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ABSTRACT OF THE DISSERTATION 

By 
 

Vineet Vijayakrishnan Nair 
 

Doctor of Philosophy in Materials Science and Engineering 
 

University of California, Irvine, 2015 
 

Professor Matt Law, Chair 
 
 
      Solar photoelectrochemical water splitting has a true potential to be a terawatt-scale 

solution to the current clean energy crisis. This thesis is focused on two device architectures 

that are potentially low-cost for tandem water splitting devices. The first section of this work 

focuses on the synthesis of 4 novel nanocrystalline oxides towards their application in p-type 

sensitized solar cells. Special emphasis has been paid to Cr-based spinels that have the 

possibility of constituting a new class of wide band gap p-type oxides. Hole injection from 

CdSe into ZnCr2O4 results in photovoltages close to 300 mV, which is one of the first 

demonstrations of p-type QDSC. The latter half of the thesis is devoted to work on BiVO4 

photoanodes for tandem photoelectrode devices. Using nanocrystalline {001} textured 

photoelectrodes, near unity internal quantum efficiency and record catalytic activity towards 

water oxidation is demonstrated. Subsequently, phosphate-based treatment of fluorine 

doped tin oxide substrates is used to improve carrier extraction at the back contact. A 

combination of Mo addition and phosphate treatment results in a record high 4.05 mA/cm2 

photocurrent at OER towards sulfite oxidation. In addition, the stability towards water 

oxidation for these bare electrodes is improved by 3x, the largest for any BiVO4-based  

photoanodes in the absence of a co-catalyst 
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Chapter 1 
Introduction 

  

The current annual energy consumption from all human activity on earth is approximately 15 

TW and is slated to increase steadily to around 30 TW by the year 20301. Over the last decade, 

CO2 levels in the atmosphere have escalated exponentially, to over 400 ppm in early May 

20132 due to large amount of fossil fuel consumption to accommodate the need for increased 

industrialization and human mobility. These levels continue to rise at ~ 2 ppm/year. 

According to the Intergovermental Panel on Climate Change (IPCC), such high levels of CO2 

could lead to irreversible changes in the global temperatures potentially threatening all life 

on earth. The recent Department of Energy (DOE) report on climate change documents 

decrease in ground water availability as well as increase in storms and flooding across the 

continental United States owing to the increase in greenhouse gas emissions3. Hence, a major 

and swift shift towards non-carbon based sources of energy is required. The current 

consensus is that a combination of renewable energy sources will be required to balance the 

daily fluctuations observed in the energy supply and demand.  The major contenders for 

renewable energy sources are solar (which includes photovoltaic and solar thermal), wind, 

geothermal, hydrothermal and biofuels. 

Wind power has recently seen a large-scale deployment in regions of western and central 

Europe but suffers a major drawback since the energy output is highly site dependent and 

varies dramatically with weather. In addition, the total potential available wind resources, 

assuming a generous 4% utilization, sums up to barely 2-3 TW4. With a mean flux of 0.057 
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W/m2, the total continental potential for geothermal is large and adds up to ~ 12 TW5 but this 

is assuming again that every bit of the earth’s ocean resource is tapped efficiently, which isn’t 

the least bit practical. Biofuels have the capability to create high energy density resources in 

the form of stored carbohydrates/starch but require large arable land to even provide for a 

small fraction of the total global need. To put it into perspective, assuming 50% of all 

cultivable land on earth is used for biofuel production, a gross output of 7-10 TW which post 

refining leads to a net output of ~ 1-2 TW6. Hydrothermal generation too suffers from location 

dependent generation in addition to a globally feasible capacity of barely 1.6 TW7.  In contrast 

to all the above, the sun’s resource is clean and unlimited with more than 174,000 TW of 

energy incident on the earth’s surface which means that the energy shining on the earth’s 

surface every 10 minutes is equal to the current total yearly human energy consumption. 

Hence only a fraction of the sun’s energy needs to be harvested to satisfy if not entirely, a 

major fraction of the global energy demand. 

1. 1 Availability of solar electricity  
 
The intensity of solar irradiation on the earth’s outer atmosphere is approximately 1367 W/m2, 

a number also called the solar constant or air mass 0 (AM 0). This radiation is emitted from the 

sun’s surface at 6000 K, which gives it a spectral distribution resembling closely that of a black 

body at the corresponding temperature. Passing through the earth’s atmosphere, the solar 

radiation is attenuated by the scattering and absorption from the air molecules, aerosols and 

dust particles in particular oxygen, ozone, water vapor and carbon dioxide. This changes the 

intensity of the incident energy on the earth’s surface as a function of both latitude and 

longitude and hence a global standard is necessary to help evaluate solar cell performance. 
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The American Society for Testing and Materials (ASTM) defines the standard solar spectrum 

incident on the surface of the solar cell inclined at 37 degrees toward the equator with the 

solar radiation making an angle of 48.19 degrees with the zenith8 as shown in Fig 1.1a. This 

gives a solar spectrum as shown in Figure 1.1b which is termed as the AM 1.5 spectrum which 

if contains only the direct component is termed as AM 1.5D (green trace) and if includes the 

diffused component in addition is termed as AM 1.5G (blue trace). The AM 1.5G spectrum is a 

fairly accurate representation of the average sunlight experienced by most of the regions of 

the world, including the United States, Europe, China, India and Japan. The total output is 

then reduced to 964W/m2, which is rounded off to 1000 W/m2 for standardizing solar cell 

testing in industry.  

                         

    Figure 1.1:  a. Schematic of incident solar irradiation, b. ASTM solar spectrum standards8  
 
Unlike other renewable sources, an average 10% efficient solar cell system covering a 400 km2 

area  (< 2% of the United States) is all that is required to power the entire US. From a global 

perspective, only 0.8% of the land needs to be covered with 10% efficient solar cells to 
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generate 30 TW of power. Although technologically feasible, cost remains a major 

disadvantage when competing with fossil fuels. In addition the diurnal cycle of the sun, 

results in intermittency issues and hence large losses due to mismatch in the demand and 

supply. Hence to mitigate huge fluctuations in the grid, large-scale storage solutions need to 

be implemented.  Compared to available storage systems, in addition to batteries and 

capacitors, fuels provide a 2-3 orders of magnitude higher energy density. As shown in Table 

1.1 below, storing energy in the form of chemical bonds will result in the smallest possible 

storage solution for the sun’s energy9,10.  

Storage methods Energy Density 

 Gravimetric (MJ/kg) Volumetric (MJ/L) 

Compressed Air 0.512 0.16(300bar) 

Pump water uphill 0.001 0.001 

Supercapacitors 0.01 N/A 

Ultracapacitors 0.0206 N/A 

Pb-based batteries 0.14-0.17 N/A 

NiCd batteries 0.14-0.22 N/A 

Li-ion batteries 0.54-0.72 N/A 

Coal 24 N/A 

Wood 16 N/A 

Gasoline 44 35 

Diesel 46 37 

Methanol 20 18 
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Natural Gas 54 0.036 

Hydrogen 143 5.6 (700bar) 

             

                Table 1: Gravimetric and volumetric energy densities of various storage techniques 

1.2 Solar fuels: A true terawatt-scale solution 
 
Nature has for millions of years figured out how to store and convert the solar radiation to a 

form of sugar via photosynthesis. However, this process isn’t in anyway efficient (< 2%), due 

to the tremendous internal loss mechanisms between PS1 and PS2 involving charge 

separation (Fig 1.2a) as well the narrow absorption spectrum of chlorophyll (Figure 1.2b). 

Taking a cue from nature, artificial photosynthetic reactors seem like the most promising 

route towards storage of solar energy.  

                 Figure 1.2:  a. Schematic of PS 1 and PS 2, b. Absorption spectrum of chlorophyll11,12 

 As shown in Table 1.1, solar fuels in the form of methanol and formic acid are potential 

candidates via direct conversion of CO2 to fuel. This is especially attractive in view of the 

environmental concerns outlined in the previous section. This is however a daunting task 

since the concentration of CO2 in air is rather low (around 400 ppm). In addition, the 

conversion of CO2 to methanol and methane is a complex six or eight electron transfer 
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reaction respectively.  Given the abundance of water, water photolysis is the most appealing 

path forward towards artificial photosynthesis. Water splitting is an endothermic reaction 

with a standard Gibbs free energy of ΔG0 = 273.2 kJ/mol which corresponds to an 

electrochemical potential of 1.23 V.  The reduction and oxidation half reactions are 

schematically illustrated below in Fig 1.3 

                                  

              Fig 1.3:  Water splitting half reactions post band-gap excitation of a semiconductor 
 
Since only 1.23 V is required to carry out the reaction, a semiconductor absorbing visible light 

should be able to efficiently carry it out. Band gap excitation of the semiconductor leading to 

the promotion of an electron in the conduction band can reduce water if it has a higher 

reductive power than the reduction potential of water. Simultaneously, vacancies or holes left 

within the valence band can carry out water oxidation if its oxidative potential is higher than 

the oxidation potential of water. As can be seen above, the reduction and oxidation halves 

require two and four electrons respectively, which in principle is easier than the CO2 

conversion to methanol.  Hydrogen is also a very attractive fuel since on combustion it only 

yields water. It has a much larger gravimetric energy density than any fossil fuel however the 

problem lies in the fact that its volumetric energy density at 1bar is barely 0.011 MJ/L, which is 
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3 orders of magnitude lower than gasoline. This can be increased to as high as 5.6 MJ/L by 

storage at 700 bar but comes at an energy loss of roughly 10% towards hydrogen 

compression.  A better alternative is to convert the hydrogen to methanol via first reacting it 

with CO2 resulting in the formation of CO and subsequently using the combination of CO and 

H2 (also known as syngas) to produce hydrocarbon fuels via the well-known Fischer Tropsch 

process13.  

1.3 Strategies for water splitting 
1.3.1 SINGLE ABSORBER SYSTEMS 
 
As described above, a single semiconductor with appropriate band energies straddling the 

water redox potentials is in principle sufficient to carry out water-splitting. In fact, at first 

glance this strategy looks the most promising since only 1.23 V is need under standard 

conditions from a thermodynamic point of view, which corresponds to a semiconductor with 

an absorption edge at 1008nm. Based on the AM 1.5G spectrum described in the previous 

section, this would correspond to an STH of 47.4% assuming a unity quantum efficiency and 

no other loss mechanisms.  However, several loss mechanisms exist such as entropic losses 

associated with extraction of charge carriers from their excited states in addition to the kinetic 

overpotentials for both reduction and oxidation of water. The overpotential for the oxidation 

half can be as low as 0.2-0.4 eV to achieve reasonable current densities of ~ 10 mA/cm2 and 

with the best oxygen evolution catalysts (OEC)14. This is due to the four-electron water 

oxidation process, which involves multiple intermediates involving the adsorption of water 

molecule and generation of hydroxyl intermediates. This implies that a single semiconductor 

with a band gap of 1.23 eV will not realize efficient water splitting. Taking the over potentials 
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for both HER and OER into account, a minimum band gap of 1.8 eV for a single semiconductor 

is sought. Bolton et. al15 analyzed the upper limit for ηSTH using such a systems with realistic 

losses being 11.6%(using Eg =2.2 eV) and 17% (using Eg =2.03 eV). This being a ‘upper limit’ 

clearly means achieving 10% STH using a single absorber system is a very challenging task. In 

addition, as can be seen below in Figure 1.4, no single semiconductor with a reasonable band 

gap satisfies the above conditions. Even semiconductors such as CdS and CdSe that have near 

ideal band energetics are unstable under oxidizing conditions and hence cannot be used16.  

Oxides on the other hand offer higher stability in aqueous environments but suffer from 

lower catalytic activity and larger band gaps, thus limiting their efficiencies to less than 

4%17,18. 

                                                

                                 Fig 1.4:  Band energetics of commonly researched semiconductors 
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The alternative strategy involves the use of multiple absorber systems to not just efficiently 

capture the solar spectrum but also relax the requirements on the band edge positions for 

the semiconductor. Such systems are labeled as tandem devices and a variety of architectures 

will be explored briefly in the next section. 

1.3.2 THE POTENTIAL OF A D4 STRATEGY 
 
Plants use a two-photosystem solution during photosynthesis, where they harvest sunlight to 

split water and store energy in the form of carbohydrates. Hence, the excess free energy 

available from a properly designed dual photosystem device should be sufficient to spilt 

water efficiently. In such systems, four photons must be absorbed by each individual 

photoelectrode to produce one molecule of H2. Such systems are also termed as D4 systems19. 

A simple approach to achieve D4 splitting is to illuminate the photocathode and photoanode 

in a side-by-side configuration (not tandem). Weber and Dignam20 evaluated the maximum 

ηSTH to be 16.6% when both 

                                   

Fig 1.5: a. Tandem device with near optimal band gaps for efficient solar spectrum capture, b. 
theoretical efficiencies for tandem D4 systems as a function of bandgap & overpotentials21 
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of the photoelectrodes have a band gap of 1.4 eV. However, if we take an tandem D4 

approach, a maximum ηSTH of 21.5% can be achieved with a top photoelectrode of Eg=1.8 eV 

and the bottom photoelectrode having Eg=1.2 eV, assuming an overpotential loss of 0.8 V, 

area specific resistance of 30 Ω.cm2 with unity quantum conversion and faradaic efficiency as 

shown in Fig 1.5.b. above. 

The model presented above gives a reasonable description of the maximum attainable ηSTH in 

tandem systems. However, this does not include any additional constraints such as the 

conduction and valence band edges of the anode and cathode, which only add to the 

difficulty in finding an ideal set of materials for a water splitting-tandem cell.  

1.3.3 STRATEGIES AND LIMITATIONS OF MULTI-ABSORBER SYSTEMS 
 
The most common strategy to generate sufficient potential to split water involves connecting 

multiple solar cells in series. For example, a standard p-n junction Si PV generates 0.5-0.6 V at 

max power point under standard operating conditions. Hence, three Si-PVs connected  

electrically in series would generate sufficient voltage to split water. The best results so far 

have been achieved using single crystalline Si-modules with a maximum ηSTH of 9.3%22. 

However, this brute force approach is limited by both the price and availability of the PV 

devices. Currently, the price of H2 production via this technique is around $10/kg23-25. This 

price can be reduced to roughly $4/kg using two CuIn1-xGaxS2 (CIGS) in series while generating 

hydrogen at a 8.8% efficiency26,27. Still the major drawback with this approach is the output 

voltage obtained strongly depends on the illumination intensity requiring complex cell 

switching mechanisms during climatic variations.  
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                          11Fig 1.6:  a.Tandem photoelectrode, b Dual PV – D4 water splitting devices 
 
Instead of having PVs’ connected in series, they can be stacked one on top of the other 

(tandem) with each level harnessing a different portion of the solar spectrum. Alternatively, a 

wide band gap n-type semiconductor can be connected to a narrow p-type semiconductor in 

an electrolyte to perform water oxidation and reduction respectively at the SCLJ. A schematic 

showing both these configurations is shown in Fig 1.6 above. Both approaches give access to 

not just higher photovoltages but also higher solar to electric conversion efficiencies of 42% 

(2 cells), 49% (3 cells) all the way upto 68% for infinite cells28. From a practical standpoint, the 

complexity of the cell design increase exponentially with additional solar absorbers. In 

addition, the increase in efficiencies saturates rapidly above the dual cell model. Hence, for all 

further discussions, tandem designs will be limited to two key strategies that will be the focus 

of this PhD, a tandem DSSC and a dual absorber system. 
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1.4 Tandem dye sensitized solar cell (TDSC) approach 
 
Over the last two decades, DSSCs have emerged as a potential low cost solution towards high 

efficiency nanostructured solar cells. The current state-of-the art single junction DSSC 

architecture is based on a report by O’Regan and Gratezel29. 

                              
Fig 1.7: Energy diagram for a single junction DSSC. The HOMO and LUMO of the sensitizer are 
labeled as D/D+ and D/D* respectively. The redox potential of the shuttle is indicated by the I-/I3

- 
position. 
 
It consists of an electron transporting transparent oxide porous scaffold (typically TiO2), a high 

molar extinction coefficient light harvesting chromophore, a redox shuttle and a catalytically 

active counter electrode (mostly Pt). The sensitizers used typically have a donor and acceptor 

ligand with a metal bridge that is redox active. When light with energy greater than the 

HOMO-LUMO gap of the sensitizer is incident on the cell, an electron transfer takes place from 

the metal center to the acceptor ligand that is chemically attached to the oxide surface. The 
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sensitizer when in this excited state injects an electron into the conduction band of the oxide. 

Electron transport through these wide-band gap oxides typically takes place via hopping 

mechanism30 post which it is collected by a transparent conducting oxide such as fluorine 

doped tin oxide (FTO). Simultaneously, the reduced form of the redox shuttle in the 

electrolyte quenches the excited state of the dye. This couple then transports the hole across 

the electrolyte where is recombines with the electron from the metal oxide at the catalytically 

active counter electrode to complete the circuit. It can be seen from Figure 1.7 that the 

maximum voltage attainable by the device is equal to the difference between the quasi Fermi 

level of TiO2 and the potential of the redox shuttle. The sequence of reactions is given below: 

                                         

                                       Fig 1.8:  Dye excitation and regeneration sequence 

It should be noted that the entire charge transfer process is driven by free energy gradients 

and the effective charge separation is completely governed by the kinetics associated with 

the electron transport through the TiO2 and the recombination of the injected electron with 

the excited dye or/ and with the redox couple. The free energy gradients for electron injection 

and dye regeneration result in a reduction in the maximum voltage when compared to the 

band gap of the sensitizer. Studies have shown that the major recombination process is that 

D + hν                       D*

D* +TiO2                      D+ +(TiO2cb)e-

D+ + I-                       (D+ ----I-)

(D+----I-) + I-                     D + I2.

2I2.                     I3- + I-
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of the injected electron with the redox couple which takes place on 10-2 sec scale in case of a 

iodide/tri-iodide redox shuttle31.  

The very first high efficiency dye cell was based on the iodide redox couple and Ru-(bipy)2 

sensitizer which achieved an efficiency of 7.1% with an EQE> 90% between 400 and 750nm29. 

The major drawback with dye solar cells is the inadequate capture of the solar spectrum 

which is restricted by the HOMO-LUMO gap of the sensitizer, limited open circuit voltages as 

well as shorter device lifetimes owing to the corrosive nature of the iodide redox couple32. 

Since then most of the research focusing on improving the Jsc, Voc, fill factor has been by 

modifying the linkers, HOMO-LUMO gap in the dye and redox potential of the electrolyte. 

Currently the most commonly available commercial dyes are ruthenium-based complexes 

known as N3, N719 and black dye (N749) (Fig1.9) that have been introduced over a decade 

ago. At the same time research has been active in search of tunable and less corrosive redox 

shuttles as well solid hole conducting polymers such as spiro-OMeTad33 and iodide 

perovskites such as CsSnI3
34 to completely negate the need for liquid electrolytes. 

                                                                    

Fig 1.9: Commercially available high performance Ru-sensitizers for DSC35 
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Over the last couple of years there has been a gradual shift towards more earth abundant 

based sensitizers that not just work well with both iodide and alternate redox couples as well 

as raise the energy harvesting capabilities of the chromophores (high molar extinction 

coefficient dyes). The current record efficiency for a lab-based DSSC is 12.3% and is achieved 

using a co-sensitized Zn-porphyrin complex [YD2-o-C8 with Y123] in conjunction with a 

Co(II/III) trisbypyridyl redox shuttle36. 

        

Fig 1.10:  Molecular structures of YD2-o-C8(left) an Y123(right)36 

At the same time Bach and co-workers have shown that alternative single electron redox 

couples based on ferrocene - derivatives show large tunability with respect to their redox 

potentials allowing the access to higher open circuit voltages around 900mV – 1V37. Although 

tremendous strides have been made with respect to the molecular design of the electron 

injecting chromophores and redox couples, very little attention has been paid towards 

inadequate solar spectrum capture. A tandem DSSC concept was proposed by Lindstrom and 

Hagfeldt38 where instead of a platinum counter electrode, a sensitized photocathode with a 

dye capturing the complementary solar spectrum of that captured by the dye on the TiO2, 

would extend the energy harvesting capabilities of the DSSC to the near infrared(NIR). Figure 

1.11 below shows a schematic of such tandem architecture. 
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Fig 1.11:  Schematic of tandem water-splitting photocell 

On the photoanode side, the principle of operation is identical to that of a single junction 

DSSC. The photocathode is sensitized with a smaller band gap (red) hole injecting dye. When 

a red photon with energy greater than the HOMO-LUMO gap of D2 is incident on the cell, the 

dye picks up at electron from the valence band of the p-type oxide leaving behind a hole. The 

excited state of dye D2 regenerates the oxidized redox couple present in the electrolyte post 

regeneration of dye D1. The hole generated in the valence band is transported through the p-

type material and exits the cell through the TCO where it recombines with the electron from 

the anode (TiO2) to complete the circuit. The maximum voltage obtained in a tandem 

configuration is equal to the difference in the quasi Fermi levels of the photoanode and 

photocathode. The D2 dye will have the linkers attached to the donor ligand to facilitate hole 

injection. The requirements for the photocathode are a high band gap, p-type 

semiconducting, nanocrystalline (15-20 nm) material, with a valence band positive of the 
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HOMO level of D2. Currently, the band gap of the electron injecting dye (D1) for a high 

efficiency DSSC is around 1.7-1.8 eV. Hence, in order to have an adequate solar spectrum 

capture, dye D2 should have a band gap of around 1.1-1.2 eV. If light is incident on the cell 

from the photoanode side, photons with energy greater than 1.8 eV will be absorbed before 

reaching the p-type material and hence for a photocathode, materials with a band gap higher 

than 2 eV should suffice.  

The most researched p-type material in literature is NiO, which has an indirect band gap of 3.6 

eV39. The valence band of NiO is ~ - 5.2 eV40(on the solid state scale) which results in a 

maximum open circuit voltage of ~220 mV with the iodide redox couple41. Although NiO has 

a large bandgap suitable for p-type DSSCs, the hole conducting properties and shallow 

valence band have restricted the standalone p-type DSSC efficiencies to a maximum of 0.4%42 

with iodide based redox couples. However a PCE of 1.3%43 was achieved using a substantially 

negative Co-based redox couple, though this redox couple on the n-side would barely 

generate any photovoltage due to its proximity to the conduction band of TiO2. Hence for 

truly efficient tandem systems, the key is to find a p-type semiconductor that works efficiently 

with redox couples that are used to achieve the highest efficiency n-type counterparts. One of 

the key strategies to improving p-type DSSC involves the synthesis of novel p-type materials 

with deeper valence bands. In addition, if the valence band of the p-type oxide is deeper than 

the water oxidation potential and the conduction band of the n-type oxide higher than the 

water reduction potential, a tandem DSSC could not just generate electrical energy but also 

be used to split water to store solar energy in the form of a high energy density fuel such as 

hydrogen. 
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The initial part of this thesis will focus on an overview of existing and well studied p-type wide 

band gap semiconductors and subsequently the synthesis and characterization of 

nanocrystalline materials for potential use as hole transport layers in tandem DSSCs with 

valence bands deep enough to split water efficiently. 

1.4.1 AN OVERVIEW OF WIDE-BAND GAP P-TYPE OXIDES 
 
Oxide materials have been researched upon extensively towards liquid junction 

electrochemistry owing to their high chemical stability in both aqueous and non-aqueous 

environments. The main drawback with oxides is that most of them when undoped are wide 

band gap insulators and have their valence band dominated by O2p orbitals. This means 

extremely deep valence bands  

(~ +2.5 to +3 V @ pH=0) in aqueous environments (Figure 10) as well as poor hole conducting 

properties due to hole trapping by highly electronegative oxygen centers.  

                                          

Figure 1.12: Band edges of commonly researched oxides relative to reversible oxidation and 
reduction potential of water at pH=0. Adapted from44 
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All the oxides listed above have a n-type behavior in their undoped state. Doping can 

introduce acceptor states to lend some a p-type character as in the case of Fe2O3
45 but 

simultaneously leads to inclusion of mid-gap states reducing the optical gap. Thus, in order to 

have a wide band gap oxide with hole conducting properties, Kawazoe and co-workers46 

found that the strong localization of the upper edge of the valence band can be modified by 

addition of a suitable cationic character. This requires the cationic species to have a closed 

shell whose energy is comparable to the 2p levels of the oxygen anions. The closed shell state 

will avoid inter-cationic transitions in the visible. This is called the chemical modulation of the 

valence band (CMVB) theory. d10 monovalent ions such as Cu+, Ag+ and Au+ were chosen since 

the d10 closed shell electrons have energy levels that are expected to overlap with O 2p 

levels47. An additional consideration involves the tetrahedral coordination of oxide ions since 

it reduces the localization of electrons owing to the non-existence of oxygen non-bonding 

levels in this coordination. The material that evolved from the above considerations belonged 

to the delafossite family (ABO2) and the oxide of choice was CuAlO2. 

                                                      

         Figure 1.13: Crystal structure of CuAlO2 delafossite with stacked layers along c-axis 
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CuAlO2 and materials belonging to the delafossite family have shown hole conductivities of 

around 1S/cm at room temperature46. For the Cu-based delafossites, the band gap has been 

found to increase by changing the B-site cation and follows the trend Al (2.6 eV)< Cr (3.2 eV) < 

Ga (3.4 eV)48. Recently a lot of interest has been shown in delafossite based oxides for p-types 

DSSCs49-52 with most devices showing open circuit voltages of around 300 mV with iodide and 

cobalt-based electrolytes43. The major drawback of these materials from a p-type DSC 

standpoint is the high temperatures/ harsh synthesis conditions required to form these 

oxides resulting in average particle sizes > 200 nm. This reduces the dye adsorption surface 

area and hence reduces the current density in these devices. At the same time, the fill factor 

also reduces due to inadequate percolation of the electrolyte consequently limiting the 

current device efficiencies with delafossites to 0.23 %53.  

1.4.2 SPINEL AND PEROVSKITE OXIDES – CHOICE OF POTENTIAL HOLE CONDUCTORS 
 
Spinels (AB2O4) and perovskites (ABO3) belong to unique classes of oxides that have so far 

been extensively looked at only from a photocatalytic standpoint. The uniqueness of these 

oxides lies in the ability to tailor the optical and electronic properties via controlled doping, 

substitutional and/or anti-site. Perovskite-type compounds have a general chemical formula 

ABO3 and have a crystal structure based on corner-sharing BO6 octahedra. As a consequence 

of competition between the bonding requirements of the A- and B-type cations, relatively 

few perovskites have an ideal cubic structure, but rather cooperative rotation of the BO6 

octahedra lowers the symmetry with the most commonly observed one being orthorhombic 

as seen in CaTiO3 (Figure 1.14). Spinels belong to the Fd-3m space group with a cubic lattice 

consisting of 56 atoms per unit cell. In a normal spinel, the A2+ cations occupy the tetrahedral 
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(Td) sites while the B3+ cations occupy octahedral positions (Oh). This results in an AO4 

tetrahedral unit comprising of the cation in the center of the cube and the four oxygen atoms 

in the nonadjacent corners. The BO6 octahedral unit comprises of a cation surrounded by six 

oxygen atoms, two along each dimensional axis (Figure 1.14). In case of an inverted spinel, 

one half of the B3+ cations occupy all the tetrahedral sites while the octahedral are occupied 

by one half of the B3+ cations and the rest by A2+ cations  

                                             

                               Figure 1.14:  Crystal structure of CaTiO3 (left) and MgAl2O4 (right)  

Recently, Alex Zunger and team at the NREL54 have shown through rigorous theoretical 

calculations that anti-site doping in spinels leading to potential p-type behavior can be 

classified into four different categories based on the relative positions of the donor and 

acceptor levels with respect to the valence and conduction band viz. DT-1 (electrically active 

doping levels and compensated), DT-2 (acceptor above donor with only acceptor in gap and 

active), DT-3(acceptor above donor with donor in gap and active) and DT-4 (acceptor above 

donor and both in gap and active) as shown below in Figure 1.15. By calculating the 

formation enthalpy for various anti-site defects and considering their relative concentration 

via density functional theory (DFT) in over 40 spinels, they have categorized spinels into the 

above-mentioned categories.  
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Figure 1.15:  Anti-site doping permutations in potential p-type spinel oxides (left), DFT results for 
DT-1 spinels (right)54 
 
The results for DT-1 spinels summarized above show that for high band gap oxides (3eV and 

greater), zinc chromite (ZnCr2O4) has an acceptor level closer to the valence band than the 

donor is to the conduction indicating lower ionization energies associated with the acceptor 

and hence potential p-type behavior. Zinc ferrite (ZnFe2O4) and magnesium chromite 

(MgCr2O4) have a band gap suitable for the tandem architecture (>2 eV), have donor and 

acceptor levels equidistant from the conduction and valence bands indicating the possibility 

of an intrinsic behavior. Hence, these oxides could be potentially used by photodoping the 

oxide on dye excitation.  

1.5 Dual photoelectrode (tandem photoanode-cathode) 
approach 
 
Although the D4 TDSC strategy outlined in the previous section is a very elegant solution to 

the tandem device water-splitting photocell, its success heavily relies on the successful 

fabrication of a wide-band gap p-type conducting oxide. This however is easier said than 
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done and the challenges associated with hole conducting wide band gap oxides will be 

discussed in detail in the subsequent chapter. The simplest approach to constructing a D4 

tandem system is coupling an appropriate n-type semiconductor (photoanode) with a p-type 

semiconductor (photocathode). However, this is the least developed of the all the tandem 

water-splitting architectures available. The biggest reason for this is the lack of a suitable n-

type photoanode that can be coupled with the existing plethora of p-type semiconductors. 

Since most photocathodes are non-oxide based semiconductor with narrow band gaps, their 

stability in reducing environments is substantially higher than under oxidizing environments. 

This implies that the larger band gap semiconductor will have to be an oxide where oxygen 

evolution reaction will be carried out. Many semiconductors such as GaInP2
55, Si56-59, WS2, 

CIGS60, Cu2O61-64, and CaFe2O4
65 have successfully demonstrated stability and reasonable 

photocurrent densities under various conditions.  However, stable and high performing 

photoanodes have been few and far apart. 

The first demonstration of this type of architecture was by Nozik66 when a combination of n-

TiO2 and p-GaP2 gave a tandem cell that evolved both hydrogen and oxygen at zero bias at an 

ηSTH of  0.25% due to the high internal series resistance. In addition the stability of GaP2 in 

aqueous environments resulted in a rapid loss of device efficiency. Post their successful 

demonstration of a tandem PV/photocathode system67, John Turner and co-workers used  

GaInP2 (Eg = 1.83 eV) photocathodes and combined them with either WO3 or Fe2O3 

photoanodes68. It was found that only under intense illumination (1000 mW/cm2 ~ 10 Sun) , 

detectable photocurrent was measureable (Jph ~ 20 µA/cm2) in the WO3/GaInP2 system. For 
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the Fe2O3/GaInP2 system, no photocurrent could be measured even under 10 Sun illumination 

due to mismatch between the conduction band of Fe2O3 and the valence band of GaInP2.   

The basic requirement for a high performing photoanode that can be potentially used in 

tandem device is a band gap in the range of 1.8-2.2 eV with a flatband potential close to the 

hydrogen evolution potential (0 V vs RHE at pH=0). Over the last couple of years bismuth 

vandate (BiVO4)69-74, copper tungstate (CuWO4)75-78 and iron titanate (Fe2TiO5)79-81 have 

emerged as potential photoanode candidates due to their relatively narrow band gaps of 2.4 

eV, 2.5 eV and 2.1 eV respectively.  

1.5.1 BIVO4 AS A POTENTIAL PHOTOANODE FOR UNASSISTED WATER SPLITTING 
 
BiVO4 especially has garnered the most interest due to its high absorption coefficient (alpha ~ 

20000 cm-1 at 450nm) and a flatband potential within 100 mV of HER82, making it a very 

attractive option for tandem unassisted water-splitting. Even though it doesn’t have an ideal 

band gap (~ 2 eV), BiVO4 is still attractive due to its substantially negative flatband potential 

compared to most other visible light absorbing metal oxides. In addition, it is predicted to 

have a relatively low electron and hole mass with respect to well-studied oxides such as TiO2 

and In2O3
83.  

There are three polymorphs of BiVO4 viz. pucherite, dreyerite and clinobisvanite. Synthetically 

prepared BiVO4 typically occurs in either the dreyerite or clinobisvanite form. Dreyerite has a 

tetragonal (zircon-type) crystal structure with a space group of I41/a and a=b=7.303 A and 

c=6.584 A.  Clinobisvanite has a monoclinic (scheelite-type) crystal structure with a space 

group of I2/b and a=5.1935 A, b=5.0898 A, c=11.6972 A and beta =90.387 (Figure 1.16).  
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Figure 1.16: Crystal structure of monoclinic BiVO4 a. plan view and b. side view 

In all the polymorphs, each V ion is coordinated to four other O atoms (tetrahedral) and each 

Bi ion is coordinated by eight O atoms (dodecahedral). Typically each O atom is coordinated 

by two Bi centers and one V center. However, in the scheelite structure, local distortion in the 

bonding environments for both Bi and V ions results in a loss of the four-fold symmetry. This 

distortion has been claimed to be the reason for higher photocatalytic activity of the 

monoclinic scheelite version when compared to the tetragonal one84. One possible reason 

could be the increase in the electron-hole separation due to an enhancement in local 

polarization. The tetragonal structure is normally obtained at low temperatures, typically via 

solution-based precipitation85 while the monoclinic scheelite structure is the stable 

polymorph at temperatures in excess of 4000C86.  

1.5.2 BAND STRUCTURE OF BIVO4 – ORIGIN OF HIGH PHOTOCATALYTIC ACTIVITY 
 
Oxides typically posses valence bands dominated by O 2p orbitals which are located at 

extremely positive potentials (~ 3 V vs RHE). Therefore, to have a significant absorption in the 

visible, oxides with a lower band gap would require a raising of the valence band. Walsh et. 
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al.87 proposed three viable options to achieve this, which are (1) introduction of less 

electronegative anionic species such as N and S, (2) addition of cations with low binding 

energy d orbitals such as Ag+ and Cu+ and (3) introduction of cations with low binding energy 

s orbitals such as Bi3+ and Sn2+. Kudo et. al.88 proposed that the observed enhanced 

photocatalytic activity for the monoclinic scheelite structure relative to the tetragonal 

polymorph is due to the enhanced absorption in the visible. This enhancement was mainly 

due to the presence of Bi 6s orbitals in the valence band of the scheelite structure resulting in 

an upward shift of the valence band with respect to the O 2p-dominated valence band of the 

tetragonal one. Hence, the primary optical transition for the monoclinic polymorph is from 

the hybrid Bi 6s - O 2p orbitals to the empty V 3d orbits resulting in a shallower band gap of 

2.4 eV compared to the 2.9 eV in the tetragonal case. This observation matches the density 

functional theory (DFT) calculations by Walsh et. al.87 However, for the last decade or so, it was 

believed that the primary optical transition was direct in nature. Cooper et. al.89 have recently 

used Resonant inelastic X-ray scattering (RIXS) to probe the nature of the gap in BiVO4. The 

assignments in RIXS are made using momentum conservation where direct probing of 

transitions in E-k space allow for a more accurate measurement of the band dispersion. In 

RIXS, soft X-ray radiation is used to resonantly promote core level electrons to the CB. 

Subsequently, radiative recombination between the core electron in the VB and hole at the 

VB edge results in the emission of an X-ray photon. Since momentum transfer by soft X-rays is 

negligible compared to electron momentum, transition in the vertical k-space preferentially 

contribute towards RIXS spectrum, which helps in effectively probing the band structure and 

electronic dispersion without any theoretical input. It was found, that in the case of 

monoclinic BiVO4, a red shift was observed in the emission spectrum with increasing 
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excitation energy indicating an indirect transition centered at ~ 2.4 eV. However a direct 

transition at ~ 2.5 eV meant that the absorption cross-section for BiVO4 is still pretty large 

ensuring that a majority carrier diffusion length of ~ 800nm would be sufficient to achieve the 

theoretical maximum photocurrent density. The previously mentioned local lattice distortion 

coupled with a hybridzed Bi 6s - O 2p valence band character ensures that BiVO4 has relatively 

low effective hole mass resulting in measured hole diffusion lengths of ~ 100-150 nm90,91. 

These properties have helped BiVO4 achieve a significantly high photoresponse compared to 

most metal oxide semiconductors.  

1.5.3 STRATEGIES TO ALLEVIATE LOW MAJORITY CARRIER DIFFUSION LENGTH IN BIVO4 

 
As stated above, an electron diffusion length of ~ 800 nm would be sufficient to attain 

maximum photoconversion efficiency in BiVO4 photoanodes. However, it has been found that 

the bulk electronic conductivity, limits the electron diffusion length to under 100nm92. Over 

the last few years several strategies have been used to address this problem. Of them, the 

most commonly employed ones include addition of dopants such as W74,93,94 or Mo95-97 while 

simultaneously utilizing heterojunctions with WO3/SnO2
98,99 as electron transport and hole 

block layers respectively.  Typical fabrication of BiVO4 photoanodes involves either spin 

coating or spray pyrolysis of solutions containing bismuth and vanadium salts. Multiple 

deposition and annealing cycles are subsequently used to achieve the desired thickness. 

Using this technique graded W-doped BiVO4 with SnO2 hole-blocking layer demonstrated an 

STH of 4.9% in a tandem device coupled with a double junction a-Si solar cell93. Berglund and 

co-workers100 found that co-doping with W and Mo further enhanced conductivity by an 

order of magnitude compared to W or Mo alone.  Another commonly used approach involves 
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nanostructuring to reduce the effective hole diffusion length in the hope of increasing 

electron lifetimes within the bulk of BiVO4. This approach has resulted in internal quantum 

efficiencies as high as 90% at 1.23 V vs RHE with electrodes prepared via dip coating using 

acidic solutions of bismuth nitrate (Bi(NO3)3)  and ammonium metavanadate (NH4VO3)71. An 

alternate approach to fabricating high-surface area electrodes involves electrodeposition 

using of either Bi metal101 or BiOI102 followed by conversion to BiVO4 via treatment with V2O5 

and subsequent annealing. By appropriately tunning the surface wettability of the vanadium 

precursor solution, peak photocurrent densities of 4 mA/cm2 using a NiOOH and FeOOOH 

dual-oxygen evolution catalyst were achieved by the Choi group72. This is among the highest 

reported current densities for any photoanode to date. However, none of the above 

strategies have addressed the core issue of enhancing the electron diffusion length.  

Studies on single crystalline BiVO4
103 have shown that the (040) facet has a higher catalytic 

activity towards OER owing to the BiV4 surface coordination that helps forms oxo-bridges. 

Thus, a nanostructured film with a majority of (040) planes could not only enhance surface 

reactivity but also help carrier separation. Cooper et. al.89 have found the poor electron 

mobility is likely a consequence of the localization on the V d-orbitals due to poor overlap 

with the Bi 6p orbitals. Hence, instead of simply increasing the carrier concentration of by 

substitutional doping at the V-sites, significant improvements in electron mobility are more 

likely by targeting the Bi site by alloying with Sb, As or P89.  

1.6 Scope of this thesis 
 
The broad goal of this thesis is to outline and demonstrate two novel device architectures for 

high efficiency unassisted solar water splitting. The first chapter will be dedicated towards the 
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problem encountered in fabricating standalone high efficiency p-type DSSCs from a 

semiconductor standpoint. Synthesis and characterization of 5 novel nanocrystalline 

potential hole conducting oxides will be discussed. Special emphasis will be devoted to Cr-

based spinels, which have the potential to constitute a new class of wide band gap, p-type 

oxides with substantially deeper valence bands than all current existing p-type oxides in 

literature. Even though the DT-1 spinels have a compensation behavior (theoretically) leading 

to Fermi level pinning, the other class of spinels identified via theoretical calculations54 

involved the use of non-earth abundant materials and hence ZnFe2O4, MgCr2O4 and ZnCr2O4 , 

MnCr2O4 were chosen for further study from the spinel class of oxides. Also the energies 

associated with the d-d transitions for Fe3+ (which is a d5 configuration in a octahedral 

environment) are typically larger than 2 eV and hence Fe-based oxides were favored initially 

in this study. For perovskites, lanthanum ferrite (LaFeO3) has been reported in literature to 

show p-type behavior104 with a band gap of ~ 2.2 – 2.5 eV depending on the synthesis as well 

as being photocatalytically active towards degradation of methylene blue and rhodamine 

dyes105. Hence LaFeO3 was added to the first round of compounds to be synthesized and 

analysed for potential use as DSSC photocathodes. 

Finally, hole injection from CdSe quantum dots into the VB of zinc chromate (ZnCr2O4) will be 

demonstrated with photovoltages as high as 350 mV using an iodide/tri-iodide redox couple, 

making it one of the largest photovoltages of all p-type oxides using this redox couple. 

The latter half will be devoted towards fabricating high efficiency BiVO4 photoanodes for 

oxygen evolution. The first strategy utilizes the enhanced reactivity of the (004) facet of BiVO4, 

wherein a textured nanostructured Mo:BiVO4 photoanode shows near unity carrier separation 

and record catalytic efficiency towards oxygen evolution for a standalone BiVO4 photoanode. 
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These photoanodes increased the electron diffusion length to ~ 200 nm.  The second project 

will tackle the lack of photoresponse at low biases (~0.6 V vs RHE) by halide and phosphate 

treatments of undoped BiVO4.  Using appropriate halide and phosphate precursor treatments, 

photocurrent densities in excess of 3.2 mA/cm2 were achieved at 0.6 V vs RHE and greater 

than 4 mA/cm2 at 1.23 V vs RHE towards sulfite oxidation. It was found that the electron 

diffusion length using these treatments could be further increased to ~ 300 nm which is one 

of the highest reported for all known metal oxide semiconductors. 

This thesis can be used as a guideline for the fabrication of a broad range of device 

architectures to achieve low-cost, high efficiency STH. This work is aimed at improving the 

existing library of high work function p-type oxides as well as setting and improving 

photoanode-based PEC via a rational approach towards improving the electronic properties 

of BiVO4 photoanodes.  

 

 
 
 

 
 
 
 
 
 



31	  
	  

Chapter 2 
Synthesis of ternary spinel and pervoskite- nanocrystalline 

oxides - colloidal inks and thin films 
 
Most complex oxides (binary and higher) have either not yet been synthesized in 

nanocrystalline form due to the elevated temperatures associated with their formation and 

hence are highly aggregated and cannot be converted into colloidal dispersions via soft 

chemical routes106-109. In order to have to substantial light absorption in DSSCs, based on a 

monolayer coverage of dye molecules with extinction coefficients on the order of 10000 M-

1cm-1, a 2-3 µm porous electrode would be required using high surface area nanocrystals 

(particle size on the order of 15-20nm). All the potentials oxides outlined, do not have a 

previously reported synthesis routes towards growing and controllably doping nanocrystals 

on the order of 10-20 nm. 

2.1 Zinc ferrite (ZnFe2O4) 
2.1.1 ZINC FERRITE NANOCRYSTAL SYNTHESIS 
 
Zinc ferrite nanocrystals (ZFO) of roughly 15 nm diameter were synthesized using a 

hydrothermal reaction carried out in a Teflon reaction vessel inside a stainless steel autoclave. 

Briefly, 1.68 mmols of Zn(NO3)3.6H2O(Mw: 297.49 g/mol) and 3.36 mmols of Fe(NO3)3.9H2O (Mw: 

404 g/mol) were added to 30 mL of water and stirred until all the precursors were dissolved to 

obtain a clear orange solution. Subsequently, the pH of the solution was raised to 11 using 

NaOH pellets. The solution was stirred for an additional 30 minutes to ensure that the pH of 

the solution was stable. Finally, all contents of the solutions were transferred to a Teflon liner 

inside a stainless steel autoclave with the reaction mixture heated to 1800C for 4 hours 
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(reaction pressure ~ 180 psi). Once the reaction was cooled, the bright red nanocrystals were 

washed using a combination of 1:1(v:v) of water and acetone at 4400 rpm for 15 minutes, 

which was repeated four times to ensure all unreacted precursor and alkali ions were 

removed. The as-prepared nanocrystals were left as a wet muddy paste and stored until 

further use. 

2.1.2 PRELIMINARY PHASE AND OPTICAL CHARACTERIZATION OF ZFO NANOCRYSTALS 
 
To ascertain the phase purity of the synthesized nanocrystals, X-ray diffraction (XRD) was 

carried on the dried product. For powder XRD patterns, a Bragg-Bretano geometry was used 

with a 1-D detector for faster acquisition.  

                                                         

Figure 2.1: a. Powder XRD of as-synthesized ZFO NCs ; Rigaku smartlab BB 1D scan , b. Ball-stick 
model of ZFO unit cell showing co-ordination and atom positions,c. solution spectrum of ZFO NCs 
in water,d.Top-down and cross section SEM images of ZFO films on FTO, e. Transmittance 
,Absorptance and Reflectance of films on glass, f. Absorption coefficient, g. Direct and indirect gap 
fits obtained for films prepared on sodalime glass using an integrating sphere,h. Optical images of 
film on FTO as well as NCs dispersed in water. 
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As can be seen from Figure 2.1.a. above, the as-synthesized nanocrystals are phase pure 

ZnFe2O4 having the Franklinite structure and space group Fd-3m, with lattice constant of 

8.4411 A. The average crystallite size was found to be ~ 12 nm using the Scherrer equation 

(post instrumental broadening correction using a LaB6 standard pattern whose spectrum was 

collected using the same acquisition parameters as the above pattern).  

A typical UV-Vis spectrum of ZFO NCs in water (Fig2.1.c.) shows an onset of absorption at ~ 

602 nm, corresponding to an optical gap of 2.06 eV. This value is in good agreement with 

what has been previously reported in literature for this compound110-113. To electrically and 

spectroscopically characterize these films, it is essential to be able to convert the above 

colloidal solutions to viscous inks such that films on the order of couple of microns can be 

fabricated using simple techniques such as Doctor blading.   

2.1.3 ZFO FILM FABRICATION AND DETAILED OPTICAL ANALYSIS 
 
Viscous inks of ZFO were prepared by modified recipes used to prepare TiO2 inks for DSSCs114. 

First, the as-prepared ZFO NCs were peptized using 2 M HNO3 with a ZFO to acid ratio of X by 

sonicating the mixture for roughly 20 minutes. Peptization breaks the weak surface bonds 

and deposits protons on the surface of the nanocrystals, thus stabilizing them 

electrostatically. This enables them to go into polar solvents in sufficiently high 

concentrations, which are necessary to prepare viscous inks.  Subsequently, the nanocrystals 

were crashed out of solution using 30mL acetone for every 10 mL of the above solution at 

4400 rpm for 20 minutes. Finally they were resuspended in water to obtain a 30 wt% loading 

of the ZFO in water. Hydroxypropyl cellulose (Mw: 100k) was used as a binder to increase 

viscosity as well as act as porogen to obtain uniform porous films post annealing. The 
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cellulose was added in 40 wt% to the ZFO nanocrystal weight (12 wt% to the total solution 

weight) and was stirred until dissolution to obtain a viscous ink. The ink was subsequently 

doctor bladed on either sodalime glass or quartz (for basic optical characterization) or a 

conductive substrate such as fluorine-doped tin oxide (FTO) for electronic and spectroscopic 

characterization, using Scotch tape as spacers. The thickness of the films could be controlled 

by changing the nanocrystal loading and hence the viscosity of the inks. Post Doctor blading, 

the films were allowed to air dry for a few minutes and subsequently annealed at 4500C for 30 

minutes to ensure complete removal of all organics. The heat treatment also results in 

sintering of the nanocrystals to ensure sufficient adhesion to the substrate as well as increase 

in conductivity by increasing grain size and elimination of grain boundaries.  

 As seen in Figure 2.1.e., post annealing a roughly 3 µm porous film with an average particle 

size of ~ 18 nm is obtained using a single layer of deposition. The optical images for these 

films (Fig2.1.h.) confirm that the thickness of these films was sufficient enough for further 

optical, spectroscopic and electrical characterization. All subsequent data presented will be 

based on these films. 

To ascertain detailed information with the regard to the optical properties of the ZFO films, 

integrating sphere measurements were conducted to obtain the absorption coefficient and 

the type of band gap. Figure 2.1.f and g. above is a compilation of the data obtained using an 

integrating sphere on ZFO thin films on sodalime glass. As expected for most iron oxides, the 

fundamental optical transition is due to Fe d-d splitting which results in an indirect gap, in 

this case at 1.95eV115-118. Subsequently, the absorption coefficient for this material is on the 

order of 103 cm-1, just above the band edge, which is typical for indirect semiconductors such 
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as Si. The lack of strong color in the optical image of the film on FTO (Fig 2.1.h.) for a 3 µm 

thick film, validates the low absorption coefficient. This is good from a DSSC standpoint 

where the semiconducting scaffold should have minimal absorption to ensure lack of 

competition with the absorbed dye molecules as well as reduced carrier recombination due 

to simultaneous photoexciation in the dye and the semiconductor.  

2.2 Lanthanum ferrite (LaFeO3) and Magnesium Chromate 
(MgCr2O4) 
2.2.1 POLYMERIC PRECURSOR (POLYACRYLAMIDE) SYNTHESIS 
 
Lanthanum ferrite (LFO) nanocrystals could not be synthesized using the hydrothermal 

approach adopted for ZFO. This was because the temperature rating for the Teflon liners was 

2500C and the pressure rating for the rupture discs on the autoclave was 1000 psi, both of 

which limited the reaction conditions. Also in addition, hydrothermal synthesis under basic 

pH relies on the reaction between the metal salt hydroxides that precipitate at elevated 

temperatures under high pressures. The possible absence or lack of reactivity of La(OH)3 

under the most extreme reactions conditions possible for the autoclave, could be a reason for 

lack of formation of LFO. Similar problems were encountered during the synthesis of 

mangnesium chromate (MCO) nanocrystals. Subsequently, a number of different sol-gel 

routes, co-precipitation techniques and inverse micelle syntheses were carried out for both 

LFO and MCO with limited success due to lack of either size control or simply low yields per 

reaction due to scalability constraints.  Finally, a new polyacrylamide-based polymeric gel 

based synthesis was designed to yield nanocrystals of sufficiently small size (~ 25 nm) with 

high solubility in polar solvents. Since the overall synthesis protocol remained unchanged for 
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both LFO and MCO nanocrystals, except for the precursor salts used, the synthesis of just LFO 

nanocrystals will be described below. 

In a typical synthesis, the average yield of the nanocrystals was ~ 1.2 g of either LFO/MCO. 

Initially, La(NO3)3.xH2O (Mw: 396.92 g/mol) and Fe(NO3)3.9H2O (Mw: 403.99 g/mol) were added 

in a 1:1 molar ratio to 240 mL of DI water and left to stir for approximately 15 minutes. 

Subsequently, citric acid anhydrous (Mw: 192.124 g/mol) was added in a 3:1 ratio to the total 

number of metal cations present in solution and stirred for another 15 minutes. After the 

solution was homogenized, 40 mL of 40% (w/v) of acrylamide/bisacrylamide gel precursor 

solution (BioRAD) were added with an additional 15 minutes of stirring. The molar ratio of the 

monomer and crosslinker to the total number of metal cations is 20:1 and the molar ratio of 

the monomer to the crosslinker is maintained at 19:1. After sufficient stirring, the pH of the 

solution is raised to 3.0 by dropwise addition of concentrated NH4OH (assay ~ 27%). The 

solution was vigorously stirred for an additional 30 minutes to ensure that the pH of the 

solution was stable.  To facilitate the radical polymerization, the solution was heated to 800C 

on the hotplate followed by addition of 25 wt% solution of AIBN (2,2 azoisobutyronitrile) in 

acetone. Post addition of 1-2 mL of the AIBN solution, polymerization was initiated and the 

solution was transformed to a homogeneous transparent gel.  Finally, to ensure minimal 

variations in the gel pore size (which in turns help control the size distribution of the 

synthesized product), the gel was dehydrated in a regular convectional furnace at 1200C for 

16 hours. The dried gel is then heated first to 2000C for 30 minutes and further heated to 

6000C for 2 hours with a 100C/minute ramp rate to obtain a light orange powder.  

Due to the high temperatures required to calcine these nanocrystals, the as-synthesized 

product consisted of agglomerated units of LFO/MCO. Hence, in order to obtain a colloidal 
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solution of these nanocrystals in a polar solvent (ideally water), they were first peptized with 

2M HNO3 just as in the case of ZFO, followed by washing and resuspension in water.  

Although this method worked for LFO, the amount of MCO nanocrystals that could be 

resuspended in water was considerably lower and not high enough to prepare viscous inks. 

Hence a slightly different post-synthesis approach was adopted for the MCO nanocrystals.  

The MCO powder was first ground using an Agate mortar and pestle into a fine powder. X µL 

of glacial acetic acid (AcOH) was added to the powder while grinding the nanocrystals for X 

minutes between each addition.  A total of 2 mL of AcOH was added to 0.5 g of MCO. The 

pasty mixture was then diluted using 30 mL of DI water and the contents were then 

transferred into a 50mL PET bottle containing 10 g of 5mm zirconia (ZrO2) ball milling beads. 

The solutions was then ball milled for 10 hours and the nanocrystals were then crashed out 

using acetone and resuspended in water to the appropriate concentrations.  
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2.2.2 PRELIMINARY PHASE AND OPTICAL CHARACTERIZATION OF LFO NANOCRYSTALS   
 

 
Figure 2.2: a. Powder XRD of as-synthesized LFO NCs ; Rigaku smartlab BB 1D scan(blue trace) and 
powder scan done at the Advanced Photon Source synchrotron at Argonne National 
Laboratory(red), b. Ball-stick model of LFO unit cell showing co-ordination and atom positions,c. 
solution spectrum of LFO NCs in water,d. Top-down and cross section SEM images of LFO films on 
FTO, e. Transmittance, Absorptance and Reflectance spectrum of films on glass f. Absorption 
coefficient, g. Direct and indirect gap fits obtained for films prepared on sodalime glass using an 
integrating sphere,h. Optical images of film on FTO as well as NCs dispersed in water. 
 

The XRD powder patterns collected both at UC Irvine as well as the synchrotron source at 

Argonne National lab (Fig2.1.a.) confirm that the synthesized nanocrystals are phase pure 

with an orthorhombic crystal structure, belonging to the Pbnm space group with lattice 

constants a= 5.552 A, b= 5.563 A and c = 7.843 A.  Tranmission electron microscopy (TEM) 

confirmed that the synthesized nanocrystals had sharp jagged edges with an average size of 

22nm.  This value is in close agreement to that obtained using the Scherrer equation on the 

XRD patterns in Fig 2.2.a. above.  

Optical spectrum obtained using the colloidal nanocrystal solution in water (Fig2.2.c.), 

indicate an onset of absorption around 540nm, corresponding to an optical gap of 2.3 eV119. 
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To obtain detail information on the nature of these optical transitions, thin films were 

prepared on sodalime glass. Viscous inks use to Doctor blade LFO thin films were made by 

concentrating the above colloidal solution to obtain a 30wt% NC loading in water. To that 

polyethylene oxide (Mw: 300k) was added in 10wt% ratio to NC weight (3wt% to the total 

weight of the solution). The ink was stirred overnight to allow the polymer to dissolve 

completely. Films be subsequently fabricated by similar doctor blading process as used to 

make ZFO films and were annealed to 5000C for 30 minutes to remove all the organics. Fig 

2.2.d. shows electron micrographs and optical images of LFO thin films on FTO. Post sintering 

the average particle size increases to ~ 28-30 nm while the small degree of agglomeration still 

present results in a light haze to the orange colored thin films (Fig2.2.h.). A single coating of 

the inks results in a films thickness of approximately 2 µm, which will be the film thickness 

used for all further optical and spectroelectrochemical analysis. 

Similar to ZFO and all iron-based oxides, the primary transition in LFO too is indirect in nature 

at 1.83 eV with a direct transition at 2.68 eV (Fig2.2.g.). These result in a low absorption cross 

section for this oxide (Fig2.2.f.) and hence could be a suitable candidate for oxide scaffolds for 

use in DSSCs. 

2.2.3 STRONTIUM DOPED LFO NANOCRYSTALS (SR:LFO) 
 
  As mentioned in Chapter 1, controllably doping nanocrystals to alter their flatband potential 

is a requirement of the synthesis protocol. Hydrothermal methods used for the synthesis of 

ZFO have already shown this possibility for other compounds120-122. However, uniformity in 

doping with significant changes in the spectroscopic and optical properties of nanocrystals 
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made via non-solution based processes has not been successfully demonstrated. Hence, 

doping of LFO NCs was carried out to test this possibility using the polyacrylamide synthesis. 

Sr2+ substitution doping of LFO on the Fe site might result is the formation of a hole via a 

polaron generation. 

It should be noted that the ionic radii of Sr2+ is 132 pm, which is substantially larger than that 

of Fe3+ in the high spin state (78.5 pm). Also depending on the growth conditions, the 

formation of oxygen vacancies might be more favored than the formation of polarons for 

charge balance.  However, lanthanum strontium ferrite alloys have been frequently used as 

fuel cell cathodes123-125 and hence a small addition of Sr2+ to the LFO lattice should be possible. 

The synthesis for Sr:LFO NCs proceeds in a similar fashion to that of the LFO protocol 

described above with the addition of Sr(NO3)2.4H2O (Mw : 283.69g/mol) as the dopant in 1,2,10 

and 20 mol% fractions of the iron precursor. 

                    

                Figure 2.3: XRD powder pattern of Sr:LFO with Si powder used an internal reference. 

To get a rough understanding of strontium incorporation into the lattice of LFO, XPD powder 

patterns were collected for all doped samples with Si as an internal standard (Fig2.3). The 
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purpose of using Si an internal reference is to ensure that if any peak shifts are observed, they 

are purely due to lattice strain effects and not peak broadening or instrumental broadening 

effects. There is a shift towards high 2 Theta with increasing Sr addition which would indicate 

a reduction in d-spacing and hence lattice contraction. This is in contradiction to the 

expected expansion owing to the larger ionic radii of Sr. This would suggest that Sr addition is 

probably not in the Fe site alone but also probably interstitials which could lead to a large 

number of counter electronic defects. Hence, further detailed studies on the location of Sr are 

required before an understanding of the implications of the change in flatband potential (if 

any) are understood. 

2.2.4 PRELIMINARY PHASE AND OPTICAL CHARACTERIZATION OF MCO NANOCRYSTALS  
 

                
 
Figure 2.4: a. Powder XRD of as-synthesized MCO NCs ; Rigaku smartlab BB, b. Ball-stick model of 
MCO unit cell showing co-ordination and atom positions, c.Top-down and cross section SEM 
images of MCO films on FTO, d. Transmittance, Absorptance and Reflectance of films on glass, e. 
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Absorption coefficient, f. Direct and indirect gap fits obtained for films prepared on sodalime glass 
using an integrating sphere 
  
The powder XRD pattern of as-synthesized MCO NCs shown in Fig 2.4.a. above confirms the 

reaction product is phase pure with a cubic phase belonging to the Fd-3m space group with 

lattice constant 8.3341 A. The average particle size for the MCO is around 20 nm with a 

slightly higher degree of agglomeration than the LFO nanocrystals even after treatment with 

acetic acid (Fig2.4.e.). Films that are doctor bladed on an average yielded films thicker than 8 

µm (Fig2.4.e.). However, post annealing the films turned substantially darker and was nearly 

opaque at such large thicknesses. This is due to the fact that MCO has a very low indirect 

transition at around 0.65 eV (Fig2.4.g.), which could possibly be due to the oxidation of Cr3+ to 

Cr4+ during the annealing step. Detailed analysis of how to control the transparency of 

chrome –based spinels will be demonstrated using ZnCr2O4 thin films in the subsequent 

section. Hence, for all further analysis the ink recipe was diluted to obtain roughly 2 µm thick 

films. The low absorption coefficient at higher wavelengths (Fig2.4.f.), suggest that the 

density of these defect states is low enough that they might not have an adverse effect 

electronically. No reports on the electronic properties of this chrome-spinel are present in 

literature at the time of writing this thesis. From discussion in section 1.4.2., it seems that the 

possibility of hole transport is higher in Zn and Mn based chrome spinels due to the proximity 

of the acceptor defects to the valence bands compared to the counter donor defects. 

Therefore, all spectrochemical and photochemistry analysis will be carried on these two 

spinels. 

2.3 Zinc and Manganese Chromate (ZnCr2O4, MnCr2O4) 
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Zinc and manganese chromates were synthesized via a solvothermal approach. Briefly, a 

solvothermal synthesis is only a slight modification of the hydrothermal version with the 

exception that the major solvent for the reaction is not water. This combination of high and 

low boiling solvents can be used to control the morphology and size of the synthesized 

nanocrystals. Solvothermal approaches have been widely used to obtain nanocrystals of III-V 

semiconductors126, IV-VI quantum dots127-130 as well as binary oxides131-133. However, there is no 

report to date on use of this approach to make ternary and higher order oxides. This is the 

first use of solvothermal approach to make sub 10 nm crystals of spinel oxides. The procedure 

used to make both the Zn and Mn-based spinels is exactly the same with the exception of the 

precursor. Hence only the synthesis for the zinc chromate crystals will be outlined below.  

2.3.1 ZINC CHROMATE NANOCRYSTAL SYNTHESIS 
 
The metal nitrate precursors of Zn(NO3)3.6H2O (Mw: 297.49 g/mol)  and Cr(NO3)3.9H2O (Mw: 

400.21 g/mol) are added in a 1:2 molar ratio to a 19:1 (v:v) solution of ethylene glycol and 

water respectively. The nitrates are allowed to dissolve and homogenize and subsequently 

the pH of the solution was raised to 11.5 by the addition of NaOH. The solution is left to stir for 

another 45 minutes after which it is placed in a Teflon-liner inside a stainless steel autocalve 

and heated to 2200C for 24 hours (at a pressure of ~ 300psi). Once the reaction is cooled, the 

NCs are first washed with a 2:1(v:v)  of acetone and water respectively twice at 4400 rpm for 

10 minutes each to remove an residual Na+ ions and subsequently with 190 proof ethanol 

four times to remove excess ethylene glycol from the surface of the NCs. The as-synthesized 

nanocrystals needed no further surface treatment to get them into polar solvents due to the 

presence of trace amounts of PEG on the surface.  The high solubility of ZCO nanocrystals in 



44	  
	  

both water and ethanol made it possible to make highly viscous inks for further 

characterization.  

2.3.2 PRELIMINARY PHASE AND OPTICAL CHARACTERIZATION OF ZCO NANOCRYSTALS 
 

 
Figure 2.5 a. Powder XRD of as-synthesized ZCO NCs collected at the Advanced Light Source 
synchrotron at Argonne National Laboratory, b. Ball-stick model of ZCO unit cell showing co-
ordination and atom positions, c. solution spectrum of ZCO NCs in water,d. Top-down and cross 
section SEM images of ZCO films on FTO, e. Transmittance, Absorptance and Reflectance of films 
on quartz, f. Absorption coefficient, g. Direct and indirect gap fits obtained for films prepared on 
quartz using an integrating sphere,h. Optical images of film on FTO as well as NCs dispersed in 
water. 
 

Figure 2.5 above shows the powder diffraction patterns for as synthesized crystals. The 

diffraction pattern matches the cubic ZCO reference lines but all the peaks are slightly shifted 

to the left (increase in shift with increasing two theta) indicating the possibility of a strained 

lattice. The results obtained from the synchrotron source (beamline 11-BM at the Advanced 

Photon Source in Argonne National Laboratory) confirm the phase purity of the synthesized 

product with an average nanocrystal size of ~ 3-4 nm (obtained using the Scherrer equation 

post instrumental broadening correction).  It has been found in the case of TiO2 nanocrystals 
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that particles smaller than 8 nm resulted in poor device performances134,135 due to a significant 

increase in grain boundaries and hence recombination centers. Hence, attempts were made 

to increase the particle size of as-made nanocrystals to roughly 10nm. However, an increase in 

concentration, temperature and reaction time had no significant effect on the particle size or 

distribution. Therefore, post annealing treatments to make films involved annealing at 5000C 

to ensure substantial grain growth and sintering to overcome any possible limitations in 

electronic transport that could be seen in these films. Briefly, the ink preparation is very 

similar to that used for TiO2 films that are based on alpha-terpineol136. 0.5 g of ZCO were 

dispersed in 20 ml of ethanol via extended period of sonication, followed by addition of 5wt% 

ethyl cellulose (viscosity : 40cp) (30wt% of the nanocrystal loading) and alpha terpineol such 

that the total nanocrystal loading was ~ 12wt% in the ink.  Finally, all the excess ethanol was 

removed by rotovaping at 600C in a water bath. The inks thus prepared were used to doctor 

blade films using the procedure outlined in the previous section. The films post doctor 

blading were prebaked on the hotplate at 1250C for 6 minutes and subsequently annealed at 

5000C for 30 minutes. A typical single coat of the ink resulted in films that were ~ 2 µm thick 

(Fig2.5.e.). The extended annealing treatment resulted in an increase in the average particle 

size to roughly 8-10 nm (Fig 2.5.e.). 

               The UV-Vis spectrum of the nanocrystals in water shows two specific transitions in the 

visible region centered at 400 nm and 590 nm. These can be assigned to those obtained from 

a Cr3+ (d3) ion in an octahedral coordination environment, which is the expected case for a Cr 

atom in the ZCO lattice. These transitions are a result of the crystal field splitting of the 4F 

ground state of Cr3+.  These Cr-based d-d transitions in the visible explain the green color of 
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the as-synthesized nanocrystals (Fig2.5.h.). However, post annealing the films appeared to 

turn brown (Fig2.5.h.). Such a transition in color is observed in NiO films prepared from 

stoichiometric NiO137. The change in NiO is ascribed to either the oxidation of Ni2+ to Ni3+ 

during the annealing138-140 or presence of residual Ni metal atoms present in the lattice141. In 

the case of ZCO, the absence of any of the Cr3+ based transitions post annealing in the film 

absorbance spectrum (Fig 2.5.f.), with a complete lack of absorption at high energies (> 2eV), 

suggest that the change in color is most likely due to oxidation of Cr3+ to Cr4+. To explore the 

possibility of controlling these coloration centers and hence the optical transparency of these 

films for DSC applications, the films were subjected to a second annealing step in 5% 

hydrogen at 5500C for 1 hour.          
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Figure 2.6:  a. GIXRD patterns for films annealed in just O2(red trace) and post H2 anneal(blue 
trace), b. Transmission spectrum of O2 and O2+H2 annealed films, plan-view SEM and optical 
images of c. O2 only annealed films , d. O2 + H2 annealed films on glass 
The results from the H2 anneal treatment are summarized in Fig 2.6. The GIXRD patterns post 

H2 anneal show no presence of any side phases or metallic zinc /chromium.  The top-down 

SEM micrographs for both O2 only (Fig2.6.c.) and O2+H2 anneal (Fig2.6.d.) show no significant 

change in particle size and porosity of the films suggesting that H2 annealing does not induce 

any significant growth of any side phases. However, the transparency of the films post H2 

treatment is significantly increased by almost 12% over the entire visible spectrum. This is 

evident from the optical images for the films (Fig2.6.c,d.) showing a reduction in the brown 

coloration post treatment which could be extremely helpful for especially p-type DSC 

application where parasitic light absorption by NiO is believed to be one of the major 

bottlenecks. The reason for this reduction in color post H2 treatment is believed to be the 

reduction of the Cr4+ to Cr3+. However, it is essential to understand the electronic properties of 

the as-made ZCO to further understand the electronic impact of the H2 treatment. Hence, all 

the spectrochemical and photochemistry studies will be focused on O2 only annealed films.   
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Chapter 3 
 

Spectroelectrochemistry and photochemistry of ternary 
spinel and perovskite oxides 

 

3.1 Spectroelectrochemical determination of flatband 
potential – theory and setup 
 
Most electrochemical techniques study reactions occurring at the semiconductor liquid 

junction (SCLJ) through relationships between voltage and current. This helps probe the 

nature of the reduced/oxidized species both in solution as well as solid surface. However 

simple electrochemical techniques such as cyclic voltammetry, chronoamperometry are 

restricted in their ability to elucidate the electronic properties of the semiconductor-liquid 

interface. From the standpoint of both a DSSC as well as standalone water splitting 

photoelectrode, accurate and unambiguous determination of the flatband potential is key 
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towards understanding device performance. The flat-band potential corresponds to the Fermi 

level position inside the semiconductor when there is no band bending at the SCLJ. This 

potential/energy level helps determine the maximum open circuit voltage obtainable in 

liquid junction with a known redox couple. Most often, flatband conditions are not observed 

in semiconductors unless under intense illumination (~ 3 Suns) which is required to 

completely fill all available states around the CB or VB for n and p-type semiconductors 

respectively. This is especially true if the semiconductor of interest has a high carrier 

recombination rate, which prevents the creation of a compensating electric field142,143. Hence 

a typical and most often used technique to determine the flatband potential relies on the 

measurement of the open circuit photovoltage (OCP) as a function of the illumination 

intensity.  The value of the OCP under illumination, at intensities where it saturates, 

corresponds to the flatband potential of the semiconductor. However, this technique is 

limited to ideal/near-ideal SCLJ, which is most often not the case for porous nanostructured 

oxide electrodes. Another method most often cited involves the measurement of the space 

charge capacitance as a function of applied bias. Since the space charge capacitance is in 

series with the Helmholtz capacitance (which is 3-4 orders of magnitude larger than the space 

charge capacitance), the net capacitance measured is dominated by the space charge layer. 

Thus a plot of inverse square of the space charge capacitance as a function of the applied bias 

gives us the famous Mott-Schottky equation: 

𝟏
𝑪𝟐 =

𝟐
∈∈𝟎 𝒆𝑨𝟐𝑵𝒅

[𝑽− 𝑽𝒇𝒃 +
𝒌𝒃𝑻
𝒆 ] 

where ∈!- permittivity of vacuum , A- active area of sc , Nd-Donor density    

              ∈- relative permittivity of sc, Vfb-flat-band potential, C- space charge capacitance  
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Thus the intercept on the x-axis of the above plot gives us the value of Vfb (after subtracting of 

the thermal voltage ~ 25 meV at room temperature).  The slope of the plot gives us the carrier 

type (negative slope is p-type and positive slope is n-type) and the magnitude of the slope is 

inversely related to the carrier concentration (assuming all dopant/defect positions are 

ionized). However, a lot of assumptions go towards using the Mott-Schottky analysis, which 

include (1) atomically smooth and well defined semiconductor surfaces, (2) Schottky barrier at 

the SCLJ with perfect blocking properties, (3) lack of surface states, (4) absence of interfacial 

layers and (5) frequency independent static dielectric constant. Hence, it is necessary that the 

entire system be described as simple linear combination of a resistor and capacitor. For 

nanostructured materials, it is extremely difficult to express processes inside and at the SCLJ 

using simple capacitive and resistive elements144. 

A more powerful technique involves monitoring absorbance changes in the semiconductor 

as a function of applied bias on an optically transparent electrode. This technique, referred to 

as spectroelectrochemistry145,146, involves application of an external bias to a non-scattering 

semiconductor thin film, and observing changes either as at specific wavelength of interest or 

across the entire spectrum.  A schematic of the experimental setup used in this work is shown 

below. 
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                                         Figure 3.1: Schematic of spectroelectrochemical setup 

For an n-type semiconductor, the flat-band potential lies close to the conduction band edge 

and close to the valence band edge for a p-type semiconductor. Hence in n-type 

semiconductors, for external biases slightly positive of the flat-band potential, the 

semiconductor is in a depleted state, which translates to no change in the absorption spectra. 

At potentials slightly negative of the flat-band potential, there is an increase in the electron 

population in the conduction band of the semiconductor. This leads to a decrease in 

absorption at wavelengths corresponding to the optical band gap of the material due to a 

blue shift in the gap as a result of the enhanced occupation of states at the conduction band 

edge. This phenomenon is called the Burstein-Moss shift and translates to a reduced 

absorbance past the band edge in the optical spectra. At the same time, the presence of 

additional free carriers in the CB results in enhanced absorption at energies smaller than the 

band gap due to intra-band transitions that can be ascribed to free carrier absorption. For p-

type semiconductors, this change in optical spectra is seen at potentials more positive of the 

flat-band potential, which lies closer to the valence band edge. Electrochemically, these 
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changes in absorbance correspond to either specific oxidation/reduction reactions taking 

place on the surface of the electrode or intercalation of specific ions from the electrolyte (such 

as Li+ for LiClO4-based aqueous electrolytes). To monitor absorbance changes at specific 

wavelengths, a potentiodynamic experiment can be performed which will involves exposing 

the semiconductor to a given wavelength of choice while performing a linear scan over the 

range of potentials of interest. For aqueous solutions, it is known that the change in potential 

as a function of pH obeys the Nernst equation, which states that at room temperature, the 

change in potential for a specific reaction should be 59 mV per pH unit with the potential 

increasing with decreasing pH. If the potentiodynamic spectrochemical measurements are 

accurately performed over a range of pHs’, the change in the flat-band potential should 

follow the Nernstian behavior. This method was first adopted by Gratzel145,146 to study the flat-

band potential and carrier relaxation in porous TiO2 electrodes composed of roughly 12 nm 

anatase nanocrystals.  

The basic procedure for conducting such experiments involves the use of 0.2M LiClO4 

electrolyte whose pH is adjusted using HClO4 and NaOH. If Li+ intercalation needs to be 

avoided altogether, buffered 0.2M KCl electrolytes are used. All solutions were thoroughly 

degassed with Argon for 20-30 minutes prior to measurement to avoid the presence of 

oxygen. In addition during the measurements, a constant flow of argon is maintained over 

the electrochemical cell. The cell used for all the measurements is a single compartment, 

three-electrode system. It is equipped with two quartz windows to allow for the transmission 

of the light from the UV-Vis-NIR spectrophotometer and has 10 mm path length. The working 

electrode is comprised of a nanocrystalline semiconductor porous thin film (to be analyzed) 

on FTO and a platinum wire counter electrode. For aqueous and non-aqueous solutions, a 
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Ag/AgCl(in 3M NaCl) and Ag/Ag+(in 10 mM AgNO3 in acetonitrile) are used as reference 

electrodes respectively. A PARSTAT EG&G 273A potentiostat was used for all 

spectroelectrochemical measurements.  

In order to ensure the robustness of the setup, a control experiment was run on TiO2 NCs to 

reproduce the results[43], [44]. Once the results were reproduced, the measurement was taken 

on the nanocrystalline thin films prepared in the previous section. 

 

 

 

 

 

 

 

3.2  Spectroelectrochemistry of ZFO/FTO thin films 
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Figure 3.2: Potentiostatic spectroelectrochemical data for ZFO/FTO in 0.2M KCl buffered at 
pH=6.68 a. raw spectrum, b. difference spectrum corresponding to those in the former, 
potentiodynamic spectroelectrochemical data collected at c. energies higher than the band (450 
nm), d. energies lower than the band gap (955 nm) 
 
Spectroelectrochemical data were collected at room temperature inside a custom quartz 

cuvette with the headspace constantly purged with argon. A platinum wire was used as the 

counter electrode and Ag/AgCl in 3M NaCl (0.209 V vs NHE) was used a reference electrode. 

Measurements were collected in two different modes viz. potentiostatic and 
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potentiodynamic modes. In potentiostatic measurements, the electrodes were held at a fixed 

DC bias for 200 seconds prior to measurement of an absorbance spectrum. The absorbance 

measurement does not take into account any losses due to reflection and is collected in a 

standard transmission mode. The 200 seconds of biasing is used to ensure the electrode has 

attained steady state before the spectrum is collected. Potentiodyamic measurements 

involved tracking absorbance changes during a continuous voltage sweep at a fixed 

wavelength. The wavelength of interest is typically chosen based on absorption maxima and 

minima seen during the potentiostatic measurements. Fig 3.2 above is a compilation of the 

spectroelectrochemical data obtained for ~ 2 µm thick ZFO films on FTO in pH=6.68 buffered 

electrode. With a steady decrease in the applied bias, from 0.4 V to -0.2 V, there is an increase 

in the absorbance at wavelengths higher than the band gap and a decrease at energies 

higher than the band gap. This is clearly seen in the difference spectrum in Fig3.2.b., where 

the most positive bias was taken as the baseline, in this case 0.4 V vs Ag/AgCl. A broad 

increase in absorbance at energies lower than the gap can be ascribed to intraband 

transitions due to free charge carriers or trapped charges from states within the gap. Since the 

absorbance signal for these transitions increases with a decrease in bias, the carriers observed 

are electrons. Applying a DC bias to the electrode gives you a potentiostatic control of the 

Fermi level inside the semiconductor in dark. With an increase in the negative bias, the Fermi 

level is moved closer to the conduction band. This results in an accumulation of electrons in 

the CB resulting in a subsequent blue shift in the optical gap, which is characterized by a 

decrease in absorbance at energies higher than the band gap. The biases at which these 

absorbance changes are seen correspond to the flatband potential. From the difference 
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spectra in Fig3.2.b., this value corresponds to ~ 0.310 V vs NHE at pH=6.68. Since the majority 

carriers probed are electrons, ZFO is predominantly an n-type semiconductor. 

3.3  Spectroelectrochemistry of LFO/FTO thin films 
 

                    

Figure 3.3: Potentiostatic spectroelectrochemical data for LFO/FTO in 0.2M LiClO4 buffered at 
pH=10.58 a. raw spectrum, b. difference spectrum corresponding to those in the former, 
potentiodynamic spectroelectrochemical data collected at c. energies lower than the band gap 
(700 nm), d. energies higher than the band gap (400 nm) 
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Just as in the case of ZFO, a broad increase in sub-gap absorbance is seen with increasing 

negative bias. A broad maximum at ~ 1000 nm is seen in the sub-gap difference plot for 

substantially negative biases (green trace, Fig3.3,b.). This feature in TiO2 nanocrystals has 

been ascribed to free carrier intraband transitions145, which is probably the case in the LFO 

thin films measured here too. The cross-over point for the difference plot is ~ 2.4 eV which 

closely matches the direct gap estimated for LFO using integrating sphere measurements (Fig 

2.2.g.). The minimum bias required to see a sub-gap absorption and subsequent Burstein-

Moss shift (red trace, Fig3.3.b.) is 0.53 V vs RHE, which roughly corresponds to the flatband 

potential for LFO in aqueous solutions.  Potentiodynamic measurements (Fig3.3.c,d.) show 

that the onset for the change in absorbance shifts cathodically with an increase in pH by 

61.4mV/pH confirming that the shift is Nernstian in nature as expected for metal oxides in 

aqueous environments. Since the transition from depletion to flatband conditions takes place 

with an increase in the negative bias, the majority carrier type for as-synthesized LFO are 

electrons. This is not surprising because previous reports on this material have suggested that 

the nature of the majority carrier heavily depends on the mode and conditions used to 

synthesize. Therefore, it is highly unlikely that LaFeO3 will be a suitable candidate for p-type 

DSCs. 

3.4 XPS and UPS  measurements of ZCO/Si thin films – the 
sodium effect 
 
Chrome-based spinels have been identified as great potential candidates for p-type 

conduction54. However, to date there is no spectroscopic or photochemical measurements of 

Zn/Mn-based chrome spinels (the two most promising candidates). Initially, XPS and UPS 
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measurements were carried on ZCO films prepared on SSP-Si substrates as mentioned in 

Section 2.3.2.  

 

Figure 3.4: XPS survey spectrum of ZCO/Si thin films for different treatments. 

A survey spectrum (Figure 3.4) was initially collected to identify all the elements present on 

the surface of the ZCO nanocrystals. For this study, Si substrates were chosen instead of FTO 

to avoid any possible diffusion of alkali elements from the FTO substrate during the annealing 

process into the ZCO film. As can be seen, the as received samples contained a substantial 

amount of sodium (Fig3.4.e.) on the surface. To make accurate work function measurements, 

it is essential to remove any surface contamination layer. Hence, a DI wash in slightly hot 

water (500C), followed by annealing at higher temperatures briefly under UHV conditions was 

carried out to remove the sodium. However, post DI wash, a reduction in the Na 1s peak was 
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observed but not complete removal, suggesting the presence of sodium not just on the top 

surface but also in the lattice of the nanocrystals. This is not surprising since the synthetic 

procedure used to make ZCO consists of adjusting the pH of the reaction using NaOH pellets.  

Sample type Zn Cr O Na C 

As -received 8.67 23.09 49.06 2.06 17.12 

Post DI wash 8.1 24.61 50.66 1.71 14.92 

200C anneal 10.1 26.38 48.63 2.36 12.53 

300C anneal 11.64 28.72 49.1 2.26 8.28 

                          Table 2: Atomic concentrations estimated using survey scans in Figure 3.4 

Annealing treatments under UHV conditions only resulted in loss of oxygen, which was 

expected but did not result in any loss of the sodium. Table 2 above is a compilation of the 

atomic concentration of all the elements including carbon. The surface of ZCO is chromium 

dominated (Cr:Zn :: 2.67) while sodium is present in significant amounts, mostly within the 

lattice. 

        
    Figure 3.5: Valence band spectrum a. X-Ray excited, b. UPS He(I) excitation for ZCO/Si thin films 
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Despite the fact that surface electronic states could be significantly altered by the presence of 

sodium, X-Ray and He(I) excited valence band spectra were collected. A significant variation 

was found in the difference Ef-EVBM values obtained via X-Ray and UPS VB measurements (0.45 

eV). In addition, UPS being sensitive to the top 6A, showed the thin films had a work function 

of 3.56 eV which is lower than that of TiO2
147. Assuming a band gap of ~ 3.8 eV estimated from 

the integrating sphere measurements for films on quartz (Fig 2.5.g.), would suggest that the 

films are weakly p-type. However, such low functions for oxide-based p-type conductors are 

unusual since the VB has contributions from both the metal and oxygen orbitals, in this case 

Cr 2p and O 2p. Hence, to rule out the effect of sodium, a new synthesis protocol was 

developed which substituted NaOH with conc. NH4OH as the base with the use of higher 

purity precursors for both zinc nitrate (99.999%) and chromium nitrate (>99.99%).   

    
 Figure 3.6: a. GIXRD and , b.Top-down SEM of ZCO/FTO thin film prepared using high purity 
chemicals and ammonia as the base. 
 
Rest of the film preparation procedure was similar to that used in the sodium-based synthesis. 

A quick check on the phase purity, optical properties and general film morphology post 
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change in the synthesis protocol was done to see if sodium had any other effect. It was found 

that the grain growth was reduced in the absence of sodium, necessitating a longer 

annealing treatment to obtain similar grain sizes (Fig3.6a,b.). However, no noticeable changes 

in the optical properties were found.  

      

Figure 3.7: Valence band spectrum a. X-Ray excited, b. UPS He(I) excitation for alkali-free ZCO/Si 
thin films 
 
X-ray excited valence band spectrum of alkali-free films showed a Fermi-edge situated ~ 

1.1eV above the valence band edge. Based on the optical measurements (Fig 2.5.g.), the films 

are weakly p-type with a work function of ~ 5.2 eV. These values are in stark contrast to those 

measured with the Na-ZCO nanocrystals suggesting possibility of increased p-type behavior 

with a reduction in Na content.  
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3.5 Cyclic voltammetry of ZCO/FTO thin films in acetonitrile 
 

 

Figure 3.8: Cyclic voltammograms with different redox couples in 0.2M TBAPF6 in acetonitrile a. 
ZCO/FTO thin films, b. platinum button. 
 
Cyclic voltammetry was conducted to estimate the electrochemical gap148-150. Non-aqueous 

solvents such as acetonitrile were chosen owing to their large solvent window (> 2.5 V). 

Cyclopentadiene-based redox couples with widely ranging redox potentials were used to 

establish different barrier heights in solution. Understanding charge transfer between the 

semiconductor interface as a function of barrier heights has been extensively used to 

understand energetics of Si and CdS/CdSe in liquid junction previously151-153. All 

measurements were conducted under vigorous stirring to avoid any concentration gradients. 

Initially a platinum button was used to estimate the E1/2 for each of the redox couples used viz. 

acetyl ferrocene, ferrocene and cobaltocene. The E1/2 for the above couples was estimated to 

be 0.82 V, 0.64 V and  -0.705 V vs RHE respectively. As expected, the redox reactions on 

platinum were highly reversible indicated by a 59 mV separation between the anodic and 
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cathodic peaks and near symmetric dark currents for both half reactions.  When a redox 

couple (A/A-) is in contact with a semiconductor in dark, electron transfer from the CB into the 

acceptor and hole transfer from the VB into the donor part of the redox shuttle can take place 

depending on the applied bias and the E1/2 of the couple and degree of overlap between the 

semiconductor bands and energy levels of the couple154,155. When ZCO is used as the working 

electrode, in the presence of acetylferrocene, both reduction and oxidation peaks are 

observed followed by a double layer charging at higher positive biases. This suggests the 

presence of valence band holes around 0.6-0.7 V vs NHE that contribute towards the 

oxidation of the donor. In addition a possible deep donor states could be present which could 

explain the reduction wave. These donor states could be Cr4+ -based and be responsible for 

the dark brown coloration seen in the films post annealing. If however, a substantially 

negative redox couple such as cobaltocene is chosen, a strong reduction wave is seen most 

likely due to conduction band electrons with a small oxidation peak from deep acceptors. The 

problem with accurately determining the position of various defect states is because the 

solvation shell for the redox couple can extend as far as 0.5 V. Capactive based currents at 

biases > 0.6 V vs NHE are seen irrespective of the redox couple chosen suggesting that the VB 

is present around 0.6 – 0.7 V vs NHE on the lower bound. Since similar double layer charging 

currents were not seen at substantially negative biases  (~ -1.5 V vs NHE), it can be deduced 

that the electrochemical gap is atleast 2.5 eV. To get a more accurate estimation of the 

flatband potential and nature of the majority carrier, spectroelectrochemical measurements 

were conducted. 
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3.6 Spectroelectrochemistry of ZCO/FTO in water 
 

 

Figure 3.9: Potentiostatic spectroelectrochemical data for ZCO/FTO in 0.2M KCl buffered at 
pH=6.78 a. raw spectrum, b. difference spectrum corresponding to those in the former, c. 
potentiodynamic spectroelectrochemical data collected at 355 nm, d. flatband potentials 
measured across three pHs showing Nernstian behavior. 
 
Spectroelectrochemical measurements were conducted at three different pHs and the results 

for near neutral pH are shown in Fig 3.9a,b. For all biases negative of 0.1 V vs Ag/AgCl, no 
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change in absorbance was absorbed across the entire spectrum, which is confirmed in the 

difference spectra. With increasing positive bias, there is a steady rise in absorbance at 

wavelengths lower than the band gap with a peak at 355 nm. The general features of the 

absorbance plots are independent of the pH of the electrolyte. The peak in absorbance does 

not match the Cr3+ intraband transitions seen in the absorption spectrum of as-synthesized 

nanocrystals in solution (Fig2.5.c.).  Oxidation of Cr from 3 to 4+ state decreases the number of 

unpaired 3d electrons thus reducing the absorption for the d-d transitions. This can explain 

the complete lack of peaks in the absorption spectrum post annealing (Fig 2.5.f.) as well as in 

the difference spectrum in Fig 3.9.b. The transition at 355 nm either corresponds to one from 

deep in the valence band to a unionized acceptor state just above the VB or from the edge of 

the valence band to a deep acceptor or shallow ionized donor state. The exact nature of this 

transition cannot be fully interpreted with spectrochemical data alone. Since the changes in 

absorbance take place with increasing positive bias around 0.1-0.2 V vs NHE at pH=6.76, the 

flatband potential for ZCO lies around ~ 0.8 V vs RHE and has p-type character. A compilation 

of measurements taken across all pHs indicates that at pH= 0, ZCO has a flatband potential of 

~ 1.08 V vs RHE which is one of the highest reported of any p-type oxide to date49,156. For 

comparison, the flatband potential for TiO2 is also plotted (-0.156 V vs RHE)145, which suggests 

that a successful tandem device could potentially generate upto 1.2 V open circuit voltage.  

The current existing library of commercially available dyes for hole injection has HOMO 

positions that are significantly positive relative to the Vfb of ZCO, negating the possibility of 

hole injection. Hence, quantum dots sensitization was chosen to see if p-type photoactivity 

can be seen in ZCO-based DSCs. Figure 3.10.a. summarizes the band edge positions of the 
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most commonly studied quantum dots. It can be seen that none of quantum dots except CdX 

satisfy the require for hole injection. In fact, the valence band edge of CdSe and ZCO are very  

 

Figure 3.10: a. Band edge positions of potential quantum dots for sensitization, b. Energy map of 
CdS/CdSe-sensitized ZCO with a polysulfide redox couple 
 
close to each other indicating a very small probability of hole injection. The electrolyte used 

to test the QDSCs was 1M Na2S + 1S + 1M LiClO4 (pH=13). It is known that in the presence of 

potential determing ions such as Li+, there is a negative shift in the band edges for CdX based 

dots. Hence, the actual HOMO and LUMO positions for the dots might be more negative than 

those indicated in Fig 3.10.b.  

The most common technique to deposit CdX based quantum dots on mesoporous scaffolds is 

via successive ionic layer adsorption and reaction (SILAR)157-161. The method to deposit CdSe 

layer follows the procedure outlined by the Lee et.al.162. To sensitize ZCO with CdS, atomic 
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layer deposition was chosen due to its high degree of comformality than SILAR. ALD of CdS is 

done using the procedure outlined by Bakke et.al.163. 

Figure 3.11: a. Direct transmission UV-Vis absorption spectrum of pre and post 6 cycles SILAR 
growth of CdSe on ZCO/FTO, b. Optical images showing the growth of CdSe as a function of dip 
cycles. 
 
The results from CdSe sensitized ZCO films are shown in Fig 3.11 above. As expected with 

increasing dip cycles, the thickness of the CdSe layer increasing, decreases the confinement 

energy and hence resulting in a red shift in the optical gap. The red-most (6 cycles of SILAR) 

CdSe layers were chosen for solar cell testing since they absorbed the highest fraction of the 

visible spectrum. CdS ALD was carried out at 1500C since this temperature resulted in the 

largest average crystallite size. The above-sensitized films were assembled using the 

construction outlined in Fig 3.10.b. Cells were measured from the ZCO side under 1 Sun 

illumination.  10 devices for each CdX dots were measured and the average photoresponse 

has been plotted in Fig 3.12. Both versions of the device show photoactivity but significantly 

low photocurrents. The low photocurrents could be due to a variety of reasons but most likely 

due to parasitic sub-gap absorption in ZCO as well as low hole conductivity which can result 

in large recombination rates in 2µm thick films used in these measurements. This is the first 
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demonstration of hole injection in a p-type QDSC to date. Although the photocurrents from 

these initial set of devices is very low, the results are promising. The major recombination 

mechanism for p-type DSCs has been suggested to be between the injected hole and excited 

sensitizer164. Hence, extensive optimization of the redox couple composition could be one 

way 

Figure 3.12: QDSC JV curves for a. CdSe and b. CdS sensitized ZCO 
forward. In addition, ALD layers of high dielectric materials such as Al2O3 and ZrO2 have 

recently shown promise in reduce the back recombination reactions in p-type DSCs165, which 

can also be looked at for the ZCO devices. In the previous chapter, hydrogen annealing 

helped increase transparency via reducing the number of Cr4+ based states, it could also 

introduce oxygen vacancies that can act as shallow donors, changing the conductivity of the 

material to n-type.  Hence, a detailed study of the electronic properties of hydrogen annealed 

ZCO films is warranted. Finally, new sensitizers as well as optimization of the CdX layers will 

be required to see a significant p-type photoresponse from these devices. 
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Chapter 4 
Textured nanostructured Mo:BiVO4 photoanodes with near 

unity carrier separation and record catalytic efficiency 
towards oxygen evolution 

 

In this study, I have used a simple, single step solution-based approach towards fabricating 

textured, (001) dominated nanostructured BiVO4 that demonstrated a record catalytic 

efficiency towards OER (~ 60%) at 1.23 V vs RHE in the absence of a cocatalyst.  Addition of ~ 2 

mol% Mo to the textured electrodes enhanced the carrier separation to near unity at OER and 

as high as 80% even at a low bias of 0.6 V.  The study hopes to pave the way towards a 

rational development of high efficiency photoanodes for dual photoelectrode solar fuel 

systems using BiVO4 photoanodes. 

4.1 Preparation of inks for different flavors of BiVO4 
 4.1.1 INKS FOR MO-FREE AND UNTEXTURED FILMS (NOMO/U)  
 
All synthesis procedures were carried out in air. In a typical ink, 0.6mmol (0.291g) of 

Bi(NO3)3.5H2O was added to 2 g of ethylene glycol and sonicated for 5 minutes to achieve 

complete dissolution. 1 mL of glacial acetic acid was subsequently added to the above 

colorless solution. 0.5 mL of deionized water and 0.6mmol (0.159g) of VO(acac)2 were 

sequentially added to the solution and mixture was sonicated for an additional 30 minutes . 

Finally, 0.236 g of the triblock copolymer Pluronic F-108(average Mn ~ 14,600, 82.5wt% PEG) 

was added to serve as a structure directing agent for making highly porous films. Samples 

made without the polymer were nonporous, large-grain polycrystalline in nature with low 
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mechanical stability and hence were not studied. The solution post addition of the block 

copolymer was sonicated for an additional 20 minutes to obtain a dark green viscous ink 

suitable for spin coating. Films were deposited using a two stages; 1200 rpm, 10 seconds 

followed by 1500 rpm for 40 seconds. They were then prebaked on a hotplate to 125C for 6 

minutes followed by annealing in a box furnace at 4750C for 15 minutes with a 10C/min ramp 

rate. This procedure resulted in ~ 220 nm thick films in a single spin coat cycle. Films of 

varying thicknesses (upto 500 nm) were all prepared using single spin coat cycle by simply 

varying the ink concentration / spin coating parameters. All films in this study were made 

using a single spin coat cycle to avoid layering effects. 

4.1.2 INKS FOR MO-CONTAINING AND UNTEXTURED FILMS (MO/U) 
 
Incorporation of Mo into the films was achieved via addition of an appropriate amount of a 

50mM stock solution of MoO2(acac)2 in ethylene glycol. The total volume of ethylene glycol 

post addition of the Mo solution, in all the inks was still 2g. All the subsequent processing was 

similar to that of the noMo/U films. In this study 1%,2% and 3% Mo films were made via 

addition of 120µL, 240µL and 360µL of the above stock solution of Mo respectively. 

4.1.3 INKS FOR TEXTURED FILMS (NOMO/T , MO/T) 
 
Films with an out of plane texture along the [001] direction were prepared via simply 

doubling the molar concentration of just the vanadium precursor such that the inks had Bi:V 

molar ratio of 1:2.  The amount of F-108 block copolymer was also increased to 0.35 g such 

that the molar ratio of (Bi+V)/F-108 was similar to that of the U-inks.  Doped textured films 

were simply obtained by addition of the Mo-stock solution. Post annealing, the excess V 

present in the inks resulted in the formation of VxOy impurity phases which were removed by 
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etching the films in 0.5M KOH for 20 seconds and then rinsing with deionized water followed 

by drying under a stream of nitrogen. 

4.2 Structural and optical characterization of 
nanostructured BiVO4 photoanodes 
 

 

Figure 4.1: Top-down and cross section SEM images of BiVO4/FTO thin films a. without Mo and 
untextured (noMo/U), b. without Mo and textured (noMo/T), c. with 2% Mo and untextured 
(Mo/U), d. with 2%Mo and textured (Mo/T), e. Grazing incidence XRD patterns of films on FTO. All 
unindexed peaks are from the FTO substrate, f. Raman spectrum of a typical Mo/T film both 
prebaked at 1250C as well as post heat treatment at 4750C, g. Optical image of a 9in2 Mo/T film on 
FTO, h. absorption coefficient of different flavors of BVO obtained via integrating sphere 
measurements. 
 
Since the highest performance for the Mo/T films was obtained using 200nm films, all films for 

the comparative effects between textured and untextured (doped and undoped) films have 

been restricted to this thickness. The thickness dependence photoresponse of Mo/T films will 

be discussed in detail later.  
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In Figure 4.1 above, top-down and cross-sectional SEM images of noMo/U, Mo/U, noMo/T and 

Mo/T show that all the films are ~ 210 nm thick. Post annealing, sintering between the grains 

has resulted in the formation of a fused network with columnar-like structures. The smallest 

grain size was observed for the noMo/U films (~ 45nm) with all other versions showing an 

average size of ~ 70 nm. It is worth noting, that the untextured films are slightly more porous 

than the textured films resulting in a lower absorptivity below 450 nm. They also posses more 

smoother and well defined grain structure compared to the jagged grains in the textured 

films which are most likely from the KOH etching process. XRD of the films on FTO confirm 

that all films are phase pure with a monoclinic scheelite structure. The Raman spectrum was 

obtained using a 532 nm laser excitation and confirmed phase purity of the films, with 

vibrational modes only from the monoclinic scheelite phase observed. Using this single step 

spin coating technique, optically flat, robust films as large as 9in2  (Fig 4.1.g.) could be 

obtained in a single spin cycle, demonstrating the scalability of the technique.  

As mentioned in chapter 1, there has been a lot of debate recently regarding the nature of the 

optical gap in BiVO4. Hence we checked with great detail, if there were any variations 

between the different versions of BVO. 
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Figure 4.2: Tauc plots for all versions of BVO, a.indirect fits, b.direct fits 

From Figure 4.2 above it can be seen that all films posses a direct gap of ~ 2.65eV and an 

indirect gap in the range of 2.3-2.5 eV. This is in good agreement with the recent RIXS-based 

study from the Sharp group89.  

We were also interested in seeing if there were any signatures available in the both the XRD 

patterns as well Raman spectrum indicating the addition of Mo to the lattice. 

                           

Figure 4.3: a. GIXRD patterns, b.V-O symmetrc stretch via Raman spectroscopy to study the effect 
of Mo addition to the films 
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The GIXRD patterns in Fig 4.3.a. above no change as a function of Mo doping. On the contrary, 

a shift towards lower frequencies was observed for the V-O symmetric stretch with increasing 

Mo addition, with no change to other Raman modes. This indicates that Mo most likely is 

substituting for V in the lattice and is most likely segregated on the surface in trace amounts. 

Auger electron spectroscopy (AES) depth profiles, in later sections, will be later used to get a 

more quantitative view on the Mo distribution in these films. All textured films were simply 

obtained by increasing the ratio of V to Bi in the inks. This transformation was monitored via 

GIXRD measurements to ascertain the critical ratio required to attain texturing.  

                                              

Figure 4.4: GIXRD patterns for different V:Bi ratios. Mo addition had no effect on the texturing. 

At a ratio slightly larger than 1.7 (V:Bi), an increase in intensity for the (004) plane was 

observed. The intensity for this plane continues to increase and saturated at a ratio of 2 which 

is what has been used for all T films in this study. 

All the textured films showed a higher intensity of the (001) planes and a slightly lower 

intensity for the (110) and (101) planes with respect to the reference lines. To further explore 
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the nature and degree of the texture present in the thin films, in-plane pole figure 

measurements were carried out.  

By monitoring the intensity of the (001) relative to the surface normal, the magnitude and 

direction of texturing in the T-films could be ascertained. 

4.2.1 IN-PLANE POLE FIGURE MEASUREMENTS  
 

          

Figure 4.5: a. Comparison between GIXRD, Theta/2Theta thin film measurements and powderized 
BB measurements for Mo/T BVO, b. in-plane pole figure maps comparing intensities for (001) in 
Mo/U and Mo/T films on FTO. 
 
A pole figure is a hemispherical stereographic projection of a specific crystal plane normal of 

each of the representative number of crystallites in a sample. As seen in Fig 4.5.b. above, the 

Mo/T films have a substantially higher fraction of the {004} planes, with their normal 

perpendicular to the substrate. In comparison, there is a complete absence for {004} 

directionality in the Mo/U films confirming that all T-films on FTO substrates have an out-of 

plane texturing.  If texturing purely exists only from growth on the choice of substrate, it 

should (1) be absent for powderized versions of the films, with powders for all films showing 

the same XRD pattern since the total number of these planes isn’t higher and (2) should 

change with a change of substrate (surface roughness and type of substrate should have 
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effects on the texture).  To confirm our first hypothesis, we powderized the Mo/T films and ran 

a standard BB 1D scan for the powders and compared these patterns to the standard PDF 

lines for the scheelite phase. As shown in Fig 4.5.a. above, the powderized versions of the 

Mo/T films do not show the same enhancement as seen from the GIXRD scans for the films 

further confirming the texturing effect. We also ran a BB 1D scan on the films as a comparison 

to the GIXRD patterns, since the scattering vector for the BB scans is always perpendicular to 

the surface of the films which in theory should further enhance the signals from the {004} 

plane owing to the high degree of out-of plane texturing. This is indeed what is observed for 

the BB 1D scans of the Mo/T films. It is also important to note that the relative intensities of 

the FTO substrate have increased due a higher penetration of the X-rays in this geometry.  

                                                                   

Figure 4.6: In-plane pole figure measurements for Mo/T films on quartz substrates 

To confirm our second hypothesis, similar pole figure measurements were carried out on 

Mo/T films grown on quartz substrates. Fig 4.6 above, shows that the directionality of the 

texture, changes with substrate on which the films are grown. In this case, it seems that the 

surface roughness place a huge role, with the rms roughness for FTO substrates being ~ 

40nm and the quartz ones being ~ 2nm. Further investigation into the growth mechanism of 

these films will be conducted to further control the texture in these films.       
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4.2.2 RAMAN SPECTRA COMPARISON BETWEEN U AND T FILMS  
 

  

Figure 4.7: Raman spectra dependence on film texture : (left) spectra for noMo/T and noMo/U films 
referenced against a blank FTO substrate. The latter two spectra are multiplied by a factor of 26 
and offset. (right) spectra taken for powderized versions of the same films. 
 

Using identical acquisition parameters, we observed a 26-fold larger Raman signal from the 

textured films (Mo and noMo/T) with insignificant changes in peaks positions. This 

enhancement is eliminated for the powderized versions of the exact same samples (Fig4.7.c.) 

Since the intensity of Raman scattering from an anisotropic crystal depends on the 

polarizibility tensor of the crystal and the polarization of the light with respect to the 

crystallographic axes166, the Raman signal is expected to be vastly different for the T an U 

films. However, based on identical powder patterns, we conclude that the signal 

enhancement from the films is purely an evidence of texturing rather than of better 

crystallinity of the T-films. 
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4.3 Flatband potential determination 
4.3.1. SPECTROELECTROCHEMISTRY IN AQUEOUS ELECTROLYTES 
 
The setup used for spectroelectrochemistry is similar to that described in detail in Chapter 3, 

Section 3.1. The films used here were the 220 nm noMo/U films, though the results were 

similar across all versions of BVO. 

                         

 Figure 4.8: a.Raw potentiostatic spectrum and b.Difference plots obtained using -0.1V as a 
baseline for noMo/U films in pH=6.76 buffered aqueous electrolyte. 
 

With an increase in negative bias, we see a small increase in absorbance at wavelengths 

higher than 530 nm and significant bleach at wavelengths lower than 530 nm. The bleach in 

absorbance at energies higher than the band gap of BVO are due to electron accumulation in 

the conduction band leading to a blue shift in the absorption edge. This is termed as a 

Burstein-Moss shift and is typically seen in semiconductors when under accumulation145. A 

turnover in the difference spectra is observed at energies higher than 3 eV suggesting 

electron occupation upto energy levels that are ~ 0.6 eV higher than the CB edge. A very 

small increase in absorbance is observed for energies just slight lower than the band gap of 

BVO. Since this increase in absorbance is not in the infra-red (800-1000 nm), these cannot be 
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ascribed to free CB electrons145.  This signature could most likely be due to trap states lying ~ 

1.4 eV below the CB since the increase is centered around 2 eV.   

To determine the location of the flatband potential, we need to ascertain the bias required to 

turn the semiconductor from depletion to accumulation mode. This bias would correspond to 

the minimum required applied voltage to see the Burstein-Moss shift. From the difference 

plot in Fig4.8.b. above, it can be seen that this bias is ~ -0.4 V vs NHE. Assuming a Nernstain 

shift of 59.1mV per pH unit, this would correspond to a flatband potential of ~ 0V vs RHE. This 

value is in good agreement with what is reported in literature for BVO bulk 

photoelectrodes72,78,167-169. 

To further confirm, the Nernstain behavior and reproducibility of the bleach at high energies, 

potentiodynamic measurements were carried oust using a 440nm probe at pH= 6.76 and 9.9 

over a 1.4V potential range. 

                        

Figure 4.9: Potentiodynamic spectrum obtained at 440nm in a. pH=6.76 , b. pH=9.9 

To monitor the bleach in absorbance, a 440nm probe wavelength was chose since it 

corresponded to the point of maximum change in absorbance from the potentiostatic 
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spectrum. As can be seen in Fig 4.9 above, the bleach in absorbance at 440nm is highly 

reproducible over several charging (accumulation) and discharging (depletion) cycles. Similar 

experiments were carried out even at acidic pH (pH=3.3). The results are compiled in Figure 

4.10 below. 

                                             

Figure 4.10: a. Potentiodynamic spectrum as a function of pH, b. Onset potential for bleach 
showing a Nerstain-like behavior with a slope of 63mV. 
 

The flatband potential from potentiodynamic experiments was estimated to be +0.134V vs 

RHE with the behavior being close to ideal Nernstian (63 mV slope as compared to 59.1 mV). 

This value gives us a lower limit to the applied bias required to initiate water splitting using a 

BVO photoanode. To get a more detailed band alignment picture between the various 

versions of BVO, Ultraviolet photoemission spectroscopy (UPS) was conducted on all of the 

thin films on FTO.  
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4.3.2. ULTRAVIOLET PHOTOEMISSION SPECTROSCOPIC DETERMINATION OF WORK FUNCTION 
 

               

                      Figure 4.11: UPS valence band spectrum a. near Fermi-edge , b.SE cutoff 

Ultraviolet photoemission spectroscopy involves the irradiation of the samples using He(I) 

ions with a kinetic energy of 21.2eV, which is low enough to knock of electrons not from the 

core levels but only from the top of the valence band of the material under analysis. With 

knowledge of the onset energy for photoemission, the secondary electron cut-off energy and 

the incoming photon energy, the work function of the material can be calculated. Dr. Craig 

Perkins conducted all UPS measurements at the National Renewable Energy Laboratory, 

Golden, Colorado using a He(I) line source at 20mA under UHV conditions (chamber pressure 

of 10-8 Torr) on a PHI 5600 spectrometer. Since the penetration depth for the ultraviolet 

photons is barely 6A, UPS is highly sensitive towards surface contamination. Hence, all BVO 

thin films were analyzed post a 10-minute UV/ozone treatment to remove any surface 

contamination (mostly carbon). The removal of surface carbon was verified by an XPS survey 

scan comparison before and after the treatment.  
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4.3.3. MOTT SCHOTTKY ANALYSIS  
 
In Chapter 3, Section 3.1, the pitfalls for the M-S analysis of the flatband potential for porous 

oxide electrodes were briefly stated. However, more often that not, this method has been 

used frequently in literature for BVO photoanodes71-73,101,167,168,170 and hence a quick M-S 

analysis of all versions of BVO was conducted to verify if the results closely matched those 

seen in the previous two sections. M-S measurements were conducted in the dark in pH=7.0 

buffered 1M potassium phosphate electrode at frequencies ranging from 500Hz to 10kHz. 

The potential sweep was always from positive towards negative biases with a sweep rate of 

10mV/sec. The results obtained for Mo/T along with a table comparing results between the 

four versions are shown below. 

                                    

                                           Figure 4.12 : M-S plots for Mo/T films in 1M KPi electrolyte 

The M-S plots were constructed assuming a simple series RC circuit with the capacitance 

being extracted from the imaginary component of the impedance via: 

𝑪𝒔𝒄 =
𝟏

𝟐𝝅𝒇𝒁𝒊𝒎𝒂𝒈  
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The intercept for the M-S data for Mo/T electrodes gives a flatband potential value that ranges 

from 0.15-0.19 V vs RHE which is in strong agreement with the data from 

spectroelectrochemical and UPS analysis. The slope however is not fixed due to frequency 

dispersion in the static dielectric constant for BVO. However a rough value for the donor 

density can be estimated to be ~ 1019 cm-3 which is what has been reported for doped BVO 

photoanodes71,93,97,100,171.  

4.4 Surface composition analysis  
4.4.1. X-RAY PHOTOELECTRON AND LOW ENERGY ION SCATTERING SPECTROSCOPY STUDY 
  
XPS was used to study and compare, the surface composition of all flavors of BVO. Dr. Craig 

Perkins at the National Renewable Energy Laboratory, Golden, CO with a modified PHI 5600 

spectrometer collected XPS data. All data was collected using a monochromatic Al anode 

(1486.86eV). A pass energy of 160eV was used for the collect the survey scans while all 

elemental region scans were collected using a 11. 75eV pass energy.  The binding energy 

scale at the low and high energy was calibrated using sputter cleaned gold and copper 

respectively. Fermi edge calibration was done using sputter cleaned Mo film. 

                               

         Figure 4.13: a. UV/O3 cleaned survey scans, b. Mo/T survey scan with peak identification 
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From Fig4.13.a. above, it can be seen that post UV/O3 cleaning almost all the carbon is 

completely removed with the absence of a peak at 285eV BE (C 1s). Peak identification was 

done for all the samples and as a representation, Mo/T survey spectrum is shown in Fig 4.13.b. 

No impurity elements were found in all of the BVO films except the presence of Sn. The Sn 

signal presence can be ascribed to the fact that the films are porous with the signal actually 

coming from the top of the FTO substrate. This was verified by making thicker films which 

saw an absence of the Sn 3d peaks.  

                          

         Figure 4.14: a. Bi 4f, b. V2p and O 1s, c. Mo 3d high resolution region scans for all BVO films 

XPS survey and individual element core level scans are shown in Figure 4.14 above. The 

measured Bi 4f7/2 and V 2p3/2 binding energies of 159.1 eV and 516.7 eV are consistent with Bi3+ 
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and V4+ (rather than V5+ as expected for stoichiometric BiVO4), indicating substantial reduction 

of vanadium near the film surface. Quantification of the XPS data suggests that all of the films 

have nonstochiometric, highly vanadium-deficient surfaces with [V]/[Bi] = 0.43-0.85, 

compared to [V]/[Bi] = 1 expected for BiVO4 (see Table X). Our results agree with several recent 

reports that conclude on the basis of XPS data that the BVO surface is highly vanadium 

deficient172-174.In addition, the anion/cation ratio [O]/([Bi] + [V]) is only 1.65-1.85, suggesting 

large oxygen deficiency or the presence of additional metal oxide phases near the surface. 

Such extreme nonstoichiometry indicates that the surface of the BVO films is not pure BiVO4, 

but rather some mixture of BiVO4, Bi2VO5.5, oxygen-deficient BiVO4-δ. The presence of other 

bismuth-rich, vanadium-deficient phases is also possible. To compare the surface [V]/[Bi] ratio 

from XPS with the total (surface plus bulk) [V]/[Bi] ratio of the films, we performed 

standardless semi-quantitative energy dispersive spectroscopy (EDS) using Tru-Q and the XPP 

matrix correction algorithm as implemented in the Oxford AZtecEnergy software package. 

EDS shows a significant but smaller vanadium deficiency than XPS, with [V]/[Bi] = 0.82-0.89 ± 

0.1 (Table X). The XPS and EDS data are consistent with a bismuth-rich, vanadium-deficient 

surface layer on our BVO films. Recently it was suggested that the BVO surface may be devoid 

of vanadium and terminated by bismuth oxides. To test this idea, we used low-energy He+ ion 

scattering spectroscopy (LE-ISS) to identify the atoms present on the top surface of a Mo/T 

film. While the information depth of XPS is 3-10 nm, the information depth of LE-ISS using 

noble gas ions is limited to the outermost atomic layer of a sample, thus providing extreme 

surface sensitivity175. The ion scattering data show strong peaks for Bi, O, and V, indicating 

that the surface of our films is Bi-V-O (possibly plus H, which our experimental geometry 
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cannot detect) rather than bismuth oxides or oxyhydroxides (Figure 4.15). Based on the XRD, 

XPS, EDS,  

                                  

 Figure 4.15: Ion scattering spectroscopy using 1 keV He+ ion at a scattering angle of 1350 for a 
Mo/T 200 nm film 
 
and ISS results, we conclude that our films are bulk monoclinic BiVO4 with a bismuth-rich, 

vanadium- and oxygen-deficient surface layer (probably a mixture of BiVO4-δ and Bi2O3), and a 

Bi-V-O(-H) surface termination. It is important to keep in mind while interpreting the valence 

band spectra presented below that the surface of the BVO films is something other than BiVO4 

and may have a significantly different effective electronic structure and band gap. Atom-

resolved scanning transmission electron microscopy and spectroscopy would be useful for 

determining the detailed atomic structure and composition of the surfaces of actual BVO 

photoelectrodes.  
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4.4.2. X-RAY EXCITED VALENCE BAND STRUCTURE – DETERMINATION OF IN-GAP DEFECT STATE 
 

       

           Figure 4.16: Xray excited valence band a. wide scan , b. high-res near Fermi-edge 

BE scale calibration was done using a sputtered Mo foil and subsequently fitting the Fermi 

edge, by differentiating the spectrum and using the peak of the Gaussian at the Fermi edge as 

the half-cut off energy. All spectra are then hard shifted using the offset measured above. 

Figure 4.16.a. above clearly shows, that the take-off at low binding energies for all versions of 

BVO is ~ 2.1-2.2 eV below the Fermi edge. However, there is a presence of an in-gap state, 

centered around 1.5eV below the Fermi-level, for both the U-films which is most completely 

absent in the T-films. This feature was observed in the spectroelectrochemistry data for the 

noMo/U films (Fig4.8.b.). This feature is not an artifact of the measurement or the cleaning 

procedure since its presence was observed even before the UV/O3 cleaning in the X-Ray 

excited valence band spectra.  The nature of the in-gap state could be either lower valence 

metal cations (eg. V4+)174 or oxygen vacancies both of which have commonly been 

encountered in other metal oxides such as TiO2
176-181 and WO3. Using in-situ hydrogen and 



88	  
	  

oxygen dosing experiments, the nature of this defect state in the U-films above was 

confirmed to be oxygen vacancy related (Fig 4.17).   

                                             

 Figure 4.17: X-ray excited valance band spectra of a. UV/ozone cleaned noMo/U film before (red) 
and after (blue) a 5400 Langmuir dose of atomic hydrogen. The H atoms reduce the BVO surface 
and cause a large increase in the in-gap peak (labeled with arrow) 
 
The implications of the presence of this in-gap state will be discussed in detailed in later 

sections. The SEC region of the XPS spectrum, helps us estimate the work function. The work 

function for the samples ranges from 5 to 5.22eV, with the Mo/T film showing the highest 

work function.  Table 3 below compiles results obtained for all versions of BVO. 

 

Samplea EF-EVBM 
(eV) 

Φ  
(eV) 

Eg (eV)b Surface [V]/[Bi]c Bulk 
[V]/[Bi]d 

noMo/U 2.32 5.04 2.49 (E); 2.55 (O) 0.43  0.83  
Mo/U 2.22 5.03 2.41 (E); 2.50 (O) 0.85  0.84  

noMo/T 2.20 4.96 2.49 (E); 2.31 (O) 0.47 0.89  
Mo/T 2.21 5.22 2.41 (E); 2.31 (O) 0.52  0.82  

                          Table 3: Ef-EVBM, work function and surface composition of BVO films 

a All samples UV/ozone cleaned. b E = determined from EQE onset, O = determined from optical Tauc plot fit. c 
Determined from XPS. d Determined from EDS. 
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4.4.3. AUGER PHOTOELECTRON SPECTROSCOPY – DEPTH PROFILING 
 

  
Figure 4.18: Auger depth profile looking at Mo distribution through the film for a. Mo/U and 
b.Mo/T films 
 
Auger electron spectroscopy was used to analyze the distribution of Mo through the bulk of U 

and T films (Fig 4.18). For the Mo-modified films, Mo 3d signals were clearly visible for the 

Mo/U films with the signals reaching the detection limit for the Mo/T films. This result 

suggests that the surface (top 3-4 nm) of the Mo/U films has a high concentration of Mo 

compared to near negligible amounts in the Mo/T films. Since the same amount of Mo was 

added to both the inks used to prepare the films, the difference in incorporation could be due 

to different growth conditions and crystal formation mechanism for the U and T films during 

the annealing process. More details regarding this will be looked at in a future study.  
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4.5 Photochemistry in sulfite electrolytes 
 
Decoupling the various recombination mechanisms that occur during the electron-transfer 

process for water oxidation entails separation of surface and bulk recombination processes. 

Hole scavengers such as sulfite, hydrogen peroxide and methanol are typically used to study 

bulk recombination processes in photoanodes since the catalytic efficiency for the oxidation 

of the above species is near unity. Sulfite was chosen as the hole scavenger of choice for this 

study since its oxidation via photogenerated holes from BVO proceeds with near unity 

quantum efficiency182,183. The two-electron oxidization of sulfite ion, SO3
2-, to sulfate ion, SO4

2-, 

is as follows: 

SO3
2- + 2h+ + H2O  à  SO4

2- + 2H+          E° = +0.10 V vs RHE 
 
The photocurrent density for a photoelecrolysis cell can be expressed as a product of the 

quantum efficiencies of light absorption, 𝜂!"# 𝜆 , carrier delivery to the solid-electrolyte 

interfaces at which reactions occur, 𝜂!", and redox reaction at these interfaces, 𝜂!"# 

(preferably to form only the products of the desired half-reactions): 

𝐽 = 𝐽!"#×𝜂!"×𝜂!"# = 𝑞 𝜂!"# 𝜆 𝜙!"#.!" 𝜆 𝑑𝜆×𝜂!"×𝜂!"#. 
 
Here, the standard AM1.5G solar flux, 𝜙!"#.!" 𝜆 , is specified for calculating the absorption-

limited photocurrent, Jabs. Since 𝜂!"#~  1 for sulfite oxidation on BVO, J is limited only by light 

absorption and carrier transport in the BVO, rather than recombination on the surface. The 

use of hole scavengers was pioneered by Dotan et.al.184 and subsequently used by others72,93 

to study the light harvesting efficiency and transport properties of porous oxide photoanodes 

in the absence of kinetic limitations from surface reactions.  For this study the concentration 

of sulfite used was 0.1M since higher concentrations had no effect on overall shape ad 
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magnitude of the photoresponse. Photocurrent data was collected using two modes of 

illumination, electrode-electrolyte side (EE) or commonly referred to as front-illumination and 

substrate-electrode side (SE) or back-side illumination. Prior, to collection of 3-electrode 

measurements, it was critical to ascertain the right scan rate required to measure the 

photocurrent density of the fabricated electrodes. The scan rate dependence for porous 

electrodes is especially sensitive since a larger surface area leads to higher capacitive currents, 

which increase with scan rate and lead to an overestimation of the conversion efficiency. On 

the other hand too slow a scan rate (less than 5mV/s) can result in competition between the 

photocurrent and photocorrrsion process (if any) and hence should be avoided. We measured 

the photocurrent for both EE and SE illumination for noMo/U films for scan rates between 10 

and 50mV/s (Fig4.19) 

4.5.1. SCAN RATE DEPENDENCE 
 

       

Figure 4.19: a. EE illumination , b. SE illumination scan rate dependence for noMo/U films in 0.1M 
sulfite. 
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As can be seen, there is near negligible scan rate dependence in the range of 10-50 mV/s for 

applied biases greater than 0.4 V vs RHE. However, there is an initial charging capacitive 

current at low biases, which increases with increasing bias and is near zero for a scan rate of 

10 mV/s. Therefore, for the rest of this study a scan rate of 10 mV/s was chosen for all data 

acquisition.  

4.5.2. JV AND EQE IN SULFITE 
 

                            

Figure 4.20: Current voltage(J-V) and external quantum efficiency(EQE) for sulfite oxidation, a. 
Dark and illuminated J-V and b. EQE curves at 1.23 V , c. 0.6 V vs RHE, (d-f) data for SE illumination. 
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Figure 4.20 above is a compilation of 3-electrode J-V and EQE measurements for all versions 

of BVO towards sulfite oxidation. All experimental data plotted above was averaged over 

atleast 6 devices.  The noMo/U electrodes (red traces) have a onset potential of ~ 0.24 V vs 

RHE and the smallest photocurrent for both EE and SE illumination (0.1 and 0.2mA/cm2 at OER 

respectively). The noMo/T electrode on the other hand have a significantly better onset 

potential of ~ 0.19 V vs RHE which is within a couple of mV of the flatband potential but only a 

slight improvement in the photocurrent density (0.13 and 0.34 mA/cm2 at OER respectively). 

Addition of 2mol% Mo increases the photocurrent of U electrodes with a near symmetric 

response EE and SE response (1.1 mA/cm2 at OER), however the onset potential is catholically 

shifted to 0.36 V RHE. Mo/U electrodes with 1% and 3% Mo were also tested but showed 

lower photocurrent and fill factors and hence only 2% Mo addition was carried out for all 

Mo/U and Mo/T films in this study.  The Mo/T films (green trace) hugely outperform all the 

other three variants with a photocurrent of 2.8 mA/cm2 at OER and 1.7mA/cm2 at 0.6V vs RHE 

with a similar onset potential to the Mo/U films of 0.35 V vs RHE. Due to the high fill factors, 

0.55 for the Mo/T, at a given bias, the EE photocurrent for Mo/T films is 2.6 times better than 

Mo/U films and 24 times higher than noMo/T films. The highest performing photoanode 

showed a photocurrent density of 3.1 mA/cm2 for EE and 2.5 mA/cm2 for SE illumination at 

OER with a fill factor of 0.56(Fig 4.21). These characteristics are among the best reported for 

any single-component BVO photoanode71,72,93,102. The maximum power-point for the Mo/T 

films is at 0.63 V vs RHE which is sufficiently cathodic for reasonable current matching in 

tandem solar fuel devices. Subsequent chapter will be devoted towards improving the 

current at the maximum operating point to better batch existing commercial photocathodes 

such as p-Si57 and p-InP185.  
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                                Figure 4.21: J-V curve for the champion device in sulfite 

The onset for EQE response for Mo/T and Mo/U films is slightly higher (~ 515nm, 2.41eV) 

compared to that of the noMo/T and noMo/U films (~ 500nm, 2.48eV). This is probably due to 

a Mo-induced band tailing since Mo donor are believed to form a high density of shallow 

donor around the CB. Above the band gap, the EQE of the Mo/T and Mo/U films rises quickly 

and then either levels off below 350 nm (for EE illumination) or peaks before falling nearly to 

zero by ~300 nm, where the FTO substrate absorbs strongly (for SE illumination). The Mo/T 

electrodes show the highest peak EQE of ~61% at OER and ~48% at 0.6 V in EE illumination. 

Integrating the EQE at OER over the standard AM1.5G spectrum gives a photocurrent of 2.4 

mA cm-2, ~15% less than the value of 2.8 mA cm-2 measured in J-V data and among the 

highest yet reported for BVO photoanodes71,72. The other three film types show lower EQE 

values. 
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4.5.3. WHITE-LIGHT BIAS EQE AND LIGHT INTENSITY DEPENDENCE  
 
We sometimes find that the measured photocurrent for Mo/T films at OER is equal to the 

photocurrent calculated from EQE data, but most often the measured value is somewhat 

larger than predicted from the EQE spectrum. The difference is larger for Mo/U films (~40%)  

                                           

Figure 4.22: a. EQE plots for a Mo/T film (sulfite oxidation, EE illumination) with and without a white light 
bias of 0.3 Suns, light intensity dependence for sulfite oxidation b.EE, c.SE illumination, (d-e) the 
corresponding fits 
 
than Mo/T films (<15%). This discrepancy can result from the much higher optical power 

density used in J-V measurements (100 mW cm-2), which can fill traps and increase the 

photocurrent relative to EQE measurements that are performed with low-power 

monochromatic light (2-200 μW cm-2) without white light bias. However, EQE spectra of Mo/T 

films acquired under 1/3-sun white light bias were identical to spectra obtained without light 
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bias (Figure 4.22), showing that trap filling is not responsible for the difference observed in 

these films. 

4.5.4. CARRIER TRANSPORT IN BVO PHOTOANODES 
 
The main features of the EQE data are readily understood. First, the difference in EE and SE 

response for both the Mo/T and Mo/U films is entirely explained by parasitic light absorption 

in the FTO/glass substrate that occurs in SE illumination. This can be shown by multiplying 

the EE EQE by the substrate transmission spectrum and then scaling the result, which gives 

the SE EQE for each potential (Figure 4.23). After accounting for light transmission through 

the substrate, it is clear that the EQE of both Mo/T and Mo/U films is independent of 

illumination direction. 

 

Figure 4.23:  EQE spectra for Mo/T and Mo/U films under both EE and SE illumination at (a) 1.23 V 
vs RHE and (b) 0.6 V vs RHE. The red trace (“T FTO”) is the measured transmission spectrum of a 
clean FTO-coated glass substrate. The dotted traces are generated by multiplying the respective EE 
EQE curve with the FTO transmission spectrum and scaling the data to overlay with the SE EQE 
curve above ~400 nm. 
 
Such a result is expected if the majority carrier (electron) diffusion length is significantly 

greater than the film thickness and the photocurrent is limited by either light harvesting or 
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transport of minority carriers (holes) from their photogenerated sites to the BVO/water 

interface. We show below that light harvesting rather than charge transport limits the EQE of 

Mo/T electrodes measured at potentials near OER. However, for Mo/T films at lower bias and 

for Mo/U electrodes at any bias, a relatively low efficiency of hole transport to the BVO/water 

interface limits the EQE. Since the BVO/water interface is distributed throughout the 

nanoporous BVO film, the average distance holes must travel to reach it is approximately the 

same in EE and SE illumination. As a result, EQE is independent of illumination direction for 

the Mo/T and Mo/U electrodes. If electron transport limited the photocurrent instead, the EE 

EQE should be systematically lower than the SE EQE because photogenerated electrons must 

travel a longer distance to escape into the FTO substrate in EE illumination, but such an EE/SE 

difference is not observed. 

A second major feature of the data is that the integrated EQE of the Mo/T electrodes is about 

three times higher than that of the Mo/U electrodes. The EQE spectra of the Mo/T and Mo/U 

electrodes integrate to 2.4 and 0.8 mA cm-2 in EE illumination and 2.3 and 0.8 mA cm-2 in SE 

illumination (all at OER). The greater light harvesting efficiency of the denser Mo/T films (Fig. 

4.1.h) can account for at most 10% of the EQE difference between the Mo/T and Mo/U films. 

Less efficient hole transport is the major reason for the lower EQE of the Mo/U electrodes. The 

poorer hole transport of the Mo/U films compared to the Mo/T films must result from some 

combination of shorter hole diffusion length within the BVO film and narrower space-charge 

region at the BVO surface. 

Third, the EQE of the noMo/T films is higher than that of the noMo/U films and both types of 

films show 4-5x larger peak EQE in SE than EE illumination. These results suggest that electron 

rather than hole transport limits the photocurrent in Mo-free films and that electron transport 
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is somewhat better in the textured films. Overall, however, transport is poor and EQEs are low 

in both types of Mo-free BVO films. 

In order to evaluate 𝜂!" from the photocurrent measured in sulfite for the Mo/T electrodes, 

we calculated the maximum photocurrent for a 220nm Mo/T electrode using an integrating 

sphere. To mimic as closely the photo flux seen during photocurrent and EQE measurements, 

all intergrating sphere measurements were taken with a thin layer for electrolyte sandwiched 

between the electrode and a quartz coverslip as shown below. 

4.5.5 DETERMINATION OF IQE (CARRIER SEPARATION EFFICIENCY) 
 

            

Figure 4.24:  a. Integrating sphere data for 220nm Mo/T electrode , b. Integrated absorbed photon 
flux based on the AM 1.5 G spectrum, c. Schematic of stack used for integrating sphere 
measurements, d. Integrated photocurrent based on the absorbed flux, e. separation efficiency for 
200nm MoT 
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For a 220nm film of  Mo/T BVO, the integrated photocurrent for an AM 1.5G photon flux turns 

out to be 2.95mA/cm2 (Figure 4.24.d.). The average photocurrent for sulfite oxidation at OER 

was found to be 2.85mA/cm2 for the EE illuminated case (Fig 4.18.a.). As mentioned above, 

assuming no catalytic bottlenecks for sulfite oxidation, this would result in a 𝜂!" of 0.97 at OER 

and 0.75 at 0.6V vs RHE (Fig 4.24.e.), which is one of the highest reported for BVO and any 

oxide photoanode at the time of this study.  

4.5.6 THICKNESS DEPENDENCE OF IQE IN SULFITE 
 

                                          

Figure 4.25: Transmittance, reflectance, absorptance, and absorbance spectra for Mo/T films on 
quartz and FTO substrates as a function of film thickness as determined using an integrating 
sphere. 
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In order to evaluate the thickness dependence of the photocurrent generation in Mo/T films, 

detailed integrating sphere measurements on both quartz as well as FTO substrates were 

conducted for film thicknesses ranging from 70 to 470nm. The reason for looking at optical 

data from films on both substrates is because the quartz substrates allow us to look at just the 

active layer without any parasitic absorption while the FTO substrate mimics the actual device 

stack tested more accurately.  To avoid any artifacts due to film fabrication processes, all the 

thicknesses mentioned here were prepared in a single spin coating cycle with a single 

annealing step. Fig 4.26 below shows scanning electron micrographs of representative films 

used for this study. 

 

Figure 4.26: SEM cross sectional and plan view images of BVO films on FTO substrates as a function 
of film thickness. 
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     We first briefly discuss the IQE of the 220 nm thick Mo/T films (orange curves in Fig. 4.27). 

On FTO, the IQE of the entire electrode stack is fairly flat at 60-70%. Note that the IQE of the 

BVO layer itself must be somewhat higher than this value, perhaps 70-80%, after accounting 

for 

 

 
Figure 4.27: IQE plots for oxidation of sulfite by Mo/T films as a function of substrate and film 
thickness. (a) External quantum efficiency plots for Mo/T electrodes with BVO film thicknesses 
ranging from 70 to 470 nm. The two thinnest films are mixed phase tetragonal and monoclinic 
BiVO4 as determined by XRD (see Figure 4.26). Data were acquired at 1.23 V vs RHE under EE 
illumination. Absorptance plots of (b) the electrodes on FTO substrates and (c) separate films on 
quartz substrates. To mimic EQE measurement conditions, all films were immersed in a layer of 
electrolyte sandwiched to the substrate with a quartz cover slip. The nonzero absorptance in the 
quartz data at long wavelengths is caused by the photometric error of our integrating sphere 
measurement. The systematic offset with film thickness probably results from greater scattering in 
thicker films. The apparent redshift of both the EQE and absorptance data is mostly due to better 
absorption of low-energy photons by the thicker films. Internal quantum efficiency plots 
calculated from the absorptance data (d) on FTO and (e) on quartz. IQE(λ) = 
EQE(λ)/absorptance(λ). 
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absorptance due to FTO. Using instead absorptance data on quartz suggests that the IQE is 

almost 100% near the absorption edge and ~80% from 300-400 nm. The major difference 

between the two IQE plots is the near-unity IQE seen in the quartz data, which arises from the 

substantially smaller absorptance of films on quartz in the red part of the spectrum. For 

example, the absorptance at 450 nm is only 43% on quartz but nearly 75% on FTO. FTO 

absorption is weak at this wavelength and cannot account for such a large difference in 

absorptance, so we conclude that the BVO films on FTO actually absorb significantly more 

light than do their counterparts on quartz. As mentioned above, higher absorptance of films 

on FTO may be caused by a higher absorptivity (e.g., greater film density, morphology with 

enhanced light scattering), lower reflectivity, scattering at the BVO/FTO interface that 

increases the optical path length through the BVO layer, or interference effects that 

concentrate more of the optical field in the BVO layer. Based on this reasoning, we believe 

that the near-unity IQE observed in the quartz data is an upper limit for the IQE while that 

measured with FTO substrates a lower limit. Hence, the true IQE of the devices lies between 

80 and 100% above the band gap. 

     The IQE spectra depend on film thickness in a nontrivial way because the phase and 

morphology of the films change with thickness. If all else were equal, films thinner than 220 

nm should have better IQE across the absorbed spectrum because of a shorter escape 

distance for electrons. However, the thinner films contain a substantial amount of tetragonal 

BiVO4 (PDF # 00-014-0133) in addition to monoclinic BiVO4 (Fig. 4.28), and the tetragonal 

phase impurity seems to degrade the IQE by the poor charge transport or sulfite oxidation 

efficiency of this polymorph84. The thinnest films (70 nm) have the largest fraction of 
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tetragonal BVO and the lowest IQE. The trend is similar for films on FTO and quartz substrates. 

We believe that this tetragonal impurity prevents the observation of near-unity IQE expected 

from thin monoclinic BVO films. 

                                        

Figure 4.28:  GIXRD patterns for Mo/T BVO as a function of thickness 

Figure 4.27.d. shows that the EQE, absorptance, and IQE change little with increasing film 

thickness from 220 to 470 nm (the thickest films we can make in a single spin coat step). There 

is a significant decrease in EQE at λ = 300-320 nm, a small increase from 320-430 nm (<5%), 

and a ~15 nm redder onset of the spectral response in the thicker films (Fig. 4.25.a). The EQE 

data predict that the 370 nm films should have the highest 1 sun photocurrent, but this is not 

borne out in J-V measurements, which show instead that the 220 nm films are best (Fig. 

4.29.c). On FTO, the absorptance increases somewhat from 220 nm to 270 nm films but is 

nearly constant for thicker films because transmittance at λ < 450 nm is already very low and 

~10% of the light is reflected, so absorptance cannot increase much. The IQE plots are all 
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similar except for a drop below λ = 330 nm and a slightly redder onset of the spectral 

response for the two thickest films (Fig. 4.27.d). The quartz data are similar to the FTO data, 

except that a larger increase in absorptance at longer wavelengths drives a substantial drop 

in IQE for λ > 400 nm (Fig. 4.27.e). This drop is probably an artifact caused by the weaker light 

absorption of films on quartz than FTO. Indeed, the shape of the absorptance spectra for films 

on the two substrates converges as film thickness increases, such that the IQE of 470 nm films 

on quartz and FTO is essentially identical. This gradual convergence of both the absorptance 

and IQE data is consistent with greater light harvesting on FTO than quartz for intermediate-

thickness BVO films, and may result from evolution of the optical interference pattern, film 

porosity, or film texture with thickness (Fig 4.25). 

     Lack of a significant dependence of IQE on film thickness is initially surprising, but the high, 

nearly identical IQE of the 220-470 nm films can be reconciled with the relatively short 

electron diffusion length reported for BVO (~100 nm)71 if carrier collection at the EQE 

measurement conditions is dominated by drift rather than diffusion. It is indeed likely that our 

porous, nanostructured BVO films have a sufficiently large grain size and low carrier 

concentration to support a (complicated) internal electric field distribution that results in 

fairly efficient drift collection even for films significantly thicker than the electron diffusion 

length. An alternative possibility is that diffusion dominates carrier collection, in which case 

the electron diffusion length in our films must be at least a few microns in order to permit the 

high IQE of the thicker films. A more quantitative understanding of the IQE spectra would 

require simulations that account for the complex 3D carrier generation profile, electric field 

distribution, and diffusion length of these inhomogeneous, porous nanostructured films. 
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Figure 4.29: J-V plots for sulfite oxidation as a function of BVO film thickness under (a) EE 
illumination and (b) SE illumination. (c) Bar graph of photocurrent at 1.23 V vs RHE for the films 
under both illumination geometries.   

Fig 4.29 above shows a compilation of the photoresponse for Mo/T electrodes as a function of 

thickness for both EE and SE illumination.  

4.6 Photochemistry in water 

                                  

Figure 4.30: Current-voltage (J-V) and external quantum efficiency (EQE) performance of 200 nm 
thick BVO electrodes for oxidation of water. (a) Dark and illuminated J-V and (b) EQE curves at 1.23 
V vs RHE under EE illumination. (c-d) The analogous data for SE illumination. 
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We	  also	  tested	  the	  four	  types	  of	  BVO	  photoelectrodes	  for	  their	  ability	  to	  oxidize	  water	  instead	  

of	   sulfite.	   The	   films	  were	   220	   nm	   thick	   and	   bare	   (no	   catalyst	   or	   surface	   treatment	   applied).	  

Figure	   4.30	   shows	   three-‐electrode	   J-‐V	   and	   EQE	   results	   for	   water	   oxidation	   (1.0	  M	   KH2PO4	  

buffered	  to	  pH	  7.0).	  As	   in	   the	  case	  of	  sulfite	  oxidation,	   the	  Mo/T	  electrodes	  demonstrate	  the	  

highest	   photocurrent	   at	   all	   biases,	   reaching	   J	   =	   1.8	   mA	   cm-‐2	   at	   1.23	   V	   vs	   RHE	   under	   EE	  

illumination	  and	  J	  =	  1.1	  mA	  cm-‐2	  under	  SE	  illumination.	  The	  EQE	  of	  the	  Mo/T	  films	  is	  30%	  under	  

EE	   light.	   Comparing	   the	   results	   for	   water	   versus	   sulfite	   oxidation	   (Figs.	   4.28	   and	   4.18),	   it	   is	  

interesting	  to	  note	  that	  the	  photoresponse	  of	  the	  Mo/T	  films	  is	  ten	  times	  larger	  than	  the	  Mo/U	  

films	   for	  water	  oxidation	  but	  only	   three	   times	   larger	   for	   sulfite	  oxidation,	   suggesting	   that	   the	  

surfaces	  of	  the	  Mo/T	  films	  are	  significantly	  better	  at	  transferring	  holes	  to	  water	  (i.e.,	  higher	  ηrxn	  

for	  Mo/T	   compared	   to	  Mo/U	   films)	  However,	   since	   these	   films	   are	   not	   functionalized	  with	   a	  

water	  oxidation	  catalyst,	   the	  photocurrent	  onset	  potential	   is	  ~0.16	  V	  more	  anodic	  and	  the	  fill	  

factor	   is	   substantially	   lower	   than	   for	   sulfite	   oxidation	   (see	   comparison	   in	   Fig.	   4.31.a).	   This	  

confirms	   the	   relatively	   sluggish	   nature	   of	   water	   oxidation	   on	   the	   surface	   of	   bare	   BVO82.	  

Nonetheless,	   the	   J-‐V	  and	  EQE	  performance	  of	  our	  Mo/T	   films	   is	  among	  the	  best	   reported	   for	  

BVO	   electrodes	   without	   catalysts,	   confirming	   that	   texturing	   of	   the	   films	   results	   in	   efficient	  

carrier	  transport.	  

	  	  	  	  	  By	   using	   the	  measured	   absorptance	   (𝜂!"# 𝜆 )	   and	   the	  AM	  1.5G	   solar	   flux	   to	   calculate	   the	  

absorption-‐limited	   photocurrent	   Jabs	   and	   using	   the	   measured	   value	   for	   𝜂!"	   using	   sulfite	  

oxidation	   in	   the	   previous	   section,	   we	   determined	   the	   (𝜂!"#,!"#$%),	   which	   is	   the	   catalytic	  

efficiency	   for	   water	   oxidation.	   These	   results	   are	   compiled	   in	   Fig	   4.31.	   below.	   The	   high	   FF	  

demonstrated	  by	  these	  electrodes	  translates	  to	  an	  impressive	  𝜂!"	  ~	  80%	  at	  0.6	  V	  and	  𝜂!"	  ~	  100%	  
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at	  1.23	  V.	  The	   lower	  density	  of	   in-‐gap	  defect	  states	  as	  well	  as	  better	  hole	  extraction	   leads	   to	  

one	  of	   the	   highest	   demonstrated	   value	  of	  𝜂!"#,!"#$%)	   for	   a	   bare	  BiVO4	   photoanode	   (~60%	  at	  

1.23	  V).	  

  

Figure 4.31:  a. Comparison between sulfite and water oxidation for Mo/T electrodes, b. carrier 
separation and catalytic efficiency deduced using data in a. and integrated photocurrent 
measured via integrating sphere data in previous section. 
 

This	  is	  a	  significant	  step	  towards	  improving	  the	  performance	  of	  BiVO4	  while	  maintaining	  a	  quick	  

and	  cost	  effective	  processing	  scheme.	  
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4.7 Impedance spectroscopy in water 

                     

Figure 4.32. (a-b). Nyquist plots for all versions of BVO for EE and SE illumination respectively, (c-d) 
Bode plots corresponding to the Nyquist plots in a,b respectively. All measurements were taken 
under 1 Sun illumination. 
 
Impedance	   spectroscopy	   was	   carried	   out	   under	   1	   Sun	   illumination	   for	   both	   EE	   and	   SE	  

illumination	   in	  water	   to	   further	  analyze	   the	  mechanism	   for	  enhanced	   catalytic	   activity	  of	   the	  

Mo/T	   films.	   Measurements	   were	   conducted	   between	   105	   Hz	   and	   0.1Hz	   with	   an	   AC	   rms	  
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perturbation	   of	   10mV	   superimposed	   on	   all	   the	   DC	   biases.	   It	   evident	   from	   Fig	   4.32.a,b.	   that	  

irrespective	  of	   the	   illumination	  direction,	   the	   charge	   transfer	   resistance	   for	   the	  Mo/T	   films	   is	  

substantially	   lower	   than	   all	   other	   flavors	   of	   BVO	   for	   the	   same	   thickness.	   In	   particular,	   the	  

addition	  of	   texturing	  reduces	  the	  charge	  transfer	  resistance	  by	  8x	   (from	  Mo/U	  to	  Mo/T).	  This	  

would	  suggest	  that	  surface	  texturing	  helps	  in	  the	  transfer	  of	  surface	  holes	  for	  water	  oxidation.	  

One	  of	  the	  possible	  reasons	  could	  be	  the	  lack	  of	  in-‐gap	  defect	  states	  detailed	  in	  Fig	  4.16	  or	  the	  

higher	  mobility	  of	  holes	  on	  the	  {010}	  facet	  which	  has	  been	  found	  from	  single	  crystal	  studies103.	  

A	   recent	   study	   by	   Ma	   et.al.186,	   used	   transient	   absorption	   measurements	   to	   ascertain	   the	  

lifetime	  for	  various	  recombination	  mechanisms	  in	  BVO	  during	  water	  oxidation.	  The	  study	  found	  

that	   in	   the	  µs	   –	  ms	   time	   domain,	   bimolecular	   recombination	  was	   the	   dominant	  mechanism,	  

while	   for	   the	   higher	   timescales	   (ms-‐s),	   recombination	   with	   surface	   accumulated	   holes	   was	  

observed.	   	   From	   the	   Bode	   plots	   (Fig	   4.30.c,d.)	   a	   clear	   maximum	   is	   observed	   at	   100Hz,	  

corresponding	   to	   a	   time	   constant	   of	   10ms.	   A	   reduction	   in	   the	   capacitive	   nature	   of	   the	  

impedance	  measured	  at	   this	   frequency	   for	   the	  noMo/T(blue	  trace)	  compared	  to	  noMo/U(red	  

trace),	  suggests	  a	  reduction	  in	  the	  accumulation	  of	  holes	  on	  the	  surface	  of	  textured	  electrodes	  

thus	  enhancing	  water	  oxidation.	  It	  must	  be	  noted	  though	  that	  the	  addition	  of	  Mo	  does	  improve	  

the	  transport	  of	  electrons	  and	  hence	  reduces	  recombination	  on	  the	  surface,	  which	  is	  seen	  as	  a	  

reduction	  in	  the	  impedance	  at	  100Hz	  for	  the	  Mo/U	  films.	  To	  summarize,	  the	  combination	  of	  Mo	  

addition	   and	   texturing,	   enhances	   both	   electron	   transport	   through	   the	   bulk	   as	   well	   as	   hole	  

injection	  at	  the	  surface,	  thus	  allowing	  Mo/T	  films	  to	  show	  the	  highest	  catalytic	  activity	  for	  any	  

standalone	  photoanode	  towards	  water	  oxidation.	  	  	  
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4.8 Stability in sulfite and water 
 

                 

Figure 4.33:  a. Stability measurements for sulfite(red) and water oxidation(blue) carried out at OER 
under continuous stirring and 1 Sun illumination, b. Plan-view SEM post water oxidation. 
 
Finally,	   we	   assessed	   the	   stability	   of	   the	   bare	   Mo/T	   BVO	   electrodes	   for	   sulfite	   and	   water	  

oxidation	  by	  potentiostatic	  measurements	  of	  the	  current	  density	  under	  illumination	  at	  the	  OER	  

potential	   in	   unstirred	   solution.	   As	   expected	   from	   previous	   reports,	   the	   electrodes	   are	   fairly	  

stable	   in	   sulfite	   electrolyte,	   showing	   less	   than	   a	   10%	   decrease	   in	   current	   after	   14	   hours	   of	  

continuous	  1	  sun	  illumination	  (Figure	  4.33.a).	  The	  charge	  passed	  through	  the	  electrode	  during	  

this	  time	  (~142	  C/cm2)	  is	  approximately	  500	  times	  larger	  than	  what	  is	  required	  to	  oxidize	  all	  of	  

the	  O2-‐	   ions	   in	   the	   BVO	   film	   to	  O2	   (~0.29	   C/cm2	   for	   a	   220	   nm	   thick	   film	  with	   10%	  porosity),	  

showing	  that	  essentially	  all	  of	   the	  observed	  photocurrent	  comes	  from	  sulfite	  oxidation	  rather	  

than	  BVO	  photocorrosion.	  The	  stability	  of	  the	  electrodes	  during	  water	  oxidation	  is	  much	  worse	  

than	   during	   sulfite	   oxidation,	   with	   ~90%	   decrease	   in	   current	   after	   only	   one	   hour	   of	   biased	  

illumination,	   followed	   by	   a	   much	   slower	   decrease	   in	   current	   over	   the	   next	   hour.	   Visual	  

inspection	  and	  post-‐mortem	  SEM	  imaging	  of	  the	  electrodes	  (Fig.	  4.34.b)	  revealed	  that	  most	  of	  

the	  BVO	  film	  etches	  away	  during	  the	  two	  hour	  test.	  Control	  samples	  held	  at	  the	  OER	  potential	  
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in	  the	  dark	  showed	  minimal	  decay	  in	  current	  density,	  optical	  extinction,	  and	  morphology	  after	  

even	  4	  hours	  of	   testing	   (Fig	   4.34.d.),	   proving	   that	   the	  BVO	   films	  are	   reasonably	   stable	   in	   the	  

dark	  and	  that	  the	  rapid	  degradation observed under	  illumination	  is	  due	  to	  photoinduced	  rather	  

than	   dark	   corrosion	   of	   BVO.	   The	   charge	   passed	   during	   the	   two	   hour	   illuminated	   test	   (2.38	  

C/cm2)	  is	  at	  least	  8	  times	  larger	  than	  the	  charge	  needed	  to	  completely	  photoetch	  the	  BVO	  film.	  

Thus,	  as	  with	  sulfite	  oxidation,	  it	  is	  clear	  that	  nearly	  all	  of	  the	  observed	  photocurrent	  is	  due	  to	  

water	  oxidation	  rather	  than	  photocorrosion.	  The	  mechanism	  of	  BVO	  photocorrosion	  in	  water	  at	  

neutral	   pH	   is	   not	   yet	   understood.	   One	   scenario	   is	   that	   the	   accumulation	   of	   photogenerated	  

holes	  at	  the	  BVO	  surface	  causes	  oxidation	  of	  the	  electrode	  (via	  oxidation	  of	  Bi3+	  and/or	  O2-‐)	  and	  

its	   eventual	   dissolution,	  while	   photogenerated	   electrons	   pass	   through	   the	   external	   circuit	   to	  

produce	  H2	   at	   the	   counter	   electrode.	   This	   process	  would	   result	   in	   photocurrent.	   It	   is	   equally	  

possible	   that	   photocorrosion	   occurs	   by	   local	   redox	   reactions,	   perhaps	   most	   plausibly	   the	  

reduction	  of V5+	  to	  V4+	  coupled	  with	  oxidation	  of	  bismuth	  or	  oxygen	  to	  ultimately	  generate	  	       	  
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Figure 4.34:  Stability of Mo/T films in water in the dark. (a) Current density versus time for an 
electrode held for 4 hours at the OER potential in 1.0 M KH2PO4 at pH 7.0. (b) Optical extinction 
spectra of the electrode before and after the 4 hour treatment. SEM images of the film (c) before 
and (d) after the treatment, showing what appears to be slight etching. 
 
solvated	  metal	  complexes	  and	  some	  insoluble	  metal	  oxide	  by-‐products.	  This	  process	  would	  not	  

result	  in	  photocurrent	  in	  the	  external	  circuit.	  Because	  as	  few	  as	  60%	  of	  the	  holes	  that	  reach	  the	  

BVO	   surface	   are	   used	   to	   oxidize	   water,	   many	   photogenerated	   carriers	   are	   available	   to	  

participate	  in	  slow	  corrosion	  reactions	  at	  the	  BVO/electrolyte	  interface.	  Future	  work	  will	  focus	  

on	  understanding	  the	  reactions	  responsible	  for	  BVO	  photocorrosion	  at	  different	  pH	  values	  and	  

coating	   BVO	   films	   with	   protective	   layers	   and	   oxygen	   evolution	   catalysts	   to	   achieve	  

simultaneous	  high	  performance	  and	  stability	  during	  water	  oxidation.	  
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Chapter 5 
Enhanced low bias performance in BiVO4 photoanodes 

through phosphate treatment of fluorine-doped tin oxide 
 

Highly efficient dual photoelectrode-based tandem water-splitting devices require current 

matching between the photoanode and photocathode at sufficiently low biases. The main 

reason behind this being that the most well studied and high performing photocathodes to 

date such as p-Si wafers57,58,187-189, pyramidal shaped InP185,190-192 and a-Si:H193-196 coated with a 

protection layer of TiO2 and loaded with either platinum or MoS2 based hydrogen evolution 

catalysts, show photovoltages < 1 V. The highest performing p-Si photocathodes 

demonstrate a Jsc (photocurrent at HER) of ~ 15 mA/cm2 (with a 635 nm long pass filter) with a 

500 mV photovoltage57, while InP photocathodes produce photocurrents as high as 40 

mA/cm2 and photovoltages close to 900 mV185. The best a-Si:H photocathodes with a band 

gap of 1.65 eV show voltages close to 920 mV193. In order to use BiVO4 as a potential 

photoanode to be coupled effectively with the above photocathodes would require not just 

the maximum power point of the BVO anodes to be shifted cathodically to potenitals close to 

its flatband potential but also an increase in the carrier diffusion length to increase 

photoresponse across intermediate biases (between 0.6-0.9 V vs RHE).  

In this chapter, I have shown how by using a simple phosphate based treatment of the 

fluorine doped tin oxide substrate, in the absence of Mo (noMo/T films), a cathodic shift in the 

photocurrent onset by ~ 120 mV and a photorcurrent enhancement of 5x can be achieved. In 

addition a trace addition of Mo (0.5mol%) to the BVO ink in tandem to the phosphate 
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treatment of FTO, results in a record photocurrent of 3.15 mA/cm2 at 0.6 V and a Jph of 4.05 

mA/cm2 at 1.23 V for sulfite oxidation, which is superior to the best performing Mo/T 

electrodes outlined in the previous chapter and one of the highest performing oxide-based 

photoanodes to date72,196. The above treatments in tandem increased the diffusion length of 

electrons from ~ 200 nm to 300 nm. In addition, the stability for these electrodes towards 

water oxidation increases 3x compared to the Mo/T photoanodes from the previous chapter, 

which is again the highest stability for a bare photoanode towards oxygen evolution 

demonstrated to date. Reasons for the observed enhancement will be outlined. With one of 

the highest performing photoanode properties, this study hopes to improve charge transport 

and carrier separation in oxide-based photoelectrodes in a rational manner.  

5.1 Bottlenecks in Mo/T BVO photoresponse 
 
Even though the Mo/T BVO photoanodes described in the previous chapter, show near unity 

internal quantum efficiency for ~ 220 nm thick films with fill factors approaching 60%, there is 

a major drawback to their use in tandem systems. The onset for photoresponse for sulfite 

oxidation is found to be 0.36 V vs RHE, which based on flatband potential measurements of 

Mo/T films, is roughly 200 mV anodic. Assuming that the use of either FeOOH/NiOOH, Co-Pi 

based photocatalysts can replicate the sulfite response for water oxidation, which is typically 

what is observed in literature elsewhere72,197, current matching with these photoanodes will 

not be efficient at biases lower than 0.6 V vs RHE (Figure 5.1). This puts a significant limitation 

on the choice of photocathodes that can be used in tandem since this would require a wide 

gap photocathode that provides a significant photovoltage on a stand-alone basis. From a 

cost and efficiency standpoint, p-Si photocathodes are the front-runners for tandem devices, 
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with they’re near ideal band gap and conduction band edge position for HER. With the recent 

discovery of surface passivating ALD layers of amorphous TiO2
198,  and SrTiO3

199 used to 

stabilize the surface of Si and other III-V semiconductors is liquid junction for 1000+ hours of 

operation, p-Si photocathodes have often been cited and used in tandem devices. However, a 

major drawback with both planar57,189,199 and microwire- based58,188 p-Si is their considerable 

low photovoltage (~ 500mV). This puts a serious limitation to their use with BVO 

photoanodes. On the other hand, large band gap photocathodes such as Cu2O (band gap ~ 2 

eV)62-64 and a-Si:H (band gap~1.6 eV) have the potential for better tandem operation with 

BVO. The former combination in fact, has been explored by Bornoz et al.200,with a low tandem 

STH of 0.5% owing to the relative similar band gaps of BVO and Cu2O. To achieve the 

maximum possible STH using BVO photoanodes would require it to be paired with a lower 

gap photocathode such as a-Si:H. With low manufacturing costs, a-Si:H has recently garnered 

a lot of interest193-195,201, demonstrating photovoltages as high as 920 mV. Tandem devices 

with BVO have resulted in a reasonable STH of 4.6%202. 

 Looking at Figure 5.1, it is clear that to achieve the maximum potential of BVO in a tandem 

system, cathodic shift in the photocurrent onset coupled with an increase in photocurrent 

response is required. Mo – addition to BVO has shown to result in anodic shifts in the onset 

potential102. However, the best performing Mo-BVO photoanodes in literature still 

demonstrate an onset of around 0.22 V vs RHE102, which is almost 0.14 V cathodic of the best 

Mo/T electrodes. Hence, the shift seen in Mo/T electrodes could be a combination of three 

effects: 

1) Inefficient charge transfer at the BVO/FTO interface. 
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2) Mo addition to the BVO photoanodes made by the spin coating method mentioned in 

Chapter 4 results in a different spatial distribution of the Mo through the film 

compared to electrodeposited films. 

3) High dark current due to the presence of bare FTO. 

                                

Figure 5.1: Current matching between highest performing Mo/T BVO photoanode (green), ideal 
BVO photoanode (blue) and a record p-Si (red)57 and a-Si:H photocathode (purple)202. 
 
In most organic solar cells and LED structures, surface dipoles have shown to be a very 

effective method to enhance charge separation at the interface203-206. In water splitting, 

surface dipoles have been used to band engineer GaInP2. Earliest work in this area involved 

treatment of the surface of GaInP2 with quinolone by Turner and co-workers207, which did 

show a significant shift in the flatband potential in the dark (as estimated by Mott-Schottky 

measurements). However, these photocathodes failed to achieve water splitting under 

illumination due to poor surface kinetics and band edge migration208. At the time of collecting 

data for the current work, Turner and co-workers demonstrated that by treating the surface of 



117	  
	  

GaInP2 by a variety of phosphonic acids, band offsets as large as 0.8eV were observed due to 

huge surface dipoles resulting in a change in the local vacuum level209. To date though, there 

has been no demonstration of use of these surface dipoles to assist charge extraction at the 

back contact of photoanodes with the FTO substrate.  Large work function changes in ITO 

have been observed post Cl- adsorption via treatment with dichloromethane vapors210. It 

must be noted though that a huge change in the surface work function might result in the 

formation of a Schottky barrier with the BVO photoanode (work function of BVO ~ 4.65-4.72 

eV and that of FTO ~ 4.4 eV211). Hence, a surface dipole on the order of 0.2 eV would be ideal 

to promote charge separation at the back contact while avoiding the work function of FTO to 

exceed that of BVO. Phosphorous has an electronegativity of 2.19, which is 0.23 units higher 

than that of tin (1.96).  Hence, phosphorous-based molecules resulting in a Sn-P binding 

might be ideal for achieving this.  

5.2 Phosphinic acid (H3PO2) treatment of FTO – sulfite 
photochemistry 
 
Phosphinic acid is known to be a strong reducing agent and the strongest in the phosphate-

series of acids.  Hence, its binding capacity to the FTO could possibly be higher and was 

therefore used as the starting molecule of interest. Phosphinic acid solution in water (Sigma 

Aldrich puriss ~50%) was diluted in ethanol to the desired concentrations. The FTO substrates 

were first cleaned ultrasonically in a 10wt% solution of Hellmanex in water followed by 

washing with copious amounts of deionized water and ethanol and a gentle drying under a 

constant stream of nitrogen. Ethanolic solutions of phosphinic acid were subsequently spun 

coat on FTO followed by pre-baking on the hotplate at 1250C for 6 minutes. The effect and 
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requirement for pre-baking will be discussed in further sections. To isolate the effect of 

phosphinic acid, Mo addition to the BVO inks was initially avoided and all studies were 

conducted using noMo/T inks. A noMo/T ink of BVO was subsequently spun coat on the 

treated FTO followed by the standard annealing procedure to obtain ~ 220 nm BVO 

photoanodes.  

                

Fig 5.2:  Schematic showing phosphinic acid treatment of FTO 

 

5.2.1. EFFECT OF H3PO2 PREBAKING ON TEXTURING AND PHOTORESPONSE 
 
Before a detailed analysis of the electronic effects of the H3PO2 treatment are analyzed, it is 

important to verify the effect of H3PO2 addition to FTO with and without prebake on the 

phase purity and photoresponse of the BVO thin film. Addition of H3PO2 to the FTO substrate 

as no effect on the phase purity of the BVO film, irrespective of prebaking. However, there is a 

loss in the texturing with prebaking. To test if the prebaking of the FTO is critical towards the 

photoresponse of the BVO, EE and SE illuminated devices in sulfite electrolyte with and 

without prebaked substrates were tested.  It can be seen that in the absence of any 

prebaking, there is a negligible increase in the photoresponse (Fig5.3.b,c.). This is despite the 

fact that post spin coating of the BVO ink, the entire stack is annealed at 4750C. This suggests 



119	  
	  

                                   
 Figure 5.3: Effect of H3PO2 treatment of FTO on phase purity and texturing of {001} facet, a. 
comparison between prebaked, unprebaked H3PO2 underlayers and control noMo/T film, effect of 
prebaking on photoresponse c. EE and d. SE illumination in 1M sulfite electrolyte 
 

that the initial prebake results in a strong binding of the phosphinic acid with the FTO 

substrate. In the absence of this step, the loosely bound H3PO2 molecules redissolve in the 

BVO ink that is subsequently spun coat, most of which is then removed during the spin 

coating process, thus completely eliminating any photocurrent enhancement. All subsequent 

JV measurements with H3PO2 - treated FTO substrates will involve prebaking despite the loss 

of texturing. Since the inks used to make these films are similar to those used to make noMo/T 

films, the reference sample against which all comparisons will be made is a standard noMo/T 

thin film. 

5.2.2. EFFECT OF CONCENTRATION OF H3PO2 

 
To test the effect of phosphinic acid treatment, sulfite electrolyte has been used throughout 

the study to avoid the catalytic bottleneck of water oxidation. To test the concentration 

effect, phosphinic acid solutions in ethanol were spun coat on FTO at 2500 rpm for 30 

seconds and subsequently prebaked on a hotplate at 1250C for 6 minutes prior to deposition 

of the noMo/T ink. 
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Figure 5.4: Concentration dependence for a. EE , b. SE illuminated noMo/T BVO photoanodes 
deposited on top of H3PO2 – treated FTO in sulfite electrolyte. 
 
From Figure 5.4 above it can be clearly seen that the phosphinic acid addition resulted in a 

near 10x increase in the EE and 5x in the SE response compared to the untreated substrates. 

In addition, almost no concentration dependence was found for the H3PO2 treatment. The 

highest performance was found on an average for substrates treated with concentrations 

higher than 30mM, which would suggest that 30mM in close to the critical concentration 

required to achieve roughly a monolayer coverage on the FTO. The enhancement in 

photocurrent response is asymmetric which could be due to either no uniform deposition 

parameters or improvement of just charge separation at the back contact (since SE current > 

EE current). To check the former, variation in spin coating parameters coupled with a variety 

of solvent combinations were explored to achieve the highest photoresponse from 200 nm 

noMo/T films (~2.5 mA/cm2 for SE illumination) 

 

 



121	  
	  

5.2.3. EFFECT OF SPIN SPEED AND DEPOSITION CONDITION 

Figure 5.5: Effect of spin coating parameters for 30mM H3PO2 in ethanol a. EE and b. SE 
illumination in sulfite. 
 
As expected, a non-uniform coverage of the phosphinic acid lead to a non-optimal 

enhancement in the preliminary results (Figure 5.4). By using a slightly slower spin speed with 

an initial hold time added (to allow for uniform wetting of the FTO surface) results in a 15x 

enhancement for EE and 7x enhancement for the SE illuminated case. The SE illuminated case 

gave average photocurrents as high as 2.1 mA/cm2, which is close to the maximum expected 

for that thickness. However, the issue of asymmetric photoresponse has still not been 

removed with the SE photocurrent being on an average 25% higher than EE. This hints to the 

possibility that only the carrier extraction near the back interface is improved and not through 

the entire film. The next question that needs to be answered is the thickness dependence of 

the photoresponse. 
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5.2.4. THICKNESS DEPENDENCE OF THE PHOSPHINIC ACID TREATMENT  
 

   

          Figure 5.6:  Thickness dependence of 30mM H3PO2 treatment  for a. EE , b. SE illumination 

Thickness dependence of the photoresponse for the phosphinic acid treatment will be used 

to narrow down the film thickness useful for the remainder of the study. As seen in Fig 5.6 

above, the SE response increases slightly with a maximum photocurrent response of 2.3 

mA/cm2 for SE illumination for 270 nm thick films. However, the EE response steadily reduces 

from 200nm, which shows a maximum photocurrent of 1.5 mA/cm2. This decrease in EE 

response without any change in the SE suggests an increase in series resistance is the cause of 

the reduction. The slight reduction in the fill factor for the SE curves further supports this 

argument. Therefore, all the XPS, UPS and ISS data in the subsequent section will be 

conducted on ~ 270 nm thick films. But before dwelling into the details of the mechanism for 

the observed enhancement, it is necessary to confirm if this is truly just an interfacial effect or 

a combination of interface and bulk transport improvement.  
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5.2.5. PROOF OF THE INTERFACE EFFECT 
 

   

Figure 5.7: a. Direct addition of H3PO2 to noMo/T ink and c. H3PO2 addition to the top surface of 
noMo/T electrode post pre-bake(1250C) and anneal (4750C) for EE illumination in sulfite, (b-d) 
corresponding data for SE illumination 
 
Phosphate/phosphorous atoms have been claimed to act as dopants enhancing 

photoresponse in BVO212. To check if this was the case with the phosphinic acid treated 

substrates, H3PO2 was added directly in 0.1mol% and 3mol% to roughly mimic the amounts 

added when Mo was used as a dopant. As an additional check, a third sample was made using 

H3PO2 -treated FTO substrate in addition to the H3PO2 - modified ink. Almost no enhancement 

is observed for both EE and SE response when H3PO2 is added to the ink directly. In fact, some 
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improvement in performance is seen for the electrode that has both a H3PO2-treated FTO as 

well as direct addition to the ink suggesting that the treatment of the substrate is a critical 

step towards obtaining a high photocurrent. It is important to note that the performance in 

the latter case is not as high as that with just the treated substrate seen in the prior section 

(Fig 5.6) suggesting that direct addition of H3PO2 might actually be partly detrimental. 

Another set of experiments elucidating the importance of treating the FTO is by treating the 

surface of the BVO electrode post annealing. 

 From Figure 5.7c,d. above it can be clearly seen that, addition of H3PO2 to the BVO surface 

itself (and not bulk addition via modification of the ink (Figure 5.7a,b.)) also has no effect 

whatsoever on the photoresponse for both EE and SE illumination. In fact, the photoresponse 

is almost identical to an average noMo/T electrode suggesting that the treatment mostly 

likely involving phosphorous binding, works only when directly deposited on the FTO 

substrate. Now that the contact with the FTO has been established to be key component in 

the enhancement observed.  

Additional information with regard to carrier generation can be ascertained via EQE 

measurements as a function of both thickness and illumination direction. It is clear that for 

both the EE and SE illuminated case for a 250 nm film (Fig5.8.a,b.), there is nearly a 4x increase 

for the EE and 5x for the SE illuminated device compared to just a noMo/T film. An interesting 

feature of the EQE response for the EE case is a peak, which is centered around 450-460 nm 

for a 250 nm film (green trace, Fig5.8.a.). Such a peak in the EQE spectrum is absent for the 

noMo/T only films and is not seen even in the absorption spectrum of the films suggesting 

that it is not a peak corresponding to an increase in the density of states in the material. In 
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fact, no real peak in the EQE response is seen in the SE illuminated case. Further it is important 

to note that the presence and position of the peak is independent of the applied bias for a 

                 

Figure 5.8: External quantum efficiency measurements for 250 nm BVO with 30mM H3PO2 
underlayer in sufite electrolyte a. EE illumination, b. SE illumination, c. thickness dependence for EE 
illumination showing a red shift in the peak EQE with increasing thickness, d. generation rate 
profiles for a slab of BVO for an AM 1.5G solar photon flux with the absorption coefficient for a 
noMo/T film. 
 
 given thickness. To further understand the origin of this feature, an EQE response for a 480 

nm film was collected in the same electrolyte. The EE EQE for a 480 nm film is lower than that 

of a 250 nm film, which matches the JV response. However, the spectrum still shows a peak 
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and is slightly red shifted to ~ 470 nm, a 10 nm red shift compared to the 250 nm film. 

Assuming just a slab of BVO (which does not accurately represent the electrodes analyzed 

here but makes the calculations easier), the generation rate for different wavelengths can be 

calculated and are plotted as a function of thickness in Fig 5.8.d. Considering front 

illumination (EE), the generation rate for any given wavelength is the maximum at the top 

surface and reduces exponentially as light penetrates into the film. At ~ 250 nm into the film, 

which is close to the BVO/FTO interface, the generation rate is maximum for 450 nm light 

which matches the peak in the observed in the EQE spectrum for the 250 nm film. 

Considering now a 480 nm film, the generation rate is highest for a 470nm, which again 

matches very well with the peak observed for the 480 nm film EQE spectrum. This suggests 

that the highest enhancement in charge carrier collection is for the wavelengths that have 

the highest generation rate at the interface, confirming that the H3PO2 treatment is purely an 

interface effect.  

5.2.5. ANION EFFECT: COMPARISON BETWEEN PO2
3- , PO3

3- AND PO4
3-  

 
To test the uniqueness of the phosphinic acid treatment, other phosphorous-based acids 

such as phosphorous (H3PO3) and phosphoric (H3PO4) were used to make solutions in ethanol 

with identical concentrations and treatment procedures.  

Figure5.9 shows that the photoresponse reduces as PO2
3-  > PO3

3- >  PO4
3- . This trend is the 

same for both the EE and SE illumination suggesting it is not a wavelength dependent effect. 

Fluorine doped tin oxide has shown to exhibit mid gap states, mostly oxygen vacancy related. 

Liang et al.99 have shown that these states can act as shallow electron traps and  
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Figure 5.9:  Comparison between phosphinic, phosphorous and phosphoric acid treatment of FTO 
a. EE and b. SE photoresponse in sulfite. 
 
hence recombination centers. By introducing a thin layer (~ 50 nm) of undoped sputtered 

SnO2, they were able to passivate these states and improve the photoresponse. In this study, 

passivation of these states would mean a stronger reducing agent would decrease the 

photoresponse due to an increase in the surface oxygen vacancy concentration. However, 

deprotonated versions for the acids might bind onto the vacancy sites, neutralizing them.  

The stronger binding and more effective coverage of the phosphinic acid compared to the 

phosphorous and phosphoric counterparts could explain the trend. H3PO2, H3PO3 and H3PO4 

are mono, di and triprotic acids respectively. The most likely mode of binding with the FTO is 

via the unpaired electron on the oxygen. With an increase in protonation, more oxygen sites 

are available for bonding, however, larger size of the PO3
3- and PO4

3- anions means fewer or 

incomplete surface coverage in addition to electrostatic repulsions that could exist between 

adjacent oxygen atoms. The mode of binding with the surface will be confirmed by XPS and 
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ISS results outlined in the subsequent section. In addition reduction of mid-gap states will be 

confirmed via X-ray excited valence band spectrum. 

5.3. H3PO2 treatment - dipole and surface passivation effect: 
XPS, UPS and ISS 
 
XPS, UPS and ISS data were collected using a Kratos Supra spectrometer with a base pressure 

of ~ 10- 10 Torr. During XPS measurements the base pressure of the chamber would rise to 

roughly 2 x 10-9 Torr due to sample degassing effects. Figure 5.10.a. shows a survey spectrum 

of FTO substrates with and without H3PO2 treatment, post annealing at 4750C for 15 minutes 

to simulate the conditions used to prepare actual devices.  There are no apparent differences 

between the two survey spectra. In spite of the annealing treatment, a small amount of 

carbon was found on both substrates. To further investigate the presence and binding modes 

of all the elements present, a high resolution region scan was take for Sn 3d, P 2p,Na 1s and C 

1s (Fig5.10.b,c,d,e). 

The peak position for both the Sn 3d7/2 and Sn 3d5/2 remain unchanged post H3PO2 treatment 

suggesting no change in the surface tin oxidation state, which rules out the possibility of any 

etching process. The P2p region scan clearly shows the presence of phosphorous on the 

surface of the treated FTO substrate. The peak splitting between the P 2p1/2 and P 2p3/2 is ~0.2 

eV, which makes peak deconvolution and assignment not trivial. However, a single Gaussian 

fit to the P 2p spectrum gives a peak position of 134.2 eV, which corresponds to either a 

metaphosphate or pyrophosphate-based phosphorous linkage. Sodium was found only on 

the substrate treated with the phosphinic acid suggesting that the surface sodium is not due 

to its diffusion from the soda-lime glass substrate during annealing.   
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Figure 5.10:  X-Ray photoelectron spectra of FTO treated with H3PO2 (blue traces)  and control FTO 
substrate (red traces)  a. survey, and high-resolution elemental scans for b.tin, 
c.phosphorous,d.sodium,e.carbon.   
 
Sodium is most likely an impurity cation present in the phosphinic acid stock solution 

obtained from Sigma Aldrich. Previous studies within the group have shown that presence of 

excess sodium results in the formation of Na-Bi-O based oxide impurities reducing the 

photoresponse drastically. The possible reasons for reduced photoresponse could be either 

the higher band gap of NaBiO3 (direct gap 2.7 eV)213 and band offset with BiVO4
214. However, 

the absence of any side phases in the XRD patterns for the films above suggest that the 

sodium from the stock solution has no effect on the observed enhancement.  
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 Figure 5.11:  a. X-Ray excited valence band for FTO with and without H3PO2 post annealing, b. 
High resolution valence band about the Fermi-edge. c. UPS valence band for FTO with and without 
H3PO2 post annealing near secondary electron cutoff, d. near the Fermi-edge.     
 
X-ray excited valence band spectrum was used to determine if there was any influence of 

phosphorous attachment to the surface of FTO. The difference between the valence band 

maximum (VBM) and the Fermi edge for both treated as well as untreated FTO substrates is 

nearly identical (~ 4.0 eV, Fig5.11.a.), suggesting no change in the bulk work function and 

valence band structure. Even though the cross-section of X-Rays for valence band electrons is 

100x smaller than UV photons, the higher penetration depth helps us differentiate between 

surface (6A for UV photons) and bulk (5-7 nm for X-Ray photons) properties.  Fig5.11.a. above 
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suggests that the general bulk properties of the FTO are nearly unchanged via the addition of 

phosphinic acid. However, a high-resolution spectrum about the Fermi edge shows the 

presence of in-gap defect states in the as received annealed FTO, with a maximum around 3 

eV below the Fermi-edge (~ 2.5 eV below the CBM of FTO). The magnitude of these states is 

substantially reduced via the addition of H3PO2 (blue trace, Fig5.11.b.). Liang et.al.99 have 

shown that fluorine doped tin oxide substrates are shown to posses oxygen vacancy based 

gap states which can act as deep electron traps increasing carrier recombination at the back 

contact. By an addition of a 10 nm layer of sputtered SnO2, they were able to achieve 

photocurrent densities as high as 1.7 mA/cm2 at 1.63 V vs RHE, for a 1%W doped, 300 nm thick 

BVO film with a 10 nm SnO2 at the back contact, towards water oxidation. The presence of 

these gap states in FTO has not been documented either by Liang et.al.99 or any other group 

prior to this. However, in the subsequent sections, a 270nm BVO film containing 0.2mol% Mo, 

prepared on a phosphinic acid treated FTO substrate shows nearly 2.5 mA/cm2 for water 

oxidation at the very same potential, which is 50% increase over the previous report. This 

indicates that only a fraction of the enhancement can be ascribed to the passivation of these 

defect states.  

As mentioned earlier, UPS measurements are more surface sensitive due to the smaller 

penetration depth of the UV photons. Despite the fact that there is carbon-based surface 

contamination (Fig5.10.e.) for both the samples, the relative changes in the UPS spectrum can 

be analyzed since the ratio of Sn 3d:C 1s for both the samples in nearly identical. The SE cutoff 

for the H3PO2 treated FTO is shifted to higher kinetic energies signifying an increase in the 

surface work function. This increase is also reflected in a reduction the difference between the 

valence band maximum and Fermi-edge by a similar amount. Since absolute no change was 
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observed in the bulk work function from XPS VB measurements (Fig5.11.a.), the change in 

work function measured via UPS is due to a shift in the local vacuum level. This is mostly due 

to a surface dipole directed towards the FTO substrate, similar to the change in the work 

function has been previously demonstrated in Cl –treated ITO substrates210. This change in the 

work function still maintains the ohmic contact between BVO and FTO while potentially 

helping charge separation at the interface via dipole-induced carrier separation. This is the 

first demonstration of using surface dipole to separate charges in water splitting 

photoanodes. Hence a combination of in-gap defect state passivation and surface dipole 

results in a near 8x enhancement in photocurrent for a 270 nm undoped BVO thin film.               

                           

Figure 5.12: Ion scattering spectroscopy using 1keV He+ ion on blank FTO (red trace) and FTO with 
treated with H3PO2 (blue trace) 
 
To get further insight into the mode of binding and location of the P atoms on the surface of 

FTO, low energy ion scattering spectroscopy was conducted on both the treated and 
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untreated substrates post annealing. For just the blank substrate a strong Sn and weak 

oxygen signal are seen. This is surprising since the surface termination for bare oxide 

especially post oxygen annealing should be dominated by oxygen. Once the surface is 

treated with H3PO2, the Sn signal is halved suggesting not complete coverage of the surface. 

In addition, no phosphorous signal (KE = 765eV) is observed with a much larger signal from 

oxygen suggesting that the phosphorous atoms are not the topmost layers. In fact, the mode 

of binding to the FTO substrate is most likely via an oxygen atom followed by a phosphorous 

atom and a final termination by another oxygen atom owing to the oxygen anneal. Further 

details will be obtained in a subsequent study involving angle resolved XPS (ARXPS) on a 

single crystal of SnO2 with similar phosphinic acid treatments to verify the ISS results. 

5.4. Combined effect of Mo addition and H3PO2 treatment  
5.4.1. JV FOR SULFITE OXIDATION 
 
So far the highest performing H3PO2 treated films show photocurrents that are still lower than 

the best performing Mo/T films. It has been previously shown that Mo substantially increases 

the photoresponse at the penalty of a ~100 mV loss in photovoltage. However, by reducing 

the amount of Mo added to the inks, the loss in photovoltage can be substantially reduced. 

Since the H3PO2 treatment already results in a 8x enhancement in photocurrent, only a small 

amount of Mo will be required to improve the photoresponse, if any. Hence 0.5mol% of Mo 

was added into the BVO inks (0.5Mo/T) to prepare the 250 nm films analyzed above in 

addition to the phosphinic acid treatment of FTO. Figure 5.13 summarizes results for a range 

of thicknesses measured using this combination as the highest performance device made 

using this treatment combination. 
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Figure 5.13: Thickness dependence of photoresponse for sulfite oxidation for 0.5mol%Mo + H3PO2 
combined treatment a.EE, b.SE illumination and comparison of record device performance with 
200 nm 2% Mo/T record device from chapter 4 c. EE and d. SE illumination 
 
For a 250 nm thick film, both the EE and SE response increase dramatically in comparison to 

just the H3PO2 treated ones (Fig 5.6) with a factor of 2.3x and 1.43x enhancement respectively. 

The maximum photocurrent for both illumination directions was obtained for a 270 nm thick 

film, with an average EE response of 3.8 mA/cm2 and SE response of 3.55 mA/cm2 at OER.  A 

record device performance was achieved for the same thickness resulting in a EE 

photocurrent of 4.05 mA/cm2 and SE photocurrent of 3.8 mA/cm2 at 1.23 V vs RHE. This is one 
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of the highest photocurrents achieved for any photoanode towards sulfite oxidation to date 

(Fig 5.13.c,d.). The significance of the enhancement can be appreciated by comparing the 

photoresponse between the previous mentioned record device and the highest performing 

200 nm Mo/T electrode from Chapter 4. Except for a small drop in the photovoltage (~80 mV) 

due to the loss of surface texture (Fig 5.3.a.), all other device parameters have been 

significantly improved, including 3 mA/cm2 photocurrent for both the EE and SE illumination 

at low bias (0.6 V vs RHE). The current combination of a low Mo addition with H3PO2 treatment 

of FTO has shifted the photoresponse of the bare Mo/T electrodes by ~ 600 mV cathodically, 

which is a huge improvement is device performance for such a small change in processing 

conditions.  

Thickness dependence for the photoresponse shows a slight decrease in fill factor and 

reduction in EE photoresponse with increasing thickness indicating an increase in series 

resistance. The SE illumination however, shows just saturation in the photocurrent. This is 

similar to that observed for the Mo/T electrodes prepared previously (Fig 4.27). The lack of any 

clear trend is most likely due to a complex relationship between film porosity and light 

capture with thickness. Further studies involving a close control of the porosity with grain size 

as a function of thickness in combination with optical modeling will be necessary to shed 

further light into the mode for carrier transport in these films.  

Integrating sphere measurements were conducted for 270 nm films on quartz substrates 

using EE illumination and a quartz coverslip to trap a thin layer of electrolyte to closely 

simulate photon fluxes seen during device measurement.  A small amount of band tailing (< 

3%) is observed past 530 nm (band gap of BVO) (Fig 5.14.b.), which is within photometric 

error. 
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Figure 5.14: a. Absorbed photon flux for a 270 nm film (green hashed area) assuming AM 1.5 G 
photon flux (left) and corresponding Jmax (right), b. Absorptance obtained using integrating sphere 
for a 270 nm film on quartz for front illumination in the presence of a thin layer of electrolyte (wet), 
c. carrier separation efficiency calculated using average photoresponse for a 270 nm film and the 
Jmax calculated in a. 
 
Using the absorprtance data in Fig 5.14.b., the maximum possible photocurrent for a 270 nm 

thick film was calculated using the AM 1.5G photon flux (Fig 5.14.a.). The maximum current 

was found to be 3.95 mA/cm2 (red trace, Fig 5.14.a.). Since the catalytic efficiency for sulfite 

oxidation is near unity on BVO surfaces, the average photocurrent for sulfite oxidation was 

used to estimate the carrier separation efficiency as described in Chapter 4. The results show a 

near unity carrier separation (96% at OER) including extremely high separation efficiencies at 

low biases (72% at 0.6 V vs RHE)(Fig 5.14.c.). This is the highest reported carrier separation 

efficiency for all photoanodes to date. The near symmetric photoresponse for both EE and SE 

illumination suggests that neither electron or hole diffusion is limited within the entirety of 

the film.  
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5.4.2 JV AND CATALYTIC EFFICIENCY TOWARDS WATER OXIDATION 
 

 

Figure 5.15: a. JV for water oxidation, b. catalytic efficiency towards water oxidation for 0.5% Mo + 
H3PO2 treated BVO film 
 
Photoresponse towards water oxidation for the dually modified BVO photoanodes was tested 

under 1 Sun illumination in 1M KPi electrolyte buffered to pH 7.0.  The onset of photocurrent 

is cathodically shifted by ~ 200 mV compared to the highest performing Mo/T 

photoelectrodes (Fig5.15.a.). The initial take off at onset (0.4 V vs RHE) is slow, thus limiting 

the current at OER to 1.7mA/cm2. However, this is the lowest onset potential reported for any 

uncatalysed oxide photoanode towards water oxidation to date by a significant margin. Using 

the separation efficiency estimated via sulfite oxidation (Fig5.14.c.), the catalytic efficiency for 

water oxidation was calculated (Fig5.15.b.,red trace). The peak catalysis efficiency at OER is 

44.6%, which is lower than the Mo/T electrodes described in chapter 4(ηcat = 60% at OER). The 

most likely reason for this drop is the lack of texture in these phototelectrodes. Current and 

future work will be focused on maintain texture in these electrodes to further boost their 

performance towards water oxidation 
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5.4.3 STABILITY TOWARDS WATER OXIDATION  
 

 

Figure 5.16: a.Chronoamperometric measurement at OER in 1M KPi pH=7.0, dark currents for 
H3PO2 treated and untreated FTO substrates b. with noMoT 270 nm BVO film and c. bare substrate 
 
Photoelectrodes were biased at 1.23 V vs RHE under 1 Sun illumination, with the 

photoresponse being monitored. During the stability measurements, solutions were 

continuously stirred to avoid any concentration gradients and bubble agglomeration on the 

surface of BVO.  A substantial improvement in the stability of the uncatalysed BVO 

photoelectrodes was seen with a decay time of ~ 45mins before 50% of the initial 

photocurrent was lost (Fig5.15.a.). This is 3x higher compared to that observed in Mo/T 

photoanodes and the highest stability shown by any BVO photoanode without catalyst 

loading. This is contrary to what is expected since the overall catalytic activity of the 

electrodes is lower than the Mo/T counterparts (Fig 5.15.b., 4.31.b.). To further explore the 

reason for this observed enhancement, dark current measurements were taken on both bare 

FTO and H3PO2 treated FTO, with and without BVO photoanode layer on top of it (Fig 

5.16.b,c.). No change in either the onset potential or the total dark current is seen for the 

substrate only case (Fig5.16.c.). This indicates that the phosphinic acid layer by itself is not 

catalytic towards water oxidation. The situation is different with the BVO layer present, where 
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the BVO film on H3PO2-treated FTO shows a larger dark current towards water oxidation with 

an onset ~ 1.58 V vs RHE. XPS measurements of the BVO electrodes measured in Fig5.16.b, 

 

          Figure 5.17: High resolution XPS spectra of noMo/T films on blank and H3PO2 treated FTO 

show no difference in the Bi 4f and V 2p spectra suggesting on change in coordination of 

surface atoms. There is also a completely absence of the P 2p signal indicating phosphorous 

stays at the back contact with the FTO and most likely does not diffuse through the bulk of 

the electrode. This would indicate that lack of electron accumulation at the FTO interface 

results in less photocorrosion via reduction of most likely vanadium atoms, thus improving 

the stability of the electrodes. Hence, the cathodic shift in the onset potential seen for water 

oxidation is purely the removal of electron blocking effect at low biases at the back contact. 

Further studies involving XPS depth profiling and ISS of the above electrodes will be used to 

validate the above hypothesis.  

To conclude, phosphinic acid treated FTO substrates have a slightly higher work function 

(0.19eV shift) as well as reduced in-gap defect states. A combination of these effects results in 

record high photocurrent densities and stability towards water oxidation for BVO 
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photoanodes. Such a treatment, in future, could be used to improve and protect all 

electronically weak photoanodes under water oxidation conditions.  
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