B.3(b). The resulting band bending in TiO2 

is upward while in SWNT is downward. Equation (B.7) and (B.8) shows that the value of 

band bending is related to the 𝑁𝜀 value. Because SWNT has a higher 𝑁𝜀 value, there is 

more band bending in TiO2. For the extreme case where 𝑁𝐴𝜀𝐴 ≫ 𝑁𝐷𝜀𝐷 , such as the 

Au/TiO2 junction, there is no band bending in the metal side and all the band bending 

occurs in the semiconductor. 
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Figure B.3. (a) Potential and (b) potential energy for electrons induced by charge 

separation across TiO2 and SWNT interfaces 

 

Figure B.4. Band Structure at the TiO2/SWNT junction 
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Appendix C. Effect of diffusion and drift in charge transport 

 

Figure C.1. Schematic model of electron transport through SWNT 

As shown in Figure C.1, photoexcited electrons from TiO2 are injected into SWNT. 

The transport of electrons in SWNT is modelled by treating SWNT as a conductive 

cylinder. The transport of electrons is driven by two forces. On the one hand, electrons tend 

to move toward the positive z direction under diffusion caused by charge injection from 

TiO2. On the other hand, electrons are electrostatically attracted toward the negative z 

direction due to the holes left in TiO2. Therefore, the final distribution of excess electrons 

in SWNT is determined by the competition of the above two driving forces. The electron 

diffusion flux due to concentration gradient is described by Fick’s law as equation (C.1) 

and the drift flux due to electric field is shown as equation (C.2). 

𝐹𝑑𝑖𝑓𝑓 = −𝐷
𝜕(𝑐 + 𝑁)

𝜕𝑧
= −𝐷

𝜕𝑐

𝜕𝑧
 (C.1) 
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𝐹𝑑𝑟𝑖𝑓𝑡 = −(𝑁 + 𝑐)𝜇𝑬 = (𝑁 + 𝑐)𝜇
𝜕𝜙

𝜕𝑧
≈ 𝑁𝜇

𝜕𝜙

𝜕𝑧
 (C.2) 

where 𝑧 is the distance along SWNT,⁡𝑐 is the excess electron density distribution along 𝑧, 

𝐹𝑑𝑖𝑓𝑓 is the flux caused by diffusion, 𝐷 is the diffusion coefficient, 𝐹𝑑𝑟𝑖𝑓𝑡 is the flux due to 

electric field induced drift, 𝑁 is the intrinsic charge carrier density (assuming 𝑐 ≪ 𝑁), 𝜇 is 

the charge carrier mobility, 𝐸 is the electric field, and V is the electric potential. At steady 

state, the total flux of electrons should be zero at any 𝑧 , i.e. 𝐹𝑑𝑖𝑓𝑓 + 𝐹𝑑𝑟𝑖𝑓𝑡 = 0. Therefore, 

𝑁𝜇
𝜕𝜙

𝜕𝑧
− 𝐷

𝜕𝑐

𝜕𝑧
= 0 (C.3) 

The potential 𝜙 in equation (C.3) can be described by Poisson’s equation, 

𝜕2𝜙

𝜕𝑧2
= −

𝜌

𝜀𝑟𝜀0
 (C.4) 

where 𝜀𝑟  is the relative permittivity, 𝜀0  is the vacuum permittivity and 𝜌  is the excess 

charge carrier density distribution along 𝑧 which is related to the excess electron density 

by 

𝜌 = −𝑒𝑐 (C.5) 

By solving equations (C.3)-(C.5), the distribution of excess electron density along the 

SWNT is 

𝑐 = 𝐴exp(−√
𝑁𝜇𝑒

𝜀𝑟𝜀0𝐷
𝑧) (C.6) 

in which, 𝐴 is a constant that is proportional to the total number of electrons injected into 

the SWNT. Along with the Einstein relation 
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𝐷 =
𝜇𝑘𝐵𝑇

𝑒
 (C.7) 

Equation (C.6) can be simplified into 

𝑐 = 𝐴exp(z/λ) (C.8) 

λ = √
𝜀0𝜀𝑟𝑘𝐵𝑇

𝑁𝑒2
 (C.9) 

in which 𝜆 is the Debye screening length.
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Appendix D. Irreversibility of oxygen-defect reaction effect 

 

Figure D.1. Influence of pumping out and heating on the O2 effect on PL of TiO2. 

In Figure D.1, a large amount of oxygen (9.4 × 10-4 Torr) was dosed to TiO2, the 

PL behavior is the same as described previously. However, when the continuous pump out 

starts, the PL intensity growth rate increases. This is caused by the enhanced rate of 

photodesorption of chemisorbed oxygen under UV irradiation due to a high vacuum 

condition surrounding the sample when the pump out starts. Then the sample was heated 

up to 600 K and cooled back to 110 K under continuous pump out conditions. During the 

heating process, all the molecularly chemisorbed oxygen has been removed from the TiO2 

surface1-2 and this can be concluded from the slope of PL curve after the heat treatment, 

which is close to that of the initial state of TiO2 before oxygen dose. The net increase of 

PL intensity after heat treatment compared to that of the initial state of TiO2 before oxygen 
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dose provides solid proof to confirm that the oxygen-defect reaction effect is irreversible, 

which has been stated in Figure 5.3. 
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Appendix E. Ratio of photoexcitation in band bending region 

 

Figure E.1. Model for calculating photoexcitation ratio in the band bending region. The 

sphere with radius R1 is the TiO2 particle; the sphere with radius R2 is the PL active 

region where there is no band bending; the band bending region is between sphere R1 and 

R2, with a depth of 𝑅1 − 𝑅2. F0 is the photon flux irradiated to the particle. 

Figure E.1 shows a model to calculate the photoexcitation ratio in the band bending 

region. The band bending region can be described by Poisson’s equation1-2 

∇2𝜙 = −
𝜌

𝜀𝑟𝜀0
 (E.1) 

in which, 𝜙 is the potential, 𝜌 is the charge density, 𝜀𝑟 is the relative permittivity, and 𝜀0 

is the vacuum permittivity. 

The above equation can be solved in spherical coordinates as 
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∆𝜙 =
𝑒𝑁𝐷
6𝜀𝑟𝜀0

(𝑅1
2 − 𝑅2

2) (E.2) 

in which ∆𝑉 is the band bending potential and 𝑁𝐷 is defect density. 

The total number of photons (per unit time) irradiated to the TiO2 particle is 

𝑁𝑇 = 𝜋𝑅1
2𝐹0 (E.3) 

The photon flux at depth 𝑧 should be 

𝐹(𝑧) = 𝐹0 exp (−
𝑧

𝑑
) (E.4) 

in which 𝑑 is the light penetration depth.  

The number of photons that can pass through the TiO2 particle can be calculated as 

𝑁𝐹 = ∫ 2𝜋𝑟𝑑𝑟𝐹0 exp (−
2√𝑅1

2 − 𝑟2

𝑑
)

𝑅1

0

 (E.5) 

The number of photons reaching the PL active region after the adsorption from 

band bending region is 

𝑁𝑇
′ = ∫ 2𝜋𝑟𝑑𝑟𝐹0

𝑅2

0

exp (−
√𝑅1

2 − 𝑟2 −√𝑅2
2 − 𝑟2

𝑑
) (E.6) 

The number of photons leaving the PL active region is 

𝑁𝐹
′ = ∫ 2𝜋𝑟𝑑𝑟𝐹0

𝑅2

0

exp(−
√𝑅1

2 − 𝑟2 +√𝑅2
2 − 𝑟2

𝑑
) (E.7) 

The ratio of photoexcitation in the band bending region compared to the whole 

particle is calculated as 
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𝜂 = 1 −
𝑁𝑇
′ −𝑁𝐹

′

𝑁𝑇 −𝑁𝐹
 (E.8) 

The ratio of photoexcitation in the band bending region compared to the whole 

particle can be numerically calculated using MATLAB by combining equations (E.2), (E.3) 

and (E.5) – (E.8). The typical values for this study are taken as 𝑅1 = 42.5⁡nm (diameter of 

85 nm), 𝑑 = 20⁡nm, and 𝜀𝑟 = 100. Some values with different charge density and band 

bending voltages are given in Table E.1. The values in Table E.1 suggest that the ratio of 

photoexcitation in the band bending region can be largely tuned by changing the band 

bending voltage, especially at conditions with low charge densities. 

Table E.1. Ratio of photoexcitation in the band bending region (𝜂) of TiO2 and the 

band bending region depth (𝑏𝑏 = 𝑅1 − 𝑅2) under different defect density (𝑁𝐷)  and band 

bending voltage (∆𝜙). 

𝑁𝐷 = 10
19⁡cm−3 𝑁𝐷 = 10

18⁡cm−3 𝑁𝐷 = 3 × 10
17⁡cm−3 

∆𝜙⁡(V) 𝑏𝑏⁡(nm) 𝜂⁡(%) ∆𝜙⁡(V) 𝑏𝑏⁡(nm) 𝜂⁡(%) ∆𝜙⁡(V) 𝑏𝑏⁡(nm) 𝜂⁡(%) 

0.02 0.8 10 0.002 0.8 10 0.001 1.3 16 

0.06 2.4 27 0.006 2.4 27 0.003 4.1 41 

0.10 4.1 41 0.010 4.1 41 0.005 7.1 59 

0.16 6.8 57 0.016 6.8 57 0.007 10.4 73 

0.22 9.7 70 0.022 9.7 70 0.009 14.0 83 

0.28 12.9 80 0.028 12.9 80 0.011 18.2 91 

0.34 16.5 88 0.034 16.5 88 0.013 23.3 96 

0.40 20.6 94 0.040 20.6 94 0.015 30.4 99 
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Appendix F. Dependence of PL increase rate on hydrogen pressure 

 

Figure F.1. Influence of hydrogen pressure on rate of increase of PL increase from TiO2 

with cold cathode gauge (CCG) on. (A) 530-nm PL intensity increase after doses of 

different amounts of hydrogen molecules. (B) relationship between PL intensity increase 

rate and the average chamber pressure. 
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Figure F.1(A) shows that the PL intensity of TiO2 is nearly invariant in vacuum 

before the introduction of hydrogen. The PL intensity starts to increase with the dose of 

hydrogen and the PL increase rate increases with the pressure of hydrogen inside the 

vacuum chamber. Figure F.1(B) shows the relationship between the PL increase rate and 

the average pressure of hydrogen surrounding the sample. As depicted in the figure, at low 

hydrogen pressures less than 3×10-5 Torr, the PL increase rate is nearly proportional to the 

hydrogen pressure, but the increase of the PL increase rate slows down at high hydrogen 

pressure. As discussed in this report, the increase of PL originates from the charge transfer 

that occurred during photoreduction of hydrogen cations, in which the hydrogen cations 

are produced during the measurement of the chamber pressure by the cold cathode gauge 

(CCG). The CCG’s internal current can be expressed as i=kPn, where i is the current, k is 

a constant, P is the pressure, and n is a constant usually in the range of 1.00 to 1.15. In a 

small range of pressure, the sensor current can be treated as proportional to the pressure 

since n is close to 1. Assuming that the probability of a hydrogen cation escaping the CCG 

is a constant, the linear increase of PL increase rate at low pressure in Figure F.1(B) should 

be attributed to linear relationship between the number of cations available at the TiO2 

surface and the hydrogen pressure. At high hydrogen pressure, although the number of 

cations produced by the CCG is increased, the actual number of hydrogen cation near the 

TiO2 surfaces may not increase proportionally due to collisions with ambient hydrogen 

molecules. The mean free path of a gas molecule is given by λ= kBT σP⁄ , where 𝜎 is the 

cross section, which is ~ 68 Å2 between H2
+ and H2.

1 The mean free path at several different 

pressures computed at a temperature of 90 K is shown in Table F.1. The table shows that 

the mean free path of H2
+ is of the same order of magnitude as the 30 cm spatial distance 
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between the CCG and the TiO2 sample when the pressure is between 2 ~ 5 × 10-5 Torr. 

This result suggests that the gradual flattening of PL increase rate at high pressure is due 

to inhibited cation transport from the CCG to the TiO2 surfaces as the cation mean free 

path is reduced. 

Table F.1. Mean free path of H2
+ in H2 at 90 K calculated with cross section of 68 Å2 

Pressure (Torr) Mean Free Path (cm) Pressure (Torr) Mean Free Path (cm) 

1 × 10-6 969 5 × 10-5 19.4 

2 × 10-6 484 1 × 10-4 9.69 

5 × 10-6 194 2 × 10-4 4.84 

1 × 10-5 96.9 5 × 10-4 1.94 

2 × 10-5 48.4 1 × 10-3 0.97 
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Appendix G. Effect of oxygen on the PL intensity of TiO2 

 

Figure G.1. Effect of oxygen molecules on the PL intensity of TiO2. 

Figure G.1 shows the effect of oxygen molecules on the PL intensity of TiO2. 

Before dosing the oxygen molecules, the TiO2 sample has been exposed to 2.0 × 1016 H2 

molecules with CCG on and the PL was brought to ~ 110 before dosing oxygen. As the 

figure depicts, the dose of oxygen causes an immediate drop of PL intensity to ~ 55, which 

is in the reverse way of hydrogen acts. Hence, Figure G.1 rules out the possibility that 

electron-stimulated oxygen desorption may interfere the result observed in this paper. The 

immediate drop of PL when dosing oxygen is caused by the adsorption of oxygen as an 

electron acceptor on TiO2 surface and the gradual recovery of PL after oxygen dose is 

mainly due to photoinduced oxygen desorption from TiO2 surface, which has been 

described before.1 The relatively higher PL intensity compared to Figure F.1 is because 

Figure G.1 was measured at a lower temperature and it is well-known that higher 

temperature quenches PL due to enhanced non-radiatively recombination.2 
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