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ABSTRACT 

Liat S. Zavodivker 

Photoelectrochemical Water Splitting of Hydrogen  

and Nitrogen Treated P25 TiO2 Films 

 Photoelectrochemical data is reported for P25 TiO2 films deposited as a pristine 

film on FTO.  The pristine P25 films show a photocurrent of 0.06 mA/cm2 and an onset 

potential of -0.5 V vs. Ag/AgCl. After TiCl4 Treatment to form a compact TiO2 layer on 

the bottom and the surface layer, the TiCl4 sandwich films have a photocurrent of 0.19 

mA/cm2 and an onset potential of -0.8 V.  We have also investigated the effects of 

hydrogen treatment, ammonia treatment, and the combination of hydrogen treatment 

followed by ammonia treatment (co-treatment) on the photocurrent, the incident photon-

to-current efficiency (IPCE), and the electron donor density of the P25 TiCl4 sandwich 

films.  Treating the P25 films had almost no effect on the size and d-spacing of the 

particles, but EPR evidence, as well as color change, indicated the formation of N 2p 

nitrogen sites and oxygen vacancies (VO) for each film treatment.  I-V data for the treated 

TiCl4 sandwich films show an increase in photocurrent from 0.19 mA/cm2 for the pristine 

P25 TiO2 film to 0.4 mA/cm2 for the co-treated TiO2 film compared to 0.23 mA/cm2 for 

hydrogen treatment and 0.25 mA/cm2 for ammonia treatment.  For the P25 treated films, 

there is negligible increase of UV absorption in the visible for the singly treated films as 

well as the co-treated films.  However, the improved photocurrent for the ammonia 

treated, hydrogen treated, and co-treated films may be explained by increased donor 

density. Mott-Schottky plots are used to characterize donor density, showing that the co-

treated P25 TiCl4 sandwich films have an increased donor density over the nitrogen-
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treated P25 TiO2 and pristine P25 TiO2 films.  The improved donor density of the treated 

P25 films over the untreated films may prove to be useful when completing future dye or 

semiconducting quantum dot sensitization experiments. 
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INTRODUCTION 

 With an increasing population and rising dependence on electricity, worldwide 

energy consumption is expected to rise 56 percent in the next thirty years.1  The rising 

demand in non-renewable fossil fuels such as coal, natural gas, and petroleum can be 

seen in Figure 1 and will eventually necessitate more costly and environmentally 

devastating extraction techniques worldwide.  Furthermore, fossil fuels are a primary 

source of carbon dioxide, a greenhouse gas that has been implicated as a contributor in 

increased global temperatures and potentially devastating resultant climate change.2  

 

 For instance, recent scientific reports hypothesize that the increasing global 

temperature has contributed to the melting of Arctic ice caps, a phenomenon which has 

the potential to disrupt major ecosystems and weather pattern norms.2,34  Thus, a 

sustainable energy solution is of the utmost importance, one that can rise to the challenge 

of achieving affordable energy generation with low overall environmental impact. 

 
  

Figure 1. Projections for energy consumption. Expected energy sources for 2010 – 2040 (left) and 
energy demand from 1990 – 2010 with expectations for 2020 – 2040 for both Organization for 
Economic Co-operation and Development (OECD) and non-OECD countries (right). 1 
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The abundance of solar output, at 3×1024 Joules per year, could be the answer to 

meeting present and future energy demands while reducing the deleterious global 

warming effects of carbon-containing fuels.  Despite the potential that solar energy has in 

meeting energy needs, energy generation options to date remain costly and 

inefficient.  The conversion of sunlight to energy, although implemented in nature by the 

photosynthesis of plants, has traditionally relied on the formation of prohibitively costly 

and ultrapure solid state junction materials.5  Consequently, solar energy accounts for 

only 0.28% of total US electricity generated per month.6  In order to more fully 

incorporate solar power as a viable energy alternative in the United States, easily 

reproducible, low cost generation methods must be developed.  One current method 

involves the photoelectrochemical (PEC) splitting of water with solar light in order to 

produce hydrogen for fuel.  In particular, hydrogen fuel offers itself as an attractive 

energy source because it is clean-burning and has a remarkably high energy density.7,8   

 A standard PEC cell involves two electrodes, a semiconductor anode and a 

cathode made of metal, immersed in an aqueous electrolyte solution.  More specifically, a 

PEC cell utilizes the photovoltaic effect, which involves the formation of electron-hole 

pairs in semiconducting materials, as the underlying principle that guides the generation 

of energy from sunlight.  A photon-generated depletion layer at the semiconductor-

electrolyte interface leads to energy band bending inducing the charge-separated 

generation of electron-hole pairs in the anode, and creating enough potential energy to 

split water into oxygen and hydrogen using redox chemistry.  This process is shown in 

Figure 2.  At 1.23 V, water can be split by solar energy, as long as the oxygen evolution 

occurs at a more negative potential and the hydrogen evolution occurs at a more positive 
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potential.  When paired with a platinum cathode to evolve hydrogen, and a bias of -0.5 V 

vs. SCE, swept to 2.0 V vs. SCE, a photocurrent can be generated from the anode.  Since 

the discovery of metal oxide PEC water splitting by Fujishima and Honda in 1972 

utilizing ultraviolet light and titanium dioxide (TiO2) as the photoanode, research efforts 

on PEC water splitting have grown at a staggering rate.9 

  

Other metal oxides such as ZnO, WO3, and α-Fe2O3 have shown potential as 

electron generating materials for water splitting.10–13  As shown in Figure 3, these 

photoanodes possess band potentials that are similar to that of TiO2. This band structure 

is necessary due to the band edge alignments relative to the redox potential of water.  

However, because of its facile and established production, low cost to performance ratio, 

 
Figure 2. PEC schematic with anode and cathode under applied light with voltage bias. Due to 
light-induced band bending at the interface, EB , an anodic bias, is required to lift the cathode level 
above H+/H2 for water splitting.8 
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and high abundance, TiO2 remains one of the most examined and most promising PEC 

materials to date.14,15  TiO2 is also stable with respect to photocorrosion and is compatible 

with different electrolytes and sensitizer systems used to improve solar conversion 

efficiency.8,14 

  

 The performance of TiO2 PEC materials relies on a combination of several 

different parameters that can be optimized in order to increase efficiency.  The factors 

that dictate the performance of PEC cells and the continued adoption of TiO2 as the 

primary material for PEC water splitting are: 1) viable nanostructures and uniform films; 

2) absorption in the visible; 3) adequate surface area and porosity; and 4) increased 

charge carrier generation and mitigated charge carrier recombination.  Several variations 

of TiO2, from unique nanostructures to doped materials, have been investigated to 

optimize these four factors and enhance PEC performance. 

 
Figure 3. The band potentials of various materials used for PEC. 5 
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TiO2 may be prepared in a variety of nanoarchitectures, including nanoparticles, 

nanorods, nanowires, and nanotubes, with dimensions optimized for PEC purposes.  It is 

most commonly found in two different crystal morphologies: anatase and rutile.  P25, a 

common mixture of these morphologies, is an industrially available material and thereby 

presents a universally known system for studying the band gap levels of TiO2 while 

maintaining a comparable photocurrent to that of the nanowires.  The ratio of anatase to 

rutile in P25 is 3:1.  Despite the small band gap of 3.0 eV, rutile itself is less 

photochemically active due to rapid recombination rates.16 However, P25 provides a 

rutile-anatase interface, where rutile behaves like an antenna that leads photons into the 

catalytic hotspots of anatase, making the transmission of visible light through rutile more 

efficient.17  Due to the increased activity at 3.0 eV, the PEC activity of P25 films are 

superior to that of single nanoparticle phase films.18 Additionally, the surface area and 

absorption capability of the mesoporous P25 is also drastically superior to that of 

nanowires, making P25 materials potentially more effective in dye and semiconductor 

nanoparticle sensitization experiments.19–21 

TiO2 nanoparticles used in solar cells are subject to difficulties with electron 

transport.  With each successive TiO2 layer, photons face the challenge of migrating a 

successively greater distance to the back contact.  Furthermore, nanoparticulate TiO2 

films have a high number of grain boundaries which can encourage recombination, 

therefore causing the electrons to recombine with TiO2 before reaching the back contact 

of FTO to form hydrogen.  Also, porous TiO2 is essentially lower in mobility due to 

charge trapping at defects, the random walk of charge carrying electrolytes, and the 

reduction in the electric field due to the polarizable TiO2 nanoparticles.16,22  One solution 
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to these mobility issues has been found in 1D structures known as nanowires.20 For 

materials used as photoanodes, 1D structures possess a large advantage over 0D 

nanoparticles with respect to charge carrier dynamics.  The antenna-like nature of 

vertically oriented TiO2 nanostructures leads to excellent light absorption properties. 

17,18,22-25  Nanowires and nanorods will exhibit slower charge recombination due to less 

interfacial grain boundaries.  In spite of these advantages, they possess several issues 

with respect to uniformity and adherence to different surfaces, which limit their use on 

the industrial scale. 

 Another method of reducing recombination is to employ a conductive material, 

such as TiCl4, between the nanoparticle coatings in order to increase nanoparticle 

connectivity.  A coating of TiCl4 on the surface of FTO is successfully used to enhance 

the contact of the TiO2 paste on the FTO.  A study by Knorr et al. showed that TiCl4 

surface treatment of P25 films deposited a thin layer of rutile on the surface of the 

P25.  Surface defects making contact with the electrolyte solution are a major contributor 

to recombination.  The resultant rutile layer can suppress the surface defects and decrease 

the likelihood of recombination.  As such, TiCl4 treatment before and after the deposition 

of the TiO2 nanoparticulate films was performed in this study. 

 The bandgaps of anatase and rutile are 3.2 and 3.0 eV, respectively, limiting TiO2 

absorption to UV wavelengths.17,20  Since UV light accounts for ~3% of solar output and 

visible light accounts for ~45%,26 the ultimate goal of researchers is to modify TiO2 so 

that it may absorb visible light and take advantage of this characteristic of solar output. 

Two promising routes, doping or sensitization, have been pursued in order to increase the 

visible absorption, and thus the PEC efficiency, of TiO2.  Sensitization is typically carried 
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out with charge-introducing molecules such as dyes27,28 or small-bandgap 

semiconductors,29 which absorb visible light and allow for charge transfer of 

photoexcited electrons into the conduction band of TiO2.  Thus the need for TiO2 itself to 

absorb in the visible is side-stepped. 

 Another method for increasing the visible light absorption of TiO2 involves 

doping TiO2 in order to alter the band structure.  The modification of the crystal structure 

of TiO2 via chemical treatment or deposition methods has been lattice substitution of 

oxygen with C, N, F, P or S. 25,29-31  Additionally, modification of TiO2 through doping 

has been shown to alter the band structure by introducing a number of Ti3+ donor sites, 

represented in the band structure as oxygen vacancies (VO)  in the conduction band and 

non-metal p states above the valence band, ultimately enhancing the solar-to-hydrogen 

conversion efficiency.23,32–35  For example, Wang et al. demonstrated that treating TiO2 

nanowires with molecular hydrogen introduces a high density of VO that acts as electron 

donors.  The increase in donor density, as represented by a qualitative Mott Schottky plot, 

accounted for the increasing photoactivity of the material in the UV as well as enhanced 

absorption in the visible.  Asahi et al. demonstrated that TiO2 could be doped by nitrogen, 

introducing nitrogen 2p (N 2p) states near the valence band.30  Irie et al. discovered the 

presence of VO as well as N 2p states in ammonia-treated TiO2 powders at high 

temperatures (above 550ºC), producing photoactivity in the visible as well as an increase 

in the donor density.36 

 Furthermore, due to its ability to bind to molecules, TiO2 can be linked to 

sensitizing agents such as dyes or quantum dots that respond to visible light.  The 

resulting electron injection properties of the sensitizing agents have been shown to 
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enhance the photocurrent of TiO2 production.  For pure TiO2, sensitization mediated by 

charge injection provides a viable route for increasing the photoresponse in the visible 

region.  The most recent efforts to increase the visible absorption in TiO2 have involved 

photosensitization by the use of dyes, metal and semiconductor nanoparticles,21,24,29,40,41 

or heterostructures containing other materials.39,40   

 Sensitizers have been successfully employed in solar cells as well as PEC 

materials.  For a sensitizer or a semiconductor such as a quantum dot to provide 

sensitization to TiO2, the conduction band edge of the semiconductor should be slightly 

higher than that of the metal oxide.  This allows electron injection to occur.  Quantum 

dots have the advantage of being tunable in emission and absorption due to quantum 

confinement.41  Quantum confinement will make the energy level of the conduction band 

of a semiconductor such as CdSe more negative, allowing for alignment of band edges 

and more efficient electron transfer.  Several strategies for quantum dot attachment have 

been employed, including sputtering,24,42 chemical bath deposition (CBD),29,43,44 

SILAR,45 direct attachment using modification with a linker,46 and electrochemical 

deposition.18,47  Both CdS 39,42–45  and CdSe 10 have been successfully employed in the 

sensitization of TiO2. 

Although sensitization and doping provide disparate methods by which TiO2 may 

be optimized for PEC water splitting, a synergistic effect has been demonstrated when the 

methods are used in tandem.  Nitrogen doping of TiO2 using HMT (hexamethyltramine) 

as the nitrogen source has shown an improvement in photocurrent by introducing extra 

charge pathways, including the transfer of holes from the N 2p state into the valence band 

of TiO2, improving the efficiency of electron transfer of CdSe quantum dots into the 



 

9 

attached TiO2.
38  These extra charge pathways are integral to the improvement of TiO2 

photocurrent in visible light.   

Hensel et al. reported that ammonia treatment of TiO2 films followed by 

sensitization with CdSe quantum dots produced a synergistic effect due to the enhanced 

charge injection rate caused by nitrogen doping and VO in TiO2.
29  A CdSe-nitrogen 

synergistic effect, as shown in figure 4, was demonstrated by doing PEC with CBD 

treated sol gel TiO2 and nanowires that were treated with ammonia gas using a 

Na2S/Na2SO3 redox couple.  Na2S is a hole scavenger that oxidizes to S2
2- to prevent the 

photocorrosion of CdSe.52–54  Na2SO3 is used to reduce the disulfide back to the sulfide 

form in order to increase the amount of hydrogen that is produced.  As a result of the Vo 

in the nitrogen-doped TiO2 creating another charge pathway for hole transfer to TiO2, the 

electron-hole recombination effect is reduced.  Furthermore, the holes that are transferred 

to Vo in TiO2 can either oxidize the sacrificial reagent or move through the TiO2 network 

towards other oxidation sites, meaning that instead of recombining they would move 

through the bulk towards the back contact. Subsequent studies indicated that hydrogen 

treatment may also enhance the performance of hydrogen treated nanowire films with 

quantum dots or with sensitizing dyes.19,44 
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Hoang et al. demonstrated that a combination of hydrogen and nitrogen 

atmosphere treatments succeeded in enhancing visible light photocurrent <420nm by 

increasing the bulk concentration of Ti3+ in TiO2 nanowires and by strengthening the 

interaction between the N 2p state and the Vo as seen in figure 5.25  This suggests that the 

sensitization of a hydrogen and nitrogen co-treated TiO2 film would further extend this 

synergistic effect.  Based on these studies and data shown in the paragraphs below it can 

also be demonstrated that hydrogen doping that is subsequently followed by an ammonia 

treatment in TiO2 films can enhance the performance of both unsensitized and sensitized 

TiO2 films. 

 

 

 
 

 
 
Figure 5. Band diagram model for co-treated TiO2 
nanowires showing the resulting increase of VO and 
an increased interaction of N 2p and VO leading to 
an increase in effective visible photocurrent <420 
nm. 25 

 

 

 
Figure 4. The proposed band diagram 
model of the synergistic effect between 
CdSe and TiO2 .

29 
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This project is comprised of two major goals.  First, two P25 films were prepared 

with different conditions: pristine P25 and P25 with a TiCl4 layer on the base and surface. 

The film qualities were compared and contrasted with I-V curve data.  Second, each type 

of P25 films was subjected to three treatment methods: hydrogen treatment, nitrogen 

treatment, and hydrogen with subsequent nitrogen combination treatment.  The treated 

films were then examined for photocurrent efficiency.   The I-V curve, electron spin 

resonance (ESR), Mott Schottky, UV-Vis, and IPCE data will be discussed below. 
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MATERIALS AND METHODS  

Preparation of the P25 Slurry 

 2 g of P25 (Degussa) were ground using a mortar and pestle and subsequently 

added to a mixture of water, acetylacetonate, and PEG (MW = 20000) to obtain a 

30:40:30 water/PEG/TiO2 weight percent solution.   

 

Preparation of the Anodes 

 Before use, fluorine-doped tin oxide (FTO) glass was sonicated several times with 

Alconox™ and ethanol in order to remove residues and oils.  For the pristine P25 films, 

the FTO was spin coated with 120 µL of the P25 slurry and then dried in an oven at 

120ºC for five minutes followed by heating for one hour at 500ºC in air.  The films with 

the TiCl4 base and surface layers were prepared using the following procedure based on 

the work by Choi et al.:55 FTO was dipped into a 40 mM bath of TiCl4 (99%) solution at 

70°C for 30 minutes to create a thin film of TiCl4.  Then, 120 µL of the P25 slurry was 

spin coated onto the TiCl4 films, dried in an oven at 120ºC for five minutes, and 

subsequently heated at 550ºC in air for one hour.  A final top layer of TiCl4 was applied 

by dipping the films into a 40 mM TiCl4 solution at 70°C.  The resultant films were then 

annealed at 550ºC in air.  After preparation, all films were subjected to various doping 

atmospheres. 

 

Treated P25 Nanoparticle Films: Hydrogen and Nitrogen Doping 

 The TiO2 films prepared from P25 (Degussa) powder were subjected to three 

different doping conditions.  First, a P25 film was annealed in a hydrogen atmosphere in 
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a home built CVD system at 350ºC for 0.5 hours.  Another sample was annealed in an 

ammonia atmosphere at 530ºC for 0.5 hours.  Finally, a third sample was annealed in an 

ammonia atmosphere at 530ºC for one hour, followed by a hydrogen atmosphere at 

350ºC for 0.5 hours.  This resulted in preparation of hydrogen-doped, nitrogen-doped, 

and hydrogen- and nitrogen-co-doped films, respectively. 

 

Electron Spin Resonance (ESR) 

 ESR was recorded at 9.5 GHz using a Bruker X-band EleXsys spectrometer with 

an SHQ (Bruker) cavity.  All treated and pristine samples were loaded into the quartz 

sample tube as a powder with no further modifications.  For UV-vis excitation, sample 

tube was illuminated with a Xenon lamp for 15 minutes, followed by prior to insertion 

inserting the ESR holder.  Samples were analyzed at 120K and at room temperature using 

a range of 0.6-5 mW and an amplitude of 1 G with a sweep width of 30 dB. 

 

Anode Fabrication 

 The as-prepared TiO2 films were prepared as photoanodes for PEC water 

splitting.  A copper wire was attached to the bare FTO surface of the film using a high 

purity silver paint and the contact and FTO were painted over with epoxy. 

 

PEC Cell 

 Linear sweep voltammograms, IPCE, and Mott Schottky measurements were 

conducted in a three electrode cell containing a coiled platinum wire counter electrode 

(cathode) and an Ag/AgCl double junction reference electrode.  The electrolyte used was 
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a mixture of 0.25M Na2S and 0.35M Na2SO3 aqueous solution (pH ~12).  All 

measurements were carried out using a Solartron 1280B potentiostat equipped with a 

1000 W xenon arc lamp as the light source.  The photoanode of interest was illuminated 

from the conductive side of the glass using 100 mW/cm2 white light in a 3 electrode cell 

containing a Pt counter electrode and an Ag/AgCl saturated reference electrode.  IPCE 

measurements were carried out using the same electrolyte at zero bias (0 vs. Ag/AgCl) 

and a monochromated light source from 280 nm to 750 nm.  Linear sweep 

voltammograms were taken with the samples in the dark and with white light 

illumination of 100 mW/cm2.  Mott Schottky plots to determine carrier density were 

collected with a frequency of 10000 kHz in the dark using a saturated Ag/AgCl electrode 

as a reference. 

 

UV-Vis and Scanning Electron Microscopy (SEM) of Samples  

UV-Vis absorption spectra of the samples were taken on an HP 8452A Diode Array 

Spectrophotometer with spectral resolution set to 2 nm using FTO as the blank.  Scanning 

electron microscope images of cross sections and the surface of TiO2 films were taken on 

an FEI Quanta 3D FEG Microscope. 
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RESULTS AND DISCUSSION 

Comparison of P25 Films with and without TiCl4 Sandwich Treatment  

 

Figure 6 demonstrates the length scale and the thickness of the TiCl4 bottom 

layer.  From the image, we can infer that a TiCl4 layer was deposited on the FTO and that 

after treatment the films are approximately 400 nm thick and of good quality with good 

adhesion to the FTO layer.  However, the lack of smoothness makes it difficult to 

determine the actual thickness of the TiCl4 layer at the base and surface. 

 

 

 

 

 

 
Figure 6. An SEM Cross-Section of the TiCl4 Sandwich Film 
on FTO Glass 
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I-V Curve for TiO2 films 

 

Figure 7. I-V Curve of Pristine P25 TiO2 film vs. TiCl4 Sandwich P25 film 

 

 

The current density of the pristine TiO2 films was ~0.06 mA/cm2 at 0 V while the 

current density of the TiCl4 sandwich films were ~0.20 mA/cm2, representing a 70% 

increase in photocurrent.  The pristine P25 films have an onset potential of -0.5 V vs. 

Ag/AgCl.  The sandwich TiCl4 films have an onset potential of -0.8 V vs. Ag/AgCl.   

This could be indicative of a shift in the conduction band.  The TiCl4 sandwich films 

appear to have better photoelectrochemical properties overall, due in part to the well 

published evidence of the TiCl4/FTO compact layer raising the electron carrier lifetime 

by a factor of five.57  The increase of efficiency is also related to the surface coverage of 

TiCl4
 healing the defects on the surface of P25, thereby improving the P25/electrolyte 

interface.58,59 
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Treatment of P25 TiO2 Films using Hydrogen and Nitrogen 

 From the data shown here which includes EPR, SEM, UV-Vis, IV-Curves, IPCE, 

and Mott Schottky, it can be shown that the co-treated films show improved donor 

density, which implies that the Ti3+ generated has increased.  Furthermore, the addition of 

CdSe as a sensitizer would further increase the photocurrent output due to the synergistic 

nature of the N 2p state and the CdSe conduction band.   

 

Figure 8. SEM images of pristine P25 TiO2 Film (left) and nitrogen treated P25 film (right) 

 

The SEM images in Figure 8 indicate that the condition of the P25 films does not in fact 

swell or change upon nitrogen treament.  Swelling of the P25 nanoparticles would 

indicate a change in the interplanar d-spacing, which does not appear to be the case.  The 

sameness of the nanoparticles in both images implies that the intrinsic charge transport 

properties of TiO2 will not change drastically upon nitrogen treatment. 25  
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ESR Data 

 ESR was taken of hydrogen-treated, nitrogen-treated and co-treated P25 powder 

samples treated in the same conditions to determine if there was nitrogen in the samples 

and to qualify the presence of oxygen vacancies.  The pristine TiO2 (Degussa P25) 

powder was white, prior to being subjected to a hydrogen atmosphere at 350ºC, nitrogen 

atmosphere at 500ºC, and hydrogen at 350ºC followed by subsequent nitrogen treatment 

at 500ºC in a tube furnace.  These treatments resulted in grey, green, and greenish grey 

films, respectively.  Change in color is qualitatively used to indicate that some doping 

occurred in these films.25,29,44   
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Figure 9. a) ESR Data for treated P25 samples with no irradiation taken at 120K. b) ESR data for hydrogen 
treated P25 samples before and after irradiation taken at 120K, c) ESR data for nitrogen treated P25 and  
co-treated P25 powder sample taken at 120K.  (room temperature was measured for all samples, but the 
signal was low.) 
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 ESR can be utilized as a probe for charge separation characteristics at low 

temperatures.  At 120K (the limit of the ESR instrument), photogenerated electrons and 

holes in P25 can be seen in an illuminated environment17,26 but the signal appears to be 

weaker in the dark, as previously published data indicates.17,60,61  When hydrogen 

atmosphere treated P25 was examined using ESR, in Figure 9a,  Ti3+ signals were seen in 

the anatase phase (g=1.992) and the rutile phase (g=1.96) as well as some features 

responding to the absorption of O2
- superoxide anions at g greater than 2.02, weakly 

associated with surface Ti3+.26,62-64  In contrast, the untreated P25 in Figure 9a does not 

have these characteristic features due to a lack of oxygen vacancies.  Illuminating the 

hydrogen treated samples with UV light outside of the holder before the ESR was 

measured produced a slight increase in the intensity of these features (Figure 9a).  

 In order to elucidate some of the Nitrogen features in ESR, the nitrogen-treated 

and co-treated TiO2 samples were also taken at 120 K (room temperature was measured, 

but the signal was weak).  The results indicate that Ti3+ electrons are present at g=1.96 as 

a weak signal.  As expected, it is difficult to quantify the two distinct paramagnetic 

nitrogen species without using very low temperatures of 80K, but the samples do have 

the same triplet g-values (g = 1.987, 2.004 and 2.024) as seen in the literature. 32,65-68  

While the origin of this splitting has been subject to interpretations in the past, Zhang et 

al. proposed based on XPS data that the peak at g = 2.004 is associated with the 

interaction of a paramagnetic oxygen vacancy and absorbed NO (Ti-VO
·-NO) .  The 

photoactivity seen in Figure 9c. for the nitrogen treated and co-treated samples upon 

irradiation is qualitative due to the design of the experiment and is not indicative of more 

or less nitrogen doping in either sample.  The overall effect of this nitrogen doping on the 
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photoactivity of P25 TiO2 can be effectively measured using an ESR equipped with a 

fiber optic UV-vis light source in the sample holder 

 

 

I-V Curve Data 

 

Figure 10. I-V Curve Data of Pristine and Treated TiO2 Films.  

 

 Because the TiCl4 P25 sandwich films showed greater efficiency overall they 

were treated with hydrogen and ammonia atmospheres  followed by a combination of the 

hydrogen atmosphere followed by the nitrogen atmosphere. The nitrogen-treated and co-

treated TiO2 samples both have an onset potential that is shifted to the left of pristine 

TiO2 (-0.9 vs. -0.8 V vs. Ag/AgCl).  Having a lower onset potential is advantageous for 

several reasons.  A lower shift in onset potential indicates that there is a smaller band-

bending requirement and that the P25 material retains its charge transport properties, 
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even after treatment.25  The onset potential of bulk CdSe is -0.8 vs. NHE (-0.6 vs. 

Ag/AgCl)54 so the co-treatment brings the band position closer to that of CdSe, further 

enhancing the synergistic effect of the nitrogen-doped TiO2. 

 

UV-Vis Absorption 

  

 

Figure 11. UV-Vis Absorption of Pristine and Treated TiO2 Films. 

 

 The absorption peak at 325 nm is due to the blanking of the FTO glass 

substrate.  There is a slight increase in the absorption from the region of 350 to 540 nm 

for the treated samples.  The substitutional doping of nitrogen in oxygen sites has been 

estimated using density functional theory calculations to be only 0.14 eV above the 

valence band of TiO2.
29,68  Increased visible absorption may be a product of the formation 

of VO in the TiO2 band structure in the nitrogen-treated and co-treated films32,67,68.  The 

slightly increased absorption of the co-treated sample in the visible is also an indicator 

that there may be a stronger interaction between the N 2p state and the VO.  The 
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difference in the visible does not seem significant, as the main increase in photocurrent 

for the co-treated sample seems to stem from an increase of activity in the UV region, 

which will be demonstrated by the IPCE and Mott-Schottky data below.   

 

IPCE Data 

IPCE data are shown here for the treated TiO2 films.  The IPCE is determined at 0 V vs. 

Ag/AgCl bias by using the equation: 

IPCE= (1240I/λJlight) , 

where I is the photocurrent density, λ the incident wavelength and Jlight is the measured 

irradiance. 

 

Figure 11. IPCE Data of Pristine and Treated TiO2 Films 

 

 Based on the IPCE figure shown, the conversion efficiency of the pristine TiO2 

and the nitrogen-doped TiO2 show similar results.  This similarity is expected based on 

IPCE results published on TiO2 materials prior to this experiment.69  The conversion 
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efficiency of the co-treated sample has increased to the same level as that previously 

reported for H-TiO2 nanowires in the UV.44  The IPCE evidence seen here indicates that 

there may in fact be a higher, or just as high, density of Ti3+ states in the co-treated 

samples as in the hydrogen treated ones.  The co-treated sample is slightly red-shifted, 

indicating some further movement into the visible compared to that of just hydrogen-

treated TiO2.  Overall, the visible current efficiency does not seem greatly enhanced by 

the co-treated sample.  However, these results do point to more indication that CdSe or 

CdS deposition will greatly enhance photocurrent. The density of donor states will be 

examined in the Mott-Schottky plots below. 

 

Mott Schottky Plot 

 

 

Figure 12. Mott Schottky Plot of Pristine and Treated TiO2 Films 
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 Mott-Schottky plots were generated in the dark for all of the TiO2 film samples at 

10 kHz.  A calculation of the carrier densities for these films can be done using the 

equation: 

Nd=(2e0εε0)[d(1/C2)/dV]-1. 
 

Where e0 is the electron charge, ε the dielectric constant of TiO2 (ε = 170),70 ε0 vacuum 

permittivity, Nd the donor density, and V the applied bias at the electrode.  The calculated 

donor densities are as follows. Pristine TiO2,  nitrogen treated TiO2, Co-Treated TiO2, 

and  hydrogen treated TiO2 films have a donor density of 1.25×1016, 1.15×1017, 

6.69×1017, 1.88×1018 respectively.  Mott-Schottky is usually calculated from a flat-

electrode, and so this data is limited in finding the absolute value of the donor density.  

However, this data does suggest the presence of more Ti3+ donors in the co-treated film 

than in the nitrogen-treated films alone.  This indicates that the VO is probably interacting 

very strongly with the N 2p.  This may explain the increased photocurrent and IPCE 

results shown above. 
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CONCLUSION AND FUTURE WORK 

 In conclusion, we have elucidated many of the photoelectrochemical properties of 

P25 TiO2 films using a combination of characterization and photoelectrochemical 

methods.  We determined that a compact TiO2 layer on the bottom formed by TiCl4 

bottom layer, followed by P25 deposition, followed by a surface treatment of TiCl4 

increased the photocurrent 70 percent, indicating that TiCl4 layers will improve the films 

by increasing electron carrier lifetime as well as reducing defects at the surface.   

 We also subjected these TiCl4 sandwich P25 films to a variety of doping 

environments: hydrogen-treatment, nitrogen-treatment, and a combination treatment.  We 

found that the combination treatment yielded the best photocurrent, with a threefold 

increase over pristine TiO2 films.  This could be due to the fact that the co-treatment of 

hydrogen followed by nitrogen increases the Ti3+ activity while maintaining the N 2p 

state, thereby encouraging improved interaction between these two species.  Based on 

IPCE data and Mott Schottky data, the major contributor to the increase in photocurrent 

appears to be the improved donor density over nitrogen-treated films, which also leads to 

increased activity in the UV.  In the future, we plan to move beyond P25 and test 

nanowires and nanotubes, using the above parameters, to see if they show an 

improvement in photocurrent.  Finally, in order to increase the visible photocurrent, 

sensitization with quantum dots might be a viable option that can work synergistically 

along with the increased donor density of the co-treated films.   
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