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1. Introduction 

1.1 The need for a decarbonized energy economy 

Since the start of the industrial revolution in the late 18th century, the quality of life for 
humanity as a whole has improved exponentially as a result of economic development which has 
allowed to bring billions out of extreme poverty. Fossil fuels (coal, oil and gas), as a cheap and 
abundant source of energy has played an important role in ensuring this global development. 
However, the use of fossil fuels to drive the economy has also had a large negative environmental 
impact due to the massive increase in emissions of CO2 and other greenhouse gases (methane and 
nitrous oxide), which are the key drivers of climate change and global warming. This has had wide-
spread ecological, physical and health impacts, such as rise in extreme weather events (floods, 
droughts, storms and heatwaves); rise in sea-level; altered crop growth patterns; and disruption in 
water systems1. Although ‘anthropogenic climate change’ and its consequences have been referred 
to as early as 1896 by Arrhenius2, it wasn’t until 1957 when the effect of greenhouse gas emissions 
on global temperatures, colloquially referred to as the ‘greenhouse effect’, was suggested by Revelle 
et al.3 It took another three decades for the introduction of policies to mitigate the effect of emissions 
towards climate change. The Vienna Convention (1985) and Montreal Protocol (1987) were 
introduced to reduce the ozone layer depletion as a result of chlorofluorocarbon (CFC) and methane 
emissions. Although political and societal consensus on the negative impact of anthropogenic 
climate change has since increased dramatically, it was only in 2016 that 184 nations signed the Paris 
Agreement4 to limit the increase of global average temperature to less than 2°C above pre-industrial 
levels. This will require net-zero or even net-negative emissions to be reached by the second half of 
this century (2060-70)5 which can only be achieved by a massive reduction in the use of fossil-fuels 
and a transition to sustainable, carbon-neutral energy production sources, such as solar, wind, hydro 
and possibly nuclear energy. In the following section, the current energy economy and its effect on 
CO2 emissions will be further introduced. Then, the use of renewable energy sources in order to 
achieve decarbonisation will be discussed. 

1.2 Global energy economy - The past and present 

Figure 1 shows the change in the global primary energy consumption in terms of source and 
quantity from 1800-20176,7. In 2017, we consumed approximately 154,000 TWh of primary energy, 
which is 27 times the amount used in the pre-industrial era. We see that in the nascent stage of the 
industrial revolution (1800-1850), traditional biomass (such as firewood) made up 98% of the energy 
source, along with a small amount of coal (2-10%). By 1900, coal consumption had grown 
significantly and made up half of the global energy output. Oil consumption at this stage was 
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minimal (<2%). Natural gas and hydropower were also starting to be explored as potential energy 
sources but made up less than 1% of the global energy sector.  

By 1950, oil consumption had increased to around 20% and coal had also overtaken 
traditional biomass as the highest consumed energy source. Other sources, such as natural gas had 
also increased while hydropower remained insignificant. Nuclear power production started around 
1960, and it was not until 1980 that renewable energy sources (apart from hydropower), such as 
modern biofuels, wind and solar energy emerged. However, even today the contribution of 
renewable energy sources to the total energy economy remains less than five percent. Thus, a lot of 
effort is required, if we want to transition towards a net-negative emission energy economy.  

The effect of such a carbon-rich energy economy on the CO2 concentration in the 
atmosphere and the related increase in global average temperature is shown in Figure 28–10. The large 
growth in global CO2 emissions has had a significant impact on the concentrations of CO2 in Earth’s 
atmosphere, as shown in Figure 2(a). In the pre-industrial era and until the end of the 18th century, 
the levels were fairly stable at 270-285 parts per million (ppm). However, from the early 20th century, 
with the dramatic rise in fossil fuel consumption, global CO2 concentrations have increased rapidly, 
with a current concentration of approximately 408 ppm.  

This increase in CO2 concentrations has led to a concomitant rise in global average 
temperature as shown in Figure 2(b). Here the average temperature over the period 1961-1990 is 
used as a baseline against which yearly changes in temperature are measured. We see that over the 
last few decades, temperatures have risen sharply at the global level to approximately 0.8°C higher 
than the baseline in 2017. When extended back to 1850, we see that temperatures were a further 
0.4°C colder than the baseline. Overall, this amounts to approximately an increase of 1.2°C over the 

Figure 1 Global primary energy consumption, measured in terawatt-hours (TWh) per year. Here 'other renewables' are 
renewable technologies not including solar, wind, hydropower and traditional biofuels. Data obtained from Ref. 6-7. 

G
lo

ba
l p

rim
ar

y 
en

er
gy

 co
ns

um
pt

io
n 

(T
W

h)
 



Global energy economy - The past and present 17 

 

 

pre-industrial revolution era; an important milestone since it brings us more than halfway to the 
global limit of keeping warming below 2°C. At the current warming rate, we will reach 1.5°C above 
pre-industrial levels as early as 2040 and around 3°C by 2100. 

Apart from CO2, other greenhouse gas emissions, such as methane and nitrous oxide also 
contribute to the rise in global average temperature. Figure 3 shows the global greenhouse emissions 
from pre-industrial era to the current time and future projections up to 2100 along with the expected 
rise in temperature. These projections are based on the various climate policy scenarios, ranging 
from no climate policy (“business-as-usual”) to the 1.5°C consistent pathway as established in the 
Paris Agreement. We can see that if countries do not implement any climate policy, an increase of 
4.1-4.8°C is expected, which would be devastating for the world economy and living conditions, 
especially in developing nations.  

a 

b 

Figure 2 (a) Global average long-term concentration of CO2 in parts-per-million (ppm). CO2 concentration data 
between 1850-2018 from ref. 8-9. (b) Global average land-sea temperature anomaly relative to the 1961-1990 average 
temperature (°C). The red line represents the median average temperature change, and grey lines represent upper and 
lower 95% confidence intervals (data from ref. 10); 
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Even a 1.5°C rise in temperature, as a best-case scenario, will have a major impact, such as 
increase in coastal flooding leading to high displacement of population, especially in Asia; further 
reduction in groundwater resources; prevalence of heatwaves with more than 350 million exposed; 
and up to 15% reduction in key staple crop (maize, wheat, rice) output. The total estimated economic 
impact would range from $54 trillion to $69 trillion and the people living in extreme poverty would 
rise by up to 16 million, especially in sub-Saharan Africa and south-east Asia11.  

It is, therefore, very clear that urgent action is required to contain global average temperature 
at 1.5°C or less. This would require a reduction of around 40% in total emissions by 2030 and to zero 
emissions by 2060. Thus, rapid decarbonisation of the energy economy is essential and would 
require various rapid and far-reaching transitions in sectors, such as energy, agriculture, and 
industry. For example, in the electricity generation sector, use of coal will have to be reduced steeply 
to less than 40% by 2040 and to 0% by 2050. Furthermore, renewable energy sources would need to 
supply 70% of electricity by 2050, especially solar energy systems which would account for up to 
25% of the total electricity generation sector. Other factors include large-scale deployment of 
carbon-dioxide removal (CDR) policies, such as reforestation, carbon capture and storage (CCS) 
systems for heavy industries as well as direct air capture (DAC) technologies to scrub CO2 from 
ambient air12.

 

Figure 3 Potential future emissions pathways of global greenhouse gas emissions (measured in gigatons of carbon 
dioxide equivalents, Gt CO2e) in the case of no climate policies, current implemented policies, national pledges within 
the Paris Agreement, and 2°C and 1.5°C consistent pathways. High, median and low pathways provide the range for a 
given scenario. Data from ref. 11. 
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1.3 Renewable energy sources and their implementation 

The development and implementation of renewable energy sources (which includes wind, 
biofuels, solar, hydropower, geothermal and marine energy) is vital for decarbonisation of the global 
energy economy, as discussed in the previous section. Although the contribution of renewable 
energy sources to the current energy demand is only around 8%, this is changing at a rapid pace, 
with a 17% increase in renewable power in 2017 of which solar energy accounted for 35% of growth13. 
Furthermore, power generation using solar photovoltaic (PV) systems accounted for almost half of 
the growth in electricity generation with wind contributing a further 17% increase. Solar capacity 
increased by 100 GW, with China contributing to half of the increase7.  

Although the rapid increase in renewable energy sources, such as wind and solar PV is 
encouraging, however, in order to ensure their growth to levels wherein they can help mitigate 
climate change requires that these sources can provide reliable power generation. This is a significant 
challenge due to the intermittent nature of both wind and solar energy which varies diurnally, 
seasonally and with the local weather. Thus, to compete against reliable sources, such as coal, oil and 
gas, a flexible energy conversion and storage solution would be required to match the fluctuations 
in supply with the need for reliable demand. Currently, in order to balance the intermittent supply 
of renewable power sources, the cheapest technique is the use of natural gas fired generators, due to 
the affordability of natural gas, the high ramp rate of the generators and low fixed costs14. However, 
the CO2 emissions from such load-following electricity generation was estimated to be around 12% 
of the global fossil-fuel and industrial emissions in 201415. A net-zero emission system alternative is 
energy conversion and storage solutions, such as sustainably generated synthetic fuels or 
rechargeable batteries. 

Batteries are currently used on a large scale in consumer markets, such as mobile devices due 
to their high energy density and high charge/discharge rates. However, for grid-scale applications, 
which require the storage of large quantities of energy and cycle infrequently (20-100 times per year), 
the levelized cost of electricity (LCOE, $/kWh) is very high due to the high capitalised cost per energy 
capacity and power capacity. As an example, the LCOE of current generation lithium-ion batteries 
is $0.5/kWh as compared to the conventional grid-scale electricity cost of $0.035/kWh16. However, 
techno-economic analysis of low cost redox-flow battery systems based on abundant materials, such 
as sulphur might reach LCOE as low as $0.06 - $0.09/ kWh, assuming 20-100 cycles per year for 20 
years17. However, this technology is still under research and has yet to be demonstrated.  

A viable alternative is the use of sustainably generated chemical fuels, which are currently 
the only option for large scale, long term storage and transportation. One technique to generate such 
sustainable fuels is by solar water splitting in which the energy of the sun is used to extract electrons 
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from water and store it as high-energy chemical bonds, i.e. hydrogen fuel, with oxygen as a by-
product. The hydrogen produced in this manner is therefore called a ‘solar fuel’ or, in this case, ‘solar 
hydrogen’. The methods to obtain solar hydrogen and related advantages and challenges are 
discussed in the next section. 

1.4 Solar hydrogen technologies - opportunities and challenges 

Solar hydrogen will play a key role in the future net-negative emission energy economy and 
chemical industries since it has zero CO2 emissions when used as a fuel and is also a feedstock for 
the production of valuable chemicals, such as ammonia. Currently, steam methane reformation 
(SMR) accounts for greater than 95% of the generated hydrogen due to the very low cost of 
production of $1.39/ kg.18 However, this fossil fuel derived hydrogen has a very high carbon footprint 
and is, thus, unsustainable in the long term. Therefore, a cheap, efficient way to generate renewable 
solar hydrogen would be a major breakthrough in the path towards a decarbonised economy. 

Solar hydrogen can be generated via water splitting via various routes. The first is the use of 
independent photovoltaic modules coupled to separate electrolysers (PV-electrolysis). Another 
route is photoelectrochemical (PEC) systems which are fully integrated, single units that can absorb 
sunlight and produce hydrogen and oxygen.19,20 Various configurations based on these two routes 
or their combination have also been demonstrated, such as integrated PV-PEC systems, grid-
balanced PV-electrolysis systems etc.21 Another route which is being studied is the use of 
photocatalytic nanoparticle-based slurry systems for hydrogen generation.22 

Of these techniques, the PV-electrolysis route is the most mature and has a high level of 
technology readiness for commercialization21. This is due to the fact that both PV and electrolyser 
systems have already been commercialised for decades and can be independently operated and 
optimised for maximum solar-to-hydrogen conversion (STH) efficiency. Laboratory-scale PV water 
splitting systems have demonstrated STH efficiency of 22% for a single PV-electrolyser setup23 and 
up to 30% for a setup with a triple junction III/V solar cell connected to two polymer-electron 
membrane (PEM) electrolysers24. However, use of III/V semiconductor materials and tandem PV 
devices are limited by manufacturing costs, scalability, and stability issues. Commercial silicon PV’s 
directly coupled to PEM electrolysers have demonstrated STH efficiency of 14%25. Although this is 
lower than for the state-of-the-art III/V systems discussed above, the Si-based system is more 
economically viable due to the lower price of manufacturing and established stability and scalability 
of these PV systems.  

However, according to a recent techno-economic analysis by Lewis and co-workers18 even the 
most efficient PV-electrolysis systems will not be economically competitive with SMR for hydrogen 
generation. As they report, even for the best-case scenario, with the most efficient PV modules 
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currently available (46% efficiency) and state-of-the-art PEM electrolysers with a plant efficiency of 
61%, the levelized cost of H2 production (LCH) would be $9.4/kg as compared to $1.39/kg for SMR-
generated hydrogen. For cheaper PV systems with an efficiency of 16% and similar electrolyser 
efficiency, the price would be even higher at $12.1/kg. Lower prices ($3/kg) would require a drop in 
the capital cost for the electrolyser system by ~60%, which would require a disruptive innovation in 
electrolyser technology, such as development of high-efficiency, low cost acidic PEM electrolysers.  

The other route is use of PEC systems for solar-hydrogen generation. However, no 
commercially viable PEC systems have been demonstrated yet, with possible implementation still 
more than a decade away21. The efficiencies at the laboratory scale are lower than the best PV-
electrolysis systems, with the highest demonstrated STH efficiency being 12.4% for an integrated 
PEC/PV device26 and 19% for a ‘buried-junction’ device with III/V material-based photoabsorbers 
and integrated RhO2 and RuO2 catalysts27. Furthermore, these devices are extremely expensive to 
make due to the complicated manufacturing of the tandem III/V semiconductor photoabsorbers 
used in these systems. Another issue is the stability of PEC cells, with the highest performing cells 
stable for less than 12 h. Recent studies demonstrate the separate PEC photoabsorber components 
stable for a maximum of a few months28,29, as compared to the requirement of close to 10 years for a 
feasible commercial PEC system18.  

Therefore, in order to improve the efficiency and stability as well as to reduce the cost of PEC 
systems, various theoretical efficiency analyses have been performed in literature. The first work was 
the calculation of the thermodynamic limit for PEC systems by Bolton et al.30 and has been further 
expanded in other works which take into account various factors, such as kinetic overpotential of 
the electrochemical reactions, PEC device configuration, number and shape of photoabsorbers, 
catalyst activity, crossover of hydrogen and oxygen products, solution resistance and parasitic light 
absorption by the electrolyte31–35. Overall, these analyses suggest an achievable STH efficiency of 
around 10-15% for a single absorber device with a bandgap of 1.7-2.2 eV which is much lower than 
the calculated thermodynamic limit of 29-34%.30,36  

Another possible PEC device configuration is a tandem configuration which utilizes a series 
connection of dual photoabsorbers - a wide-bandgap material for water oxidation (photoanode) and 
a narrow-bandgap material for reduction to H2 (photocathode). To increase the efficiency, catalysts 
are also usually integrated on the surface of the photoelectrodes. These tandem cell configurations 
are usually of two designs - wired37 (as shown in Figure 4(a)) system with photoelectrodes separated 
by a proton conducting membrane, such as Nafion or wireless (monolithic) systems with ‘back-to-
back’ stacked photoabsorbers as used for the high efficiency III/V ‘buried junction’ PEC devices 
discussed above27. For both of these dual-absorber systems, an STH efficiency >25% should be 
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achievable as shown in the contour plot in Figure 4(b) on pairing of optimal wide-bandgap (1.6-2 
eV) photoanodes and narrow-bandgap (0.8-1.4 eV) photocathodes38. However, this is far lower than 

the thermodynamically achievable STH efficiency of 41% 30,36, but higher than that observed for 
single photoabsorber devices. 

Recently, an ‘electrochemically-connected’ tandem PEC configuration has been investigated 
based on the use redox shuttles that are oxidized by holes from the H2-evolving photocathode and 
that are reduced by electrons from the O2-evolving photoanode22. An example of an 
electrochemically-connected tandem device is the redox-shuttle-mediated Z-scheme particle 
suspension reactor for solar water electrolysis, which facilitates H2 evolution and O2 evolution in 
separate compartments and does not require the use of an ion-selective membrane, like Nafion39. 
Techno-economic analysis of these redox shuttle-mediated systems have shown that STH 

Figure 4 (a) Working principle of the tandem cell for water splitting using a photoanode with bandgap energy Eg,1, and 
a photocathode with Eg,2 (where Eg,1 > Eg,2). Briefly, on absorption of a solar photon, an electron (e−) from the valence 
band (VB) is promoted to the conduction band (CB) leaving the corresponding electron hole (h+). The electric field in 
the depletion layer physically separates these charges and, in the photocathode, the electrons in the CB drift to the 
semiconductor–liquid junction, increasing the quasi-Fermi energy of the cathode, EC

QF, to drive the reduction of H+ to 
H2 at a water reduction catalysis (WRC) site. Analogously, in the photoanode, electron holes in the VB drift to the 
semiconductor–liquid junction, increasing the photoanode’s quasi-Fermi energy, EA

QF, sufficiently to surmount the 
overpotential for oxidation (ηO) and oxidize water to O2 at a water oxidation catalysis (WOC) site. Photogenerated 
electrons in the CB of the photoanode travel through the external circuit to recombine with the holes in the VB of the 
photocathode. EF, Fermi energy; E(VRHE), electronic potential with respect to the reversible hydrogen electrode; ηR, 
overpotential for reduction. Figure and caption adopted from ref. 35; (b) STH efficiency contour plots as a function of 
bandgaps for the top absorber (photoanode) and bottom absorber (photocathode) of a dual (stacked) absorber PEC 
water splitting device. Calculated STH efficiencies are modelled using some of the most active catalysts for the HER (Pt) 
and the OER (NiFeOx), and free energy losses equalling approximately 15–30% of the total bandgap of each 
semiconductor absorber. Figure and caption adopted from ref. 36. 

a b 
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efficiencies as high as 34% can be achieved by optimising the bandgaps of the photoelectrodes and 
the redox shuttle potential40. 

However, it is clear that the reported STH efficiencies of all of the PEC systems described above 
are much lower compared to the theoretically predicted efficiency; and to PV-electrolysis devices, 
which are closer to reaching their theoretical limit. However, techno-economic analysis by Shaner 
et al.18 for a tandem-cell PEC system has shown that an LCH of $11.4/kg can be achieved which is 
lower than that for PV-electrolysis systems assuming total efficiency to be the same value (9.76%), 
but still very high compared to SMR-generated H2. The tandem cell was modelled assuming the use 
of triple junction Si cells as the photoabsorbers, Nafion PEM membrane and Pt and Ir as HER and 
OER electrocatalysts.

1.4.1 Tandem PEC devices - recent progress and emerging trends 

As in the case of PV-electrolysis systems, the most important factor to achieve low LCH is the 
efficiency of the tandem PEC cells. An increase in efficiency to 25% would result in an LCH of 
$5.1/kg. It should also be noted that the LCH was calculated assuming an operating area of ~105 m2 
and PEC cell lifetime of 7 years, challenges which have plagued the field for over 40 years and have 
yet to be fulfilled41, even at the laboratory scale42.  

However, the fact that PEC systems are feasible with respect to PV-electrolysis systems in the 
long term, and the need for disruptive improvement in the efficiency of these devices presents an 
opportunity for research to determine the materials and device architecture necessary for high 
efficiency and durable H2 generation over several years. Thus, the next section will discuss the critical 
parameters influencing the efficiency of the photoanode and photocathodes in a tandem-PEC cell. 
This will be followed by a discussion on the current state-of-the-art photocathode and photoanode 
materials.

1.4.2 Key factors influencing the water splitting performance of photoanodes 
and photocathodes 

The water splitting performance of photoelectrodes in PEC system is dependent on critical 
factors which can be represented by the product of the incident photon flux (φ), which determines 
the maximum attainable performance in an ideal case, with the efficiency of three major processes:  

• Light absorption efficiency (ηabs): The fraction of incident photons which are absorbed. 

• Charge separation efficiency (ηCS): The fraction of photogenerated minority charge carriers 
which can reach the semiconductor-liquid junction (SCLJ) as a result of successful charge carrier 
separation. 
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• Charge transfer efficiency (ηct): Fraction of photogenerated minority charge carriers which can 
oxidise/reduce water at the SCLJ, instead of recombining.  

Thus, in order to improve the PEC performance of the photoelectrode material we need to 
maximise these efficiencies. This requires investigating how the efficiency of these three processes 
are determined by the photoelectrode properties, such as bandgap, crystalline structure, morphology 
and chemical composition. These physico-chemical properties, in turn, are dependent on the 
deposition and processing steps which are used to fabricate the photoelectrode material.  

Therefore, in order to understand the influence of each of the parameters discussed above on the 
PEC performance, the bulk and interface properties of the material need to be tuned by varying the 
fabrication processes. This leads to variation in the critical efficiency values, studying which explains 
the differences observed in the PEC performance of the material being studied. In this way, we can 
establish the structure-property-performance relationships which can provide guidelines for 
maximising the water splitting performance of the material.  

Apart from the three critical parameters described above, other factors which influence the water 
splitting efficiency are the optimal bandgap matching of the photoanode and photocathode30,33 (as 
shown in Figure 4 (b)), low-cost fabrication of the semiconductors while ensuring high growth 
quality for better electronic properties43,44 and high stability of the photoelectrodes in both highly 
acidic and alkaline electrolytes without effecting the light absorption or charge transfer efficiency 
values.45

1.4.3 Photocathode materials 

Photocathode materials for water splitting are required to generate sufficient cathodic current 
to carry out the hydrogen evolution reaction (HER) and should demonstrate high stability in an 
aqueous environment. Furthermore, the conduction band edge of the photocathode material should 
be lower than the hydrogen redox potential to successfully reduce protons to hydrogen. The HER 
mechanism is dependent on the pH of the electrolyte with HER at low pH proceeding via reduction 
of protons, and at high pH via reduction of water to produce hydroxide ions and hydrogen.46 The 
HER at low and high pH are shown below, 

2𝐻𝐻+ + 2𝑒𝑒−  ⇄  𝐻𝐻2                       (𝑙𝑙𝑙𝑙𝑙𝑙 𝑝𝑝𝐻𝐻) (1) 

2𝐻𝐻2𝑂𝑂 +  2𝑒𝑒−  ⇄  𝐻𝐻2  + 2𝑂𝑂𝐻𝐻− (ℎ𝑖𝑖𝑖𝑖ℎ 𝑝𝑝𝐻𝐻)  (2) 

Photocathodes are usually fabricated from p-type semiconductors in which the bands bend in 
the ‘downward’ direction on bringing it in contact with the electrolyte. This leads to a driving force 
for minority carriers, in this case electrons, toward the SCLJ while the holes are swept into the 
semiconductor bulk. Thus, a cathodic current is established which helps to protect the surface of the 
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photocathode from corrosion (oxidation). This allows p-type materials to have higher stability than 
n-type materials during the hydrogen evolution reaction.  

Metal oxides, in general, have been found to be good candidates as materials for PEC systems, 
since they show high stability in an aqueous environment as well as low cost and the possibility to 
tune band edge positions and band gaps to achieve better performance47. However, only a limited 
number of metal oxide-based p-type semiconductors are used as photocathodes and the most 
intensively studied of these is Cu2O, which has a bandgap of 2 eV and, therefore, can theoretically 
reach an STH efficiency of 18%30,48. However, it is highly unstable during operation due to reduction 
by photoelectrons and therefore requires the use of a protective overlayer. Paracchino et al.49 were 
the first to demonstrate a Cu2O photocathode stabilised for over 1 h of testing using nanolayers of 
TiO2/Al:ZnO (AZO) as a protective coating and Pt as a co-catalyst with the best electrodes 
demonstrating a cathodic photocurrent of up to 7.6 mA cm-2 at 0 V versus the reversible hydrogen 
electrode (RHE). Luo et al.50 then demonstrated a Cu2O photocathode with up to 10 mA cm-2 
photocurrent and more than 50 h of stability using a similar TiO2/AZO protection layer and a RuOx 
co-catalyst layer. Recently, Pan et al.51 developed a Cu2O- Ga2O3 p-n heterojunction photocathode 
with a TiO2 protection layer and NiMo co-catalyst which demonstrated over 10 mA cm-2 of 
photocurrent and more than 100h of operational capability. Paired with a BiVO4 photoanode, they 
demonstrated an all-oxide unassisted PEC tandem device with 3% STH efficiency. 

Another copper-based p-type oxide, CuFeO2 (in the delafossite phase) was investigated as a 
potential photocathode and showed high stability without a protection layer, with operation 
capability for several days52,53. However, the material suffers from low performance with a cathodic 
photocurrent of 0.4 mA cm-2 at 0 V versus RHE. Recently, Prévot et al. showed that the low 
performance of CuFeO2 can be explained by the presence of a metal hydroxide layer on the surface 
which acts as electron trap states leading to high surface recombination and lowered photovoltage. 
Improving the surface composition to reduce the presence of electron traps should therefore lead to 
increased PEC performance54. AgRhO2 is another delafossite phase p-type material which has shown 
high stability in aqueous solutions and more importantly, demonstrated almost unity faradaic 
efficiency for hydrogen evolution across the entire pH range (tested at pH = 0, 7 and 14)55. Cu-based 
niobium oxide materials, such as CuNbO3 and CuNb3O8 also demonstrate good stability but suffer 
from low PEC performance56,57.  

Metal chalcogenides are another class of materials which demonstrate both high PEC 
performance as well as good stability in aqueous environment under reductive conditions. Selenide-
based photocathodes, such as Sb2Se3 with a transition-metal chalcogenide (MoSx) as a co-catalyst 
can reach a photocurrent of 16 mA cm-2 at 0 V versus RHE and is stable for several hours even 
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without a protective layer58. A recent work by Muzzilo et al.59 demonstrated a p-type CuGa3Se5 thin 
film photocathode with a cathodic photocurrent of 12 mA cm-2 at -1 V versus RHE (4 mA cm-2 at 0 
V versus RHE) without the use of a co-catalyst and with an operational stability of 10 days. Other 
high-performance chalcogenide materials are CuInS2 with a reported cathodic photocurrent of 15 
mA cm-2 at 0 V vs RHE and Cu (InGa)Se2 (CIGS) which when coupled with a CdS extraction layer 
and TiO2 protection layer demonstrated a cathodic photocurrent of 30 mA cm-2 at 0 V versus RHE. 
Another CIGS photocathode with a CdS extraction layer and Pt co-catalyst demonstrated an 
impressive applied bias photon-to-current efficiency (ABPE) of 8.5% at +0.38 V versus RHE. 
Transition-metal dichalcogenides, such as MoS2 have been well studied as HER catalyst materials, 
but recently work has also been done to use these materials as photocathodes. Especially WSe2 has 
gained interest as a stable and high-performance material with single-crystalline WSe2 
photocathodes demonstrating a photocurrent of 24.5 mA cm-2 at 0 V vs RHE with Pt/Ru as co-
catalysts60. Yu et al. used 2D exfoliation methods to fabricate  ̴25 nm thick WSe2 layers which showed 
photocurrents of up to 1.5 mA cm-2 with Pt as co-catalyst61. However, long-term stability still 
remains an issue with most chalcogenide materials. 

The highest photocurrent and STH efficiency values have been reported for photovoltaic-
grade semiconductors, such as Si and III/V materials mainly due to their excellent charge transport 
properties and high band-gap tunability. Usually these materials require a protective overlayer to 
maintain stability in aqueous environments although work has been done on Si and GaInP2 
photocathodes with no protective layers which showed good performance and a stability of up to 60 
days in case of the Si photocathode62. King et al. reported an MoS2-protected Si photocathode which 
showed a photocurrent of 15 mA cm-2and was stable for 62 days63. Bae et al. reported a TiO2 
protected metal-oxide-semiconductor (MOS)- based Si photocathode with a photocurrent of 22 mA 
cm-2 stable for 82 days under simulated day/night cycling conditions, which makes it the longest 
operating, stable photocathode cell as of now28.  

An emerging class of materials which can be used as photo-absorbers in PEC cells are organic 
semiconductors which have been demonstrated for hydrogen evolution in a ‘buried junction’ device. 
Namely, standard bulk-heterojunction organic semiconductors have been combined with a TiO2 
protective layer and platinum hydrogen evolution catalyst to generate photocurrents of 5 mA cm-2 
at an applied bias of 0 V versus RHE.64 This is a nascent area of research and only a few other all-
organic based photocathode materials have been reported.65,66 Bulk-heterojunction based 
photocathodes with inorganic protection layers and/or co-catalysts have shown cathodic 
photocurrent as high as 8 mA cm-2 but stability remains a large issue with even the most stable 
systems degrading after an hour of continuous operation.67
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1.4.4 Photoanode materials 

In order to efficiently carry out the oxygen evolution reaction (OER), a photoanode material 
must have a large enough bandgap to drive the reaction and the valence band edge needs to be higher 
in energy than the OER redox potential. An n-type semiconductor with a large bandgap (ideally 1.84 
eV for a photoanode in a tandem PEC cell48) must be used since the band-bending occurs in the 
‘upward’ direction on contact with the electrolyte. This generates an electric field carrying the holes 
(minority charge carriers) to the SCLJ, while the electrons are swept away to the bulk. The 
photoanode should also be stable under oxidising conditions and should have good charge transport 
properties and fast interfacial kinetics in order to drive the OER efficiently and minimise the 
required overpotential. The last requirement is especially limiting since the OER process is a 4-
electron reaction which is much more kinetically challenging than the 2-electron HER step. Similar 
to the HER mechanism, the OER mechanism is pH dependent with water oxidising to oxygen and 
protons at low pH (or hydronium ions (H3O+) in the case of strong acids). While at high pH, the 
hydroxyl ions oxidise to water and oxygen. The OER at different pH are shown below. 

2𝐻𝐻2𝑂𝑂 + 4ℎ+  ⇄  4𝐻𝐻+ +  𝑂𝑂2    (𝑙𝑙𝑙𝑙𝑙𝑙 𝑝𝑝𝐻𝐻)  (3) 

4𝑂𝑂𝐻𝐻− +  4ℎ+  ⇄  2𝐻𝐻2𝑂𝑂 + 𝑂𝑂2 (ℎ𝑖𝑖𝑖𝑖ℎ 𝑝𝑝𝐻𝐻)  (4) 

Another important requirement for a photoanode is the stability required under oxidising 
(anodic) conditions in the aqueous environment. This has directed research intensively towards 
transition metal oxides, such as TiO2, WO3, Fe2O3 and BiVO4. The reason for this is the relatively 
high electronegativity of oxygen which leads to highly stable compounds. Therefore, it is not 
surprising that the first PEC water splitting experiment was conducted on a TiO2 photoanode by 
Fujishima and Honda68.  

These transition metal oxides generally have an electronic structure which consists of O 2p 
orbitals constituting the valence band (VB) while the conduction band (CB) is formed by the valence 
orbitals of one or more metals, depending on the composition. Thus, this means that the major 
differences in the VB energy in oxides is related to the occupancy of the transition metal d band69. 
Metal oxides which have empty d-orbitals, such as TiO2 and WO3, have valence band levels dictated 
only by the O 2p orbitals which means that the VB edge remains relatively unchanged at 3 eV ± 0.5 
eV as shown in Figure 5.19 This makes the material stable during water oxidation but due to the high 
ionic character of the oxide it results in very large band gaps of around 3 eV.  

This is also true for fully-filled d10 cations, such as Zn2+ (ZnO). Since the OER potential is 1.23 
V vs RHE, the excess energy absorbed by the material is lost to thermal relaxation. Therefore, the 
overall STH efficiency of such large bandgap materials is very low (<1%). Various works have 
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therefore concentrated on reducing the bandgap of these materials by doping, surface engineering 
and introducing mid-gap defects70–72.  

 On the other hand, metal cations with partially filled d orbitals, such as Fe3+ in Fe2O3, have 
smaller band gaps (2.1 eV) as a result of VB to CB transitions being localised d-d transitions, the 
most well-known of which is hematite, α-Fe2O3 (see Figure 5). This means that theoretically, with a 

bandgap of 2.1 eV, hematite can reach a STH efficiency of 16%48. However, the highest 
experimentally achieved STH efficiency in a hematite-based device is 3.4% in tandem with a 
CH3NH3PbI3 perovskite solar cell.73 The factors leading to the large disparity in the theoretical and 
experimentally achieved STH efficiency of hematite and the steps taken to reduce this gap are 
discussed in Section 1.4.4.1 (in Part A).  

Another strategy to reduce the large bandgaps of d0 cation-based oxides is by bandgap 
engineering to form ternary oxides mixed with d10s2 cations, such as Sn2+ and Bi2+. This creates a 
coupling between the s2 orbitals of the metal and the O 2p orbitals which leads to an upward 
dispersion of the valence band. The most famous example of such a ternary metal oxide is BiVO4 
(see Figure 5), the monoclinic polymorph of which has an indirect bandgap74 of 2.4 eV as compared 
to the much larger bandgaps of TiO2 or ZnO. This material was first demonstrated as a photoanode 
by Kudo et al.75 and was improved upon by Sayama et al. 76. However, BiVO4 also suffers from poor 
electronic properties due to inadequate overlap between the V d-d bands and V-Bi d-p bands which 
limited the photocurrent.77 Another limiting factor is the small polaron formation in BiVO4 which 
severely reduces the charge carrier mobility and lifetime78. Doping of BiVO4 with Mo6+ or W6+ 

Figure 5 Bandgap structure and selected crystal structures of oxide and oxynitride semiconductors for PEC applications. 
Contribution of metal cation and oxygen anion states to the conduction and valence bands. The bandgap energy (red 
for n-type, black for p-type) is shown with respect to the reversible hydrogen electrode and the water redox energy levels 
(assuming Nernstian behaviour for the band-edge energies with respect to electrolyte pH). Taken from ref. 35 
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improved the charge transport properties77,79 but the greatest improvement was observed by a mild 
hydrogen treatment which led to a doubling in charge carrier lifetime without affecting the charge 
mobility.80  

Another factor which limits the efficiency of BiVO4 is the poor interfacial kinetics and high 
charge recombination at the semiconductor-liquid junction (SCLJ). In order to solve this, various 
different types of catalysts, such as Co-Pi81 and dual layer Ni-Fe oxy-hydroxides82 were used and 
greatly improved the PEC performance of BiVO4. Although whether this is due to improved charge 
transfer or due to passivation of trap states is still an ongoing debate83,84. Finally, the last challenge is 
to improve the charge carrier collection efficiency. One way to achieve this is by introducing a 
gradient in the dopant concertation, thus creating a n+-n homojunction which enhances charge 
separation in the film85. Another strategy is to fabricate a type-II heterojunction that improves 
carrier separation86. These heterojunctions have to be nanostructured to ensure good charge carrier 
collection while absorbing enough light. This approach has resulted in a photocurrent of 6.72 mA 
cm-2 at 1.23 V versus RHE for a BiVO4-WO3 nanostructured heterojunction which is the highest 
reported for a metal oxide photoanode. This corresponds to 90% of the theoretical photocurrent 
achievable by BiVO4 (7.5 mA cm-2). However, due to the relatively large band gap of 2.4 eV, the STH 
efficiency will be limited to less than 10% for this material.  

A further example of bandgap engineering is copper tungsten oxide (CuWO4). With a 
bandgap of 2.0–2.25 eV and a flat-band potential similar to WO3, it is suitable for application as a 
photoanode.103 Recent studies have shown encouraging results with photocurrent of approximately 
0.2 mA cm−2 at the oxygen evolution potential (+1.23 V versus RHE) and an incident photon-
to‑current efficiency (IPCE) exceeding 20% for photon wavelengths shorter than 400 nm104. 
However, the low light absorption coefficient resulting from the indirect bandgap and the high 
charge-transport resistivity in the bulk, probably caused by low polaron charge transport, have been 
identified as factors that limit the performance. Although these have been addressed using light-
harvesting strategies105 and doping106, achieving high IPCE and solar photocurrents with this 
material remains a challenge, similar to that faced for Fe2O3. 

 An alternative strategy to obtain new photoelectrode materials is to start with binary oxides 
with a narrow bandgap, such as Ag2O and add a p-block element in order to modify the crystal 
structure and, therefore, the bandgap of the material. One such example is Ag3PO4 where the 
addition of phosphorus modifies the band structure and redox potential and thereby results in the 
high photooxidation activity by Ag3PO4 under visible-light irradiation87. The properties of this 
material are further discussed in Section 1.4.4.2 (in Part A).  
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 As previously mentioned, binary metal oxides which have cations with completely empty 
(d0) or filled d-orbitals (d10), such as TiO2, WO3 and ZnO, have very large bandgaps due VB levels 
dictated by only O 2p orbitals. By substitution of O with a N atom, the bandgap can be reduced due 
to higher lying N 2p states (see Figure 5). Thus, in this way, oxynitride materials, such as TaOxNy, 
LaTiO2N, SrNbO2N, LaMg1/3Ta2/3O2N, BaTaO2N and other ternary metal combinations have been 
developed which demonstrate visible light bandgaps (1.8-2.1 eV).88–92 Although these show high 
performance for water oxidation, they are also unstable since the oxidation of the material is more 
thermodynamically favourable than water oxidation at the SCLJ.37 

 Similar to the case of photocathodes, photovoltaic grade materials such as Si and IIII-V 
semiconductors have historically shown the highest water oxidation performance but require the 
presence of a protective layer to prevent photocorrosion. Hu et al. showed efficient and stable water 
oxidation with high-efficiency materials, such as Si, GaAs, and GaP after coating with a rather thick 
amorphous ALD-TiO2 layer.93 In another work, Verlage et al. showed a standalone water splitting 
cell featuring a protective hole-conductive TiO2 layer that gave 10% solar-to-hydrogen and 8.6% 
efficiency when coupled with a membrane that separated the hydrogen and oxygen gas streams94. A 
silicon-based system featuring a 2.5 nm ALD-TiO2 layer covered by a 12 nm Ni layer demonstrated 
500 h of stability at a current density of 30 mA cm-2 and was related to the high hole-conductivity of 
the amorphous TiO2 layer along with the protection provided by the metallic Ni layer, which also 
demonstrates high OER activity.29 Another example of a III-V photoanode with Ni-based protection 
layer was demonstrated by Sun et al. where a NiOx layer on a CdTe photoanode demonstrated 1000 
h of stability at a photocurrent of 22 mA cm-2.95 

Interestingly, organic semiconductor (OS) materials are also discussed in the photoanode 
literature. Bornoz et al. reported a stable poly[benzimidazobenzophenanthroline] conjugated 
polymer that effectively carries out water oxidation.96 Kirner et al. demonstrated perylene‐based OS’s 
using N,N′‐bis(phosphonomethyl)‐3,4,9,10‐perylenediimide (PMPDI) with a CoOx OER catalyst 
with a photocurrent of 150 µA cm−2 at 1.56 V vs RHE.97 Although much work needs to be done to 
improve its photocurrent and stability, the advent of organic-based photoanodes can help to further 
reduce the cost of solar hydrogen technologies in the future.67 

In summary, a lot of work has been done to obtain the ‘ideal’ photoanode material, which 
should have a suitable bandgap, excellent electronic and surface properties, should be highly stable 
under various chemical environments, and should also be abundant and cheap to manufacture on a 
commercial scale. However, as we have seen in this section, no materials have yet been discovered 
which demonstrate all these ideal properties. Well-studied materials such as TiO2 or WO3 show high 
photocurrents and are also abundant, but suffer from a bandgap which is too large to obtain STH 
efficiencies above 1%. BiVO4, with a bandgap of 2.4 eV can reach up to 10% STH efficiency, and 
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work on this material has ensured that it is close to achieving this goal. However, to obtain 
commercially feasible PEC systems, STH efficiencies of >15% are required, which is only attainable 
by photoanode materials with bandgaps between 1.8 and 2.1 eV. 

Among these materials, hematite is the most well-studied. This is due to the fact that 
hematite, apart from a suitable bandgap of 2.1 eV, is also abundant, cheap, and scalable to 
manufacture, and stable in a wide range of chemical environments. This is the reason why, although 
it still demonstrates lower PEC performance, hematite is still a very promising material to investigate 
further, since it offers the possibility to attain commercially feasible PEC systems in the future. In 
parallel, other visible-light absorbing materials such as CuWO4, Ag3PO4 and various new organic-
based systems also need to be investigated so there will be multiple materials available, to achieve 
the long-term goal of a cheap and scalable PEC system.  

Thus, in the next two sub-sections, we first discuss the current state-of-the-art strategies 
employed to solve the challenges faced in improving the PEC performance of hematite. This is 
followed by review of the work done on a new and promising material, Ag3PO4, as a possible 
photoanode material. 
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1.4.4.1 Hematite (α-Fe2O3) 

As mentioned previously, there is a large difference between the theoretically possible STH 
efficiency of a hematite-based PEC cell (16%) and the experimentally achieved value of 3.4%. One 
factor which leads to the low performance of hematite is the poor charge separation efficiency (ηCS) 
as a result of the unpaired d-electrons in the VB which create low-lying states within the bandgap of 
the material that act as recombination centres. This leads to much higher recombination rates than 
in TiO2 or WO3 and therefore to a very short diffusion length of 2-4 nm98, although recent ultra-fast 
spectroscopic studies suggest diffusion lengths between 5-70 nm are possible based on various 
factors, such as wavelength of the incident light, and the type of dopant99.  

Another factor leading to low charge separation efficiency (ηCS) is small polaron formation69, 
which is responsible for the intrinsic recombination and transport issues in hematite. In particular, 
the increased small polaron formation rate at near-band gap excitation of around 2 eV results in the 
reduced visible light photoconversion efficiency of hematite100. Furthermore, polaron formation also 
leads to lower photovoltage for OER. This is due to the fact that the quasi-Fermi level splitting under 
illumination is reduced as a result of fermi level pinning. This is due to the formation of an effective 
band edge by the polaron states at an energy level below that of the CB edge.101 

One strategy to improve the poor charge separation efficiency in hematite is by doping, usually 
by aliovalent substitution using Ti4+, Si4+ or Pt4+ atoms102,103 or by isovalent substitution using Cr3+ or 
Al3+104,105. These have been shown to improve the PEC performance of hematite in various ways such 
as increased charge carrier mobility and lifetime, improved conductivity, passivation of bulk 
recombination sites and structural distortion leading to improved charge carrier transport99,106,107. 
Other strategies employed to improve charge separation is by use of underlayers such as Ga2O3, TiO2 
or Nb2O5 which increase the performance by improving the hematite-FTO (fluorine-doped-tin 
oxide) interface108,109 or by heterojunction formation which creates a built-in field at the interface of 
the hematite and the 2nd semiconductor used (such as Si, Fe2TiO5 or SrTiO3) leading to enhancement 
of spatial separation of the electrons and holes on the two sides of the semiconductors110–113.  

Another issue is the poor light absorption efficiency (ηabs) of hematite due to the indirect 
nature of its bandgap which leads to the requirement of planar electrodes >400 nm in thickness to 
insure enough light absorption for efficient STH conversion.114,115 On the other hand, the low charge 
separation efficiency constrains the planar film thickness to <50 nm to insure that the 
photogenerated holes can reach the SCLJ rather than recombining.  

The strategy used to decouple this geometric mismatch is the nanostructuring of hematite116. 
Two main fabrication routes have been employed for obtaining nanostructured hematite– first is 
the ‘bottom-up’ approach where techniques such as APCVD117, hydrothermal synthesis118 etc. are 
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used to fabricate nanotubes119, nanowires120, nano-corals121, dendritic117,122 and leaflet-type 
structures123. Kim et al. reported a wormlike single-crystalline hematite photoanode modified by Pt-
doping, achieving a high photocurrent of 4.32 mA cm−2 at 1.23 V versus RHE.124 Another 
nanostructuring strategy is the ‘top-down’ approach where thin (< 50 nm) hematite films are 
deposited on high-surface area substrates such as ITO inverse opals125 or nanonets126 or novel 
methods such as high-ion-flux He plasma exposure for nanostructuring the surface of iron pellets127 
or thick (200 nm) iron films128 which are subsequently annealed. 

The final challenge with hematite is the low charge transfer efficiency (ηct) which is due to the 
sluggish OER kinetics and/or the fast charge carrier recombination at the hematite surface.129–132 The 
most commonly accepted scenario is the presence of surface states which act as trap centres for holes, 
thus increasing the chances of hole recombination with electrons.133 These surface-trapped holes 
have been generally attributed to 𝐹𝐹𝑒𝑒𝐼𝐼𝐼𝐼 = 𝑂𝑂 surface intermediate species, which converts to 𝐹𝐹𝑒𝑒 −
𝑂𝑂 − 𝑂𝑂𝐻𝐻 and releases O2 on further oxidation and reaction with H2O molecules130,131,134–138. These FeIV 
intermediates can alternatively recombine with electrons leading to surface recombination. 

However, a recent work by Bluhm and co-workers has proposed that the surface states do not 
play a major role in the charge transfer process and that tunnelling-mediated electron-hole 
recombination is the likely cause of the low charge transfer efficiency in hematite electrodes.139 It 
suffices to remark that the OER mechanism, surface recombination processes and the involved 
intermediates on the hematite surface are still under debate. 

One strategy to improve OER kinetics on the hematite surface is the use of co-catalysts such 
as Co-Pi140, Co3O4

141, IrOx
142, CoFeOx

143 and NiFeOx
144,145. Recent work has shown that some porous 

catalysts such as Co-Pi and Ni(OH)2 can act as ‘adaptive junctions’146 where the effective Schottky 
barrier height changes in-situ with the oxidation level of the catalyst layer and then remains constant 
above a certain potential. These adaptive junctions serve a dual purpose, by trapping and storing 
holes which leads to lower surface recombination rate as well as improving the water oxidation 
kinetics. Another strategy developed to reduce surface recombination is by surface passivation by 
techniques such as high temperature annealing137, acid treatment147 and use of overlayers such as 
Al2O3

148, TiO2
149, Ga2O3

150 and In2O3
151. 

Another route which might enhance the performance is the investigation of the large number 
of polymorphs of hematite for PEC water splitting.152 The most well-known of these polymorphs is 
maghemite (γ-Fe2O3) which, however, is observed to be metastable under ambient conditions. Other 
phases, such as β-, ε- and τ-Fe2O3 are also known but require high temperatures and/or pressures to 
be fabricated.153 However, research output on the PEC properties of these polymorphs has remained 
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low, with a only few studies on maghemite-based systems119,154,155. Thus, the exploration of these 
polymorphs of hematite as photoanode materials is also an interesting avenue to follow. 

1.4.4.2 Silver Orthophosphate (Ag3PO4) 

Apart from the well-known hematite system, investigation of new visible-light bandgap 
photoanode materials is important to attain the goal of commercially feasible PEC systems. One of 
these newly developed materials is Ag3PO4 which was first used for water splitting by Yi et al.87 They 
found that this material has an indirect bandgap of 2.4 eV and demonstrates a very high quantum 
yield efficiency (> 90%) for wavelengths shorter than 480 nm. The high photoactivity is theoretically 
shown to be a result of suppression of electron-hole recombination as a result of highly dispersive 
valence and conduction bands which leads to a large difference in electron and hole effective 
masses.87,156  

Since this pioneering study, several other studies have demonstrated the high visible light 
photoactivity of Ag3PO4.157–159 Most of the literature primarily focused on improving the OER 
performance of Ag3PO4 by combining it with other materials, such as reduced graphene oxide160, 
silver halides (AgI, AgBr etc.)161 and TiO2.162

  

Martin et al. achieved the highest water oxidation performance by demonstrating facet-engineering 
of Ag3PO4 microcrystals157. They found that the {111}-faceted tetrahedron particles demonstrated 
an oxygen evolution rate of 6072 μmol h-1 g-1 which was 10 times higher than that obtained from the 
{100}-faceted cubic particles and 5-10 times higher than that obtained for other visible-light 
photoanode materials, such as BiVO4 or WO3.

163
  

Several theoretical studies have tried to explain the effects of facet engineering on the photocatalytic 
properties of Ag3PO4. Martin et al. proposed that the higher surface energy of the (111) surface157 
leads to better OER activity. Ma et al. suggested lower free energy change for dehydrogenation of 
water on the (111) surface164 as the cause while Cao et al. showed that charge redistribution during 
OER on the (111) surface leads to improved OER performance.165  

Umezawa et al.156 explored the difference in effective masses of the charge carriers for the two 
different surfaces. This leads to differences in charge carrier dynamics between the {111} and {100}- 
faceted Ag3PO4 particles which could explain the differences in their photocatalytic performance. 
However, very little experimental work has been performed in this regard166 and studying the 
electronic properties of this material is of great interest, as explored in the next section. Furthermore, 
due to the fact that the reduction potential of Ag3PO4 to Ag lies below the HER level, photocorrosion 
is a significant issue; however, a viable solution has yet to be found163
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2. Goal of the thesis and outline 
As explored in the previous section, it is clear that the field of PEC technology has expanded 

significantly in the past decade going from just a few key metal oxides, such as TiO2, WO3, BiVO4 
and α-Fe2O3, to a huge number of potential semiconductor materials. However, an ideal photoanode 
material that approaches the requirements for low-cost and scalable PEC systems, such as high-
efficiency, intrinsic stability and cheap fabrication still evades us. BiVO4 is probably the only material 
so far to have reached close to its theoretical maximum performance but as the bandgap is too large 
it will not be able to reach >10% efficiency for water splitting. Nevertheless, the almost endless 
number of untested atomic combinations provides optimism that ideal materials are still waiting to 
be discovered. In order to achieve such a goal of an ideal photoanode material requires a 
fundamental understanding of the critical factors which influence the OER performance and how 
these are affected by the crystal structure, morphology, opto-electronic properties, and the surface 
and bulk chemical composition of the photoanode material; so-called ‘structure-property-
performance’ relationships.  

The goal of this thesis is, therefore, to study these structure-property-performance relationships. 
The first step in this process is to vary the photoanode properties in a controlled manner by changing 
processing parameters, such as synthesis route, post-synthesis treatment, and substrate material. 
These physico-chemical properties are, henceforth, called as the ‘structure’ of the photoanode in this 
dissertation. The variations in the photoanode ‘structure’ are determined by techniques such as 
scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy 
(XPS), UV-Vis spectroscopy and Raman spectroscopy. Furthermore, in-depth electrochemical 
investigation using techniques, such as electrochemical impedance spectroscopy (EIS) and intensity-
modulated photocurrent spectroscopy (IMPS) reveal which factors influence the PEC performance, 
such as surface and/or bulk recombination processes and OER kinetics. These electrochemical 
properties allow us to relate the PEC performance to the changes in the photoanode ’structure’, thus, 
establishing the structure-property-performance relationships. 

In this dissertation, these structure-property-performance relationships are studied for two 
photoanode materials – hematite (α-Fe2O3), which has been widely investigated in literature and is 
taken as a ‘model system’ with a clearer understanding of the factors affecting its water splitting 
efficiency; and silver orthophosphate (Ag3PO4), which has recently emerged as a high-performance 
material and is less well-studied.  

As mentioned in the previous section, although hematite has been extensively studied, it remains 
an interesting material for study, due to its abundance, stability, and low-cost. An important aim is 
therefore to investigate low-cost and easily scalable routes for fabrication of hematite photoanodes. 
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One such process is DC magnetron sputtering which is used to deposit metallic Fe films, followed 
by annealing to obtain iron oxide, usually in the hematite phase. Although RF sputtering of ceramic 
hematite is a well-established route to obtain hematite photoanodes, DC sputtering of metallic Fe 
with subsequent annealing is a promising route regarding costs and scalability, but is much less 

investigated regarding electrochemical applications. Thus, in Chapter 1 of Part B of this thesis, we 

investigate the effect of different sputtering routes (DC and RF) on the structure-property-
performance relationships of hematite and explore the potential of how PEC activity can be tuned 
by the processing conditions.  

To further explore the effect of processing parameters, in Chapter 2 of part B, we study the 

nanostructuring effect of helium plasma exposure on iron thin films, which are then annealed to 
obtain nanostructured hematite electrodes. The unique plasma exposure setup used in this work can 
create nanostructures on the metal surface as a result of the very high ion flux values achievable by 
this system. Here, we explore how the plasma exposure and subsequent annealing effects not only 
the film morphology but also the chemical composition of the thin films. This leads to a complex 
relation between the processing parameters and the film properties which are found to be modified 
by tuning the plasma exposure parameters. 

In Chapter 3 of part B, we discuss the effect of variation in the parameters of RF sputtering of 

hematite on a Si substrate and how it affects the chemical composition of the thin films. Use of Si as 
a substrate allows for easy and low-cost scaling of the deposition process, due to the well-established 
Si-based processing technologies in industry. The RF sputtering parameters are found to influence 
the chemical composition of the films, with different iron oxide phases found. We study the 
variation in PEC performance as a result of the different iron oxide phases and relate it to the 
observed changes in the bulk and interfacial properties of the films. Depending on the iron oxide 
phase deposited, high water oxidation photocurrent is achieved for these as-deposited, planar iron 
oxide thin films. 

Finally, in Chapter 4 of part B, we explore the structure-property-performance relationships of 

Ag3PO4. Facet-controlled synthesis is used to create particles with two different exposed facets — 
tetrahedron particles with {111}-exposed facets and cubic particles with {100}-exposed facets. Time-
resolved microwave conductivity (TRMC) measurements are carried out for the first time on this 
material. This allows us to study the differences in charge carrier mobility and diffusion lengths as a 
result of the different exposed facets for the tetrahedron and cubic Ag3PO4 particles and leads to a 
better understanding of the resulting variations in their photocatalytic performance.  
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The following section provides an overview of the research work performed in this thesis. A 
detailed description is provided on modification of the fabrication parameters for hematite and 
Ag3PO4 material systems and the structure-performance-property relationships are elucidated.
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3. Overview of research 

3.1 The electrochemistry of sputtered hematite photoanodes: A comparison 
of metallic DC versus reactive RF sputtering 

  In this dissertation, understanding the structure-property-performance relationships for 
hematite is started on the simplest photoanode configuration, which is a planar hematite thin film. 
It should be noted that these planar thin films show lower performance than nanostructured 
hematite, or complex hematite-based electrodes with catalyst overlayers or dopants107. However, 
these techniques to improve PEC performance also increases the complexity in studying the impact 
of tuning fabrication parameters on the structure-property-performance relationships. Thus, the 
planar thin film is chosen as an ideal model system for studying these relationships. 

 Hematite photoanodes have been deposited by various techniques in literature, such as 
sputtering167–169, atmospheric-pressure chemical vapor deposition (APCVD)117, atomic layer 
deposition (ALD)129, ultrasonic spray pyrolysis123 and hydrothermal synthesis170. In the case of 
sputtering, hematite films are usually deposited either from a ceramic hematite target using a radio 
frequency (RF) power source167,168 or from a metallic iron target in a reactive oxygen ambient using 
direct current (DC)102 or RF169 power sources. Sputtering from metal oxide targets and reactive 
sputtering processes are known to suffer from rather low deposition rates. DC magnetron sputtering 
from an iron target and subsequent annealing to iron oxide offers various advantages. Deposition 
rates of up to 3 Å s-1 are achieved in this work for the sputtered Fe films, which is an order of 
magnitude faster than typical RF sputtering processes from a ceramic target167 or reactive RF 
sputtering from an iron target169. DC sputtering is also up to three orders of magnitude faster than 
ALD171 while offering comparable control over deposition parameters. Thus, reproducible thin films 
with only minor variations in film properties between different batches can be obtained quickly and 
efficiently.  

In this work, we therefore use DC magnetron sputtering to deposit Fe thin films and 
transform them by subsequent annealing to obtain hematite thin films with a thickness of 45 ± 5 
nm. The PEC performance of these thin films is evaluated versus films with similar thickness 
obtained by reactive RF sputtering. The thin film fabrication process is shown in Figure 6(a). The 
use of the two different sputtering routes leads to a large difference in PEC performance of the 
hematite films as shown in Figure 6(b), with the DC sputtered films showing a six times higher 
photocurrent at 1.5 V versus RHE as compared to the RF sputtered films. Furthermore, the DC films 
also show a lower onset potential of 0.88 V versus RHE as compared to 1.22 V versus RHE for the 
RF films.  
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Figure 6(a) The fabrication process to obtain planar hematite thin films (b) Current density versus applied potential (J-
V) curves for DC (red) and RF (black) thin films annealed in air at 645°C for 10 min. All measurements are done in 1M 
NaOH in the dark (dotted lines) or under an illumination intensity of 100 mW cm-2 (solid lines). Arrows represent the 
direction of the CV cycle and is the same for all measurements; (b) Schematic illustrating the differences in the (i) charge 
transfer kinetics, (ii) surface state recombination rate, and (iii) bulk recombination rate of DC and RF hematite thin 
films and the relation to their physico-chemical properties. 

DC 
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The structure-property-performance relationships established by the physico-chemical and 
electrochemical characterization for the DC and RF films are summarised in the schematic in Figure 
6(c). The first factor is the faster charge transfer kinetics (denoted by (i) in the schematic) in the DC 
film as compared to the RF film. This is illustrated by the green arrows; the thicker the arrow, the 
faster the charge transfer kinetics. The second factor is the slower recombination rate of the electrons 
with the holes trapped at the surface states (denoted by (ii)) in the DC film as compared to the RF 
film. This process is represented by red arrows; the slower the recombination, the thinner the arrow. 
These two factors are related to the charge transfer efficiency (ηCT) as discussed in section 1.4.1 (in 
Part A).  

Thus, the DC film is shown to have a much higher charge transfer efficiency than the RF 
film. The differences in charge transfer kinetics and surface state recombination rate are due to the 
differences in the type of surface states for the DC and reactive RF sputtered films. This is related to 
the higher peak intensity in the O 2p spectra which corresponds to hydroxyl species (OH-)/ defective 

oxide (Vo
..) at the surface of the RF film. The difference in concentration of the hydroxyl species / 

defective oxide on the surface of the DC and RF films could be related to the difference in the 
crystallographic orientation at the surface due to changes in the preferential growth of the grains for 
the two films. In this way, the first structure-property-performance relation is established for the 
hematite thin films. Briefly, the difference in sputtering routes effects the surface chemistry of the 
hematite at the SCLJ and thus influences charge transfer efficiency (ηCT) which, therefore, leads to 
better PEC performance for the DC films as compared to the RF films.  

Another factor which influences the PEC performance of the DC and RF sputtered films is 
the better charge separation efficiency (ηCS) for the DC film as compared to the RF films as a result 
of lower bulk recombination (denoted by (iii)) as represented by the yellow arrows in the schematic 
(thinner arrows represent lower bulk recombination). This is related to the difference in the film 
morphology as a result of the two sputtering routes used. In the case of DC sputtering and 
subsequent annealing, hematite thin film with a densely packed, homogeneous grain structure is 
obtained. On the other hand, for the reactive RF sputtered and annealed hematite film, voids are 
present within the grains. This occurs as a result of the distinctive iron oxide growth process during 
the reactive RF sputtering process and the subsequent annealing step. The second structure-
property-relationship is, therefore, obtained by relating the two different sputtering routes to the 
differences in film morphology. This influences charge separation efficiency (ηCS) and hence results 
in the large difference in PEC performance between the DC and RF films. In conclusion, we find 
that DC sputtering of metallic Fe and subsequent annealing demonstrates better PEC performance 
while also being a faster deposition process as compared to RF sputtering.
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3.2 The electrochemistry of iron oxide thin films nanostructured by high ion 
flux plasma exposure 

 As discussed in the previous section, planar thin films are useful in simplifying the process 
of understanding the structure-property-performance relationships in PEC systems. However, in 
the case of hematite, planar thin films result in rather low water splitting performance. This is due 
to the mismatch between the requirement for a thick hematite film (> 400 nm) for complete light 
absorption115 (due to indirect bandgap of hematite), which is in odds with the requirement for films 
< 50 nm in thickness to maximise charge carrier separation due to the short hole diffusion length 
(2-4 nm)172 in hematite. 

One solution is nanostructuring which permits the creation of thin films with a large surface 
area. This provides a large volume for sufficient light absorption with low film thickness, comparable 
to a thick, planar (non-structured) layer. The use of low film thickness also leads to improved charge 
separation efficiency. Nanostructuring can be done by the ‘bottom-up’ technique, in which various 
types of nanostructures are directly deposited using chemically-intensive and complex techniques 
such as APCVD, hydrothermal deposition etc.107,116,173. Another strategy is to use a top-down 
approach in which the iron layers are first deposited by a simple process, such as sputtering, usually 
on top of nanostructured substrates. Another novel approach is the use of plasma-exposure to 
nanostructure metal or metal oxide surface as demonstrated previously on W and Fe targets, 
followed by annealing.127,174 The obtained nanostructure, called ‘nano fuzz’, can be varied by 
controlling the plasma parameters such as ion-flux, substrate temperature and exposure duration. 

Recently, Bieberle-Hütter et al. successfully demonstrated the exposure of iron thin films on 
a glass substrate to high flux, low energy helium plasma resulting in stable, adherent nanostructured 
iron films128. 200 nm thick iron films were deposited using DC magnetron sputtering on an FTO-
coated glass substrate and the films were exposed to a high ion flux (~1023 m-2 s-1), low energy (20 
eV) helium plasma in the Pilot PSI setup at DIFFER,175 with a substrate surface temperature 
maintained at 650°C. The duration of plasma exposure was set to 20 min to obtain a short exposed 
(SE) film and for 50 min to obtain a long exposed (LE) film. These two films along with an unexposed 
(UE) iron film were annealed in air at 645°C for 10 min.  

The plasma exposure led to controlled nanostructuring of the iron films. The morphology 
remained stable even on annealing and after PEC measurements and is shown for the three films in 
Figure 7. The LE film with the longest plasma exposure showed a highly nanostructured ‘nano-pillar’ 
morphology with an increase in surface area of over 40 times that of the UE film. On the other hand, 
the SE film showed voids, pinholes and cracks which resulted in 10 times increase in surface area 
compared to the unexposed layer. 
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Figure 8(a) shows the PEC performance of the plasma exposed films. We find that the SE 
film, which had a smaller increase in surface area, showed a higher photocurrent than the LE film 
which was highly nanostructured, especially at potentials above 1.3 V versus RHE. To explore the 
reason behind this counterintuitive PEC performance of the plasma-exposed films, the chemical 
composition of the films was studied using Raman spectroscopy as shown in Figure 8(b). A mixed 
phase of hematite along with either maghemite (γ-Fe2O3) or magnetite (Fe3O4) was found for the SE 
and LE films, respectively. 

Magnetite (Fe3O4) is expected to be present as inclusions at grain boundaries of hematite 
grains176 and/or close to the interface with substrate177. Formation of non-stoichiometric magnetite 
(Fe3-xO4) during plasma exposure was also found in bulk iron pellets127. This influences the final 
stoichiometry of the films after thermal annealing and explains the presence of magnetite in the LE 
thin film. Due to its half-metallic nature, magnetite acts as a bulk recombination centre which could 
explain the lower performance of the LE film as compared to the SE film. This could also explain 
why the increase in photocurrent is not as high as expected from the larger surface area of the LE 
film when compared to the UE film. 

 These observations allow us to establish the first structure-property-performance 
relationship for the plasma-exposed films. Namely, the plasma exposure and annealing steps result 
in the formation of magnetite within the SE and LE films. This results in bulk recombination which 
reduces the charge separation efficiency (ηCS) for the plasma-exposed films resulting in lower than 
expected PEC performance. 

Figure 7 Top view and cross-section SEM images of (a, d) unexposed film (UE); (b, e) film exposed to plasma for 20 min 
(SE); and (c, f) film exposed to plasma for 50 min (LE). All images were taken after annealing (645°C for 10 min) and 
photoelectrochemical measurements in 1M NaOH.  

UE SE LE 
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On the other hand, the presence of maghemite (γ-Fe2O3) in the SE film occurs as a result of 
the complex relationship between the plasma exposure and the subsequent annealing step. In order 
to explore this, the annealing of iron to hematite needs to be understood first. Usually the annealing 
of iron results in the following phase transformations: 𝐹𝐹𝑒𝑒 → 𝐹𝐹𝑒𝑒3𝑂𝑂4 → 𝛾𝛾 − 𝐹𝐹𝑒𝑒2𝑂𝑂3 → 𝛼𝛼 − 𝐹𝐹𝑒𝑒2𝑂𝑂3. 
Here, the maghemite phase is usually meta-stable and completely converts to hematite on annealing 
at high temperatures in an oxygen-rich environment.178  

To understand why the maghemite phase in the SE film was stable even after annealing at a 
high temperature of 650°C in air, XPS analysis of the film was performed. It was found that the SE 
film contained a significant amount of Si (7 - 11 %). The incorporation of Si in the iron film is 
proposed to occur during the plasma exposure process due to sputtering from the walls of the plasma 
exposure chamber. The presence of Si has been shown to stabilise the maghemite phase even up to 
temperatures as high as 700°C179–181. Thus, in the case of the SE film, the incorporation of Si in the 
iron film during plasma exposure leads to the stabilisation of the maghemite phase during the 
subsequent annealing step leading to a mixed phase (hematite-maghemite) layer.  

The presence of the maghemite phase in the SE film explains the higher PEC performance 
compared to the highly nanostructured LE film. Electrochemical impedance spectroscopy (EIS) 
measurements showed that the surface state density for the maghemite phase was 3-4 orders of 
magnitude higher than for the hematite phase in the SE film. Furthermore, the OER charge transfer 
resistance through the maghemite phase dropped below that of the hematite phase above 1.3 V 

Figure 8(a) Current-voltage J (V) characteristics in 1M NaOH in dark (dashed lines) and under illumination with light 
intensity of 80 mW cm-2 (solid lines) of UE (black), SE (red) and LE (blue) thin films; (b) Raman spectra of UE (black), 
SE (red) and LE (blue) thin films. All measurements were taken after annealing at 645°C for 10 min. Here ‘α’ denotes 
peaks assigned to α-Fe2O3, ‘γ’ denotes peaks assigned to γ-Fe2O3 and the namesake is used for the peak assigned to Fe3O4. 

 

a b 
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versus RHE. Thus, at high potentials, the maghemite phase in SE acts as a second, parallel OER 
pathway concomitantly with the hematite phase leading to a rapid increase in photocurrent.  

The second structure-property-performance relationship for the plasma-exposed films can 
therefore be established - the incorporation of Si during plasma exposure leads to the maghemite 
phase formation on annealing. This in turn leads to a better PEC performance due to improved 
charge transfer efficiency as a result of the combined OER activity of both maghemite and hematite 
phases.

3.3 Highly active iron oxide photoanodes: The impact of oxide phase on water 
splitting performance 

 As discussed in the previous section, the presence of multiple iron oxide phases in thin film 
photoanodes has a large influence on the PEC activity when compared to pure hematite films. 
However, the presence of 2 (or more) iron oxide phases in the same photoanode complicates the 
study of the effect of each phase on the PEC activity. Thus, a comparison of maghemite (γ-Fe2O3) 
thin films versus hematite (α-Fe2O3) thin films for water splitting is required in order to investigate 
the impact of the phase of the iron oxide photoanode on its PEC activity. 

 In this work, we relate differences in water splitting performance of RF sputtered thin, planar 
iron oxide films on Si substrates to the differences in the iron oxide phase present in the films. In 
particular, it is found that films with γ-Fe2O3 phase show significantly increased photocurrent when 
compared to films with α-Fe2O3 phase. We identify the iron oxide phases using various physico-
chemical and electrochemical characterization techniques and explore the reasons behind the high 
PEC performance of the thin film with γ-Fe2O3 phase. 

Figure 9(a) shows the PEC data for two as-deposited planar iron oxide thin films. The iron 
oxide layer which we label, ‘high performance (HP)’ demonstrates a photocurrent of 2.9 mA cm-2 at 
1.6 V versus RHE which increases to 12 mA cm-2 at 1.8 V versus RHE. The photocurrent at 1.8 V of 
the HP film is much higher than previously observed in the literature for any type of hematite-based 
PEC system107,111,182–184. Also the photocurrent at 1.6 V versus RHE is higher than that achieved for 
planar hematite thin films in literature.107,167,185 The other iron oxide film depicted as ‘low 
performance (LP)’ has a photocurrent of 1.45 mA cm-2 at 1.6 V versus RHE and 5 mA cm-2 at 1.8 V 
versus RHE, which is more than two times lower than the photocurrent obtained for the HP film. 
The possible reasons for the high photocurrent of the HP film might be H2O2 production or a 
photoconductive effect leading to increase in current as a result of higher majority carrier 
concentration in the iron oxide, under illumination. We assume that H2O2 production is not feasible, 
as it would occur at even higher onset potentials than those found here. Furthermore, the 
photocurrent is shown to reduce and the onset potential is shown to shift anodically when the pH 
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of the electrolyte is varied from 13.6 to 7.8. This suggests that the photoconductive effect is also not 
the reason for the high photocurrent, as then the high current under illumination would be invariant 
with pH. We propose that an important contribution to the photocurrent comes from the Si 
substrate. This is because the space charge layer extends more than a micrometre into the Si layer 
because of the low thickness and dopant density of the iron oxide layer. This would lead to the 
minority charge carrier generation in the Si which would then also contribute to the photocurrent. 
Since the Si wafer used here is the same for both HP and LP thin films, the contribution to the 
photocurrent should be similar in both cases. Therefore, the difference in photocurrent between the 
HP and LP film should have a different cause, which is explored further in this chapter.  

Another observation is that the onset potential of the HP film is found to be 1.42 V versus 
RHE which is very high compared to hematite films in literature168,185,186. The onset potential of 1.38 
V versus RHE for the LP film, although lower than that for the HP film, is also found to be much 
higher than that observed for hematite films in literature147,167,186. The reasons for the large difference 
in photocurrent between the two films, as well as the high onset potential for both films, are studied 
using various physico-chemical characterization techniques.  

 Figure 9(b) represents the grazing incidence x-ray diffractograms (GI-XRD) for the LP and 
the HP thin films. The peak positions for the LP film correspond to the α-Fe2O3 phase (represented 
by the orange bars corresponding to ICDD catalogue number- 33-064) 167. The HP thin film, in 
contrast, shows peaks which could correspond either to γ-Fe2O3 (represented by green bars 
corresponding to ICDD catalogue number 39-1346) or to magnetite (Fe3O4) (represented by purple 
bars corresponding to ICDD catalogue number 10-0319) which have similar crystallographic peak 
positions since both these phases share the same crystal structure (cubic inverse spinel)178,187. 

Therefore, to unambiguously confirm the phase present in the HP thin film, magnetic 
characterization of the films was performed. To differentiate between the different phases in the iron 
oxide thin films, temperature dependence of the magnetization was studied by cooling the samples 
under an applied field of 1 T, as shown in the M-T curves in Figure 10 (a). For a film containing 
Fe3O4, a dip in magnetization is expected between 120 K and 130 K due to the Verwey transition188. 
This Verwey transition is not observed for γ-Fe2O3 or α-Fe2O3 phases189.  

The sharpness and intensity of this transition can vary depending on factors such as film 
thickness and crystallinity of the materials. No dip is seen for either the LP or the HP film. The 
absence of this feature in the M-T curve along with the GI-XRD results points to the presence of 
only α-Fe2O3 in the LP film. In the case of the HP film, the absence of the Verwey transition confirms 
that no Fe3O4 phase is present. Hence, in combination with the results from the GI-XRD 
measurements, we can conclude that the HP film consists predominantly of γ-Fe2O3. 
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After characterizing the bulk properties of the two films, the surface composition was studied 
using X-ray photoelectron spectroscopy (XPS). Figure 10 (b) shows the O 1s spectra for the LP and 
HP films. We see that the HP film surface has a higher concentration of hydroxyl (OH) species as 
compared to the LP film surface. This occurs as a result of the different crystal structures of the two 
iron oxide phases which leads to difference in surface terminations and, hence, to variation in the 
surface species190. This difference was also observed in one of our previous studies where iron oxide 
films containing γ-Fe2O3 had a higher percentage of hydroxide species at the surface.191 Thus, the 
surfaces of the LP and the HP thin film show the same differences in the iron oxide phases as in the 
bulk of the films. 

a 

Figure 9(a) Current density versus applied potential curves for the as-deposited iron oxide thin films. Measurements 
were performed in 1M NaOH. Light measurements were performed under illumination with intensity equal to 100 mW 
cm-2; (b) Grazing Incidence XRD diffractograms for the LP and HP thin films. Peaks corresponding to the different 
crystallographic orientations for α-Fe2O3 (ICDD catalogue number- 33-064), γ-Fe2O3 (ICDD catalogue number- 39-
1346) and Fe3O4 (ICDD catalogue number 10-0319) are represented by orange, green and purple bars, respectively. 

b 
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To study how the difference in the iron oxide phase present in the thin film influences the 
PEC performance, electrochemical impedance spectroscopy (EIS) measurements were performed. 
We found that the HP film showed both a higher charge transfer rate constant as well as lower 
surface state recombination rate than the LP film at potentials above 1.4 V versus RHE. This suggests 
that the charge transfer efficiency (ηCT) is much higher for the γ-Fe2O3 phase in the HP film as 
compared to the α-Fe2O3 phase in the LP film. This improvement in ηCT is related to the difference 
in the surface composition for the two different iron oxide phase films as seen from the XPS analysis. 

This establishes the structure-property relationship for iron oxide films containing different 
oxide phases. Namely, the different phases have different crystalline structures which leads to 
variation in the surface composition. Thus, a difference in the surface species taking part in the OER 

Figure 10(a) Temperature dependence of the magnetization of the HP and LP thin films under an applied bias of 10 
kOe. The dotted line represents the temperature at which Verwey transition is expected for magnetite; O1s spectra for 
(b) LP and (c) HP films, respectively. The three Voigt line shapes used for fitting the O1 s spectra are shown in the 
Figure with different colours, corresponding to different O species on the film surface.  

a 

b c 
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is observed, which leads to better charge transfer efficiency at the γ-Fe2O3 surface. This would 
suggest that the γ-Fe2O3 is more catalytically active towards OER than α-Fe2O3. This is proposed as 
the reason for the higher PEC performance for the HP film containing γ-Fe2O3 when compared to 
the LP film containing α-Fe2O3, although both films receive similar contribution to the photocurrent 
due to the heterojunction formed with the Si substrate.  

Both the HP and LP thin films also demonstrate very high onset potentials. One possible 
reason is due to high bulk recombination as a result of small grain sizes in the as-deposited films. 
Another is the low dopant density leading to low conductivity in the iron oxide layers. The high 
onset potential can also be due to high resistance at the back contact between the Si substrate and 
the Ag paste. Since the Si layer contributes to the photocurrent, higher resistance at the back contact 
can also lead to the high onset potential seen here. The onset potential will need to be reduced (by 
as much as 400 mV) in order to make these films viable for use as a tandem PEC cell with the Si 
substrate to ensure high STH efficiency.

3.4 Charge carrier dynamics and photocatalytic activity of {111} and {100} 
faceted Ag₃PO₄ particles 

 In this section, we study the structure-property-performance relationships for Ag3PO4which 
is a highly active, visible light material. As explained in section 1.4.4.2 (of Part A), Martin et al. 
achieved the highest water oxidation performance for Ag3PO4 by the use of facet-engineering157. 
They found that the {111)-faceted tetrahedron particles demonstrated an oxygen evolution capacity 
of 6072 μmol h-1 g-1 which was 10 times higher than that obtained from the {100}-faceted cubic 
particles and 5-10 times higher than that obtained for other visible-light photoanode materials, such 
as BiVO4 or WO3.

163
 A theoretical explanation was provided by Umezawa et al.156 who proposed the 

difference in effective masses of the charge carriers for the two different exposed facets as the reason 
for the difference in photocatalytic performance. The difference in effective masses of the charge 
carriers for the two facets should lead to differences in charge carrier dynamics, which might explain 
the differences in their photocatalytic performance. However, only one experimental work has 
previously attempted to explore the effect of different facets on the charge carrier dynamics of 
Ag3PO4 particles.166  

Therefore, in this work, we synthesize Ag3PO4 tetrahedron particles with {111} facets 
exposed, and cubic particles with the {100} facets exposed. We characterize the morphology, 
structure, chemical composition and optical properties of the particles and relate these to the 
differences found in the charge carrier dynamics of the two different facets which allows us to 
establish the critical structure-property-performance relationships for this material. Time-resolved 
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microwave conductivity (TRMC) measurements are used to analyze the charge carrier dynamics of 
the {111}-faceted tetrahedron and {100}-faceted cubic Ag3PO4 particles. 

SEM images of the tetrahedron and cubic Ag3PO4 particles are shown in Figure 11(a) and 
(b), respectively. The particle size distribution is 1449 nm ± 612 nm for the cubic particles and 545 
nm ± 242 nm for the tetrahedral particles. The cubic particles are therefore three times larger in size 
than the tetrahedral particles which is comparable to the particle size distribution seen in 
literature.157,192,193  

The rates of oxygen evolution under 1-sun illumination for the cubic and tetrahedral 
particles were measured using mass spectrometry in the presence of a sacrificial reagent (AgNO3). 
The tetrahedral particles showed an oxygen evolution rate of 212 μmol h-1 g-1 which was 1.6 times 
higher than the rate of 135 μmol h-1 g-1

 observed for the cubic particles. However, the oxygen 
evolution rate was lower than the highest reported values by Martin et al. The large difference in the 
rates obtained in this work as compared to that obtained by Martin et al. is believed to be due to the 
5 times lower illumination intensity used in our work (100 mW cm-2 versus 500 mW cm-2 used by 
Martin et al.); note that the typical illumination intensity used in this field is 100 mW cm-2.  

In order to understand the higher photocatalytic activity of the tetrahedron particles as 
compared to the cubic particles, the charge carrier transport properties of the particles were studied 
by TRMC measurements. Figure 12 (a) and (b) show the TRMC signals (φΣμi versus time) for the 
cubic and tetrahedron Ag3PO4 particles, respectively, under an incident laser pulse with an excitation 
wavelength of 410 nm with varying intensity I (photon flux measured as photons pulse-1 cm-2).  

The peak value of the TRMC signals (φΣμpeak), from Figures 12(a) and (b), is plotted versus 
the photon flux for both cubic and tetrahedron particles in Figure 12 (c). At a photon intensity of 

a b 

1 μm 

Figure 11 SEM micrographs of (a) cubic-shaped and (b) tetrahedral-shaped Ag3PO4 particles 
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8.77 x 1011 photons pulse-1 cm-2 (dotted line), the highest mobility values are found for both 
tetrahedron and cubic particles. We assume a quantum yield (φ) of 1, i.e. all photons lead to 
generation of 1 electron-hole pair. Then the φΣμpeak value represents the total free charge carrier 
mobility (μtotal), and is the sum of the charge carrier mobilities of the electrons and holes in the 
semiconductor. 

A μtotal value of 0.56 cm2 V-1 s-1 is obtained for the tetrahedron particles and a much lower 
value of 0.05 cm2 V-1 s-1 is obtained for the cubic particles. The mobility value for the tetrahedron 
Ag3PO4 particles is also an order of magnitude higher than that obtained for other photoelectrode 
materials, such as BiVO4, α-SnWO4 and WO3, and 2 orders of magnitude higher than for α-
Fe2O3

80,194,195
. 

The charge carrier lifetimes are obtained by the fitting of the TRMC signal decay at varying 
laser intensities using a bi-exponential fit (dotted lines in Figures 12(a) and (b)). This yields two time 
constants, τ1 with values from 20 ns to 60 ns and τ2 with values between 120-180 ns. The free charge 
carrier lifetime is given by the τ1 values, with a maximum value of 60 ns for the tetrahedron particles 
and 41 ns for the cubic particles at a laser intensity of 8.77 x 1011 photons pulse-1 cm-2. The τ2 values 
are usually attributed to trapped charge carriers.54 

From the charge carrier lifetime (τ1) and mobility (μtotal) values, the free charge carrier 

diffusion lengths can be calculated using the formula, 𝐿𝐿𝐷𝐷 =  �𝐷𝐷𝜏𝜏1 , where 𝐷𝐷 =  (𝑘𝑘𝑏𝑏𝑇𝑇𝑇𝑇/𝑒𝑒) is the 
diffusion coefficient of the charge carriers, in which kb is the Boltzmann constant, T is the 
temperature and e is the elementary charge. This gives a diffusion length of 291 nm for the 
tetrahedron particles and 72 nm for the cubic particles.  

The charge carrier diffusion length in the tetrahedron particles is 4 times higher than in the 
cubic particles. It has similar values to that observed for CuFeO2

54
, while being up to 5 times higher 

than for BiVO4, WO3 and α-Fe2O3
80,194,195

.  

Using the effective masses of electrons and holes (me
*
 and mh

*), calculated by Umezawa et 
al.156 for the (111) and (100) surfaces, we can also calculate the free minority carrier (hole) diffusion 
lengths for the tetrahedron and cubic particles, respectively196. The calculated hole diffusion length 
for the tetrahedron particle is 135 nm, while for the cubic particle it is 30 nm, which is an order of 
magnitude lower. From the TRMC measurements we find that an important reason behind the 
tetrahedron Ag3PO4 particles having better photocatalytic performance than the cubic particles is 
due to the superior charge carrier dynamics at the (111) surface compared to the (100) surface.  
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Another important factor for the better performance of the tetrahedron particles was found 
to be related to the difference in the surface composition when compared to the cubic particles. XPS 
analysis shows that the former has a highly P-rich surface with an Ag:P atomic concentration ratio 
of 2.1:1 and the latter shows a slightly Ag-rich surface with an Ag:P ratio of 3.2:1 (the ideal ratio 
being 3:1). In the case of the tetrahedron particles, the P-rich surface is predicted by DFT calculations 
to occur as a result of the presence of P-O ‘dangling bonds’166,197 at the outermost layer of the (111) 
surface. On the other hand, for the cubic particles, the higher Ag content has been theoretically 
found to be due to the (100) surface terminating with Ag and O atoms197. DFT calculations have 
revealed that the presence of ‘dangling’ P-O bonds166,197 might enhance the photocatalytic activity of 
the (111) surface163 since these were calculated to be highly active for the adsorption and 

Figure 12 Time resolved microwave conductivity (TRMC) signals recorded for (a) cubic particles and (b) tetrahedral 
particles using a 410 nm laser pulse with varying photon flux. The dotted lines represent the exponential fit of the TRMC 
signal; (c) Log-log plot of the maximum observed TRMC signal (φΣμpeak) as a function of incident photon flux. The 
dotted line represents the flux used to calculate the mobility and diffusion lengths of the charge carriers for the Ag3PO4 
particles. 

a b 

c 
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dehydrogenation of water molecules, which is the first step in the oxygen evolution reaction197. These 
P-O bonds therefore act as shallow trap states, which can capture holes and demonstrate high 
reactivity towards water dehydrogenation, thus allowing the captured holes to take part in the OER 
reaction process. Furthermore, we propose that the density of these shallow trap states at the (111) 
surface is very high due to the high concentration of P-atoms as found from XPS. The effect of the 
higher trap state density in the tetrahedron particles is also seen in the TRMC measurements as a 
maximum in the Σφμpeak versus laser intensity plot from the TRMC measurements followed by 
decreasing values at higher intensities (Figure 12 (c)). This is a signature of trap state-mediated 
recombination occurring as a result of the high trap-state density on the (111) surface of the 
tetrahedron particle. 

On the other hand, for the cubic particles, the presence of Ag on the (100) surface were 
theoretically predicted to result in the presence of mid-bandgap trap states or ‘deep traps’.197 These 
deep traps are shown by the DFT calculations to be much less reactive and act mainly as 
recombination centres for the charge carriers. The holes trapped in these deep traps will not be able 
to contribute to the OER process, thus contributing to the lower photocatalytic activity of cubic 
particles. However, since the excess Ag concentration at the cubic particle surface is much smaller 
than the P-concentration found on the tetrahedron particles surface, this suggests that the density 
of deep trap states for the cubic particles should also be lower than the density of shallow traps for 
the tetrahedron particles. This is seen to be the case since no maxima is observed in the Σφμ versus 
laser intensity plot for the cubic particles (Figure 12 (c)), at least for the minimum laser intensity 
values measured in this work. It might be possible that at lower intensities this maximum in the plot 
will be observed but this would confirm that the trap state density is lower for the cubic particles 
measured in this work. However, the TRMC signal for cubic particles is too noisy at low intensities 
to confirm this hypothesis.  

This study, therefore, allows us to ascertain the structure-property-performance relationship 
for facet-engineered Ag3PO4 particles. We find that fabricating particles with different exposed facets 
leads to differences in the photocatalytic performance of Ag3PO4 which is shown to be due to a 
combination of factors such as the differences in charge carrier transport properties as found from 
the TRMC analysis as well as the predicted differences in the trap state density and energy levels 
based on the XPS results and previously performed DFT calculations for the exposed {111} facet of 
the tetrahedron and {100} facet of the cubic particles.
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4. Conclusion and Outlook 
This dissertation addresses the complex interdependence between the processes used to 

fabricate the photoanode materials for water splitting and the resulting variation in their physico-
chemical properties, leading to variation in their solar water splitting performance. These structure-
property-performance relationships were elucidated for two photoanode materials - hematite which 
was taken as a model system with more work done in literature to understand its structure-property-
performance relationships; and silver orthophosphate (Ag3PO4), a highly active but less well-studied 
system. Furthermore, the work done in this thesis opens up several possible avenues for future 
research work. 

The hematite system was first studied in Chapter 1 in its simplest configuration in the form 

of a planar thin film whose physico-chemical properties were varied by choosing two different 
deposition routes, namely DC and reactive RF sputtering. This yielded a large difference in PEC 
performance, with the DC sputtered films showing higher photocurrent than the RF sputtered films. 
The detailed physico-chemical and electrochemical investigation led to the establishment of two 
structure-property-performance relationships explaining this large difference in PEC performance 
for the two sputter routes. The first was the difference in surface composition which enabled better 
charge transfer efficiency (ηCT) and the second was the difference in the film morphology leading to 
better charge separation efficiency(ηCS), for the DC film as compared to the RF film. 

The structure-property-performance relationships established for DC and RF sputtered 
hematite thin films provide possible directions to further improve their PEC performance. We show 
that the RF films suffer from poor film quality due to voids present in the grains as a result of the 
sputtering and annealing process. Thus, a possible research direction could be a systematic variation 
in sputtering and annealing parameters to reduce void formation which would greatly improve the 
performance of the RF sputtered films. In the case of the DC sputtered films, work needs to be done 
on improving the hematite-substrate interface, by reducing the roughness of the substrate layer or 
by using underlayers to improve adhesion of the hematite to the substrate layer. This should further 
improve the charge separation efficiency, leading to even better PEC performance.  

In Chapter 2, a more complex nanostructured iron oxide system was prepared by high ion 

flux helium plasma exposure of iron films followed by annealing. This unique plasma setup allowed 
us to tune the degree of nanostructuring of the Fe films. The duration of plasma exposure increased 
the surface area of the thin film. However, the PEC performance was influenced not only by the 
change in surface area but also by variation in the chemical composition of the films. This was 
attributed to the complex interdependence of secondary elements introduced in the Fe layer during 
plasma exposure and the subsequent conversion to oxide during annealing. This led to the presence 
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of both maghemite and hematite in the less nanostructured film. The maghemite phase showed 
better charge transfer efficiency than hematite at high applied potentials and was the reason for the 
higher performance of the less nanostructured layer rather than the highly nanostructured one.  

Future work on plasma exposure of iron films should also study the effect of other 
parameters on nanostructuring since here we only look at the effect of plasma duration. Research is 
also required on the reduction of undesirable secondary elements from the plasma chamber during 
exposure. This can be followed by studying the incorporation of desirable elements in a controlled 
manner. One application might be the controlled incorporation of Si which could help tune the 
amount of maghemite formed in the layers after annealing.  

The work done on plasma-exposed films revealed the consequences of the presence of 
different iron oxide phases on the PEC performance. However, it was complicated by the effect of 
film morphology due to the nanostructuring effect of the plasma. Thus, in order to explore solely 
the influence of iron oxide phase on PEC performance, planar thin films which contained either 

hematite or maghemite were deposited using RF sputtering in Chapter 3. The as-deposited, planar 

maghemite thin film showed 2 times higher photocurrent than the as-deposited hematite thin film. 
The higher catalytic activity of the maghemite films was attributed to higher charge transfer 
efficiency (ηCT) and lower recombination at the maghemite surface. These results were similar to 
what was seen previously for the plasma exposed films and was related to the differences in the 
surface terminations of the two iron oxide phases as a result of their distinct crystal structures. 
However, the onset potential was observed to be very high for both the hematite and maghemite 
films, and this was related to the small grain sizes leading to higher bulk recombination, along with 
low electronic conductivity due to low dopant density. The Schottky barrier at the Si-Ag paste back-
contact was also proposed as an important reason for the high onset potential. In conclusion, the 
structure-property-performance relationship was established connecting the PEC performance to 
the oxide phase present in the photoanode.  

The results on maghemite in this thesis (Chapter 2 and 3) demonstrate its viability as a high 

performance photoanode material. This work also exposes the complex nature of even the simplest 
binary metal oxides such as Fe2O3, and reveals the possibilities this presents for future research on 
materials for water splitting. Maghemite, although a well-known polymorph of hematite, has 
remained under-studied as a photoanode material so far. An important reason is its low stability at 
high annealing temperatures (unless stabilised by secondary elements like Si). Since in literature, 
most of the studies are performed on hematite after an annealing process, maghemite is usually not 
observed. Furthermore, the close structural and chemical properties of the different iron oxide 
phases make it difficult to separate hematite, maghemite and magnetite using only ‘basic’ 
characterization techniques, such as XRD, XPS or Raman spectroscopy. We found that studying the 
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differences in the magnetic properties of these three phases is one solution to this issue and can help 
to further explore maghemite as a photoanode material. 

 One important research direction is the further exploration of the surface chemistry and the 
related electrochemical properties of maghemite. This is required in order to not only understand 
the reason behind the higher photocurrent but also why maghemite demonstrates a much higher 
onset potential than hematite. This is important since a low onset potential is crucial to ensure that 
maghemite becomes a viable photoanode material. Another strategy would be the use of various co-
catalysts on the maghemite surface in order to reduce the onset potential. 

An interesting avenue of exploration is the use of magnetic fields to increase the PEC 
performance of maghemite, due to its ferrimagnetic nature. The feasibility of this approach was 
recently demonstrate by using externally applied magnetic fields to improve the OER activity of 
ferrimagnetic electrocatalysts such as NiFeOx

198. This gives a further advantage to maghemite as a 
photoanode material over hematite, which is antiferromagnetic in nature and, hence, its PEC activity 
cannot be modified in this way.  

The demonstration of maghemite as a high performance photoanode material also suggests 
the possibility to use other iron oxide polymorphs (such as β-Fe2O3 and ε-Fe2O3) as photoanode 
materials. These have been rarely explored for water splitting and, thus, their viability as water 
splitting materials should be further investigated. 

Finally, Ag3PO4 was studied as a photoanode material in Chapter 4. This material was chosen 

for its high photocatalytic activity, the reasons behind which have not been widely experimentally 
investigated. Facet-engineering was used to fabricate Ag3PO4 particles with two different exposed 
facets- {111}-faceted tetrahedron particles and {100}-faceted cubic particles, with the former 
showing higher water splitting activity than the latter. Time-resolved microwave conductivity 
(TRMC) measurements were performed to study the differences in the charge carrier dynamics of 
these two differently-faceted particles. We found that tetrahedron particles with {111}-exposed 
facets had an order of magnitude higher charge carrier mobility and hole diffusion length than the 
cubic particles with {100}-exposed facets. This led to a better charge separation efficiency (ηCS) for 
the former. The better charge carrier dynamics found for the {111}-faceted tetrahedron particles 
versus the {100)-faceted cubic particles makes an important contribution towards the better 
photocatalytic performance of the former. 

Furthermore, the difference in the surface composition of the exposed facets allowed us to 
propose differences in the energy level and density of the trap states present, based on DFT 
calculations previously done in literature for the (111) and (100) Ag3PO4 surfaces. Based on the 
experimental and theoretical consideration, we proposed that the highly reactive shallow trap states 
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found at the tetrahedron particle surface contributes to the high photocatalytic performance. On the 
other hand, the XPS results and DFT calculations for the cubic particle suggests that it contains a 
lower density of mid-bandgap states which act as recombination centres, this contributing to the 
lower water splitting activity. In this way, the structure-property-performance relationships was 
established between the different exposed facets and their effects on the charge carrier dynamics and 
surface electronic properties which explained the differences seen in photocatalytic performance of 
the {111}- and {100}- faceted Ag3PO4 particles. 

This study on the charge carrier transport properties of Ag3PO4 demonstrates that this 
material has excellent electronic properties comparable to the best known photoanode materials. 
However, the use of Ag3PO4 in PEC systems is currently hindered by the photocorrosion of the 
material during the water oxidation process. Hence, research is urgently required to reduce the 
photocorrosion process in order to make Ag3PO4 a feasible material for use in PEC systems. One 
possible avenue to be explored is the use of hole-conductive protective overlayers (such as 
amorphous TiO2) which should be able to prevent photocorrosion, while ensuring high OER 
activity. Furthermore, depositing ultra-thin Ag3PO4 layers on conducting metal supports, such as 
Ag nanowires, to enhance charge carrier separation is another avenue, which is currently being 
explored in the group.  

In conclusion, this thesis elucidates the complex structure-property-performance 
relationships of photoanode materials which influence their water splitting performance. Detailed 
characterization of both the physico-chemical and PEC properties allowed to separate the effect of 
the photoanode properties, such as morphology, chemical composition, and surface properties on 
the OER performance. The thesis shows the importance of detailed electrochemical measurements 
such as EIS and IMPS to understand these relationships. Especially, we find the high impact of 
surface properties on the PEC behaviour of the photoanode material. Even materials with similar 
bulk properties demonstrate rather different PEC activity due to the difference in their surface 
chemistry. 

 Furthermore, it shows the difficulty in relating experimental measurements of 
photoelectrodes with complicated surface properties to theoretical work done on ‘ideal 
semiconductor surfaces’. In-situ surface science studies of these metal oxides need to be carried out 
to correctly model the actual mechanisms involved in the solar water oxidation process. The bulk 
properties of the material, such as its morphology, crystal structure and phase, as well as interface 
with the substrate also play an important role in ensuring high PEC performance. Therefore, 
techniques to study the charge transport properties in the bulk of the photoanode, as well as at the 
interface with the substrate needs to be investigated.  
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The knowledge gained from this dissertation can aid in developing better strategies to 
enhance the performance of earth-abundant, low cost and well-known photoanode materials, such 
as iron oxide or silver orthophosphate, which will help to achieve the goal of cheap, scalable PEC 
systems which can replace the environmentally degrading fossil fuel-based processes currently used 
to obtain hydrogen.
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Chapter 1: The Electrochemistry of Sputtered Hematite 
Photoanodes: A Comparison of Metallic DC versus Reactive RF 
Sputtering 

 

Abstract 

The water splitting activity of hematite is sensitive to the film processing parameters due to limiting 
factors, such as a short hole diffusion length, slow oxygen evolution kinetics, and poor light 
absorptivity. In this work, we use DC magnetron sputtering as a fast and cost-effective route to 
deposit metallic iron thin films, which are annealed in air to obtain well-adhering hematite thin films 
on F: SnO2 coated glass substrates. These films are compared to annealed hematite films which are 
deposited by reactive RF magnetron sputtering, which is usually used for depositing metal oxide 
thin films but displays an order of magnitude slower deposition rate. We find that DC sputtered 
films have much higher photoelectrochemical activity than reactive RF sputtered films. We show 
that this is related to differences in the morphology and surface composition of the films as a result 
of the different processing parameters. This in turn results in faster oxygen evolution kinetics and 
lower surface and bulk recombination effects. Thus, fabricating hematite thin films by fast and cost-
efficient metallic iron deposition using DC magnetron sputtering is shown to be a valid and 
industrially relevant route for hematite photoanode fabrication.  
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M. C., & Bieberle-Hütter, A. (2019). Electrochemistry of sputtered hematite photoanodes: a 

comparison of metallic DC versus reactive RF sputtering. ACS Omega, 4(5), 9262-9270. 
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1. Introduction  

Photoelectrochemical (PEC) water splitting has emerged as an attractive route for environmentally-
friendly generation of chemical fuels, also known as ‘solar fuels’1. The appeal of this strategy arises 
due to the need for an efficient, large-scale storage of solar energy to fulfil the aim of a future low-
carbon energy economy. However, to compete with other hydrogen generation techniques, such as 
methane steam reforming and electrolysis of water, PEC water splitting has to be made more 
efficient. The main reason for the limited efficiency is the four-electron oxygen evolution reaction 
(OER) which is kinetically challenging compared to the two-electron hydrogen evolution reaction 
(HER). Thus, development of efficient, stable, inexpensive, and abundant photoanodes which show 
high O2 production is a significant bottleneck for developing a viable PEC system2–4. 

Since the first demonstration of an operating PEC cell in 1972 utilizing TiO2
5, many other materials 

have been studied for their suitability as a photoanode. Of these, hematite (α-Fe2O3) remains one of 
the most widely studied materials for oxygen evolution reaction due to an optimum bandgap (2-2.2 
eV), excellent chemical stability, non-toxicity, abundance and low cost4,6–8. The bandgap of hematite 
ideally provides a theoretical solar-to-hydrogen (STH) efficiency of 12-16%9. Yet, the highest 
reported experimental STH efficiency for a hematite-based device is 3.4% in tandem with a 
CH3NH3PbI3 perovskite solar cell10. This discrepancy in efficiency stems from the intrinsic material 
properties of hematite, such as poor light absorptivity due to an indirect bandgap transition, short 
minority carrier lifetime (10 ps) and low minority charge carrier mobility (0.2 cm2 V-1 s-1) leading to 
a short hole diffusion length of ca. 2-4 nm4,11. This leads to a large mismatch in the requirements for 
the film thickness, with around 400 nm required for complete light absorption (for light with a 
wavelength below 700 nm)12,13 on the one hand, and less than 20 nm for efficient hole collection4 on 
the other hand. Nanostructuring of hematite improves the performance compared to planar thin 
films14, but also increases the complexity of understanding the effect of film deposition and 
processing parameters on the PEC activity. Thus, in this work, hematite thin films are used since 
they provide an ideal system to study the impact of processing parameters on physical and chemical 
properties, which are related to changes in the PEC processes during OER. 

Various physical and chemical synthesis techniques have been used to obtain efficient hematite 
photoanodes, such as sputtering15–17, atmospheric-pressure chemical vapor deposition (APCVD)7, 
atomic layer deposition (ALD)18, ultrasonic spray pyrolysis19 and hydrothermal synthesis20. In the 
case of sputtering, hematite films are usually deposited either from a ceramic hematite target using 
a radio frequency (RF) power source15,16 or from a metallic iron target in a reactive oxygen ambient 
using direct current (DC)21 or RF17 power sources. Sputtering from metal oxide targets and reactive 
sputtering processes are known to suffer from rather low deposition rates. DC magnetron sputtering 
from an iron target and subsequent annealing to iron oxide offers various advantages. Deposition 
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rates of up to 3 Å s-1 are achieved in this work for the sputtered Fe films, which is an order of 
magnitude faster than typical RF sputtering processes from a ceramic target15 or reactive RF 
sputtering from an iron target17. DC sputtering is also up to three orders of magnitude faster than 
ALD22 while offering comparable control over deposition parameters. Thus, reproducible thin films 
with only minor variations in film properties between different batches can be obtained quickly and 
efficiently. Furthermore, DC sputtering is safer than chemical deposition processes, such as APCVD 
and spray pyrolysis, which use toxic precursors. Thus, DC magnetron sputtering offers a safe, cost-
effective and scalable deposition process for thin film fabrication at an industrial scale.  

In this work, we therefore use DC magnetron sputtering to deposit Fe thin films and transform them 
by subsequent annealing to hematite. We compare the PEC behavior of the DC sputtered films to 
hematite layers obtained by reactive RF sputtering, which is the standard method of fabricating 
metal oxide thin films, but is a much slower process as discussed above. Extensive physical and 
electrochemical characterization of these thin films allows us to relate the variation in the physico-
chemical properties as a result of changes in the sputtering process to the differences in the PEC 
activity. 

2. Results and Discussion

2.1 Structural properties  

Pure hematite phase is identified from the structural characterization of both the DC and RF 
sputtered thin films after annealing by GI-XRD15,21 (Figure 1). Both films are polycrystalline in 
nature, but differences in the crystallographic orientation in the DC and RF films are seen. While 
the ratio of the (110) peak to the (104) peak of unoriented, polycrystalline hematite (ICDD 
catalogue- 33-0664) is 1.429, it is seen to be 2.168 for the DC film and 0.98 for the RF film. This 
indicates a preferential growth of the hematite grains in the [104] direction for DC and in the [110] 
direction for RF sputtered films. It is known from literature16 that the electron mobility in hematite 
films is highly anisotropic and the mobility along the (001) basal plane is up to four orders of 
magnitude higher than in the perpendicular planes.  

This would suggest that the RF film with a higher (110) peak intensity will have a higher conductivity 
in the direction normal to the film as compared to the DC film. This should help facilitate the charge 
carrier transport between the hematite-electrolyte interface and the FTO substrate in the RF film. It 
should be noted that in grazing incidence configuration, the preferred orientation for grains at 
angles equivalent to the incident angle (0.5° in our case) is determined. Hence, the texture of the film 
nearly parallel to the film surface is observed but a quantitative analysis of the overall texture of the 
hematite thin film is not possible with this technique. 



80 Electrochemistry of sputtered hematite photoanodes: DC versus RF sputtering  

2.2 Thin film morphology 

The top-view morphologies of a DC sputtered 20 nm thick iron film and a RF sputtered 50 nm thick 
iron oxide film before annealing are illustrated in Figures 2(a) and (b), respectively. Both DC and 
RF films look similar prior to annealing showing a rough morphology, similar to that of the 
underlying FTO (see Figure S1 (a) in supporting information). In both cases, loosely packed grains 
are observed with large variation in both shape and size (40-200 nm).  

After annealing the DC and RF films demonstrate different morphologies. The DC film (Figure 2(c)) 
which converts from iron to hematite undergoes a dramatic change in morphology. The film shows 
closely packed grains of 30-50 nm size with no voids between the grains and an underlying, large-
scale morphology due to the FTO substrate. In contrast, the RF film (Figure 2(d)) which was already 
deposited as iron oxide (see Figure S2 in supporting information), displays only minor variations in 
its morphology with slight coarsening of grains as well as disappearance of smaller (< 50 nm) grains. 
The grains are still loosely packed with voids present between them.  

The effect of the different sputtering techniques on the morphology of the thin films is further 
explored with cross-sectional HAADF-STEM (Figure 3). The DC film (Figure 3 (a)) has a thickness 
of 40 nm ± 4 nm after annealing (see also Figure S1 (d)). Hence, the thickness increases by 100% 
which is due to the uptake of oxygen during annealing, and the difference in density of Fe (7.86 g 

Figure 1. GI-XRD diffractograms of (a) DC and (b) RF sputtered hematite thin films after annealing. Peaks 
corresponding to the different crystallographic orientations for α-Fe2O3 (ICDD catalogue number- 33-064) are 
represented by blue lines in the spectra and are labelled. The peaks corresponding to the FTO substrate are represented 
as ‘S’ in the spectra.   

a 

b 
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cm-3) and α-Fe2O3 (5.26 g cm-3). The DC film consists of closely packed grains grown on top of the 
FTO layer, as seen in the top-view SEM image (Figure 2 (c)). The grain sizes are similar to the film 
thickness and extend through the entire thickness of the film. Furthermore, voids are observed at 
some positions at the interface between hematite and FTO (marked ‘i’ in Figure 3(a)), which is 
attributed to the roughness of the FTO layer.  

On the other hand, the thickness of the RF sputtered α-Fe2O3 film does not change during annealing 
having a final thickness of 47 nm ± 6 nm (Figure 3(b) and Figure S1(e)) which is similar to the 
sputtered thickness. The discontinuous hematite layer grows as separate grains on top of the FTO 
grains and are separated by large pinholes (marked ‘ii’ in Figure 3(b)). Furthermore, the TEM images 
show the presence of voids within the hematite grains themselves, which could not be observed by 
SEM imaging (marked ‘iii’ in Figure 3(b)). 

To understand the formation of these voids within the grains of the RF film, the changes occurring 
in the film morphology and crystal structure during annealing were studied (refer to Figures S1 (b-
c) and S2, respectively). From Figure S1 (b) (which is a higher magnification image of the RF film 
shown in Figure 2(b)), we observe that the RF film is sputtered as grains of 40-200 nm in size. 
However, each grain consists of smaller nucleates of 5-10 nm in size. After annealing these nucleates 
grow and merge together leading to smoother grains as observed in Figures S1(c) and 2(d). Thus, 

Figure 2. Top-view SEM images of (a) DC and (b) RF sputtered films before annealing and (c) DC and (d) RF sputtered 
films after annealing in air.  
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one factor behind the formation of the voids is the merging of these nucleates when the RF film is 
annealed.  

Another factor is the change in the hematite crystal structure on annealing as shown in the XRD 
spectra in Figure S2. The peaks corresponding to the (104) and (110) orientation of the reactive RF 
sputtered hematite is observed to increase in intensity and the full width at half maximum (FWHM) 
of the peaks decreases. Increase in peak intensity is attributed to increased crystallinity of the film, 
while reduced FWHM values represent an increase in the crystallite size (also observed as the 
coarsening of the grains in Figure S1 (c)). Furthermore, a shift of the hematite peaks to higher 2θ 
values is observed. The shift in the peak position occurs due to a change in the lattice constants of 
the hematite crystal structure. Hematite crystallizes in a rhombohedral corundum structure23 and 
has a hexagonal unit cell with lattice constants ‘a’ and ‘c’. Annealing leads to a reduction in these 
lattice constants (see Supporting Information) which could also lead to the coalescence of vacancies 
within the thin film and, hence, the formation of the voids. Evidently, the manner in which the 
hematite film growth occurs during reactive RF sputtering, and its evolution during annealing leads 
to the formation of voids within the RF thin film.

2.3 Surface composition  

The surface compositions of the DC and RF sputtered hematite films were measured and analyzed 
by XPS (Figure 4). The fitting of the O 1s spectra for the DC and the RF films results in three peaks. 
The peak at 530 eV ± 0.15 eV is assigned to hematite lattice oxygen.24 The second peak at 531.6 eV 

± 0.1 eV is related to either hydroxyl species (OH-) or oxygen vacancies (Vo
.. ) at the surface.25 The 

Fe
2
O

3
 

FTO 

Pt 
a. DC 

Carbon 
Fe

2
O

3
 

FTO 

Pt 
b. RF 

Figure 3. HAADF-STEM images of the (a) DC and (b) RF sputtered iron oxide thin films. All images were taken after 
annealing in air at 645°C for 10 min. Pt and C layers were deposited using EBID to protect the iron oxide layer during 
sample preparation for TEM analysis. The yellow dotted lines are added as visual guidelines to demarcate the Fe2O3 
layer. The red dotted circles indicate pinholes and voids. 
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third peak at 532.6 eV ± 0.1 eV is attributed to adsorbed organic compounds, such as CO and CHO26. 

The peak intensity ratio of the O lattice peak and the OH-/ Vo
.. peak for the RF film was found to be 

2.6 times lower as compared to the DC film. These findings prove that the surface composition for 
hematite thin films varies depending on the sputtering route, with the RF film exhibiting a higher 
amount of either hydroxyl species or oxygen vacancies at the surface.  

This observation is supported by the peak fitting results of the Fe 2p3/2 spectra (Figure S3) using the 
XPS spectral parameters for α-Fe2O3 as proposed by Biesinger et al.25 It is observed that the fitting 
for the DC film is better than that for the RF film based on the standard deviation values. However, 
a deviation of the fit from the spectra is seen in the peak fitting at lower binding energies (709 eV - 
710 eV) and is especially pronounced for the RF film. This is attributed to the presence of another 
species at the surface, such as a defective oxide (due to oxygen vacancies) or an oxy-hydroxide 
species. From the O1s spectra, it is evident that the aforementioned species are present for both films 
but in larger quantities at the surface of the RF film as compared to the DC film. Quantification of 
the exact type and amount of mixed species present at the film surface by fitting of the Fe 2p3/2 spectra 
is complicated due to spectral overlap, resulting in a larger degree of fitting error and, as such, is 
beyond the scope of this article.

2.4 Optical Properties 

 The optical absorption coefficient and band gap calculation for the DC and RF thin films are 
illustrated in Figures S4 (a) and (b), respectively. The absorption coefficient is calculated by 
normalizing the absorption spectra (Figure S4(c)) to the film thickness obtained from cross-

Figure 4. O1s peak spectra and identified peak fits for (a) DC and (b) RF films. The black line is the measured spectrum 
and the red line is the fitted curve; the magenta, blue and green lines represent the individual peak fits. Peak fitting 
parameters are obtained from Biesinger et al.23 

a b  
RF DC 
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sectional HAADF-STEM (Figure 3). RF films have a lower absorption coefficient in the entire 
wavelength range as compared to DC films. This is related to the presence of voids and pinholes in 
the RF film, thus leading to less material that can absorb light. The indirect optical bandgap is 2.1 
eV for both the DC and the RF films, which is similar to literature values4,6.

2.5 Photoelectrochemical behavior 

Figure 5 shows the current density versus applied potential (J-V) characteristics of the DC and RF 
thin films annealed in air at 645°C. The effect of varying annealing temperatures on the PEC 
behavior of the DC and RF films is summarized in Figure S5 in the supporting information. Figure 
5 shows that the dark current (dotted lines) for both the DC and the RF sputtered film remains 
negligible until 1.5 V versus RHE. The onset potential, Vonset, for the DC film is 0.88 V versus RHE, 
as compared to the Vonset of 1.22 V versus RHE observed for the RF film. A higher onset potential 
(ΔVonset) is related to slower OER kinetics and higher recombination in the RF film; this is discussed 
in detail in the next sections. 

The DC film demonstrates a photocurrent of 0.36 mA cm-2 at 1.5 V versus RHE which is six times 
higher than the photocurrent of the RF film at the same potential (0.06 mA cm-2). The photocurrent 
of the DC film achieved herein is comparable to other bare, unmodified hematite thin films of 40-
50 nm thickness prepared by various methods, such as sputtering or ALD 16,18,27. However, it is lower 
than the hematite layer deposited by Jia et al. by RF sputtering from a ceramic hematite target (1.3 
mA cm-2 at 1.5 V versus RHE).15 The higher performance of the hematite films deposited by Jia et al. 

Figure 5. Current density versus applied potential (J-V) curves for DC (red) and RF (black) thin films annealed in air at 
645°C for 10 min. All measurements are done in 1M NaOH in the dark (dotted lines) or under an illumination intensity 
of 100 mW cm-2 (solid lines).  Arrows represent the direction of the CV cycle and is the same for all measurements. 

DC 

RF 
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is most probably related to less physical defects in the bulk of the film. It should be noted, 
nevertheless, that the deposition rate in the paper by Jia et al. was only 0.14 Å s-1, whereas the DC 
sputtered thin films in our study were deposited with a rate of 2.27 Å s-1; this is 15 times faster

2.6 Electrochemical Impedance Spectroscopy (EIS) 

In order to study the dynamics of the charge transfer and recombination processes occurring in the 
DC and RF films, EIS measurements were performed between 0.8 V and 1.6 V versus RHE. 
Representative impedance spectra in the form of Nyquist plots are shown in Figure 6 (a) for DC and 
RF films at 1.2 V versus RHE, respectively. Two main features are observed: A high frequency arc 

with a relaxation frequency between 1000-5000 Hz (denoted by the green star ★) which is 
characteristic for bulk processes in the semiconductor18 and a low frequency arc at relaxation 
frequencies between 1-10 Hz (denoted by the magenta square ◆) which is attributed to charge 
transfer processes related to the OER at the semiconductor-liquid interface28.  

In order to gain a quantitative understanding of the features observed in the EIS spectra, the data 
was fitted with the equivalent circuit model (ECM) proposed by Klahr et al.18 for hematite thin films. 
This model assumes that the OER occurs via surface states present at the hematite-electrolyte 
interface. Various studies have shown the existence of such surface states, as summarized by Zandi 
et al.6 and have also been recently observed directly by in-operando ATR-FTIR studies29. The data 
was also fitted to other ECM models suggested in the literature, such as the Le formal et al.30 model 
which states that the OER takes place via direct transfer from the valence band and the surface states 
only act as recombination centres. Fitting with the 2-R-CPE models as proposed by Lopes et al.28 
was also performed, which takes into account the Helmholtz layer capacitance (assuming it has a 
value similar to the space-charge layer capacitance). However, the best fit (lowest χ2 value) and most 
realistic ECM component values were obtained for the Klahr model. 

The ECM (Figure 6(b)) consists of the contact resistance, Rs; the capacitance of the space-charge 
layer in the hematite, Cbulk; the resistance associated with the charge recombination at the surface 
states, Rtrap; the chemical capacitance associated with the density of charge carriers trapped at the 
surface states, Css; and the resistance associated with the charge transfer from the surface states to 
the electrolyte during the OER, Rss. All the fitting results are listed in Table S1 in the supporting 
information. Constant phase elements (CPE) are used in the ECM due to non-ideal dielectric 
behavior of the hematite thin films. The quality of the fit (denoted by χ2) of the impedance spectra 
using an ECM with CPE’s was 2 orders of magnitude better than with pure capacitors. The relation 
between capacitance and CPE fitting parameters is31:  

𝐶𝐶 = 𝑇𝑇
1
𝑝𝑝 ×  𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒

(1−𝑝𝑝)
𝑝𝑝   (1) 
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Where T is the capacitance fitting parameter (F sp-1 cm-2), p is the constant phase exponent (0 < p < 

1), Reff = 𝑅𝑅𝑠𝑠 × 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝
𝑅𝑅𝑠𝑠 + 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝

 for CPEbulk (assuming surface distribution of time constants)32, and Reff = Rss for 

CPEss (assuming normal distribution of time constants)31.  

 Figure 6 (c) shows the Rtrap values for the DC and RF films between 0.8 V and 1.6 V vs RHE. The 
Rtrap values are approximately 4-5 times higher for the RF film as compared to the DC film below 1.5 
V versus RHE. This points to faster charge recombination at the surface states for the RF film and is 
one of the reasons for its lower PEC activity. 

In order to study the charge transfer kinetics from the surface states to the electrolyte, the charge 
transfer resistance (Rss) and surface state capacitance (Css) values for the two films are analyzed 
(Figures 6 (d) and (e)). For the DC film (Figure 6 (d)), the charge transfer resistance (Rss) shows a 
decrease of more than one order of magnitude as the potential increases above Vonset of 0.88 V versus 
RHE (denoted by the dotted line) and then increases at more anodic potentials.  

This decrease in the charge transfer resistance is followed by a concomitant increase in the surface 
state capacitance (Css) which has a very low value below the onset potential, Vonset. It increases swiftly 
as Vonset is reached, with a maximum at 1 V (Vonset + 220 mV), and then declines rapidly at more 
anodic potentials.  

These observations are explained by the fact that below Vonset the holes trapped at the surface states 
do not have enough energy to initiate OER. Thus, as the potential increases, the holes accumulate at 
the surface states leading to a peak in the Css value close to Vonset. Above Vonset, Rss drops, since there 
is enough overpotential for OER to take place via the surface states, and since the holes are now 
consumed, the Css value decreases. This behavior of the Css and Rss values for the DC film is a clear 
indication that the water oxidation takes place via surface states as predicted theoretically by 
Bertoluzzi et al. 33 and also observed experimentally in literature18,27,34.  

For the RF film (Figure 6 (e)), a different trend with potential for both Rss and Css values is observed. 
This is due to the highly anodic Vonset for RF film with a value of 1.22 V versus RHE. Css increases 
above 1.1 V and reaches a maximum at 1.3 V (80 mV above Vonset).  

However, the broad peak of the Css exhibits high values till 1.5 V, unlike the sharp Css peak observed 
at 1 V for the DC film. Rss first increases till just above Vonset and then starts to decrease, but the slope 
is less pronounced when compared to the DC films. In addition, the higher Rss values for RF films 
below 1.3 V versus RHE suggests slower OER kinetics.  

These different trends for the Rss and Css for the DC and RF films and the much higher Vonset for the 
latter are attributed to different types of surface states for the two films. The difference in the surface 
states is related to higher peak intensity corresponding to the presence of either hydroxyl species 
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(OH-) or oxygen vacancies (Vo
..), as observed in the O1s spectra for the RF film (Figure 4), which 

can lead to lower OER activity in hematite thin films35,36.  

 

  

Figure 6. (a) Nyquist plot at 1.2 V versus RHE for the DC (▼) and RF (■) thin films, respectively. EIS was performed 

in the frequency range of 1 MHz to 0.1 Hz under an illumination intensity of 100 mW cm-2. The star symbols (★) and 
diamond symbols (◆) represent the relaxation frequencies for the bulk and interface processes, respectively; (b) 
Equivalent circuit model (ECM) used for fitting of the EIS data; (c) Surface recombination resistance (Rtrap)  for DC and 
RF films obtained from ECM fitting between 0.8 V to 1.6 V versus RHE; (d-e) Charge transfer resistances Rss (■) and 
surface state capacitances Css (▼)  from ECM fitting between 0.8 V and 1.6 V versus RHE for DC and RF films, 
respectively. 
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2.7 Intensity modulated photocurrent spectroscopy (IMPS) 

 IMPS37,38 was used to further determine the rate constants of the surface state recombination and 
charge transfer processes. In this technique, the frequency response of the photocurrent is measured 
with respect to the sinusoidal modulation of the light source. The IMPS response is plotted in a 
Nyquist plot with the complex photocurrent as a function of the light modulation frequency (see 
Figure S6). The high frequency intercept (HFI) with the real photocurrent axis corresponds to the 
hole current (jhole), since the recombination rate is much slower than the rate at which the hole 
concentration changes. The low frequency intercept (LFI), represents the steady-state photocurrent 
(jphoto), which is the fraction of the hole at the surface which undergoes charge transfer to the 
electrolyte. The ratio of the LFI and HFI gives the charge transfer efficiency (ηt)39, 

𝜂𝜂𝑡𝑡 = Low freq. Intercept (LFI)
High freq. Intercept (HFI) = 𝑗𝑗𝑝𝑝ℎ𝑜𝑜𝑡𝑡𝑜𝑜

𝑗𝑗hole
= kt

kt+kr
  (2) 

Where kt is the charge transfer rate constant and kr is the surface recombination rate constant. 
Furthermore, the radial frequency at the apex of the semicircle (ωmax) in the upper quadrant of the 
plot is given by the combined rate of charge transfer and surface recombination (kt+kr) 37,40. 

Figure 7 shows the rate constants for charge transfer (kt) and surface recombination (kr) and the 
charge transfer efficiency (ηt) obtained for DC and RF films between 1.2 V and 1.6 V versus RHE. 
The values and trends for the obtained parameters lie within the range expected for plain hematite 
films and are in good agreement with previously reported IMPS analyses by Peter et al.39 and Thorne 
et al.41.  

Figure 7(a) shows that the charge transfer rate constant, kt (solid symbols) is higher for the DC film 
at all potentials below 1.6 V vs RHE, pointing to faster OER kinetics as compared to the RF film. 
Furthermore, the kt value for the DC film saturates around 30 s-1, whereas it increases almost linearly 
for the RF film. This can be understood from the fact that as the bias is increased, the RF film with 
poor OER activity shows a much larger improvement in charge transfer kinetics. This also explains 
why photocurrent saturation is observed for the DC film, but not for the RF film at potentials above 
1.2 V versus RHE in the J-V curve (Figure 5).  

Furthermore, the surface state recombination rate constant (kr), (open symbols in Figure 7(a)), is up 
to an order of magnitude higher for the RF film in the entire potential window as compared to the 
DC film. This confirms that there is higher surface state recombination in the RF film, which is also 
observed from the higher Rtrap values as found by EIS for the RF film (Figure 6(c)). Moreover, value 
of kr decreases for both DC and RF films with increasing potential, which is explained by the more 
efficient charge carrier separation as the result of increase in band bending with applied potential. 
The difference in magnitude and potential dependent behaviour of kt and kr for the DC and RF films 
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occurs as a result of difference in the surface states for the DC and RF films as observed from XPS 
with the latter showing a higher concentration of surface species (either hydroxyl group or oxygen 
vacancies), which have been shown to reduce the charge transfer kinetics in hematite. 

The effect of the large differences in the kt and kr values for the DC and RF films is clearly reflected 
in the charge transfer efficiency curve (Figure 7 (b)). The DC film has a charge transfer efficiency 
greater than 60% at 1.2 V and almost reaches 100% efficiency at 1.6 V versus RHE. The RF film, in 
contrast, has a minimal efficiency at 1.2 V, concomitant with the very high Vonset of 1.22 V versus 
RHE, whilst the efficiency at 1.6 V is still below 80%. This explains the much higher photocurrent 
and lower Vonset for the DC films and reinforces the observations from the EIS showing the faster 
OER kinetics and lower surface state recombination for the DC film as compared to the RF film, 
which points to differences in the surface states for the two films.

2.8 Hole Scavenger Measurements 

Apart from surface state recombination and slow charge transfer kinetics, another important factor 
affecting the PEC activity of hematite thin films is the bulk recombination. This was studied by 
performing hole scavenger measurements in a 1 M NaOH + 0.1M H2O2 electrolyte. Hole scavengers 
remove the effect of surface recombination and slow OER kinetics and ensure that the photocurrent 
is solely limited by bulk recombination within the hematite layer.42 The photocurrent obtained for 
DC and RF films annealed at 645°C are shown in Figure 8 (corresponding hole-scavenger 
measurements for films annealed at 800°C are shown in figure S8). It is observed that the 
photocurrent for the DC film is much higher than for the RF film in the entire potential range. This 

Figure 7 (a) Charge transfer rate constants (kt: solid symbols) and surface recombination rate constant (kr: open 
symbols) for DC and RF films between 1.2 V and 1.6 V versus RHE; (b) Charge transfer efficiency (ηt) for DC (red 
symbol) and RF (black symbol) thin films between 1.2 and 1.6 V versus RHE. All measurements were done in 1M NaOH 
under illumination from a 405 nm LED (ThorLabs) with an illumination intensity of 22 mW cm-2. 
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DC 

RF 
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confirms that DC films have lower bulk recombination than RF films which is attributed to the 
presence of voids in the RF film and contributes to its poor PEC activity. 

3. Summary and Conclusion 

We used two sputtering routes, namely DC and reactive RF sputtering to fabricate Fe and FeOx thin 
films, respectively. All thin films were annealed in air after deposition to obtain 40-50 nm thick 
hematite films. The DC sputtered film had a 6 times higher photocurrent at 1.5 V versus RHE as 
well as a lower onset potential (0.88V versus RHE) than the RF sputtered film (1.22 V versus RHE).  

The schematic shown in Figure 9 summarizes the main factors contributing to the better PEC 
activity of DC sputtered thin films and their relation to the physico-chemical properties of the DC 
and RF sputtered hematite films. The first factor is the faster charge transfer kinetics (denoted by (i) 
in the schematic) in the DC film as compared to the RF film. This is illustrated by the green arrows; 
the thicker the arrow, the faster the charge transfer kinetics. Another factor is the slower 
recombination rate of the electrons with the holes trapped at the surface states (denoted by (ii)) in 
the DC film as compared to the RF film. This process is represented by red arrows; the slower the 
recombination, the thinner the arrow. The differences in charge transfer kinetics and surface state 
recombination rate are due to the differences in the type of surface states for the DC and reactive RF 
sputtered films. This is related to the higher peak intensity corresponding to either hydroxyl species 

(OH-) or defective oxide (Vo
.. ) at the surface of the RF film.  

Figure 8. Chopped light measurements performed for the DC (red) and RF (black) thin films (annealed at 645°C) in 1M 
NaOH + 0.1M H2O2 electrolyte. The light was chopped with a frequency of 0.5 Hz. The illumination intensity was 100 
mW cm-2. 

DC 

RF 
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The difference in concentration of the hydroxyl species or defective oxide on the surface of the DC 
and RF films could be related to the difference in the crystallographic orientation at the surface due 
to changes in the preferential growth of the grains for the two films. Finally, the densely packed, 
homogeneous grain structure of the DC films leads to lower bulk recombination (denoted by (iii)) 
as compared to the RF film, as represented by the yellow arrows; thinner arrows represent lower 
bulk recombination. This is related to the presence of voids within the grains of the RF film which 
occur as a result of the distinctive iron oxide growth process during the reactive RF sputtering 
process and the subsequent annealing step. In conclusion, DC magnetron sputtering was used to 
deposit metallic Fe films on FTO-glass substrates, which after annealing led to well-adhering and 
stable hematite films exhibiting good PEC activity. These films were compared to hematite films 
obtained by reactive RF sputtering with an order of magnitude slower deposition rate. On 
subsequent annealing of the RF films they demonstrated significantly lower PEC activity. A detailed 
study of the physico-chemical and photoelectrochemical properties was performed and the relation 
between the film properties and PEC behavior was established. Thus, DC sputtering as a fast, low-
cost, and scalable method for depositing photoelectrodes was demonstrated and provides superior 
films as compared to reactive RF sputtering.

Figure 9. Schematic illustrating the differences in the (i) charge transfer kinetics, (ii) surface state recombination rate, 
and (iii) bulk recombination rate of DC and RF hematite thin films and the relation to their physico-chemical properties. 
The black arrow represents hole transport from the valence band to surface states. Thick lines represent the major 
process, while thin lines represent minor processes occurring in the thin films. 
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4. Experimental Methods 

4.1 Thin film preparation 

Iron and iron oxide thin films were deposited by DC and reactive RF magnetron sputtering, 
respectively, on glass substrates (2 mm thick) coated with an F: SnO2 (FTO) conducting layer of 
approximately 200 nm thickness and 15 Ω sq-1 sheet resistivity (MTI TEC15). The dimensions of the 
FTO-coated glass substrates are 2.5 cm x 2.5 cm. The FTO substrates were cleaned following the 
method proposed by Malviya et al.43 A sputter tool from Kurt J. Lesker was used with a base pressure 
<10-7 mbar and a target-substrate distance of 95 mm. Both DC and RF magnetron sputtering were 
carried out at room temperature using a 2” Fe sputter target. For DC sputtering, an Ar flow of 7 
sccm at a deposition pressure of 1.25×10-2 mbar and power of 100 W was used. The films were 
sputtered for 88 s with a sputter rate of 2.27 Å s-1 to obtain a Fe film with thickness of 20 nm. Reactive 
RF magnetron sputtering was performed with a mixed Ar and O2 flow of 7 sccm and 2 sccm, 
respectively, with deposition pressure of 1.4×  10-2 mbar and power of 200 W. Sputtering was 
performed for 1515 s at a sputter rate of 0.33 Å s-1 to obtain a 50 nm Fe2O3 layer. All films were 
annealed in air at a temperature of 645°C for 10 min or 800°C for 5 min in order to obtain crystalline 
hematite thin films. A ramp rate of 5°C min-1 was applied to reach the desired annealing temperature. 

4.2 Physico-chemical Characterization 

The top-view morphologies of the thin films were examined by field emission scanning electron 
microscope (SEM) (Zeiss Sigma) with an in-lens detector and 5 kV accelerating voltage. High-angle 
annular dark-field scanning transmission electron microscopy (HAADF-STEM) of the thin film 
cross-sections were performed using a JEOL ARM200F TEM setup operated at 200 kV. TEM cross-
sections of the thin films were prepared using focused ion beam milling. Pt and carbon protective 
layers were deposited using ion-beam induced deposition (IBID) and electron-beam induced 
deposition (EBID) in order to preserve the thin film structure during the milling process. 

Structural characterization was performed using a Bruker D8 Eco X-ray diffractometer (XRD) with 
a Cu Kα (λ= 1.5406 Å) source and a Lynx-eye detector in a grazing incidence configuration (GI-
XRD) at an incident angle of 0.5° and in the 2θ range from 20° to 80°. A Thermo Scientific K-Alpha 
X-ray photoelectron spectroscopy (XPS) setup equipped with a monochromatic Al Kα source (hν = 
1486.6 eV) was used for the chemical analysis. The binding energy was corrected with respect to the 
adventitious carbon C 1s peak at 284.8 eV. Peak fitting was done using the Casa XPS software. The 
optical absorbance of the films was characterized with a Perkin Elmer 1050 UV/Vis/NIR 
spectrophotometer in the wavelength range of 300 nm to 900 nm.
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4.3 Electrochemical Characterization 

An in-house three-electrode electrochemical cell fitted with a quartz window was used for 
electrochemical characterization. An aqueous solution of 1 M NaOH was used as the electrolyte. For 
hole scavenger measurements, a 1 M NaOH + 0.1 M H2O2 electrolyte was used. A coiled Pt wire and 
an Ag/AgCl/Sat. KCl electrode (XR 300, Radiometer Analytical) were used as the counter electrode 
(CE) and reference electrode (RE), respectively. The geometric area of the working electrode 
exposed to the electrolyte was 0.785 cm2. The potential of the electrode was controlled with a 
BioLogic SP-150 potentiostat. All potentials reported are versus RHE through the relation2: 

Φ𝑅𝑅𝑅𝑅𝑅𝑅 =  Φ𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴⁄ +  Φ𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ⁄ 𝑣𝑣𝑣𝑣 𝑅𝑅𝑅𝑅𝑅𝑅
𝑜𝑜 + 0.059 × 𝑝𝑝𝐻𝐻 (3) 

With ΦºAg/AgCl vs RHE = 0.198 V versus RHE at 25°C. Illumination was provided by an AM 1.5 class A 
solar simulator (LCS 100, Oriel Instruments) using a 100 W Xe lamp with a calibrated illumination 
intensity of 100 mW cm-2 at the sample position (Reference cell 91150V, Newport). All 
measurements were done at potentials between 0.6 V and 1.6 V versus RHE. Cyclic voltammetry 
measurements were performed at a scan rate of 20 mV s-1. The onset potential was taken as the 
potential at which the first derivative of the photocurrent density with respect to the potential 
(dJ/dV) achieved ten times the value observed for the first derivative of the dark current 
measurement. This technique was adopted from Formal et. al11. Transient photocurrent 
measurements were obtained by chopping the incident light with an externally controlled shutter at 
a rate of 0.5 s-1 while performing linear sweep voltammetry (LSV) at a scan rate of 10 mV s-1.  

Electrochemical impedance spectroscopy (EIS) was performed in a frequency range of 1 MHz to 0.1 
Hz. The magnitude of the modulation signal applied to the potential was 10 mV. The potential at 
which the EIS scans were performed was increased step-wise by 0.1 V between 0.6 V and 1.6 V versus 
RHE. Equivalent circuit fitting of the EIS spectra was performed using the ZView® software. A 
Solartron Modulab XM potentiostat with photoelectrochemical accessory was used for Intensity 
Modulated Photocurrent Spectroscopy (IMPS) measurements. A 455 nm LED (ThorLabs) with 
illumination intensity of 22 mW cm-2 was used as a light source. A 10% AC modulation intensity 
was used for the measurements in a frequency range of 50 kHz to 0.1 Hz. The electrochemical cell, 
RE and CE were the same as that used for the other PEC measurements.
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I. Supplementary Material 

I.1 Top View SEM images 

100 nm 100 nm 

Figure S1. Top-view SEM images of (a) bare FTO substrate and of an RF 50 nm film on FTO glass (b) before annealing 
and (c) after annealing at 645°C for 10 min in air. Low-magnification cross-sectional TEM image of (d) DC film and (e) 
RF film after annealing. 

b. RF 50 nm (before anneal) c. RF 50 nm (after anneal) 

400 nm 

a. Bare FTO substrate 

100 nm 

e. RF cross-section TEM (after anneal) 

d. DC cross-section TEM (after anneal) 

100 nm 

Pt 

Carbon 
Fe

2
O

3
 

FTO 

Pt 

FTO 

Fe
2
O

3
 



100 Electrochemistry of sputtered hematite photoanodes: DC versus RF sputtering  

Figure S1 (a) shows a top-view SEM image of an uncoated FTO substrate. It has a rough morphology 
with large grain size distribution (40-300 nm). Figures S1 (b) and (c) show an RF 50 nm thick film 
on FTO glass before and after annealing, respectively. Before annealing the grain, sizes are 40-200 
nm and each grain consists of 5-10 nm sized ‘nucleates’. These nucleates grow and merge together 
during annealing and are not observed in the SEM image after annealing. The grains also appear to 
coarsen during annealing along with the disappearance of smaller grains. Figures S1 (d) and (e) show 
the low magnification, cross-sectional HAADF-TEM images of the DC and RF thin films after 
annealing, respectively

I.2 GI-XRD spectra of RF film before and after annealing 

Figure S2 shows the GI-XRD spectra of RF sputtered hematite before and after annealing in the 2θ 
range of 32°-37° in order to display the changes in the peaks corresponding to the (104) and (111) 
crystal orientation. The peaks shift and increase in intensity during annealing while the peak for the 
FTO substrate remains unchanged. The peak shift occurs as result of a change in the lattice constants 
of the hexagonal unit cell of hematite1. From the fitting of the hematite peaks, the variation in lattice 
constants were calculated. The lattice constant ‘a’ changes from 5.038 Å to 5.025 Å, while the lattice 
constant ‘c’ changes from 13.772 Å to 13.716 Å.

 

 After Anneal 

 104       FTO                          110 

 Before Anneal 

Figure S2. GI-XRD spectra of RF 50 nm film on FTO glass before and after annealing. The shift in peak positions of the 
(104) peak (blue dotted line) and the (110) peak (green dotted line) are shown by the blue and green arrows, respectively. 
The FTO substrate peak (purple dotted line) does not shift. 

RF 50 nm  
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I.3 Fe 2p3/2 spectra of the DC and RF Films 

Figure S3 shows the Fe 2p3/2 spectra for the DC and RF thin films after annealing. The Fe 2p3/2 peaks 
are fitted using the XPS spectral parameters for α-Fe2O3 as proposed by Biesinger et al.2 including 
binding energy position, percentage of total area, full width at half maximum (FWHM) value and 
spectral component separation. The fit closely represents the Fe 2p3/2 spectra for both DC and RF 
films, suggesting that α-Fe2O3 is found at the surface of both. However, the fit obtained for the DC 
film is better than for the RF film, since it has a lower residual value (DC: 1.48 vs. RF: 1.52). The fits 
for both DC and RF films deviate from the spectra at lower binding energies in the range of 709 eV 
- 710 eV. This deviation is more pronounced for the RF than for the DC film and is related to the 
possible presence of other species of iron oxide, such as a hydroxide/oxyhydroxide or a defective 
oxide at the surface of the film. A fit with multiple iron species is beyond the scope of this article.  

Figure S3. XPS data of the Fe 2p3/2 peak including background and fitting data for (a) DC and (b) RF films. All peaks 
correspond to Fe3+ oxidation state 

RF 

Fit using α-
Fe2O3 

Residual:  1.52 

DC 

Fit using α-
Fe2O3 

Residual:  1.48 

 a  b  
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I.4 Optical absorption spectra of DC and RF films 

Figure S4 (a) shows the optical absorption coefficient of the DC and RF films. The Tauc plots of the 
DC and RF thin films are shown in Figure S4(b). The absorbance data (Figure S4(c)) is corrected for 
the actual film thickness (measured from the cross-section TEM images). A slightly higher 
absorption coefficient is observed for the DC film in the measured wavelength region compared to 
the RF film (see main manuscript). The indirect optical bandgap obtained from the Tauc plot is 2.1 
eV ± 0.1 eV for both DC and RF films.

Figure S4. (a) Optical absorption coefficient for DC and RF sputtered thin films annealed at 645°C. The spectra are 
corrected for the substrate and are obtained by normalising the absorbance with the thickness of the thin films obtained 
from cross-section TEM images. (b) Tauc plot for the indirect optical bandgap calculation of the DC and the RF thin 
films. (c) Absorbance spectra for the DC and RF films. 

a b 

c 
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I.5 Average onset potential and photocurrent values 

Figure S5 shows the average values of the onset potentials (Vonset) and photocurrent (I) at 1.23 V and 
1.5 V versus RHE for all DC and RF films annealed at 645°C and 800°C.  

It can be seen that annealing at higher temperatures leads to a decrease in Vonset for both DC and RF 
films which can be attributed to Sn diffusion into the hematite lattice3. This shift also leads to higher 
photocurrent at 1.23 V versus RHE for both DC and RF films. However, the photocurrent at 1.5 V 
versus RHE is lower for both DC and RF films. This is explained by the ohmic loss due to the increase 
in FTO resistivity on annealing at 800°C.3

  

Vonset I @ 1.23 V 

Figure S5. The average values for onset potential (Vonset) and photocurrent at 1.23 VRHE (I@1.23 V) and at 1.5 VRHE 
(I@1.5 V) for the DC 40 nm and RF 50 nm films. Number of samples measured:  DC 40 nm 645°C: 15; DC 40 nm 800°C: 
5; RF 50 nm 645°C: 2; RF 50 nm 800°C. All measurements were done in 1M NaOH and under 100 mW cm-2 
illumination. Photocurrent values were corrected for dark current at the corresponding potentials (1.23 V and 1.5 V 
versus RHE). 
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I.6 IMPS response of a typical hematite thin film 

Figure S6 shows the Nyquist plot of a typical IMPS response for a hematite thin film annealed at 
645°C. The low frequency intercept (LFI) representing the steady state photocurrent is represented 
by a green square. The high frequency intercept (HFI) representing the hole flux is shown by a blue 
square. The maximum of the semicircle in the upper quadrant of the spectrum gives the ωmax value 
represented as a red square. The larger semicircle in the lower quadrant part of the spectrum 
represents the RC attenuation circle and the radial frequency at the minimum of this semicircle is 

given by4,𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚 =  𝐴𝐴𝑆𝑆𝑆𝑆 + 𝐴𝐴𝐻𝐻
𝑅𝑅∙𝐴𝐴𝑆𝑆𝑆𝑆∙𝐴𝐴𝐻𝐻

 ,where CSC and CH are the space charge layer capacitance and Helmholtz 

layer capacitance, respectively, associated with the hematite-electrolyte interface. R is the contact 
resistance. Provided that the two time constants, ωmax and ωmin, are separated by at least one order of 
magnitude, then the upper semicircle can be used to determine values of kt and kr.

4 This is the case 
for the DC and RF films studied in this work.

Figure S6. Nyquist plot of the IMPS response for a hematite thin film annealed at 645°C for 10 min. The measurement 
was done in 1 M NaOH electrolyte under illumination intensity of 22 mW cm-2 at an applied potential of 1 V versus 
RHE. Low frequency intercept (LFI) and high frequency intercept (HFI) are labelled, respectively. 
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I.7 Equivalent circuit parameters used for the fitting of EIS spectra 

Table S1. ECM fitting data obtained by fitting of the impedance spectra obtained for both the DC 

and RF films between 0.6 V and 1.6 V versus RHE. Measurements were performed in 1 M NaOH 
electrolyte under an illumination intensity of 100 mW cm-2.  

RF Film        

Potentia
l 

Chi-Sqr 
(χ2) 

Rs 
CPE_bulk

-T 
CPE_bulk

-P 
R_trap R_ss CPE_ss-T 

CPE_ss
-P 

0.6 8.39x10-4 
15.89

6 
1.34x10-5 0.825 1303.1 7197.665 3.80 x10-5 0.754 

0.7 6.69 x10-4 
15.78

6 
1.12 x10-5 0.836 1496.21 11271.81 4.29 x10-5 0.718 

0.8 2.75 x10-4 
16.39

8 
6.75 x10-6 0.884 783.273 35450.6 5.45 x10-5 0.552 

0.9 2.18 x10-4 
16.56

3 
5.36 x10-6 0.903 715.92 26774.78 4.47 x10-5 0.578 

1 3.20 x10-4 
16.53

2 
4.86 x10-6 0.909 828.96 17890.93 3.20 x10-5 0.644 

1.1 6.25 x10-4 
16.63

4 
4.20 x10-6 0.920 855.65 18807.81 3.03 x10-5 0.66 

1.2 2.65 x10-4 
16.43

0 
4.00 x10-6 0.920 958.485 25298.19 3.67 x10-5 0.673 

1.3 2.74 x10-4 
16.30

4 
3.92 x10-6 0.919 1029.92 84261.9 6.11 x10-5 0.696 

1.4 5.37 x10-4 
16.16

3 
3.86 x10-6 0.918 978.11 38292.3 9.23 x10-5 0.792 

1.5 6.04 x10-4 
16.07

68 
3.86 x10-6 0.916 894.115 5083.66 1.24 x10-4 0.836 

1.6 7.78 x10-4 
15.84

1 
4.46 x10-6 0.902 753.835 1617.1 1.76 x10-4 0.731 
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DC Film        

Potentia
l 

Chi-Sqr 
(χ2) 

Rs 
CPE_bulk

-T 
CPE_bulk

-P 
R_trap R_ss CPE_ss-T 

CPE_ss
-P 

0.6 0.00159 7.781 3.92 x10-5 0.716 262.033 13345 1.14 x10-5 0.92755 

0.7 5.90 x10-4 7.459 3.45 x10-5 0.715 225.609 29906.93 1.44 x10-5 0.85718 

0.8 6.69 x10-4 7.262 2.92 x10-5 0.720 210.772 43297.46 1.94x10-5 0.85838 

0.9 0.0023 6.79 3.60 x10-5 0.69 263.446 49491.89 5.91 x10-5 0.83664 

1 0.00378 6.215 4.72 x10-5 0.661 329.778 1033.84 2.15 x10-5 0.84395 

1.1 1.44 x10-4 7.41 7.70 x10-6 0.822 102.756 789.71 9.46 x10-5 0.59705 

1.2 2.40 x10-4 7.341 7.59 x10-6 0.821 134.470 1485.22 4.44 x10-5 0.6799 

1.3 4.60 x10-4 7.272 7.80 x10-6 0.817 167.126 2578.72 2.68 x10-5 0.7384 

1.4 4.44 x10-4 7.302 6.93 x10-6 0.827 164.300 3866.91 2.71 x10-5 0.7269 

1.5 0.00118 7.219 7.81 x10-6 0.815 173.328 5112.71 4.50 x10-5 0.67399 

1.6 0.00246 6.716 1.67 x10-5 0.747 172.543 2004.11 1.33 x10-5 0.78467 
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I.8 Mott-Schottky analysis of the DC and RF films 

Figure S7 shows the Mott-Schottky analysis for both DC and RF films in order to estimate the flat 
band potential (VFB) and donor density (ND). The analysis was done both in presence and absence 
of a hole scavenger (Figure S7 (a) and (b), respectively). In both cases, it is observed that there is a 
difference in the slopes for applied potentials below 1.1 V (low V regime) and above 1.1 V (high V 
regime). Thus, linear fitting is performed separately for the 2 regimes. 

In the high V regime, the curves flatten (pronounced for DC films) leading to unrealistically negative 
VFB values for both DC and RF films. Thus, for estimating the VFB and ND values, we consider the 
low V regime. The estimated flat band potential is 0.3±0.03 V for the DC film; this is comparable to 
the literature6. It also relates well to the onset potential for the PEC measurement with hole scavenger 
(Figure 8), with photocurrent observed for the entire potential window.  

For the RF film, a flat band potential of -0.34V is obtained; this seems unrealistic since it would lie 
more negative than the conduction band of hematite7. Furthermore, from the hole scavenger PEC 
measurements as shown in Figure 8, we see that the photocurrent drops almost to zero at a potential 
of 0.65 V. Since the use of a hole scavenger suggests that the overpotential for water oxidation should 

High V Regime Low V Regime Low V Regime High V Regime 

a. Without hole scavenger b. With hole scavenger 

Figure S7 Mott-Schottky plots for DC and RF films measured in (a) 1M NaOH (without hole scavenger) and (b) 1M 
NaOH + 0.1 M H2O2 (with hole scavenger) in the potential range of 0.6 V to 1.6 V versus RHE. Applied potential less 
than 1.1 V is referred to as the ‘Low V regime’ while potentials above 1.1 V are referred to as ‘High V regime’. The blue 
dotted lines are the linear fits performed for the M-S curves for both DC and RF films. A change in slope is observed on 
going from the ‘low V regime’ to the ‘High V regime’ which is the reason for separate linear fits performed for the 2 
regions. ND denotes the donor density and VFB denotes the flat band potential.  
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be negligible, the onset potential should approximately correspond to the flat band potential. This 
would suggest that the actual flat band potential for the RF film lies in the range of 0.65 V and thus, 
the value obtained from the Mott-Schottky analysis is underestimated. The unrealistic low flat band 
potential might be related to various possible reasons, such as fermi level pinning by surface states, 
difference in relative adsorption of charge species on surfaces with difference in crystalline 
orientation and chemical composition, or non-planar electrode surface.7

I.9 Hole scavenger measurements for films annealed at 800°C 

Figure S8 shows the hole scavenger measurements for the DC and RF films annealed at 800°C. The 
photocurrent for the DC films is higher than that of the RF film in the entire potential window; this 
finding is similar to the 645°C annealed samples (Figure 8).

Figure S8 Chopped light measurements performed for the DC (red) and RF (black) thin films (annealed at 800°C) in 
1M NaOH + 0.1M H2O2 electrolyte. The light was chopped with a frequency of 0.5 Hz. The illumination intensity was 
100 mW cm-2. 
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I.10 STEM-EDX images of the DC and RF films 

Carbon 

Fe2O3 

FTO 

Figure S9 Low Magnification STEM-EDX of DC film with carbon layer on top 

Figure S10 High magnification STEM-EX of DC film with carbon layer on top 

Carbon 

Fe2O3 

FTO 
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I.11 Bulk capacitance measurements of the DC and RF films 

The electrochemically active surface area of the DC and RF sputtered films are represented by the 
bulk capacitance values measured from electrochemical impedance spectroscopy. We observe that 
the DC film has approximately 2 times smaller electrochemically active surface area versus the RF 
film (as seen from the values at 1.2 V versus RHE). Therefore, the higher photocurrent of the DC 
film is not due to higher electrochemically active area.

Figure S11 Bulk capacitance values for DC and RF sputtered films. The values at 1.2 V vs RHE are represented in the 
figure 
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Chapter 2: The Electrochemistry of Iron Oxide Thin Films 
Nanostructured by High Ion Flux Plasma Exposure  

 

Abstract 

Photo-electrochemical (PEC) water splitting of hematite photoanodes suffers from low performance 
and efficiency. One way to increase the performance is to increase the electrochemically active 
surface area available for the oxygen evolution reaction. In this study, we use high ion flux, low 
energy helium plasma exposure to nanostructure sputtered iron thin films. Subsequent annealing in 
air at 645°C leads to the formation of PEC active hematite (α-Fe2O3) phase in these films. The surface 
area, as derived from electrochemical impedance spectroscopy (EIS), was seen to increase 10-40 
times with plasma exposure. The photocurrent density increased by 2-5 times for the plasma 
exposed films as compared to the unexposed films. However, the less nanostructured film showed a 
higher photocurrent density. These findings were explained by detailed chemical and structural 
characterization in combination with electrochemical characterization and attributed to the 
presence of secondary elements in the film as well as to the presence of secondary iron oxide phases 
apart from hematite. This work demonstrates the complex effect of plasma exposure on both film 
morphology and chemical composition of PEC thin films and provides further understanding on 
how this technique can be used for nanostructuring of other functional films. 

 

 

 

 

 

 

 

 

Adapted from: Sinha, R., Tanyeli, I., Lavrijsen, R., van de Sanden, M. C. M., & Bieberle-Hütter, A. 
(2017). The electrochemistry of iron oxide thin films nanostructured by high ion flux plasma 

exposure. Electrochimica Acta, 258, 709-717.   
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1. Introduction 

Solar energy has emerged as an excellent alternative energy source to fossil fuels due to its 
abundance, renewability and low environmental impact. However, the intermittent nature of solar 
energy as well as regional and seasonal variations entail the need for an efficient, large-scale storage 
solution. One strategy would be to convert the solar energy into chemical fuels, known as ‘solar 
fuels’. A widely researched technique for generation of solar fuels is photo-electrochemical (PEC) 
water splitting 1-2. In this process, hydrogen (H2) and oxygen (O2) are generated from water utilising 
solar energy as a driving force. 

However, in order to be competitive with other hydrogen generation techniques such as steam 
reforming or electrolysis of water, the efficiency of the water splitting process has to be improved. A 
significant bottleneck is the availability of suitable materials for water splitting. An ideal single 
photo-electrode material should have a band gap which straddles both the hydrogen and oxygen 
redox potentials to provide sufficient energy to drive the PEC water splitting reaction. It should 
demonstrate suitable electronic and catalytic properties to drive the water splitting reactions. It 
would also need to be earth-abundant and stable under harsh PEC water splitting conditions. Metal 
oxide-based materials are promising mainly due their stability, however, up to now, no single 
material has been proven to meet all these conditions. An alternative to this single photo-electrode 
material approach is a tandem configuration combining a large band gap n-type material for the 
oxygen evolution reaction (OER) and a narrower band gap p-type material for the hydrogen 
evolution reaction (HER). This allows for using specific materials for the OER and the HER half-
reactions 2-6. 

Hematite (α-Fe2O3) is a promising material for the OER half-reaction due to an optimum bandgap 
(2-2.2 eV), excellent chemical stability, non-toxicity, abundance, and low cost 7-11. The bandgap of 
hematite allows a theoretical solar-to-hydrogen efficiency of approximately 12-16% 12. However, the 
highest experimentally reported value so far was 3.1% 13. This large disparity is related to the poor 
light absorptivity due to an indirect bandgap transition and to a short minority carrier lifetime (~10 
ps) and low mobility (0.2 cm2 V−1 s−1) 8, 14. The former requires a relatively thick film (400-500 nm) 
for complete light absorption 15 while the latter requires films with a thickness lower than 50 nm to 
account for the extremely short hole diffusion length of 2-4 nm 16. Nanostructuring of hematite 
permits the creation of thin films with a large surface area for sufficient light absorption, along with 
low thickness to improve charge collection efficiency. A larger surface area also allows for a greater 
number of sites at which the oxygen evolution reaction can occur. These factors lead to improvement 
in its water-splitting performance. Various nanostructures have been developed such as nanowires, 
nano-corals, dendritic structures, and leaflet-type structures in order to improve the PEC 
performance of hematite 17-21. However, control over the morphology of the obtained nanostructure 
remains a major challenge.  

Low energy helium-ion plasma exposure has been demonstrated to provide controlled growth of 
nanostructures on the surface of bulk iron films by varying plasma exposure time and surface 
temperature 22. Controlled nanostructure growth via plasma exposure led to a five-fold 
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improvement in photocurrent density over dense, non-nanostructured bulk tungsten trioxide 
(WO3) 

23. Bieberle et al. showed successfully that iron thin films can be nanostructured by high flux, 
low energy helium plasma 24. Stable and well-adhering films were fabricated on FTO-coated glass. 
In this work, structural and chemical characterization of such plasma nanostructured thin films by 
techniques such as SEM, XRD, XPS and Raman spectroscopy are related to the photoelectrochemical 
properties measured by chronoamperometry, cyclic voltammetry and electrochemical impedance 
spectroscopy in order to elucidate the mechanisms by which plasma exposure effects the water 
splitting performance of these thin films.

2. Experimental methods 

All films were deposited by DC magnetron sputtering on glass substrates (1 mm thick) with F: SnO2 
(FTO) conducting layer of approximately 450 nm (Solaronix S. A.). A sputter tool from Kurt J. 
Lesker was used with a base pressure <10-8 mbar and a target-substrate distance of 95 mm. All 
depositions were carried out at room temperature with an Ar pressure of 1 Pa and a power of 100 
W using a 2” Fe sputter target. The films were sputtered for 881 s to obtain a film thickness of 200 
nm ± 10 nm. High-ion flux low energy helium plasma exposure was carried out in the Pilot PSI set-
up at DIFFER 64. The films were exposed to a low energy helium plasma (20 eV) with an ion flux of 
1-1.4 × 1023 m-2 s-1 at a surface temperature of 650°C. The base pressure was maintained in the range 
10-4-10-5 mbar. For the short plasma exposed (SE) film, plasma exposure duration was 20 min and 
for the long plasma-exposed (LE) film, the duration was 50 min. Plasma-exposed thin films, along 
with an unexposed film (UE) were annealed in air at a temperature of 645°C for 10 min. A ramp rate 
of 5°C min-1 was applied to reach the desired annealing temperature.  

The morphologies of the thin films were examined by a field emission scanning electron microscope 
(SEM) (Zeiss Sigma) with an in-lens detector and 5 kV accelerating voltage. Structural 
characterization was performed using a Bruker D8 Eco X-ray diffractometer (XRD) with a Cu Kα 
(λ= 1.5406 Å) source and a Lynx-eye detector in a grazing incidence configuration at an incident 
angle of 3° and in the 2θ range from 20° to 80°. A Renishaw Invia spectrometer was utilised for 
Raman analysis using an excitation wavelength of 514 nm. A Thermo Scientific K-Alpha X-ray 
photoelectron spectroscopy (XPS) setup equipped with an Al Kα source (hν = 1486.6 eV) was used 
for the chemical analysis. Binding energy was corrected with respect to the C 1s peak at 284.5 eV. 
Optical absorbance of the films was characterized with a Perkin Elmer 1050 UV/Vis/NIR 
spectrophotometer in the wavelength range of 300 nm to 950 nm.  

An in-house three-electrode electrochemical cell fitted with a quartz window was used for 
photoelectrochemical characterization. An aqueous solution of 1M NaOH (pH 13.6) was used as the 
electrolyte. A coiled Pt wire and an Ag/AgCl/Sat. KCl electrode (XR 300, Radiometer Analytical) 
were used as the counter electrode and reference electrode, respectively. The geometric area of the 
working electrode exposed to the electrolyte was 0.785 cm2. The potential of the electrode was 
controlled with a BioLogic SP-150 potentiostat. All potentials reported are versus RHE through the 
relation 2- 

Φ𝑅𝑅𝑅𝑅𝑅𝑅 =  Φ𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + Φ𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ⁄ 𝑣𝑣𝑣𝑣 𝑅𝑅𝑅𝑅𝑅𝑅
𝑜𝑜 + 0.059 × 𝑝𝑝𝐻𝐻           (1) 
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With ΦºAg/AgCl vs RHE = 0.197 V versus RHE at 25°C. Illumination was provided by an AM 1.5 class A 
solar simulator (LCS 100, Oriel Instruments) using a 100 W Xe lamp with a calibrated illumination 
intensity of 80 mW cm-2 at the sample position. All measurements were done at potentials between 
0.6 V and 1.6 V versus RHE. Cyclic voltammetry measurements were performed at a scan rate of 20 
mV s-1. The onset potential was taken as the potential at which the first derivative of the photocurrent 
density with respect to the potential (dJ/dV) achieved four times the value observed for the first 
derivative of the dark current measurement. This technique was adopted from 14. Transient 
photocurrent measurements were obtained by chopping the incident light with an externally 
controlled shutter at a rate of 0.5 s-1 while performing linear sweep voltammetry (LSV) at a scan rate 
of 10 mV s-1. Light chopping at a rate of 0.033 s-1 was utilised for chronoamperometry measurements 
at fixed potential values of 1.3 V and 1.5 V versus RHE. Electrochemical impedance spectroscopy 
(EIS) was performed in a frequency range of 0.1 Hz to 100 kHz (lowest frequency point for UE was 
0.2 Hz). The magnitude of the modulation signal applied to the potential was 10 mV. The potential 
at which the EIS scans were performed was increased step-wise between 0.6 V and 1.6 V versus RHE. 
Equivalent circuit fitting of the EIS spectra was performed using the ZView® software

3. Results and discussion  

3.1 Thin film morphology 

Figures 1 (a)-(c) are the top-view and (d)-(f) are the cross-sectional SEM images of the UE, SE and 
LE films after annealing and PEC measurements. The morphology remains stable after PEC 
measurement when compared to the morphology found for as-annealed films 24.  

For the UE film, a relatively smooth film surface is observed from the top-view image (figure 1(a)), 
along with the presence of nanowires and shallow voids which are formed during thermal oxidation 
of iron 25-30. From the cross-section image (figure 1(d)), the thickness of the film is found to be 433 

Figure 1  Top view and cross-section SEM images of (a, d) unexposed film (UE); (b, e) film exposed to plasma for 20 
min (SE); and (c, f) film exposed to plasma for 50 min (LE). All images were taken after annealing (645°C for 10 min) 
and photoelectrochemical measurements in 1M NaOH. 
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nm ± 20 nm. The variation in film thickness is calculated from measurements at arbitrary points 
across the film cross-section. This is very close to the expected thickness of 428 nm for a hematite 
(α-Fe2O3) thin film starting from a pure Fe layer of 200 nm thickness and assuming zero porosity. 
The calculation of the expected thickness is given in the supporting information. The observed 
thickness suggests that the UE film is very dense, with a porosity of less than 1%, as calculated from 
equation (2), 

Porosity (%)= 100 x �1‑ 
Calculated Fe2O3 thickness (from known Fe thickness)

Actual Fe2O3 film thickness (from cross‑sec. SEM)
�     (2) 

The cross-section image also shows that two morphologies are present in the iron oxide film after 
annealing, with smaller grains observed close to the FTO and large, elongated grains extending 
upwards from this bottom layer. This is attributed to the conversion of the dense iron layer (density 
= 7.26 g cm-3) to a less dense iron oxide layer (density = 5.26 g cm-3) 31. The bottom layer has similar 
grain size as the initial iron layer, while the larger, elongated grains are formed on top due to the 
outward diffusion of iron atoms to the surface which reacts with the oxygen.  

For the SE film, the top view SEM image (figure 1(b)) reveals a rough surface with small, globular 
clusters as well as pinholes and large cracks in the film. The cross-section SEM image (figure 1(e)) 
shows that the film has a thickness of 676 nm ± 60 nm, which is much higher than the expected 
thickness of 428 nm. This is due to plasma exposure process which leads to a highly porous film with 
a calculated porosity of 37% from equation (2). The high porosity occurs as a result of the diffusion 
and coalescence of helium ions into the iron thin film during plasma exposure 22-23. The larger 
variation in film thickness seen for the SE film is related to the Gaussian profile of the plasma plume 
as well as due to physical sputtering of the iron during the plasma exposure 24. The cross-section of 
the SE film also shows two morphologies, with a dense upper layer with larger grains through which 
the helium ions diffuse inwards and create tiny pinholes and ‘tunnels’. The helium coalesces to form 
larger pores in the lower region which consists of smaller grains, thus giving rise to larger porosity 
closer to the interface with the FTO. 

The LE film, with a longer plasma duration has a very different morphology as compared to the 
other two films. From the top-view (figure 1(c)) and cross-section (figure 1(f)) SEM images, we can 
observe a highly porous film with nano-pillar like structure having a feature size of 50-200 nm and 
extending through the entire film thickness. This is due to the fact that a longer plasma duration 
leads to increased coalescence and subsequent ‘bursting’ of helium ions bubbles as well as diffusion 
of metal atoms due to the force of the high ion flux helium ions 22-23. The LE film has a thickness of 
551 nm ± 135 nm. The larger variation in the film thickness is due to higher amount of physical 
sputtering of the iron during the longer plasma exposure as compared to the SE film. The porosity 
cannot be calculated from equation (2), due to the large variation in film thickness of the iron layer 
during plasma exposure as explained above. However, visually it can be seen that the LE film has a 
porosity higher than for the SE film. 
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3.2 Photoelectrochemical activity 

In figure 2(a), the current density is plotted as a function of applied potential under dark and 
illuminated conditions for all thin films. The SE film has a significant dark current which can be 
related to film defects. These can be morphological defects, such as pores or cracks, leading to the 
contact of the electrolyte with the underlying FTO, as observed in figure 1(b). This leads to increase 
in dark current due to higher conductivity of FTO as compared to hematite14, 32. The higher dark 
current can also be due to chemical defects which leads to higher electronic conductivity of the 
hematite and hence, to higher dark current. The low dark current for the LE film proves that the 
nanostructured film has lower morphological and chemical defects when compared to the SE film.  

The photocurrent density under illumination is comparable to other studies where rather thick (200-
1000 nm) sputtered iron oxide films were used 33-34; higher photocurrent densities were only found 
for much thinner films (40-50 nm). This is due to the small diffusion length of the minority charge 
carriers in hematite which leads to higher bulk recombination in thick films8, 10, 35. The onset potential 
(Vonset) is 0.92 V versus RHE for LE, 1.02 V versus RHE for UE and 1.06 V versus RHE for SE (from 
the technique explained in sec. 2). The photocurrent for all thin films has similar values up to an 
applied potential of approximately 1.3 V versus RHE. At potentials higher than 1.3 V versus RHE, 
the photocurrent for the SE film rises rapidly. At 1.5 V versus RHE, it is 2 times higher than the LE 
film and 4.5 times higher than the UE film. This is confirmed by chopped light chronoamperometric 
measurements at 1.3 V and 1.5 V versus RHE as shown in figure 2 (b) and (c), respectively.  

A higher photocurrent for the SE thin film is counterintuitive, since the highest photocurrent is 
expected for the thin film with the largest surface area, which is in this case the LE thin film. In 23, 
indeed, the highest photocurrent was measured for the plasma-exposed WO3 with the highest degree 
of nanostructuring. Therefore, the higher photocurrent for the SE thin film has a different origin.  

Figure 2. (a) Current-voltage J (V) characteristics in 1M NaOH in dark (dashed lines) and under illumination with light 
intensity of 80 mW cm-2 (solid lines) of UE (black), SE (red) and LE (blue) thin films. (b) Chopped light 
chronoamperometric measurements at a potential of (b) 1.3 VRHE and (c) 1.5 VRHE (chopping rate = 0.033 s-1). 

a b 

c 
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The chopped light measurements as shown in figure 2(b) also provide information about the 
transient behaviour of the photocurrent for the thin films (also see figure S1 in the supplementary 
information). On illumination, anodic (positive) transients are observed which illustrates the 
competition between charge transfer of holes for OER and the recombination of holes with 
electrons. On turning the illumination off, cathodic (negative) transients are observed due to 
recombination of accumulated holes with the electrons from the external circuit. This transient then 
decays to the steady-state dark current 36.  

In this study, all thin films show anodic and cathodic transients at 1.3 V versus RHE (figure 2(b)), 
which is related to fast electron-hole surface recombination rate and slow oxidation kinetics at lower 
potentials. However, as the potential is increased to 1.5 V versus RHE, the transient peaks become 
very small for the UE and LE thin films. This can be attributed to the utilisation of a high percentage 
of the holes reaching the surface for OER due to the high applied potential. For SE, however, large 
transient peaks are seen even at a high potential of 1.5 V versus RHE which suggests that the density 
of accumulated holes at the interface is higher for SE than for the other two films

3.3 Structure and chemical composition 

 In order to understand the reason why the less nanostructured SE film shows a higher photocurrent 
than the highly nanostructured LE film at potentials greater than 1.3 V versus RHE, the structure 
and chemical composition of the thin films were characterized in detail by XRD, Raman 
spectroscopy and XPS.  

The XRD and Raman spectra for the thin films are shown in figure 3(a) and (b), respectively. From 
the XRD spectra, the peak positions for the UE thin film correspond to the hematite phase (α-Fe2O3) 
and FTO substrate and are comparable to the literature for sputtered and annealed iron oxide thin 
films on FTO 33, 35. For the plasma exposed thin films SE and LE, additional peaks are identified 

Figure 3 (a) XRD spectra and (b) Raman spectra of UE (black), SE (red) and LE (blue) thin films. All measurements 
were taken after annealing at 645°C for 10 min. For XRD spectra ‘α’ denotes peaks belonging to α-Fe2O3, ‘*’ denotes 

peaks belonging to either γ-Fe2O3 or Fe3O4 and ‘♦’ denotes peaks from FTO substrate; for Raman spectra ‘α’ denotes 

peaks assigned to α-Fe2O3, ‘γ’ denotes peaks assigned to γ-Fe2O3 and the namesake is used for the peak assigned to Fe3O4. 

 a b 
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(denoted as * in figure 3(a)) and can be attributed to either maghemite (γ-Fe2O3) or magnetite 
(Fe3O4). However, due to similar crystal structure of these two phases (cubic inverse spinel), it is 
difficult to differentiate between these two oxide structures from XRD analysis 37.  

Raman spectroscopy was used in order to unambiguously confirm which phases of iron oxide are 
present in the plasma-exposed thin films (figure 3(b)). All thin films show the characteristic hematite 
peaks 33, 35, 38-40. For UE film, the peaks at 225 cm-1 and 500.4 cm-1 are assigned to the A1g modes of 
hematite, while the peaks at 245.1 cm-1, 292.2 cm-1, 409.1 cm-1 and 610.8 cm-1 are assigned to the Eg 
modes of hematite. A broad peak at 1314.3 cm-1 is also seen and is assigned to two-magnon scattering 
38.  

For LE film, an extra peak at 658.74 cm-1 is observed in addition to the hematite peaks and is assigned 
to the A1g mode of the magnetite phase 38. Magnetite (Fe3O4) is expected to be present as inclusions 
at grain boundaries of hematite grains 41 and/or close to the interface with substrate 34. Formation of 
non-stoichiometric iron oxide (Fe3-xO4) during plasma exposure was also found in bulk iron22. This 
influences the final stoichiometry of the films after thermal annealing and explains the presence of 
magnetite in the LE thin film. The presence of magnetite in the LE film can also contribute to the 
measured J-V curve under both dark and illumination conditions, due to its oxidation to the stable 
hematite phase during PEC measurements. But since the reported photocurrent is corrected for the 
dark current, this contribution (if any) should be corrected for as well. Although we cannot 
completely disregard the contribution to the photocurrent due to oxidation of magnetite, we believe 
that this contribution would nevertheless be very small. This assumption is based on the fact that no 
Fe3O4 species were observed on the LE film surface from the XPS analysis, performed before the PEC 
measurements (see Figure S2). Furthermore, the Raman spectroscopy performed after the PEC 
measurements still showed the presence of magnetite, which implies that the magnetite phase 
measured in the bulk of the film did not come in contact with the electrolyte and hence, did not get 
oxidised to hematite.  

For SE film, broad peaks are seen around 350 cm-1, 500 cm-1, 700 cm-1, 1400 cm-1 and 1550 cm-1 apart 
from the peaks corresponding to hematite. These are assigned to the maghemite phase 38-40. The 
broadness of the maghemite peaks as compared to peaks for the hematite phase, is directly related 
to the crystallinity of the thin films and suggests that SE has very small crystallites and/or a low 
degree of crystallinity 33. 

XPS analysis was performed for further study of the chemical composition of the films. High 
resolution Fe 2p and O 1s spectra are shown in the supporting information for the thin films (figure 
S2 (a) and (b), respectively). The Fe 2p spectra displays a peak binding energy of ~711.2 eV for the 
Fe 2p3/2 peak, with a corresponding satellite peak at ~719.2 eV for all films. The peak positions are 
similar to those reported in the literature for Fe2O3 and FeOOH 41-46. The O 1s spectra of the films 
show two features: a peak at ~530.2 eV and another peak at ~532.1 eV. The former peak is attributed 
to hematite lattice oxygen 47 and the latter can be attributed to either oxygen vacancies (VO

••) 46 or 
hydroxyl (OH-) species 41 at the surface, related to formation of FeOOH at the surface of these films.  

XPS analysis also revealed that secondary elements were introduced into the plasma exposed thin 
films (table S1 in supporting information). Plasma exposed samples contain a significant amount of 
tin (Sn) at the surface, with the SE thin film showing 1.4-2.6% and LE thin film showing 2-5% Sn 
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content at the surface. This is attributed to the diffusion of Sn from the FTO into the film during the 
thermal annealing process 48-49. However, Sn is not seen at the surface for the UE film. This is due to 
the fact that SE and LE films are exposed to high temperature both during plasma exposure and 
annealing while the UE thin film was subjected to high temperature only during annealing. This 
additional thermal treatment during plasma exposure causes a higher Sn diffusion from the FTO for 
the plasma exposed films as compared to the unexposed film. 

In SE thin film, silicon (Si) is also found in the range of 7-11% depending on the location of the XPS 
measurement. This uneven distribution suggests that the Si is introduced during the plasma 
exposure and is related to the Gaussian nature of the plasma plume. The formation of maghemite 
(γ-Fe2O3) in this film is attributed to the Si content in the film. According to 39, 50-51, Si can stabilise 
the γ-Fe2O3 phase even up to annealing temperatures of 700°C. 

In the LE thin film, Zn is found with a surface concentration of 1.25-2%. Other secondary elements 
found as trace elements at the surface of the two films are listed in table S1. Apart from Sn, which 
diffuse from the FTO substrate, the presence of all other secondary elements is attributed to variation 
in the environment of the plasma exposure chamber. The effect of the secondary oxide phases 
present in the plasma-exposed film on their optical properties is shown in figure S3 in the supporting 
information.

3.4 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) measurements were performed in order to relate the 
differences in the morphology and chemical composition of the films to the PEC activity. The 
impedance response for UE, SE and LE at an applied potential of 0.8 V versus RHE are shown in 
figure 4 (a). Two main features are seen in the data. At high frequency, a distinct semi-circular arc 
is observed for all three films. The relaxation frequency is between 400-4500 Hz which is 
characteristic for processes occurring in the bulk of the semiconductor 32, 52. The low frequency 
response is different for the different films as well as the applied potential. Based on the relaxation 
frequency of these processes, they are attributed to the charge transport and/or diffusion processes 
occurring at the semiconductor-electrolyte interface 8, 32, 53.  

For evaluation and quantification of the different features observed in the EIS spectra, the data is 
fitted to an equivalent circuit model (ECM). For depressed semi-circles, the capacitors are replaced 
by constant phase elements (CPE) in the ECM in order to account for non-uniform current 
distribution at the nanostructured electrode surface. The CPE values are converted to capacitance 
values using the formula proposed by Brug et al. 54.  

The ECM model used in this work was proposed by Klahr et al. 52 for a hematite thin film and 
assumes that the OER occurs via surface states present at the hematite-electrolyte interface. Various 
theoretical and experimental studies have shown the existence of these surface states in hematite 
thin films, as summarised in 7, and have been directly observed by Zandi et al. using operando ATR-
FTIR technique 55. In our study, some modifications of the Klahr model are required in order to 
account for the features seen in the EIS spectra of plasma-exposed thin films. The modified Klahr 
model is shown in Figure 4(b) and consists of two extra elements, A and B for LE and SE thin films, 
respectively.  
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The elements used in the ECM are described as follows. The series resistance, Rs, includes the 
contributions from FTO, ionic conductivity of the electrolyte and the external contacting. The bulk 
capacitance, CBULK, represents the electrical double layer at the semiconductor-electrolyte interface. 
The trapping resistance, RTRAP, accounts for the trapping/de-trapping of charge carriers at the surface 
states. The charge transfer process through surface states at the hematite-electrolyte interface is 
described by the parallel connection of RCT1 and CCT1. RCT1 is the charge transfer resistance for the 
OER and CCT1 is related to the density of charge carriers trapped at the hematite surface states. The 
general model is used for fitting the EIS spectra for the UE thin film.  

The LE thin film shows, in addition, a diffusive behaviour at lower frequencies in the EIS spectra 
due to its open and porous structure. A Warburg element, represented as element A in figure 3(b) 
accounts for this effect 56. For the SE thin film, a second charge transfer process is observed at low 
frequencies and is modelled by the element B, which is a parallel connection of resistance, RCT2, and 
capacitance, CCT2. The conditions under which the extra elements A and B are used in the ECM are 
specified in figure 4(c).  

The electrical double layer at the semiconductor-electrolyte interface is a close approximation of the 
electrochemically active surface area of the thin film exposed to the electrolyte. As explained above, 
the bulk capacitance (CBULK) in the ECM represents the electrical double layer and is, therefore, used 
to quantify the surface area of the thin films as shown in Figure 5(a). The surface area of UE is similar 
to those reported for thick hematite films in the literature 33, 57. The surface area for LE and SE thin 
films are 40 times and 10 times larger than for UE, respectively, which is in agreement with the 
increase in nanostructuring and porosity of the films with increase in plasma duration, as shown in 
figure 1.  

Figure 4. (a) Nyquist plots for EIS data measured in 1M NaOH under illumination of 80 mW cm-2 at an applied potential 
of 0.8 VRHE. Inset in figure 4 (a) is a magnified plot of the impedance spectra in the high frequency region (represented 
by a square). The coloured symbols correspond to the different thin films: UE (■), SE (•) and LE (▲); (b) Equivalent 
circuit model (ECM) used for fitting of the EIS data; and (c) definition of the extra circuit elements A and B and 
attribution to samples, potential range, and illumination conditions. 

b 

c 
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Figure 5(b) shows the OER charge transfer resistance values from the hematite surface states (RCT1). 
It is seen that the Rct1 values for the plasma exposed films (SE and LE) are an order of magnitude 
lower than for the unexposed film (UE). The larger surface area, as seen from the CBULK values in 
figure 5(a), and the reduced OER charge transfer resistance from the hematite surface states, as seen 
from the RCT1 values in figure 5(b), can explain the higher photocurrent at potentials above 1.2 V 
versus RHE observed for the plasma exposed films as compared to the unexposed film. This is 
attributed to the higher Sn content in the plasma exposed films, which can increase charge transfer 
efficiency via surface states in hematite films 58. Another possible reason for the lower RCT1 values for 
SE and LE thin films can be the presence of Si and Zn, respectively, which are known to improve the 
electronic properties of hematite 33, 59.  

In order to understand why the less nanostructured SE film has a higher photocurrent than the 
highly nanostructured LE film, we need to consider two things. The first is that the LE thin film 
contains a large amount of magnetite (fig 2(b)) which can act as a bulk recombination centre for 
charge carriers 33, 41 and, thereby, reduces the photocurrent of the LE thin film. The second is the 
occurrence of a secondary charge transfer process in the SE film, apart from the charge transfer from 
the hematite phase.  

Figure 6(a) and (b) shows the fitting data for the two RC circuits corresponding to the two separate 
OER processes occurring in the SE thin film. The first RC circuit corresponds to the charge transfer 
through the hematite surface states represented by RCT1 and CCT1 (orange circles). The second RC 
circuit corresponds to the second charge transfer process represented by RCT2 and CCT2 (purple 
squares).  

It is observed that both RC circuits behave similarly, with rise in capacitance correlated with a 
concomitant decrease in the charge transfer resistance. This correlation between RCT1 and CCT1 was 
shown to be related to the OER occurring through surface states in hematite thin films 52. Since RCT2 

Figure 5 (a) Bulk capacitance (CBULK) and (b) charge transfer resistance via hematite surface states (RCT1) for all films 

plotted versus applied potential. The coloured symbols correspond to the different thin films: UE (■), SE (•) and LE 
(▲). The y-axis is plotted in log10. 
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and CCT2 exhibit a similar correlation, it is postulated that the second OER process in the SE film also 
takes place via surface states. It is also observed that CCT2 is 3-4 orders of magnitude higher than CCT1. 
This means that the surface state density is much higher for the second OER process as compared 
to the surface state density for the OER through hematite phase. This also explains the higher 
transients seen for SE thin films, since the available surface states for hole capture is much higher as 
compared to the other thin films. In addition, the RCT2 values sharply decrease with the increase in 
applied potential. It has a value 100 times larger than the RCT1 values of the hematite phase at low 
potential values (< 1.2 V versus RHE) but drops rapidly and becomes lower than RCT1 above 1.4 V 
versus RHE. The differences in the resistance and capacitance values of the second OER process in 
the SE thin film shows that the chemical nature of the surface states is different for this process. 

It is known from literature that maghemite (γ-Fe2O3) has a higher onset potential than hematite due 
to its more resistive nature 60-63 and that the OER through maghemite also occurs via surface states 
57. Thus, the second OER process, which becomes active only at higher potentials with a sharp 
decrease in resistance values is attributed to charge transfer through surface states in the maghemite 
phase, which is only present in the SE film. Thus, while at lower potentials (<1.3 V versus RHE) the 
charge transfer occurs only through the hematite phase, at higher potential the reduction in charge 
transfer resistance and the high surface state density of the maghemite phase leads to the presence 
of a parallel OER pathway for the SE thin film. This explains the rapid rise in photocurrent for SE 
above 1.3 V versus RHE as compared to LE and UE, as seen in figure 2(a).

4. Conclusion  

The effect of high ion flux, low energy helium plasma exposure on the PEC water splitting 
performance of iron-oxide thin films was investigated. It was observed that the degree of 
nanostructuring increased with increase in the plasma duration with more open, porous structures 
obtained. Using electrochemical impedance spectroscopy and equivalent circuit fitting, we could 
quantify the increase in the electrochemically active surface area of the films by calculating the bulk 

Figure 6 (a) Resistance and (b) capacitance for the SE thin film related to the 1st charge transfer process through hematite 

surface states (•) and the 2nd charge transfer process (■) plotted versus applied potential. The y-axis is plotted in log10. 

 

a b 
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capacitance of the films. It was seen that the active surface area of the short exposed thin film 
increased 10 times and of the long exposed thin film increased 40 times as compared to the 
unexposed film. The increase in surface area is in line with the porosity calculated from the SEM 
images which is less than 1% for the unexposed film, while it is larger than 40% for the short-exposed 
film. The porosity of the long-exposed film is higher, although it could not be quantified due to 
sputtering of the iron layer during plasma exposure. 

However, the higher degree of nanostructuring of the plasma exposed films did not lead to a 
concomitant increase in photocurrent density compared to the unexposed film with only 2-5 times 
increase in photocurrent density observed. This was partly related to the presence of defects, such as 
inclusion of magnetite phase (Fe3O4), which acts as a bulk recombination centre. The PEC 
performance was also found, in part, to be influenced by secondary elements, such as Sn, Si and Zn, 
which come from the substrate material or from the plasma exposure process and improve the 
charge transfer efficiency and electronic conductivity of the hematite phase present in these films. 
The incorporation of these secondary elements during plasma exposure can be reduced by changes 
in the exposure chamber such as use of a larger enclosure and molybdenum-based mounting 
materials to reduce sputtering of elements from the walls or target mounting region, respectively. 
Another method would be the usage of a pre-exposure argon plasma discharge to remove secondary 
elements close to the mounting region, as well as use of in-situ, real time Optical Emission 
Spectroscopy to observe presence of secondary elements in the plasma. 

Furthermore, it was found that the short-exposed film with the lower degree of nanostructuring had 
a higher PEC performance than the highly nanostructured, long exposed film. This was explained 
by the presence of maghemite (γ-Fe2O3) in the film, which acted as a second, parallel OER pathway 
at potentials higher than 1.3 V versus RHE.  

Thus, using various electrochemical techniques, we were able to gain a deep insight into the relation 
between the physico-chemical properties and the obtained PEC performance of the plasma-exposed 
thin films. It was found that the presence of secondary elements and other iron oxide phases in the 
films have a significant effect on the water splitting performance next to the degree of 
nanostructuring. This underlines the complexity of the plasma exposure process for thin film 
nanostructuring and can be used as a guideline to ensure that films with a controlled morphology 
and chemical composition can be fabricated in the future.
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II. Supplementary Material  

II.1 Calculation of the expected film thickness of Fe2O3 on annealing of Fe thin 
film 

Sputtered thickness of Fe is 200 nm or 2 x 10-5 cm. The density of Fe is = 7.87 g cm-3. Taking an area 
of 1 cm2, the volume is 2x10-5 cm-3. Then the amount of Fe is = Density x Volume = 15.74 x 10-5 g. 
From the molar mass of Fe (55.845 g mol-1) we can calculate the number of moles of Fe = Amount 
of Fe/ Molar mass = 2.819 x 10-6 mol. Now, 2 mol of Fe are present in 1 mol of Fe2O3. So, 2.819 x 10-

6 mol of Fe is contained in 1.4095 x 10-6 mol of Fe2O3. Since the molar mass of Fe2O3 = 159.688 g mol-

1, then the amount of Fe2O3 = 22.508 x 10-5 g (assuming stoichiometric Fe2O3). From the density of 
Fe2O3 (5.26 g cm-3

) and also assuming a surface area of 1 cm2, the expected thickness of Fe2O3 (for 
zero porosity) is = 4.279 x 10-5 cm = 427.9 nm. The density and molar mass of Fe and Fe2O3 is taken 
from 1. 

Figure S1 shows the chopped light linear sweep voltammetry curve for the UE, SE and LE thin films. 
Cathodic and anodic transients are observed for all films up to an applied potential of 1.3 V versus 
RHE. However, for the SE thin films the transient peaks are seen in the entire applied potential range. 
Also, the observed peak intensity for the SE film is higher than for the other two thin films above 1.1 
V versus RHE. 

Figure S1. Chopped light measurements showing photocurrent transient characteristics for the UE (black), SE (red) and 

LE (blue) thin films; scan rate = 10 mV s-1 and chopping rate = 0.5 s-1. Measurements are performed in 1M NaOH under 
illumination with intensity of 80 mW cm-2 
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II.2 Fe 2p and O 1s XPS spectra 

Figure S2 shows the high resolution XPS spectra for the UE, SE, and LE thin films. The peak 
assignment is discussed in the manuscript. 

Figure S2. High resolution XPS spectra (a) Fe 2p scan and (b) O 1s scan for UE (black), SE (red) and LE (blue) thin 
films. 

a b 
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II.3 XPS elemental analysis 

The XPS analysis for all thin films along with obtained concentrations is given in table S1. Position 
1 is the centre of the thin films. Position 2 is 5 mm off-centre in the horizontal direction for both SE 
and LE films. 

  

Table S1 XPS analysis of UE, SE and LE thin films 
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II.4 Optical properties 

The optical absorbance spectra for the UE, SE and LE thin films are shown in figure S3. The spectra 
are corrected for the absorbance of FTO/glass substrate. The broad peak centred at a wavelength of 
~550 nm is due to double exciton transitions [2]. The red arrow depicts shift in peak position. For 
UE, the double exciton transitions close to 550 nm are well-defined and correspond to the hematite 
phase. In contrast, this transition is blue-shifted to 500 nm and is less intense in the absorbance 
spectrum of SE. This is attributed to the presence of maghemite in SE, as observed in the literature2.

II.5 References 
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Fe2O3−SiO2 Core–Shell Nanostructures, The Journal of Physical Chemistry C, 118 (2014) 2857-2866. 

Figure S3. Optical absorbance spectra of UE (black), SE (red) and LE (blue) films measured between the wavelengths 

from 300 nm to 950 nm 

Double exciton transition 



 

  

Chapter 3: Highly active iron oxide photoanodes: The impact of 
oxide phase on water splitting performance 

 

Abstract 

Iron oxide in the form of hematite (α-Fe2O3) is one of the most widely studied materials for photo-
electrochemical water splitting due to an optimum bandgap (2-2.2 eV), excellent chemical stability, 
non-toxicity, abundance, and low cost. However, due to a short hole diffusion length and poor 
oxygen evolution reaction (OER) kinetics, hematite suffers from low overall water splitting 
performance. In our study, we present two iron oxide thin films (HP – high performance; LP – low 
performance) with different water splitting performance. The 50 nm thick films are deposited by RF 
magnetron sputtering from a ceramic target at room temperature without post-deposition 
annealing. The HP thin film reaches photocurrents of up to 2.9 mA cm-2 at 1.6 V vs. RHE and 12 
mA cm-2 at 1.8 V vs. RHE in 1 M NaOH under 1-sun (100 mW cm-2) illumination. This is two times 
larger than the photocurrent achieved by the LP film and is much higher than previously observed 
for annealed hematite electrodes in the literature. The two iron oxide films are compared regarding 
morphology, structure, chemical composition, and photo-electrochemical properties. The high 
water splitting performance of the HP film is traced back to the presence of maghemite (γ-Fe2O3) 
phase which demonstrates faster OER kinetics and lower surface state recombination than the 
hematite (α-Fe2O3) phase in the LP film. 
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1. Introduction 

There is an urgent need for renewable and environmentally-friendly fuel source in order to prevent 
further climate change, pollution and its adverse effects on the planet and the populace. The use of 
solar energy to generate fuel from sources, such as water and CO2, known as ‘solar fuels’1, has 
emerged as a serious alternative to fossil fuel in recent years.  

Hydrogen production from water by the process of photo-electrochemical (PEC) water splitting is 
essential to develop an energy infrastructure which is carbon-neutral and sustainable. However, 
efficient materials for water splitting into H2 and O2 have not been found yet. The main difficulty in 
finding materials for PEC water splitting in order to have high efficiency is the oxygen evolution 
reaction (OER) which is a kinetically challenging 4-electron process as compared to the less 
challenging 2-electron hydrogen evolution reaction (HER). Thus, development of efficient, stable, 
inexpensive, and abundant materials with high OER performance is a significant bottleneck for 
developing a viable PEC system2–4. 

Although various materials, such as TiO2, BiVO4, WO3
5, have emerged as important photoanode 

materials for the PEC OER process, one of the most widely studied materials is hematite (α-Fe2O3). 
This is due to an optimum bandgap (2-2.2 eV), excellent chemical stability, non-toxicity, abundance 
and low cost4,6–8. The bandgap of α-Fe2O3 ideally provides a theoretical solar-to-hydrogen (STH) 
efficiency of 12-16%9. Yet, the highest reported experimental STH efficiency for a α-Fe2O3-based 
device is 3.4% in tandem with a CH3NH3PbI3 perovskite solar cell10. This discrepancy in efficiency 
stems from the intrinsic material properties of α-Fe2O3, such as poor light absorbance due to an 
indirect bandgap transition, short minority carrier lifetime (10 ps), and low minority charge carrier 
mobility (0.2 cm2 V-1 s-1) leading to a short hole diffusion length of ca. 2-4 nm4,11. Various methods, 
such as nanostructuring7,12, heterojunction formation with materials, such as Si or WO3

13–15, usage 
of overlayers16,17 and underlayers18, have been used to improve the properties of α-Fe2O3.  

Next to α-Fe2O3, there exist many other iron oxide phases, maghemite (γ-Fe2O3), magnetite (Fe3O4), 
goethite (FeOOH) as well as other more exotic polymorphs, like β-Fe2O3 and ε-Fe2O3 under ambient 
conditions 

19, and phases such as ξ-Fe2O3 and ι-Fe2O3 at high temperatures and/or pressures.20. 
Among these iron oxide phases, γ-Fe2O3 and Fe3O4 are the most well studied phases, for instance in 
the field of magnetic recording, spintronics, drug-delivery systems and energy storage21–25. A few 
studies on the water splitting performance of γ-Fe2O3 with α-Fe2O3, reduced graphene oxide, and in 
nanocrystalline form 26–28 have been performed. The effect of the presence of Fe3O4 on the water 
splitting performance of phase-mixed α-Fe2O3 has also been investigated and it was found that due 
to its half-metallic nature, Fe3O4 acts as a recombination centre and, hence, leads to lower water 
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splitting performance28–30. However, a comparison of the water splitting performance of pure γ-
Fe2O3 or Fe3O4 thin films versus α-Fe2O3 thin films has not been performed. 

In this work, we relate differences in water splitting performance of RF sputtered thin, planar iron 
oxide films on Si substrates to the differences in the iron oxide phase present in the films. In 
particular, it is found that films with γ-Fe2O3 phase show significantly increased photocurrent when 
compared to films with α-Fe2O3 phase. We identify the iron oxide phases using various physico-
chemical and electrochemical characterization techniques and explore the reasons behind the high 
PEC performance of the thin film with the γ-Fe2O3 phase.

2. Results 

2.1 Photoelectrochemical behaviour 

Figure 1 shows linear sweep voltammetry (LSV) data for two as-deposited iron oxide thin films. A 
large difference in their PEC performance is found, in particular, at high applied potential. The iron 
oxide layer labelled ‘high performance (HP)’ has an onset potential of 1.42 V vs. RHE. The 
photocurrent is 2.9 mA cm-2 at 1.6 V vs. RHE and increases to 12 mA cm-2 at 1.8 V vs. RHE. The 
other iron oxide film, which is labelled ‘low performance (LP)’ has an onset potential of 1.38 V vs. 
RHE. The photocurrent is 1.45 mA cm-2 at 1.6 V vs. RHE and 5 mA cm-2 at 1.8 V vs. RHE. This is 
more than two times lower than the photocurrent obtained for the HP film. 

The photocurrent for the HP film is much higher than previously observed in literature for any type 
of α-Fe2O3-based PEC systems 4,12,13,31,32. H2O2 production can be excluded here, since an even higher 

Figure 1 Current density versus applied potential curves for the as-deposited iron oxide thin films. Measurements were 
performed in 1M NaOH. Light measurements were performed under illumination with intensity equal to 100 mW cm-2 
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onset potential would be expected33. Another possibility is that the high photocurrent is due to a 
photoconductive effect, where under illumination, the current rises with increasing potential as a 
result of increase in majority charge carrier density (electrons in this case). To show that the high 
photocurrent observed for the HP film is not due to a photoconductive effect we measure LSV 
curves, both in dark and under illumination, at different pH values (Figure S1). It is clearly observed 
that the onset potential shifts anodically and photocurrent decreases, as the pH is reduced from 13.6 
to 7.8. 

This clearly shows that the iron oxide layer is catalytically active for water oxidation and that the 
photocurrent observed is not due to a photoconductive effect, since otherwise, the current would 
attain a high value with increasing potentials under all the pH conditions used here. 

In order to further explore the reasons for the high PEC performance of the HP thin film and the 
large difference versus the LP film, a detailed characterization of their physical, structural, chemical 
and magnetic properties was performed, as elaborated in the next sections. 

2.2 Thin film morphology 

The cross-section morphology of the LP and HP thin films are shown in Figure 2 (a) and (b), 
respectively. The films are densely packed with no voids observed within the films or at the interface 
with the Si substrate. The thickness of the LP and the HP film are 47.3 nm and 49.7 nm, respectively 
(calculated from low-magnification TEM images in Figure S1(a) and (b) in supporting information). 
This thickness is close to the nominal deposited thickness of 50 nm.  

A native oxide (SiOx) layer is observed between the Si substrate and the iron oxide thin film for both 
films. This SiOx layer has a thickness of 1.38 nm and 1.11 nm for the LP and HP films, respectively, 

Figure 2 Cross-sectional TEM images of the a) LP and b) HP thin films. Film thickness is calculated from the lowest 
magnification images in Figures S1(a-b) in the supplementary information; c) and d) high magnification cross-section 
TEM images showing the thickness of the native SiOx layer between the iron oxide thin film and Si substrate for LP and 
HP, respectively.  

a  c 

b d 

LP 

HP 
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as shown in Figure 2(c) and (d). According to the TEM images, the SiOx layer is amorphous. The 
iron oxide thin films and the Si substrate are polycrystalline and single-crystalline, respectively.  

The top-view AFM morphologies of the LP and HP thin films are shown in Figure S2 (c) and (d), 
respectively, in the supporting information. The top surface for the LP film has a slightly coarser 
structure than the HP film. However, both films are very smooth with a low surface RMS roughness 
value of 1-2 nm and consist of small grains of approximately 10-20 nm in size.

2.3 Crystal structure 

Figure 3 shows the grazing incidence x-ray diffractograms (GI-XRD) for the LP and the HP thin 
films. The peak positions for the LP film correspond to the α-Fe2O3 phase34 which is represented by 
the orange bars in Figure 3 (ICDD catalogue number- 33-064). The HP thin film, in contrast, shows 
peaks which could correspond either to γ-Fe2O3 (represented by green bars corresponding to ICDD 
catalogue number 39-1346 or to Fe3O4 (represented by purple bars corresponding to ICDD 
catalogue number 10-0319) which have similar crystallographic peak positions since both these 
phases share the same crystal structure (cubic inverse spinel)35,36. From Scherrer analysis of the 
highest intensity peak in the XRD spectra, the crystallite sizes are calculated and are found to be 
between 8 nm and 12 nm for the LP and the HP film, respectively. 

Figure 3 GI-XRD diffractograms for the LP and HP thin films. Peaks corresponding to the different crystallographic 
orientations for α-Fe2O3 (ICDD catalogue number- 33-064), γ-Fe2O3 (ICCD catalogue number- 39-1346) and Fe3O4 
(ICDD catalogue number- 10-0319) are represented by orange, green and purple bars, respectively.  



 

  

2.4 Chemical composition 

In order to differentiate between the different phases of iron oxide, the chemical composition of the 
films was studied by Raman spectroscopy and X-ray photoelectron spectroscopy (XPS).  

The Raman spectra of the LP and HP films along with that of the Si substrate are shown in Figure 4. 
The LP film shows characteristic peaks of α-Fe2O3 phase with a corundum structure37 which is 
expected to show seven phonon modes (2 A1g + 5 Eg). The peak at 227.9 cm-1 is assigned to the A1g 

mode of α-Fe2O3, while the peaks at 252.4 cm-1 and 415.2 cm-1 are assigned to the Eg modes. The 
other expected A1g peak at 500 cm-1 and the Eg peaks at 295 cm-1, 410 cm-1, and 620 cm-1 are hidden 
due to the background spectrum of the Si substrate (dotted lines in Figure 4). Furthermore, a peak 
at 1336.1 cm-3 is observed and is assigned to the 2 Eu (LO) mode which is known to be strongly 
resonantly enhanced in α-Fe2O3

38.  

The HP film shows sharp and clear peaks related to Si (represented by the dotted lines). However, 

the 4 α-Fe2O3 peaks (represented by α) cannot be clearly observed. In particular, the distinct peaks 
observed for the LP film at 400 cm-1 and 1336 cm-1 are not observed for the HP film. Additional 
features are visible and are marked with ‘*’ in Figure 4, including a shoulder close to 350 cm-1 and a 

distinct peak at 679 cm-1. These features are characteristic for the γ-phase of iron oxide, i.e. γ-Fe2O3. 
It should be noted, however, that the peak at 679 cm-1 could also originate from a highly disordered 
or defective α-Fe2O3 structure39,40 or from another iron oxide phase, namely Fe3O4 (peak expected 
between 662 cm-1 and 670 cm-1 37,41). Thus, it is difficult to explicitly identify from the Raman spectra 

Figure 4 Raman spectra of the LP and HP iron oxide thin films and the Si substrate. The peaks corresponding to the Si 
substrate are marked by dotted lines. Peaks corresponding to the α-Fe2O3 phase are marked with ‘α’ and peaks which 
may correspond to either γ-Fe2O3 or Fe3O4 are marked with ‘*’. 
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whether the HP film consists only of γ-Fe2O3 or whether contributions of other iron oxide phases 
are present. 

In order to gain further understanding of the chemical composition, the surfaces of the films were 
analysed by XPS. According to the survey spectra (see Figure S3 and Tables S1 and S2 in 
supplementary information), the films consist of mainly Fe, O, C, and trace amounts (< 1%) of N. 
Na is also observed on the surface of the HP film, which is attributed to the NaOH electrolyte used 
for PEC measurements. No significant amounts of other elements were found. The high-resolution 
Fe 2p3/2 and O 1s spectra are shown in Figure 5. From the Fe 2p3/2 spectra of the LP and HP films in 
Figure 5(a) and 5(b), respectively, it is observed that both spectra can be fitted by considering an 
Fe(III) oxide surface42,43. The spectral fitting parameters obtained for both films are shown in Tables 
S3 and S4 in the supporting information. Since the α- and γ- phase of iron oxide have very similar 
Fe 2p spectra, a closer investigation is warranted to differentiate between the two phases. For this, 
we look at three peaks labelled as Fe3+ (A), Fe3+ (B) and an Fe2+ peak, with the latter observed at the 
HP film surface (Figure 5(b)).  

For the LP thin film (Figure 5 (a)), the ratio of the areas of the Fe3+ (A) and the Fe3+ (B) peaks is 1.19 
(see areas of peaks Fe2O3-1 and Fe2O3-2 in Table S3) and the higher intensity of the Fe3+ (A) peak is 
observed as a shoulder around 709.8 eV. These are characteristic features of the α-Fe2O3 Fe 2p3/2 
spectrum42,44 and indicate the presence of α-Fe2O3 phase at the surface of the LP thin film.  

For the HP film (Figure 5(b)), on the other hand, we observe that the ratio of the areas of the Fe3+ 
(A) and Fe3+ (B) peaks is 1 (see areas of peaks Fe2O3-1 and Fe2O3-2 in Table S4), and the characteristic 
shoulder representative of α-Fe2O3 is no longer visible. These are characteristic features of the γ-
Fe2O3 Fe 2p3/2 spectrum42 and indicate that the surface of the HP film contains the γ-Fe2O3 phase. 
Although the difference in the peak area ratios is small for the two films, Biesinger et al. have shown 
in a systematic XPS study on iron oxides that this provides clear evidence for differentiating between 
the α-Fe2O3 and γ-Fe2O3 phases.  
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Furthermore, an Fe2+ peak is also observed at 708.3 eV for the HP film and the area of this peak is 
roughly 1% of the total fitted area (see Table S1). This suggests that a small amount of reduced Fe2+ 
species is present at the HP film surface.42,44 The reason for the appearance of the Fe2+ species is 
related to the reduction of the HP film surface during the sputtering process and is considered in 
further detail in the discussion section. 

Further proof for the difference in the surface composition of the HP and the LP film is observed 
from the O 1s spectra as shown in Figure 5(c) and (d), respectively. Both films show a strong O 1s 
lattice peak around 530 eV. The O 1s hydroxide and the O 1s organic/ H2O peak have higher 
intensity in the HP film than in the LP film. This was also observed in one of our previous studies 
where iron oxide films containing γ-Fe2O3 had a higher percentage of hydroxide species at the 
surface.28 Thus, the surfaces of the LP and the HP thin film show the same differences in the iron 
oxide phases as in the bulk of the films (as shown in the previous sections).  

Figure 5 (a), (b) Fe 2p3/2 spectra of the LP and HP thin films, respectively. The peak fitting is shown as a yellow envelope 
while the individual peak fits are shown as different coloured Voigt line shapes within the spectral fit. The first 2 fitted 
peaks are represented as Fe3+(A) and Fe3+ (B) respectively and a third peak at lower binding energy is represented as a 
convolution of a ‘pre-peak’ due to instrumental resolution and a possible Fe 2+peak; 5 (c) and (d) represent the O1s 
spectra for LP and HP films, respectively. The three Voigt line shapes used for fitting the O1 s spectra are shown in the 
figure with different colours, corresponding to different O species on the film surface. 
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In summary, the Raman and XPS analyses show that the LP film shows characteristic features related 
to the presence of α-Fe2O3, whereas the HP film shows characteristic features related to the presence 
of γ-Fe2O3. A small amount of Fe2+ species is also observed for the HP thin film which could be due 
to the presence of Fe3O4 at the surface. Thus, from both Raman and XPS measurements, the nature 
of iron oxide phase in the HP film cannot be unambiguously be identified. To investigate this 
further, we measure the magnetic properties of the films.

2.5 Magnetic properties 

Figure 6 (a) shows the magnetization curves of the HP and LP thin films as a function of applied 
magnetic field at room temperature (300 K). The saturation magnetization (Ms), which is achieved 
at high applied magnetic fields (> 1 T), has a value of 30 kA m-1 for the LP and 73 kA m-1 for the HP 
thin film. The Ms value for LP thin film is close to the value in the literature for bulk α-Fe2O3

45. For 
the HP thin film, the Ms value is around 2.5 times higher than for the LP thin film, which suggests 
that it consists of either γ-Fe2O3 or Fe3O4

45. However, it should be noted that the value is lower than 
reported values for bulk or epitaxial thin films of these phases.46,47  

The lower Ms value can be related to the presence of very small grains (< 20 nm) in the HP film. 
Another reason could be the presence of a mixed phase, with α-Fe2O3 is also present, since it has 
lower Ms values than the γ-Fe2O3 or Fe3O4 phases45. However, the amount of α-Fe2O3 must be 
insignificant since it was not observed by XRD, Raman and XPS analyses in the HP film.  

To differentiate between the γ-Fe2O3 and Fe3O4 phases in the HP thin film, the temperature 
dependence of the magnetization was studied by cooling the samples under an applied field of 1 T, 
as shown in Figure 6(b). For a Fe3O4 film, a dip in magnetization is expected between 120 K and 130 
K due to the Verwey transition45. The transition is only expected for Fe3O4 and is not observed for γ-
Fe2O3 or α-Fe2O3 phases45,48. The sharpness and intensity of this transition can vary depending on 
factors, such as film thickness and crystallinity of the material. The absence of this feature in both 
the HP and the LP thin films suggests that no significant amount of Fe3O4 is present in either of the 
thin films. Hence, in combination with results from the other characterization techniques, we can 
state with a high degree of certainty that the HP film consists of γ-Fe2O3, while the LP film consists 
only of α-Fe2O3.



 

  

2.6 Electrochemical impedance spectroscopy 

In order to understand the effect of the different iron oxide phases in the HP and LP thin film on 
the PEC performance, electrochemical impedance spectroscopy (EIS) measurements were 
performed. Representative Nyquist plots at an applied potential of 1.55 V vs. RHE are shown in 
Figure 7 (a) for the HP and LP thin films, respectively. Two semicircles are found for both thin films. 
The high frequency semicircle has a relaxation frequency of 1 kHz and 20 kHz for the LP and HP 
films, respectively. The low frequency semicircle has relaxation frequencies of 0.1-0.2 Hz for both 
films.  

For evaluation and quantification of the different features observed in the EIS spectra, the data is 
fitted to an equivalent circuit model (ECM). In order to account for non-uniform current 
distribution at the photoanode surface (observed as depressed semicircles in the measurement data), 
capacitors in the ECM are replaced by constant phase elements (CPE). The obtained CPE values are 
then converted to capacitance values using the formula proposed by Brug et al.49 (see experimental 
section for details). 

The ECM model used in this work (Figure 7 (b)) was proposed theoretically by Bertoluzzi et al.50 
and was used to fit experimental EIS data of α-Fe2O3 thin films by Klahr et al.51. The model assumes 
that the OER occurs via surface states present at the semiconductor-electrolyte interface. Various 
theoretical and experimental studies have claimed the existence of these surface states in α-Fe2O3 

thin films6. Recently, Zandi et al. observed these surface species by operando infrared spectroscopy52. 

In a previous work28, we have shown that the OER also proceeds via surface states in γ-Fe2O3. Similar 
observations have previously also been discussed by Dare-Edwards et al.53. Therefore, the Klahr 

Figure 6 (a) Magnetization versus applied magnetic field for the HP and LP thin films measured at 300 K; (b) 
Temperature dependence of the magnetization of the HP and LP thin films under an applied bias of 10 kOe. 
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model as shown in Figure 7(b) can be used to fit the EIS spectra for both the LP and the HP thin 
films, although they contain different phases of iron oxide. 

The ECM elements are described as follows: The series resistance, RS, includes the contributions 
from Si substrate, ionic conductivity of the electrolyte, and the external contacting. The bulk 
capacitance, Cbulk, represents the electrical double layer at the semiconductor-electrolyte interface 

a b 

c d 

e f 

Figure 7 (a) Nyquist plot of the LP and HP thin films at 1.55 V versus RHE. The star symbols (★) and triangle symbols 
(▼) represent the relaxation frequencies for the bulk and interface processes, respectively; (b) Equivalent circuit model 
(ECM) used for fitting of the EIS data; (c) – (d) Resistance associated with OER charge transfer via surface states (Rss), 
recombination of charge carriers at the surface states  (Rtrap) and series resistance (Rs)  for LP film and HP thin film, 
respectively; (c) Surface state capacitance for the LP and HP thin films; (d) OER charge transfer rate constants for the 
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and indicates the electrochemically active surface area for the thin film. The trapping resistance, Rtrap, 
accounts for the recombination of the charge carriers at the surface states. The charge transfer 
process through surface states at the semiconductor-electrolyte interface is described by the parallel 
connection of RSS and CSS. RSS is the charge transfer resistance for the OER and CSS is related to the 
density of charge carriers trapped at the surface states. 

Figure 7 (c) and (d) show the resistances Rs, Rtrap and RSS as a function of the applied potential for the 
LP and HP thin films, respectively. We observe a large difference in the charge transfer resistance 
(RSS) between the two films. At applied potentials below 1.3 V vs. RHE, the RSS of the LP film is 2-5 
orders of magnitude higher than for the HP film, which would suggest much slower OER kinetics 
for the LP film. Above 1.3 V vs. RHE, the onset of the OER process occurs for both films (see section 
on photoelectrochemical behaviour) and, concomitantly, the RSS drops rapidly and reaches similar 
values for both films above 1.6 V versus RHE. The surface state recombination resistance (Rtrap) is 
also an order of magnitude lower for the HP film as compared to the LP film. This suggests that the 
surface state recombination is lower for the HP film than for the LP film. Furthermore, the series 
resistance (RS) for the LP film is also higher than for the HP film in the entire potential window. 
Since the electrolyte is the same for both films, the lower RS for the HP thin film could be due to a 
difference in the contact resistance between Si and Ag paste due to variation in sample contacting 
or a better iron oxide - Si interface.  

The capacitances associated with the density of surface states trapped at the semiconductor-
electrolyte interface (CSS) are shown in Figure 7(e) for both films. At potentials below 1.3 V vs. RHE, 
the HP film has up to an order of magnitude higher CSS. Similar behaviour was previously observed 
for films containing γ-Fe2O3 and suggests a higher density of surface states for the γ-Fe2O3 phase.28,53 
However, above 1.3 V vs. RHE, the OER process starts and both films demonstrate similar CSS with 
slightly higher values for the LP film. Since the surface area of the two films is comparable, as 
observed from the Cbulk values (Figure S4 in supporting information), the amount of filled surface 
states is assumed to be comparable at potentials above the Vonset (see section on PEC behaviour).  

In order to evaluate the OER kinetics of the two films, the charge transfer rate constant was 
calculated according to the following equation, 

𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑒𝑒 𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑎𝑎 𝑎𝑎𝑎𝑎𝑡𝑡𝑒𝑒 𝑐𝑐𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡 (𝑡𝑡−1) =  1
(𝐴𝐴𝑠𝑠𝑠𝑠∙𝑅𝑅𝑠𝑠𝑠𝑠)

   (1) 

The charge transfer rate constants are plotted in Figure 7(f). Below 1.4 V vs. RHE, both films have 
negligible OER kinetics with very low rate constants. Above the onset potential of 1.38 V vs. RHE 
for the LP film and 1.42 V vs. RHE for the HP film, the charge transfer rate constants increase 
rapidly. We observe that above 1.6 V vs. RHE, the charge transfer rate constant for the HP film 
increases much faster than for LP film. It is 2 times higher at 1.8 V vs. RHE for the HP compared to 
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the LP film. This suggests that the OER kinetics for the γ-Fe2O3 phase in the HP film is faster than 
for the α-Fe2O3 phase in the LP film. 

Furthermore, the charge transfer rate constants for both films are higher than those observed for 
annealed α-Fe2O3 films in the literature.54–57 This can be related to the substrate material. In the 
literature, the iron oxide thin films were deposited onto FTO, while Si substrates are used in this 
study.

3. Discussion 

3.1 Phase formation  

The detailed structural and chemical analyses by XRD, Raman, XPS, clearly show that the LP thin 
film consists of α-Fe2O3 both in the bulk of the thin film and on the surface; indeed, according to the 
measurement resolution available, no other phases than α-Fe2O3 were identified. The HP film, in 

contrast, is a more complex system, with the majority phase found to be γ-Fe2O3 both in the bulk 
and at the surface along with a small quantity of Fe (II) species at the surface, as revealed by XPS 

analysis, which could be related to presence of Fe3O4. Due to overlapping features of γ-Fe2O3 and 
Fe3O4 in XRD and Raman spectroscopy, it is difficult to differentiate between these two phases by 
these techniques. However, magnetic measurements permitted to exclude the existence of a 
significant amount of Fe3O4 in the bulk of the HP film. The low saturation magnetization of the HP 
film is attributed to the small grain size of the γ-Fe2O3 phase. It might also be related to a small 
amount of amorphous α-Fe2O3 which was, however, below the detection limit of the methods used 
in this work. 

The important question now is how different iron oxide phases are formed during sputtering from 
a ceramic α-Fe2O3 target. It is known that α-Fe2O3 is the most stable oxide under oxidising 
conditions, whereas γ-Fe2O3 is metastable.35,58 Therefore, if the sputtering is carried out under 
oxygen flow in the chamber or if post-deposition annealing is performed in air above 300°C, α-Fe2O3 
will be formed, as is also generally observed in literature34,59. There are certain cases in which γ-Fe2O3 
has been stabilised up to temperatures as high as 1100°C60. One way to stabilise γ-Fe2O3 is by epitaxial 
deposition on lattice matched substrates, such as MgO (001).61,62 Other ways are the stabilization of 
small grain sizes or the prevention of coalescence by usage of an anti-sintering agent, such as silica.63 
In our previous work28, we formed γ-Fe2O3 through doping with a high concentration of Si (7-11%) 
as well as the formation of small grain sizes through high ion flux plasma exposure. 

In the current study, however, the films were sputtered at room temperature and no post-deposition 
annealing was performed. Therefore, one possible reason for the presence of the γ-Fe2O3 phase is 
due to preferential sputtering of oxygen at the α-Fe2O3 target by Ar bombardment. Extended 
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sputtering can reduce the target from its original α-Fe2O3 phase to a mixture of Fe3O4 and α-Fe2O3.64 
The film obtained from this reduced target can then be a mixture of different phases. In particular, 
oxidation of Fe3O4 to γ-Fe2O3 is possible as a result of the sputtered secondary oxygen ions which are 
accelerated towards the substrate where they can partially re-oxidise the Fe3O4. The difference 
between the HP and LP film is believed to be due to the use of a partially reduced target in the case 
of the former due to longer exposure to the Ar plasma (see experimental section), while a re-oxidised 
target was used for depositing the latter. The re-oxidation of the target occurs due to exposure to 
oxygen on removal from the sputter chamber. Thus, the phase of the sputter target can be modified 
by in-situ Ar bombardment, which can lead to variation in the obtained phase of the deposited iron 
oxide thin film.  

Another way to stabilize γ-Fe2O3 would be to increase the temperature of the substrate during thin 
film deposition in an oxygen deficient atmosphere, such as that used in this work. Preliminary results 
in Figure S6(a) (supporting information) show that the characteristic α-Fe2O3 peak in Raman 
spectroscopy at 1300 cm-1 vanishes when depositing in an oxygen-deficient atmosphere at 500°C. 
However, the performance of the γ-Fe2O3 film obtained in this manner shows much lower 
photocurrent than the HP film (see Figure 1) and is similar to the RT film, as shown in Figure S6 
(b). This is due to higher thickness of the SiOx layer at the iron oxide-Si interface for the 500°C film 
(see Figure S6 (c)) which is double the thickness when compared to 1.11 nm for the HP film (figure 
2(d)). The thicker SiOx layer results in higher recombination at the interface leading to less 
photogenerated charge carriers from Si reaching the iron oxide layer and hence, lower performance 
for the high temperature γ-Fe2O3 film. Furthermore, due to the high temperature at which sputtering 
takes place, the iron atoms have enough energy to diffuse into the Si layer forming iron silicide 
(Figures S6 (c) and (d)). Therefore, the performance of the high temperature deposited film is lower 
than expected, even though γ-Fe2O3 is formed.

3.2 PEC Performance 

3.2.1 Photocurrent 

The photocurrent for the maghemite photoanode is much higher than what would be expected 
based solely on light absorption in the 50 nm thick iron oxide layer. One possible reason is that the 
space charge layer extends into the Si substrate. This is possible since the iron oxide layer is very thin 
(50 nm), while the space charge layer can extend up to 1μm for a dopant density of 1014

 to 1015 as 
observed for the iron oxide films in this work (and which is close to the dopant density for the n-
type Si substrate). This would indicate that the minority charge carriers generated in the Si substrate 
would also contribute to the photocurrent.65,66. However, bare Si has negligible photocurrent 
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(between 5-12 μA cm-2 from 1.2 - 1.8 V corrected for dark current), as shown in Figure S7. Thus, the 
hematite and maghemite layers in the LP and HP thin films, respectively, must be catalytically active.  

Since the Si substrate used comes from the same wafer for both HP and LP thin films, it would be 
reasonable to assume that the contribution of the Si substrate to the photocurrent is similar in both 
cases. The much higher photocurrent of the HP film versus the LP film is, therefore, attributed to 
the fact that the maghemite phase in the former is more catalytically active than the hematite phase 
in the latter. This is confirmed by the EIS analysis in section 2.6. According to the EIS results, the 
HP thin film demonstrates faster OER kinetics than the LP thin film, especially at high applied 
potentials, as seen from the lower charge transfer resistance (RSS) (Figure 7(c) and (d)) and higher 
charge transfer rate constant (Figure 7(f)). Furthermore, the lower Rtrap values for the HP film over 
the entire potential window points to lower surface state recombination, which in turn also enhances 
the photocurrent.  

The better OER kinetics and lower surface recombination is related to a higher concentration of 
hydroxyl (OH) species at the surface of the HP film as seen by the XPS measurements. Hence, the 
nature of the surface states and their densities are different for the different films and therefore result 
in differences in the photocurrent under illumination. Finally, the lower Rs values for the HP film, 
which is possibly due to a better Si-iron oxide interface and/or lower back-contact resistance, also 
leads to improved photocurrent. 

3.2.2 Onset potential 

Even though the presence of the γ-Fe2O3 in the HP film leads to a high photocurrent, the onset 
potential is considerably high for the HP film (1.42 V vs. RHE). A similar high onset potential for γ-
Fe2O3 has been observed before in the literature and has been ascribed to a higher defect density as 
compared to α-Fe2O3

26,27. However, in our study, also the α-Fe2O3 containing LP film has a relatively 
high onset potential of 1.38 V vs. RHE. Note that typical onset potentials for α-Fe2O3 are in the range 
of 0.8-1 V vs. RHE according to the literature67. There might be several reasons which lead to the 
rather high onset potentials in our study. 

First, we are studying here as-deposited iron oxide films as compared to annealed films in literature. 
It is known that annealing of iron oxide leads to higher dopant density (Nd) due to the formation of 
oxygen vacancies51 or unintentional doping due to Sn diffusion from FTO substrates68. As obtained 
from the Mott-Schottky analysis (Figure S5), Nd is 2.92 x 1015 cm-3 for the LP film and 1.94 x 1014 cm-

3 for the HP film. These values are 2-4 orders of magnitude lower than the dopant densities reported 
in the literature (ranging from 1017 to 1019 cm-3 for α-Fe2O3 and γ-Fe2O3 films28,34,51). Also, XPS 
analysis confirmed no impurities within the iron oxide phase. Therefore, the electronic properties, 
such as conductivity are worse, thus leading to higher onset potentials. The slightly lower onset 
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potential of the LP film is attributed to the higher dopant density as compared to the HP film (Figure 
S5).  

The high onset potential can also be due to high resistance at the back contact between the Si 
substrate and the Ag paste. Since the Si layer contributes to the photocurrent, higher resistance at 
the back contact can also lead to the high onset potential seen here. 

Another possible reason is related to the fact that the films studied in this work have rather small 
grain sizes of 10-12 nm. This results in a higher amount of grain boundary recombination, thereby 
leading to a higher onset potential because of increase in bulk recombination. Thus, obtaining films 
with improved crystallinity by either depositing epitaxial γ-Fe2O3 layers or increasing the crystalline 
size by annealing in oxygen-deficient atmosphere are possible routes to decrease the onset potential 
and to improve the PEC performance of the γ-Fe2O3 thin film. 

Another way to decrease the onset potential is the addition of a co-catalyst on top of the iron oxide 
film. This decreases the surface state density (see CSS value in Figure 7(e)) and, in consequence, 
reduces the surface state recombination. One possible material is cobalt phosphate (Co-Pi) which 
has been shown to reduce surface state recombination as well as to enhance the charge transfer 
kinetics when deposited on photoanode surfaces.69-71 Photo-assisted electrodeposition of a Co-Pi 
layer16 on a second high performing γ-Fe2O3 thin film (named HP-2) led to a cathodic shift in onset 
potential of 100 mV (see Figure S8) and an improvement in photocurrent for potentials < 1.6 V vs. 
RHE. 

4. Conclusion 

In summary, we found that room temperature, RF-magnetron sputtered iron oxide thin films 
without annealing can have a considerably higher photocurrent (up to 2.9 mA cm-2 at 1.6 V vs. RHE 
and up to 12 mA cm-2 at 1.8 V vs. RHE) than the typically studied annealed iron oxide films in 
literature. The high photocurrent for the HP film was found to be due to two reasons: the first being 
the contribution of the Si substrate to the photocurrent, due to the space charge layer falling 
predominantly in the silicon. Another cause is the presence of the γ-Fe2O3 phase in the HP film 
versus α-Fe2O3 phase in the HP film. The γ-Fe2O3 has faster OER kinetics and lower surface state 
recombination, as found from EIS measurements, which enhanced the photocurrent for the HP film 
when compared to the LP film. The better catalytic properties of the γ-Fe2O3 layer is related to 
differences in the nature of the surface species when compared to the α-Fe2O3 layer. However, both 
the thin films show high onset potential with values greater than 1.4 V vs. RHE which reduces their 
PEC efficiency. The possible causes for these are thought to be the lower dopant density which 
reduces the electronic conductivity of the thin films, small grain sizes for both films which leads to 
higher bulk recombination, and high contact resistance. The use of a Co-Pi overlayer results in a 100 
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mV decrease in onset potential and also increases the photocurrent at potentials below 1.6 V vs. 
RHE and is therefore a promising way to reduce the overpotential of the γ-Fe2O3 thin films and, 
hence, improve its PEC performance. Other promising routes for reducing the onset potential is by 
improving the crystallinity of the film, either by growing epitaxial layers or by annealing in oxygen-
deficient conditions. Use of other co-catalyst materials, such as NiFe-based electrocatalysts should 
also be investigated. Another possible technique to reduce the onset potential and increase the 
photocurrent would be by doping the Si wafer backside in order to form an n+ layer. This would 
eliminate the Schottky barrier between the Si and Ag paste and hence, reduce the contact resistance. 
Finally, the influence of the magnetic properties of the γ-Fe2O3 phase on its OER kinetics should be 
explored and might be a promising route to improve the water splitting performance further.

5. Experimental Methods 

5.1 Thin film preparation 

Iron oxide thin films were deposited by RF magnetron sputtering on Si (100) substrates (0.5 mm 
thick). A sputter tool from Kurt J. Lesker was used with a base pressure <10-8 mbar and a target-
substrate distance of 79 mm. RF magnetron sputtering was carried out at room temperature using a 
2” α-Fe2O3 sputter target (99.999% purity). The base pressure was maintained at 6x10-9 mbar. An Ar 
flow of 50 sccm at a deposition pressure of 3×10-3 mbar and power of 30 W was used. The films were 
sputtered for 3817 s with a sputter rate of 0.13 Å s-1 to obtain an iron oxide film with thickness of 50 
nm. The sputter target was exposed to the Ar plasma for 2400 s and 9368 s before the LP and HP 
films were deposited, respectively. The longer exposure to the Ar plasma led to partial reduction of 
the target before HP film deposition.

5.2 Physico-chemical characterization 

The top-view morphologies of the thin films were examined by field emission scanning electron 
microscope (SEM) (Zeiss Sigma) with an in-lens detector and 5 kV accelerating voltage. High-angle 
annular dark-field scanning transmission electron microscopy (HAADF-STEM) and bright-field 
TEM of the thin film cross-sections were performed using a JEOL ARM200F TEM setup operated 
at 200 kV. TEM cross-sections of the thin films were prepared using focused ion beam milling using 
a FEI Nova 200 Nanolab SDB (Small Dual Beam). Before preparation, a thin carbon layer was 
deposited on the entire sample in a sputter coater to mark the surface. A 500 nm Pt layer was 
deposited using electron beam induced deposition (EBID) and a 1.5 µm Pt layer was deposited using 
ion beam induced deposition (IBID) on the region of interest to protect the sample during 
preparation. As a final cleaning step, a 5 kV milling step was performed. 



152 Impact of iron oxide phase on water splitting performance 

Structural characterization was performed using a Bruker D8 Eco X-ray diffractometer (XRD) with 
a Cu Kα (λ= 1.5406 Å) source and a Lynx-eye detector in a grazing incidence configuration (GI-
XRD) at an incident angle of 0.5° and in the 2θ range from 20° to 80°. A Thermo Scientific K-Alpha 
X-ray photoelectron spectroscopy (XPS) setup equipped with a monochromatic Al Kα source (hν = 
1486.6 eV) was used for the chemical analysis. The binding energy was corrected with respect to the 
adventitious carbon C 1s peak at 284.8 eV. Peak fitting was done using the Casa XPS software. 
Renishaw Invia spectrometer was utilised for Raman analysis using an excitation wavelength of 514 
nm.

5.3 Magnetic characterization 

Samples were mounted in a Quantum-Design MPMS-3 VSM-SQUID magnetometer with the plane 
for the sample aligned with the applied magnetic field. After centring the sample relative to the pick-
up coils, a hysteresis loop was measured at room temperature. The magnetic moment was then 
measured in zero field (zero-field-cooled) as a function of temperature down to 5K after which a 
field of 1T was applied and the magnetic moment was applied measured while increasing the 
temperature up to 300K. The saturation magnetic moment [A/m] was obtained by subtracting the 
diamagnetic background from the Si substrate from the linear slope of the magnetization vs field 
curves above 3 T and dividing the saturated magnetic moment by the volume of the sample. The 
volume of the samples was obtained by measuring the surface of the sample using image analysis via 
ImageJ and multiplying this area by the thickness of the samples as obtained by the HR-TEM 
measurements.

5.4 Electrochemical Characterization 

An in-house three-electrode electrochemical cell fitted with a quartz window was used for 
electrochemical characterization. An aqueous solution of 1 M NaOH was used as the electrolyte. A 
coiled Pt wire and an Ag/AgCl/Sat. KCl electrode (XR 300, Radiometer Analytical) were used as the 
counter electrode (CE) and reference electrode (RE), respectively. The geometric area of the working 
electrode exposed to the electrolyte varied per sample based on the area of sample covered by epoxy. 
The area was measured using image analysis via ImageJ. 

The potential of the electrode was controlled with a BioLogic SP-150 potentiostat. All potentials 
reported are vs. RHE through the relation2: 

Φ𝑅𝑅𝑅𝑅𝑅𝑅 =  Φ𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴⁄ +  Φ𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ⁄ 𝑣𝑣𝑣𝑣 𝑅𝑅𝑅𝑅𝑅𝑅
𝑜𝑜 + 0.059 × 𝑝𝑝𝐻𝐻 (2) 

With ΦºAg/AgCl vs RHE = 0.198 V vs. RHE at 25°C. Illumination was provided by an AM 1.5 class A solar 
simulator (LCS 100, Oriel Instruments) using a 100 W Xe lamp with a calibrated illumination 
intensity of 100 mW cm-2 at the sample position (Reference cell 91150V, Newport). All 



Acknowledgement  153 

 

 

measurements were done at potentials between 0.6 V and 1.8 V vs. RHE. Linear sweep voltammetry 
measurements were performed at a scan rate of 10 mV s-1. The onset potential was taken as the 
potential at which the first derivative of the photocurrent density with respect to the potential 
(dJ/dV) achieved ten times the value observed for the first derivative of the dark current 
measurement. This technique was adopted from Formal et. al11. Transient photocurrent 
measurements were obtained by chopping the incident light with an externally controlled shutter at 
a rate of 0.5 s-1 while performing linear sweep voltammetry at a scan rate of 10 mV s-1.  

Electrochemical impedance spectroscopy (EIS) was performed in a frequency range of 1 MHz to 0.1 
Hz. The magnitude of the modulation signal applied to the potential was 10 mV. The potential at 
which the EIS scans were performed was increased step-wise by 0.05 V between 0.8 V and 1.8 V vs. 
RHE. Equivalent circuit fitting of the EIS spectra was performed using the ZView® software. 
Constant phase elements (CPE) are used in the ECM due to non-ideal dielectric behavior of the 
hematite thin films. The relation between capacitance and CPE fitting parameters is72:  

𝐶𝐶 = 𝑇𝑇
1
𝑝𝑝 ×  𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒

(1−𝑝𝑝)
𝑝𝑝  (3) 

Where T is the capacitance fitting parameter (F sp-1 cm-2), p is the constant phase exponent (0 < p < 

1), Reff = 𝑅𝑅𝑠𝑠 × 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝
𝑅𝑅𝑠𝑠 + 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝

 for CPEbulk (assuming surface distribution of time constants)49, and Reff = Rss for 

CPEss (assuming normal distribution of time constants)70. 
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III. Supplementary Material 

III.1 PEC measurement of iron oxide film under varying pH conditions 

Figure S1 shows LSV measurement on a 30 nm thick iron oxide layer on Si. Measurements were 
performed both in dark and under illumination, at different pH values. It is clearly observed that the 
onset potential shifts anodically and photocurrent decreases, as the pH is reduced from 13.6 to 7.8. 
The onset potential varies due to a cathodic shift in flatband potential with an increase in pH of the 
electrolyte1. The reduction in photocurrent with lower pH is related to two factors- first is because 
as the onset potential shifts to higher potentials, the photocurrent achieved in the measured potential 
window will be reduced. The second reason is related to variation in the OER reaction kinetics, as 
explored for hematite films by Zhang et al.2 and Liu et al.3. We note that the cited literature is on 
hematite layers, while the measurement performed here was on a maghemite layer. Thus, the 
relationship of photocurrent decrease with pH to the change in OER mechanism might be different 
when compared to hematite.

 

Figure S1 LSV measurements on a 30 nm RF sputtered iron oxide layer in light (solid) and dark (dotted) conditions 
under different pH conditions. All light measurements performed at 100 mW cm-2 with Ag/AgCl reference electrode 
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III.2 TEM and AFM images of LP and HP thin films

Figure S2 (a) – (b) Low magnification cross-section bright-field TEM images of the LP and HP thin films; (c) – (d) AFM 
images of the LP and HP thin films, respectively. 
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III.3 XPS survey and Fe 2p3/2 fitting parameters for the HP and LP thin films 

Name 
Position  

(eV) 

At. Conc. 

 (%) 

Fe 2p 711.08 17.97 

O 1s 530.08 50.26 

C 1s 285.08 29.75 

N 1s 399.08 0.72 

Na 1s 1071.08 1.29 

 

Table S1 The atomic concentration (%) for the elements found in the HP film 

Figure S3 XPS survey spectra for (a) HP and (b) LP films. The % atomic concentration for the HP and LP film is given 
in Table S1 and S2, respectively. 
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Name Position 

(eV) 

At. Conc. 

(%) 

Fe 2p 711.08 22.29 

O 1s 530.08 52.61 

C 1s 285.08 24.39 

 N 1s 401.08 0.71 

 

Name 
Position 

(eV) 

Corrected area* 

(area/ {t*rsf*mfp }) 

At. Conc. 

(%) 

Fe2O3-1 709.91 1866.21 25.62 

Fe2O3-2 710.81 1573.03 21.59 

Fe2O3-3 711.61 1250.07 17.16 

Fe2O3-4 712.51 792.867 10.88 

Fe2O3-5 713.51 1057.64 14.52 

Fe2O3-satellite 719.31 745.566 10.23 

Name 
Position  

(eV) 

Corrected area* 

(area/{t*rsf*mfp}) 

At. Conc. 

(%) 

Fe2O3-1 710.01 1528.84 27.68 

 

Table S2 The atomic concentration (%) for the elements found in the LP film 

Table S3 The Fe 2p3/2 spectral fitting parameters for the LP film: binding energy (eV), corrected area and percentage of 
total area 

 

Table S4 The Fe 2p3/2 spectral fitting parameters for the HP film: binding energy (eV), corrected area and percentage of 
total area  
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Fe2O3-2 710.91 1528.64 27.67 

Fe2O3-3 711.81 1132.56 20.5 

Fe2O3-4 713.01 507.802 9.19 

Fe2O3-5 714.11 322.384 5.84 

Fe2O3-satellite 719.41 442.731 8.01 

Fe2+ species 708.3 61.1696 1.11 

*All areas are corrected for the atomic sensitivity factor (RSF), the transmission factor (T), and the 
mean free path (MFP). Values depend on the XPS measurement setup and is automatically taken by 
the CasaXPS software while analysing the raw data.

III.4 Bulk capacitance and Mott-Schottky plot for LP and HP thin films 

 

 

Figure S4 Bulk capacitance values for the LP and HP thin films obtained by ECM fitting of the EIS spectra between the 
applied potentials 0.8 V and 1.6 V versus RHE. 
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Figure S5 Mott-Schottky plots for the LP and HP thin films. Red line denotes the linear fitting performed in order to 
calculate the slope of the plot, which is used to calculate the dopant density (ND) of the thin films 
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III.5 High Temperature sputtering of γ-Fe2O3 thin films 

RF magnetron sputtering was carried out at 500°C using a 2” α-Fe2O3 sputter target (99.999% purity). 
The base pressure was maintained at 5.8x10-9 mbar. An Ar flow of 50 sccm at a deposition pressure 
of 3×10-3 mbar and power of 30 W was used. The films were sputtered for 3817 s with a sputter rate 
of 0.13 Å s-1 to obtain an iron oxide film with thickness of 50 nm. 

Figure S6 (a) Raman spectroscopy of iron oxide thin films sputtered from a ceramic hematite target, with substrate 
holder held at different temperatures from RT to 500°C; (b) Current density versus applied potential curves for the films 
deposited at RT and 500°C; (c) HR TEM cross-section of film deposited at 500°C; (d) Cross-section TEM-EDX showing 
diffusion of Fe atoms (red) into the Si substrate (black) leading to the formation of iron silicide.  

Si 

Iron silicide growth 

Fe2O3:  49.4 ± 1.7 nm 

Iron silicide growth 

d 
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III.6 Linear sweep voltammetry curve for Si substrate in 1M NaOH electrolyte
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Figure S7 LSV of bare SI substrate under illumination and in the dark in a 1M NaOH solution 
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III.7 PEC performance of a γ-Fe2O3 thin film with and without a Co-Pi catalyst 
overlayer 

Photo-assisted electrodeposition of Co–Pi onto the HP-2 iron-oxide photoanode was performed 
using an in-house three-electrode electrochemical cell fitted with a quartz window. The deposition 
was done using a modification of a published procedure4. HP-2 photoanode was used as the working 
electrode, Ag/AgCl as the reference electrode, and Pt mesh as the counter electrode. The electrolyte 
solution used for the deposition was 0.5 mM cobalt nitrate in 0.1 M potassium phosphate buffer at 
pH 7. A constant bias of 0.6 V vs. Ag/AgCl was applied for 1500 sec under an illumination intensity 
of 100 mW cm-2. Current densities were typically between 4 and 20 μA cm-2 during the deposition. 
The photo-electrochemical measurements were done before and after the Co-Pi deposition using 
the steps provided in the experimental information, as provided in the main manuscript (see 

electrochemical characterization section)
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Figure S8 Chopped light voltammetry of a second γ-Fe2O3 thin film with and without the presence of a photo-
electrodeposited Co-Pi layer 
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Chapter 4: Charge carrier dynamics and photocatalytic activity of 
{111} and {100} faceted Ag3PO4 particles 

 

Abstract 

Silver orthophosphate (Ag3PO4) is a highly promising visible light photocatalyst with high quantum 
yield for solar driven water oxidation. Recently, the performance of this material has been further 
enhanced using facet-controlled synthesis. The tetrahedron particles with {111} exposed facets 
demonstrate higher photocatalytic performance than the cubic particles with {100} exposed facets. 
However, the reason behind this large difference in their photocatalytic performance is still not 
understood. In this work, we study the free charge carrier dynamics such as mobility, lifetime, and 
diffusion lengths for the {111}-faceted tetrahedron and {100}-faceted cubic particles using time-
resolved microwave conductivity (TRMC) measurements. An order of magnitude higher charge 
carrier mobility and diffusion length is found for the tetrahedron particles as compared to the cubic 
particles. The differences in crystal structure, surface composition, and optical properties are 
investigated in order to understand how these affect the charge carrier dynamics and the 
photocatalytic performance of the differently faceted particles. 
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1. Introduction 
The advent of climate change and the ever-increasing CO2 concentration in the atmosphere has 
made the search for a carbon-neutral source of chemical fuels a ‘holy grail’ in terms of renewable 
energy research. One attractive route to obtain hydrogen, which is an important fuel and chemical 
feedstock, is by direct splitting of water with solar energy using an efficient photocatalytic material. 
The fuels obtained in this way are known as ‘solar fuels’1. However, the solar-to-hydrogen efficiency 
is very low for photocatalytic materials. The main reason for the limited efficiency is the four-
electron oxygen evolution reaction (OER) which is kinetically challenging compared to the two-
electron hydrogen evolution reaction (HER). Thus, development of efficient, stable, inexpensive, 
and abundant photocatalytic materials which show high OER production is a significant bottleneck 
for developing viable water splitting systems2–4.  

One promising material which has emerged as a high performance photocatalyst for water splitting 
is silver orthophosphate (Ag3PO4). It was first studied by Yi et al.5 who showed that this material has 
a bandgap of approximately 2.4 eV and a very high quantum yield (> 90%) for wavelengths lower 
than 480 nm. The oxygen evolution rates were higher than those of other visible light photocatalysts, 
such as BiVO4 and WO3.6 One possible reason for the high performance was proposed to be the large 
difference in the effective electron mass and hole mass for bulk Ag3PO4

7
. This leads to significantly 

different mobility for the electrons and holes which results in a lower recombination rate and is one 
rationale for the good photocatalytic performance of Ag3PO4.  

Another possible reason for the high oxygen evolution rate is that Ag3PO4 possesses a very deep 
valence band, located approximately +2.9 V vs. NHE (Normal Hydrogen Electrode, pH 0). 
Therefore, it has a large photovoltage for efficient splitting of water to O2.5 However, the conduction 
band is located at +0.45 V vs. NHE (pH 0), which means that it cannot reduce water to H2

8. 
Therefore, in order to perform the OER process this material requires the use of a sacrificial reagent, 
such as silver nitrate (AgNO3) which has a redox level below the conduction band of Ag3PO4. 

The water oxidation performance was further improved by facet engineering of Ag3PO4 particles. 
Martin et al.9 and Bi et al.10 demonstrated shape-controlled synthesis of Ag3PO4 particles with 
controlled exposure of certain facets, such as tetrahedron particles with {111} facets and cubic 
particles with {100} facets. The tetrahedron particle showed the highest oxygen evolution rate among 
all visible light photocatalytic materials6 and an order of magnitude better performance than the 
cubic particles. 

Several theoretical studies have tried to explain the reason for the high performance of the {111}-
faceted tetrahedron Ag3PO4 microparticles, such as a higher surface energy at this surface9, lower 
free energy required for dehydrogenation of water9 and lower charge redistribution during OER11 at 
the (111) surface, as compared to the (100) and (110) surfaces. Furthermore, it was also proposed 
that the exposed phosphorus atoms on the Ag3PO4 (111) surface promoted the dehydrogenation of 
H2O and reduce the formation of mid-bandgap states.7 Another theoretical work by Umezawa et al. 
12 explored the difference in the effective masses for the {111} and {100} facets of Ag3PO4 as a possible 
reason for the better charge carrier properties and therefore, photocatalytic performance of the 
tetrahedron particles compared to the cubic particles. The difference in charge carrier transport 
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properties between the {111} and {100}- faceted Ag3PO4 particles could contribute to the differences 
in their photocatalytic performance.  

In contrast to the various theoretical studies on this topic, only one experimental work has 
previously attempted to explore the effect of different facets on the charge carrier dynamics and 
photocatalytic properties13. In that study, lower photocatalytic activity and charge carrier lifetime 
was found for the tetrahedron as compared to the cubic Ag3PO4. It is not clear why lower 
performance for the tetrahedron particles was observed when compared to previous studies9,14.  

Hence, in order to elucidate the effect of charge carrier dynamics of differently faceted Ag3PO4 
particles, we fabricate {111}-faceted tetrahedron and {100}-faceted cubic Ag3PO4 particles in this 
study, and analyze the charge carrier dynamics using time-resolved microwave conductivity 
(TRMC) measurements. We find that tetrahedron particles demonstrate superior charge carrier 
dynamics and relate these to the morphology, structure, chemical composition, and optical 
properties of the particles. The better charge carrier dynamics leads to the higher observed 
photocatalytic performance of the tetrahedron particles compared to the cubic particles.

2. Results 

2.1 Particle morphology 

Tetrahedral-shaped Ag3PO4 particles with {111} exposed facets and cubic-shaped Ag3PO4 particles 
with {100} exposed facet were synthesised using a modified version of the procedure developed by 
Martin et al.9 (refer to Experimental methods). The synthesis results in a high purity yield with 
commonly only tetrahedral or cubic Ag3PO4 particles observed, as shown in Figures 1(a) and 1(b), 
respectively. Negligible amounts of irregular particles or particles with other shapes were seen.  

The particle size distribution was found to be 1449 nm ± 612 nm for the cubic particles and 545 nm 
± 242 nm for the tetrahedral particles (Table 1). Thus, the cubic particles were almost three times 
larger in size than the tetrahedral particles. Both, the difference in size of the particles as well as the 
broad size distribution, are comparable to what was found in literature.9,15,16 

1 μm 

a b 

Figure 1 SEM micrographs of (a) tetrahedron and (b) cubic Ag3PO4 particles 
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2.2 Crystalline structure 

XRD diffractograms for both syntheses (Figure S1) show phase-pure polycrystalline Ag3PO4 (6.004 
°A, BCC, P_43n, ICSD number: 14000). The variation in the crystallographic peak intensity ratios 
are used to confirm the differences in the type of exposed facet of the two morphologies. Namely, 
tetrahedral Ag3PO4 particles have an intensity ratio of 0.97 between (222) and (200) planes, whereas 
cubic structures have a ratio of 0.71. Following the theory proposed by Wang et al.,17 this confirms 
that the tetrahedral particles are comprised of {111} facets. Furthermore, the peak intensity ratio 
between (110) and (200) for the cubic particles is 0.57, which, according to Martin et al., confirms 
that the cubic structures are composed of {100} facets.9 The crystallite size of the particles was 
calculated by Scherrer analysis for the highest intensity (210) peak and was 106 nm for the cubic and 
53 nm for the tetrahedral particles, respectively, as listed in Table 1.

2.3 Photocatalytic performance 

We measured the oxygen evolution for the cubic and tetrahedral particles using mass spectrometry 
in the presence of an electron scavenger under 1-sun illumination (see experimental methods in 
supporting information) as listed in Table 1. The tetrahedral particles have an oxygen evolution rate 
of 212 μmol h-1 g-1 which is 1.6 times higher than the rate of 135 μmol h-1 g-1

 observed for the cubic 
particles. The oxygen evolution rate is lower than the highest reported values in literature of 6074 
μmol h-1 g-1 and 605 μmol h-1 g-1 by Martin et al.7 for the tetrahedron and cubic particles, respectively. 
The reduced photocatalytic performance for the tetrahedron particles in this study as compared to 
that obtained by Martin et al. has also been observed in other studies with comparable or even lower 
photocatalytic performance when compared to the cubic particles.13,16 In our study, we relate the 
lower O2 evolution rate mainly to the lower illumination intensity (100 mW cm-2 in this study versus 
500 mW cm-2

 in Martin et al.9). Previous work on the relation of photocatalytic reaction rate and 
light intensity shows a linear relationship at lower light intensities which then saturates at higher 
intensities.18,19 Thus, we can speculate that the O2 evolution rate could be up to 5 times higher than 
what we obtain here if a higher intensity light source was used, with the actual increase also 
depending on factors such as scattering of the light by the particles and the design of the reactor. 

Particle type Particle size (nm) Crystallite size (nm) 
Oxygen evolution rate 

(μmol h-1 g-1) 

Tetrahedron 545 ± 242 53 212 

Cubic 1449 ± 612 106 135 

 

Table 1 The particle size (from SEM), crystallite size (from XRD) and the oxygen evolution rates from mass-
spectrometry for the tetrahedron and cubic Ag3PO4 particles. 



174 Charge carrier dynamics and photocatalytic activity of {111} and {100} faceted Ag₃PO₄ 

To understand the difference in photocatalytic activity of the tetrahedron and cubic particles, we 
investigate in the following the differences in their optical properties, surface composition, and 
charge carrier dynamics.

2.4 Optical properties 

The optical properties were studied using UV-Vis diffuse reflectance spectroscopy as shown in 
Figure S2 (a). The diffuse reflectance for both materials drops rapidly below 530 nm which 
corresponds to the onset of absorption. Ag3PO4 is known to be an indirect bandgap semiconductor5 
and the band gap values for tetrahedron and cubic particles were obtained from Kubelka-Munk 
plots20 (Figures S2 (b) and (c), respectively). The indirect bandgaps are 2.43 eV for cubic particles 
and 2.45 eV for tetrahedron particles. These bandgap values are rather close to each other since the 
bulk material is the same for both cubic and tetrahedron particles and only the exposed facets are 
different. This similarity in bandgap for the two different particles has also been observed in 
literature previously 9,16,21,22 and does not explain the differences observed in their photocatalytic 
properties. 

2.5 Surface composition 

The effect of the difference in exposed facet on the surface composition of the Ag3PO4 tetrahedron 
and cubic particles was studied with X-ray photo-electron spectroscopy (XPS) as shown in Figure 
2(a) and (b), respectively. The XPS survey spectra shows the elements Ag, P and O, which are present 
in Ag3PO4, along with a small amount of surface carbon (C) impurities and Sn. The latter is observed 

Figure 2 X-ray photo-electron survey spectra for (a) tetrahedron and (b) cubic Ag3PO4 particles. The atomic 
concentration (At. %) for the elements present on the particle surface is shown in tabular form.  
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as a result of the fluorine-doped tin oxide (F: SnO2) substrate, on which the Ag3PO4 particles were 
drop-casted for performing the XPS analysis. From the high-resolution Ag 3d spectra (see Figure 
S3), the Ag 3d5/2 peak for both cubic and tetrahedron particles is shown to be at a binding energy 
value of 267.9 eV, which has been attributed to the Ag(I) oxidation state and corresponds to the Ag+ 
ion in Ag3PO4. Reduction to the Ag (0) metal state would result in a shift of the 3d5/2 peak to a higher 
binding energy of 368.6 eV, which is not observed here. 

From the atomic concentrations of the different elements (insets in Figure 2(a) and (b)), the Ag: P 
ratio was found to be approximately 3.2: 1 for the cubic particles and 2.1: 1 for the tetrahedron 
particles. In the ideal case, the ratio should be 3: 1. This suggests that the surface of the cubic particles 
is slightly Ag-rich while the surface of the tetrahedron particles is highly P-rich. This was shown by 
Ma et al. 7 to be due to the presence of P and O at the outermost layer of the {111} surface, while the 
{100} surface consists of Ag and O atoms.

2.6 Charge carrier dynamics 

The effect of different exposed facets on the charge carrier dynamics of the Ag3PO4 particles was 
subsequently studied using time-resolved microwave conductivity (TRMC).23 Ag3PO4 particles 
coated onto a quartz substrate were excited with a nano-second laser pulse and the resulting light-
induced change in the reflected microwave power was monitored. The TRMC signal thus obtained 
is represented as the product of the absorbance-normalised quantum yield (φ) and the sum of the 
mobilities of free charge carriers in the Ag3PO4 (Σμi) for different intensities (see experimental 
section for details). Assuming that the internal quantum yield (φ) is close to unity and that no 
recombination occurs within the response time of the setup (9 ns), the peak value of the TRMC 
signal ((φΣμi)peak) yields the total mobility (μtotal), which is the sum of the charge carrier mobilities of 
the electrons and holes, while the fitting of the TRMC signal decay provides the charge carrier 
lifetime (τ). It should be noted that the μtotal value measured by TRMC measurements is the lower 
limit of the actual mobility of the Ag3PO4 particles due to experimental factors, such as inter-particle 
scattering, surface electron scattering, and/or the quantum yield (φ) being lower than unity23,24.  

Figures 3(a) and (b) show the TRMC signals ((φΣμi)peak versus time) for the tetrahedron and cubic 
Ag3PO4 particles, respectively, under an incident laser pulse with an excitation wavelength of 410 
nm with varying intensities Io (photon flux measured as photons pulse-1 cm-2). The peak values of 
the TRMC signal ((φΣμi)peak) are plotted versus the photon flux for both cubic and tetrahedron 
particles in Figure 3(c). The highest (φΣμi)peak values are obtained at a photon intensity of 8.77 x 1011 
photons pulse-1 cm-2 and represent the highest total mobility (μtotal) achieved for the tetrahedron and 
cubic particles from the TRMC measurement. The tetrahedron particles have a μtotal value of 0.56 
cm2 V-1 s-1 and the cubic particles have a μtotal value of 0.05 cm2 V-1 s-1, which is an order of magnitude 
lower than for the tetrahedron particles (see Table 2). The μtotal value obtained for the tetrahedron 
particles is similar to the mobility obtained for CuFeO2

25 and an order of magnitude higher than that 
obtained for other photoelectrode materials, such as BiVO4, α-SnWO4 and WO3

 . It is also 2 orders 
of magnitude higher than that of α-Fe2O3

26–28
.  

The individual electron and hole mobilities for the tetrahedron and cubic particles can be 
deconvoluted from the total mobility (μtotal) using the difference in the effective hole and electron 
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masses for the (111) and (100) surfaces of Ag3PO4 as proposed by Umezawa et al. 
12 (see equations 

S3-S4 in supporting information).  

For the tetrahedron particles with (111) surface, the effective electron mass (me*) is 0.42 me and the 
effective hole mass (mh*) is 1.53 me. Similarly, for the cubic particle with the (100) surface the me

* is 
0.41 me and the mh

* is 1.92 me. The calculated values are presented in Table S1 in the supporting 
information. Due to the lower effective mass of the electrons in both tetrahedron and cubic particles, 
the electron mobility is higher than the hole mobility in both cases. Also, both electron and hole 
mobilities of the tetrahedron particles are more than one order of magnitude higher than the cubic 
particles, as expected from the difference in their μtotal values. 

The order of the recombination process occurring in the particles can be obtained by performing a 
linear fit of the log-log plot of φΣμpeak versus incident photon flux, IO (Figure 3(c)). The slope 
obtained from the linear fit is used to obtain the order of recombination process from the relation 
φΣμ ∝  𝐼𝐼𝑜𝑜

𝛽𝛽−1 , where β is the reciprocal of the order of recombination process29. A first order 
recombination process, such as trap state-mediated recombination, depends only on the density of 
the minority charge carriers (holes in the case of n-type materials such as Ag3PO4). On the other 
hand, a second order recombination process, such as band-to-band recombination, depends on both 
the electron and hole densities. 

Differences are observed in the trend of (φΣμi)peak values with photon flux for the two differently 
faceted particles. In the case of cubic particles, the (φΣμi)peak values decrease linearly with increasing 
intensity with a slope of -0.14. Based on the slope of the log-log plot, a β value of 0.86 was obtained, 
leading to a recombination order of 1.2, which indicates that both first order (trap-state mediated) 
and second order (band-to-band) recombination processes are occurring in the cubic particles.25,29  

On the other hand, for the tetrahedron particles, the (φΣμi)peak value increases until it reaches a 
maximum at an intensity of 8.77 x 1011 photons pulse-1 cm-2 and then decreases. This behaviour has 
also been reported elsewhere and been used as a signature for trap-mediated recombination in 
semiconductors.23,27,29 Essentially, at lower light intensities, the concentration of trap states is higher 
than the number of absorbed photons. This means that the mobility will increase until all the trap 
states are filled, and then decrease due to higher-order recombination processes. The maxima in 
mobility is followed by a region where β = 0.97 represents close to first-order recombination 
processes, which suggests mostly trap state-mediated recombination in this intensity regime. 
Further increase in laser intensity results in a slope of β = 0.56 which would suggest that mostly 
second order recombination occurs above these light intensities. 

It should be noted that although similar behaviour is not observed for the cubic particles in the range 
of laser intensities studied in this work, trap-state recombination might still occur at light intensities 
lower than 1011 photons pulse-1 cm-2. However, this cannot be studied due to the poor signal-to-noise 
ratio for the TRMC signal for the cubic particle at such low intensities. In any case, this suggests that 
a much higher density of trap states is present in the tetrahedron particles as compared to the cubic 
particles. 
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The charge carrier lifetimes are obtained by fitting of the TRMC signal decay at varying laser 
intensities using a bi-exponential fit. This yields two time constants, namely τ1 with values from 20 
ns to 60 ns (see Figure 3(d)) and τ2 with values between 120-180 ns. The shorter time constant τ1 is 
related to the free charge carrier lifetime. τ1 has a maximum value of 60 ns for the tetrahedron 
particles and 41 ns for the cubic particles at a laser intensity of 8.77 x 1011 photons pulse-1 cm-2 (see 
Table 2). The longer time constant τ2 is usually attributed to trapped charge carriers.25 

From the charge carrier lifetime (τ1) and mobility (μtotal), the free carrier diffusion length can be 
calculated using the formula, 𝐿𝐿𝐷𝐷 =  �𝐷𝐷𝜏𝜏1 , where D is the diffusion coefficient of the charge carriers 
(𝐷𝐷 =  (𝑘𝑘𝑏𝑏𝑇𝑇𝑇𝑇𝑡𝑡𝑜𝑜𝑡𝑡𝑡𝑡𝐴𝐴/𝑒𝑒)  where kb is the Boltzmann constant, T is the temperature, and e is the 
elementary charge). Using μtotal from Table 2 and a temperature T = 298 K, the diffusion length of 
tetrahedron particles is 291 nm and of cubic particles is 72 nm (Table 2). Hence, the diffusion length 
in the tetrahedron particles is 4 times higher than in the cubic particles. The diffusion length 
obtained for the tetrahedron particles is similar to the highest values seen for CuFeO2

25
 and 4 to 5 

times higher than for BiVO4, WO3 and α-Fe2O3
26–28

.  

Furthermore, from the electron and hole mobilities, we can also obtain the electron and hole 
diffusion lengths (see equations S5-S8 and Table S2 in supporting information). The minority carrier 

Figure 3 Time resolved microwave conductivity (TRMC) signals recorded for (a) tetrahedron particles and (b) cubic 
particles using a 410 nm laser pulse with varying photon flux. The dotted lines represent the exponential fit of the TRMC 
signal; (c) Log-log plot of the maximum observed TRMC signal (φΣμpeak) as a function of incident photon flux. Red 
lines are linear fits, (d) the first time constant (τ1) obtained from the bi-exponential fit of the TRMC signals for both 
particles. 
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(hole) diffusion length is of particular importance for this material to insure high OER activity. For 
the (111) surface of the tetrahedron particles, the calculated hole diffusion length is 135 nm, while 
for the (100) surface of the cubic particles it is 30 nm. Thus, the much higher minority carrier 
diffusion length because of differences in the effective masses for the two facets also results in a 
superior photocatalytic activity for the {111}-faceted tetrahedron particles.

 

Particle type 
Total mobility 

μtotal (cm2 V-1 s-1) 

Charge carrier lifetime 

τ1 (ns) 

Diffusion length 

LD (nm) 

Tetrahedron 0.56 60 291 

Cubic 0.05 41 72 

3. Discussion  
Various factors result in the better photocatalytic OER performance of the {111}-faceted tetrahedron 
particles over the {100}-faceted cubic Ag3PO4 particles as explored with the XPS and TRMC 
measurements. The results presented in the previous section and their interpretation allows us to 
understand these factors, and are discussed here.  

A major factor leading to the better performance of the tetrahedron particles is the superior carrier 
transport properties as compared to the cubic particles. The charge carrier mobility (μtotal) is 10 times 
higher and the carrier diffusion length (LD) is 4 times higher for the tetrahedron particles compared 
to the cubic particles (see Table 2). This allows for more efficient charge carrier separation and, 
therefore, can lead to better photocatalytic performance. Furthermore, the difference in the 
calculated hole effective masses for the {111}- and {100}- facets of Ag3PO4 leads to 5 times higher 
minority carrier (hole) diffusion length for the tetrahedron particles. Thus, the much higher 
minority carrier diffusion length because of differences in the effective masses for the two facets will 
also contribute to better photocatalytic activity for the {111}-faceted tetrahedron particles.  

Another important factor is the difference in the surface composition of the {111} and {100} surface 
(Figure 2), with the former showing a highly P-rich surface while the latter shows a slightly Ag-rich 
surface. The highly P-rich surface of the tetrahedron particle surface has been shown theoretically 
to lead to presence of ‘dangling’ P-O bonds7,13. DFT calculations show that these dangling bonds can 
enhance the photocatalytic activity of the tetrahedron surface6 since they demonstrate low free 
energy change for the dehydrogenation of water molecules, which is the first step in the oxygen 
evolution reaction7. These P-O bonds therefore act as shallow trap states which can capture holes, 
and due to high reactivity of these dangling bonds towards water dehydrogenation, the captured 
holes can take part in the OER reaction process. The high concentration of P at the (111) surface, as 

Table 2 Comparison of total charge carrier mobility, lifetime, and diffusion length for the tetrahedron and cubic Ag3PO4 
particles. Reported values for TRMC measurements with a 410 nm laser at an intensity of 8.77 x 1011 photons pulse-1 cm-

2
 



Discussion  179 

 

 

found from the XPS analysis, suggests the presence of a large amount of these P-O bonds, which can 
lead to a high density of these shallow trap states. This also explains the maxima in the (Σφμi)peak 
versus laser intensity plot from the TRMC measurements (Figure 3(c)), since this is a signature of 
trap-state recombination due to high trap-state density.  

On the other hand, the presence of Ag on the (100) surface of cubic particles results in the presence 
of mid-bandgap trap states or ‘deep traps’, as found from DFT calculations by Ma et al.7 These deep 
traps are theoretically found to be much less reactive and are proposed to mainly act as 
recombination centres for the charge carriers, with no contribution of the holes trapped in these 
deep traps to the OER process7. Therefore, the presence of these deep trap states is believed to be the 
reason for the lower photocatalytic activity of the cubic particles. However, the amount of excess Ag 
concentration at the (100) surface of cubic particles is observed to be much lower than the excess P 
concentration on the (111) surface of the tetrahedron particles. This implies that the density of deep 
trap states is lower for the cubic particles than the density of shallow traps for the tetrahedron 
particles. The lower density of these deep trap states also explains the lack of a maxima in the 
(Σφμi)peak versus laser intensity plot from the TRMC measurements for the cubic particles (Figure 
3(c)). It is possible that this maxima in the (Σφμi)peak plot would also present itself when going to 
lower laser intensities. However, this is not possible for the cubic particles due to the poor signal-to-
noise ratio at such low laser intensity values.  

Based on the TRMC and XPS analysis, a qualitative view of the possible trap state energy levels and 
densities for the cubic and tetrahedron particles are shown schematically in Figure 4. The position 
and density of the trap-states are only a representation based on the DFT calculations, and are 
approximated based on the surface composition and trap-state recombination effects observed from 

Figure 4 Schematic showing the band diagram for cubic and tetrahedron Ag3PO4 particles. Red arrows represent charge 
capture and recombination; green arrow represents hole transfer from trap states; and the purple arrows represent hole 
transfer from the valence band (VB) edge. The thickness of the arrow represents the rate of recombination or hole 
transfer occurring, with thicker lines representing higher rates. The area under the curve for the trap states is a 
qualitative representation of the density of trap states. The energy level of trap states is considered as the position of 
centre of the peak relative to the valence band and is a qualitative representation based on DFT calculations on Ag3PO4 
surfaces7

. 
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the TRMC measurements. For the cubic particles, the presence of Ag at the surface, points towards 
the existence of deep trap states are shown as a curve in the mid-bandgap region with the smaller 
area under the curve representing lower density of these states. These trap states can lead to higher 
recombination rates (shown by the thicker red lines in the schematic) and hence to lower charge 
transfer rates from the VB edge (shown by the thinner purple line). This is believed to result in the 
lower photocatalytic performance of cubic particles. On the other hand, the shallow traps formed as 
a result of P-O dangling bonds at the surface of tetrahedron particles, are shown closer to the VB 
edge. Furthermore, the maxima seen in the (Σφμi)peak plot, suggests that there might be higher density 
of these shallow trap states, which is represented by a larger area under the curve. The high density 
of these shallow states should lead to a larger number of holes captured and the high reactivity of 
these states can result in higher charge transfer rates from the trap states (shown by the thick green 
arrow). The faster charge carrier dynamics combined with the high density of reactive trap states is 
proposed to be the cause for the higher photocatalytic activity of the tetrahedron particles. Charge 
transfer also occurs from the VB edge but is less significant (shown by thin purple line) since most 
charge carriers will be trapped at the shallow, reactive trap states.

4. Conclusion 
In conclusion, we find that {111}-faceted tetrahedron Ag3PO4 particles show higher photocatalytic 
performance than the {100}-faceted cubic particles. This is explained by investigating the charge 
carrier dynamics using time-resolved microwave conductivity (TRMC) measurements from which 
we find that the tetrahedron particles have an order of magnitude higher mobility and a higher 
minority (hole) carrier diffusion length as compared to the cubic particles. This leads to better charge 
carrier separation for the tetrahedron particles leading to better photocatalytic performance. 
Furthermore, TRMC results suggest that tetrahedron particles have a higher density of trap states 
than cubic particles.  

From XPS, the (111) surface is found to have a high density of P atoms. DFT calculations on the 
(111) Ag3PO4 surface has shown that these P atoms possibly exist in the form of unsaturated P-O 
‘dangling’ bonds, which were theoretically seen to have high reactivity towards water 
dehydrogenation. Therefore, these dangling P-O bonds possibly act as highly reactive shallow trap 
states which can lead to an increase the photocatalytic activity of the tetrahedron particles. On the 
other hand, the (100) surface in cubic particles have a small density of Ag atoms, which were 
theoretically shown to form deep trap states which act as recombination centres, and hence can lead 
to reduced photocatalytic activity.  

Thus, we find that fabricating particles with different exposed facets leads to differences in the 
photocatalytic performance of Ag3PO4 which is shown to be due to a combination of differences in 
charge carrier transport properties along with differences in the nature of the trap states. The {111}-
exposed facets of the tetrahedron particles demonstrate better charge carrier transport properties, as 
found from the TRMC analysis, as well as have a P-rich surface composition which has been 
calculated to be highly reactive towards water dehydrogenation. These factors are proposed to lead 
to the better photocatalytic performance of the {111}-faceted tetrahedron particles when compared 
to the {100}-faceted cubic particles.
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5. Experimental Methods 

5.1 Synthesis of tetrahedron and cubic Ag3PO4 particles 

The synthesis of the tetrahedron and cubic particles was performed by a modified version of the 
process used by Martin et al.9 and Bi et al.10 Utmost care was taken to insure that the synthesised 
particles were not exposed to any light source, either during or after the process.  

For tetrahedron particles in a typical synthesis, 12 mmol of AgNO3 (99% purity) was dissolved in 80 
ml of ethanol (95% purity, Merck Schuchardt) under rapid stirring (1000 rpm). Simultaneously, 20 
ml of H3PO4 (85% purity, Acros Organics) was mixed thoroughly with 80 ml ethanol, under similarly 
vigorous stirring. After both products were separately dissolved, and both solutions became 
transparent, the AgNO3–ethanol mixture was added drop-wise to the H3PO4–ethanol solution. An 
instantaneous precipitate should form under stirring, and then rapidly disappear. Addition of 
AgNO3–ethanol should proceed until the H3PO4–ethanol solution turns slightly cloudy (usually 
around 10 ml of the former is required for the precipitation). A few drops of this H3PO4–ethanol + 
AgNO3–ethanol suspension should be added back into the AgNO3–ethanol solution. The previously 
clear AgNO3–ethanol solution should then yield an instantaneously bright yellow Ag3PO4 
precipitate. After 1 h of stirring, the solution should turn into a bright green colour, indicating the 
growth and shape change of the Ag3PO4 particles. After being washed with ethanol and centrifuged 
three times, the photocatalyst was then placed in a desiccator for 48-72 h to ensure all moisture was 
removed from the catalyst.  

For synthesis of cubic particles, 0.45 g (0.053M) AgNO3 was dissolved in 50 ml DI water. Meanwhile 
in a separate vial, 0.069 cm3 NH3·H2O was added dropwise to 10 ml DI water. The ammonia solution 
was then added to the silver nitrate solution, to which the resulting solution turned first brown 
(Ag2O) and then transparent [Ag (NH3)2]+. To this transparent solution, 0.15 M of aqueous 
Na2HPO4 solution was added until the solution appeared yellow-green. The solution was stirred for 
2 h at 1000 rpm using a magnetic stirrer-bar/plate, and subsequently washed and centrifuged 3 times 
to remove any unreacted product. Drying was done either by keeping in desiccator for 48-72 h or in 
drying oven at 70°C for 20 min.

5.2 Photocatalytic measurement 

A Hiden QGA quadrupole mass spectrometer (MS) operating in selected ion mode with a SEM 
detector was used for the detection of oxygen. For a typical oxygen evolution experiment, 0.1 g of 
Ag3PO4 powder was dispersed in 150 ml of deionised water, with an additional amount of 0.45 g 
AgNO3 acting as an electron acceptor. The whole reaction was carried out in a 3-necked glass flask 
which was sealed with septum covers. Before the solution was irradiated, the reactor was thoroughly 
purged with He (99.999% purity, 32 sccm) to remove all oxygen in the headspace of the reactor and 
dissolved oxygen in water. A baseline was taken for 2-3 h to ensure that there was little or no 
detectable oxygen in the system. Illumination was provided by an AM 1.5 class A solar simulator 
(LCS 100, Oriel Instruments) using a 100 W Xe lamp with a calibrated illumination intensity of 100 
mW cm-2 at the sample position (Reference cell 91150V, Newport). The light was turned on and the 
partial pressure of O2 (molecular weight = 32) was measured for at least 1 h. Then, the light was 
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switched off and helium was flowed until the partial pressure of O2 (pO2) reached to baseline levels 
again. The measured pO2 was compared to a standard 1% O2 in He mixture which was flown at the 
same rate (32 sccm). This mixture has a known O2 concentration of 10,000 ppm. Using the flow rate 
and the pO2 of the standard O2 mixture, and knowing the weight of the Ag3PO4 powder, the amount 
of oxygen evolved in the system was found in terms of μmol h-1 g-1.

5.3 Physico-chemical characterization 

The morphologies of the Ag3PO4 particles on Si substrate were examined by field emission scanning 
electron microscope (SEM) (Zeiss Sigma) with an in-lens detector and 5 kV accelerating voltage. 
Structural characterization was done on dried Ag3PO4 particles in powdered form. It was performed 
using a Bruker D8 Eco X-ray diffractometer (XRD) with a Cu Kα (λ= 1.5406 Å) source and a Lynx-
eye detector in a Bragg-Brentano (θ - 2θ) configuration in the 2θ range from 20° to 72°. A Thermo 
Scientific K-Alpha X-ray photoelectron spectroscopy (XPS) setup equipped with a monochromatic 
Al Kα source (hν = 1486.6 eV) was used for the chemical analysis. The Ag3PO4 particles were drop-
casted on FTO substrate for the measurement. The binding energy was corrected with respect to the 
adventitious carbon C 1s peak at 284.8 eV. The optical absorbance of the Ag3PO4 on a glass substrate 
was characterized with a Perkin Elmer 1050 UV/Vis/NIR spectrophotometer in the wavelength 
range of 300 nm to 900 nm. 

5.4 Time-resolved microwave conductivity (TRMC) measurements 

TRMC measurements were performed on Ag3PO4 particles on a quartz substrate by mounting the 
samples in a microwave cavity cell and placing within a setup similar to the one described 
elsewhere.23,27 A voltage controlled oscillator (SiversIMA VO3262X) generated the microwaves (X-
band region, 8.4−8.7 GHz). During the measurements, a change in the microwave power (ΔP/P) 
reflected by the cavity upon sample excitation by 3 ns (full-width at half-maximum) pulses of a Q-
switched Nd: YAG laser at a wavelength of 410 nm (10 Hz repetition rate) was monitored and 
correlated to the photoinduced change in the conductance of the sample, ΔG. The relation between 
the change in microwave power and the photoconductance and relation of photoconductance to 
sum of electron and hole mobilities (Σμ) is given by Eq. S1 and S2, respectively, in the supporting 
information. 
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IV. Supplementary Material 
IV.1 Crystallographic properties 

Structural characterization was done by X-ray diffraction (see experimental methods in main 
manuscript for details). XRD was performed in a Bragg-Brentano configuration in the 2θ range from 
20°-72°. The XRD diffractograms for both particles (Figure S1) show the presence of phase-pure 
polycrystalline Ag3PO4 (6.004 °A, BCC, P_43n, ICSD number: 14000). 

 

 

Figure S1 XRD spectra of the cubic and tetrahedral Ag3PO4 particles. Peaks are labelled with the corresponding 
crystallographic orientations according to ICSD catalogue number 14000. 
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IV.2 Optical properties 

UV-Vis diffuse reflectance measurements were performed to study the optical properties of the 
cubic and tetrahedron particles, as shown in Figure S2 (a). Kubelka-Munk plots6 are used to derive 
the bandgap value as shown in Figures S2 (b) and (c) for tetrahedron and cubic particles, 
respectively.

 

a 

Figure S2 (a) UV-Vis diffuse reflectance spectra of the tetrahedron and cubic Ag3PO4 particles. Dotted line represents 
onset of absorption; Kubelka-Munk plot, [F(R∞)hν]0.5versus energy (hν) for calculating the indirect bandgap for (b) 

tetrahedron and (c) cubic particles. The linear fit curves used to obtain bandgap value (Eg) are shown as purple lines. 
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IV.3 Ag 3D high resolution XPS spectra

IV.4 Time-resolved Microwave Conductivity measurements 

Change in the microwave power (ΔP/P) reflected by the cavity upon sample excitation is related to 
the photoinduced change in the conductance of the sample, ΔG, by the equation1, 

Δ𝑃𝑃
𝑃𝑃

(𝑡𝑡) =  −𝐾𝐾Δ𝐺𝐺(𝑡𝑡)             𝐸𝐸𝐸𝐸. 𝑆𝑆1 

where K is the sensitivity factor derived from the resonance characteristics of the cavity and the 
dielectric properties of the medium (εr of Ag3PO4 is taken as 202,3). From the experimentally observed 
change in the photoconductance, the product of the charge carrier generation yield (φ) and the sum 
of electron and hole mobilities (Σμ) can be obtained from the equation1,  

𝜙𝜙Σ𝑇𝑇 =  
Δ𝐺𝐺

𝐼𝐼𝑜𝑜𝛽𝛽𝑒𝑒𝐹𝐹𝐴𝐴
                     𝐸𝐸𝐸𝐸. 𝑆𝑆2 

where I0 is the incident intensity per pulse, e is the elementary charge, β is the ratio between the inner 
broad and narrow dimensions of the waveguide, and FA is the fraction of incident photons absorbed 
within the sample. The laser pulse intensities were adjusted using calibrated filters and varied from 
≈1010 to 1014 photons pulse−1 cm-2. 

IV.4.1 Calculation of electron and hole mobilities from total mobility 

To calculate the separate charge carrier mobility for electrons and holes, we use the following 
equations4:  

Electron mobility, 𝑇𝑇𝑒𝑒 =  𝑇𝑇𝑡𝑡𝑜𝑜𝑡𝑡𝑡𝑡𝐴𝐴  × 𝑚𝑚ℎ
∗

�𝑚𝑚ℎ
∗+𝑚𝑚𝑒𝑒

∗�
       𝐸𝐸𝐸𝐸. 𝑆𝑆3 

And hole mobility, 𝑇𝑇ℎ =  𝑇𝑇𝑡𝑡𝑜𝑜𝑡𝑡𝑡𝑡𝐴𝐴  × 𝑚𝑚𝑒𝑒
∗

(𝑚𝑚ℎ
∗+𝑚𝑚𝑒𝑒

∗)
      𝐸𝐸𝐸𝐸. 𝑆𝑆4 

Here the sum of charge carrier mobility (μtotal) is taken from Table 2 and is 0.56 cm2 V-1 s-1 for 
tetrahedral particles and 0.05 cm2 V-1 s-1 for cubic particles. The effective electrons and hole masses 

Figure S3 High resolution Ag 3d XPS spectra for (a) Tetrahedron particles and (b) Cubic particles of Ag3PO4 
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for the (111) surface are me
* = 0.42 and mh

* = 1.53; and for the (100) surface are me
* = 0.41 and mh

* 
= 1.92.5 The calculated individual electron and hole mobilities are shown in Table S1 below. 

Particle type 
Total mobility 

μtotal (cm2 V-1 s-1) 

Hole mobility 

μh (cm2 V-1 s-1) 

Electron mobility 

μe (cm2 V-1 s-1) 

Tetrahedron 0.56 0.12 0.44 

Cubic 0.05 0.009 0.041 

IV.4.2 Calculation of electron and hole diffusion lengths from respective 
mobility values 

From the electron and hole mobility values (Table S1), the respective diffusion lengths can be 
calculated using the following equations4: 

Electron diffusion length, 𝐿𝐿𝐷𝐷,𝑒𝑒 =  �𝐷𝐷𝑒𝑒𝜏𝜏1                             𝐸𝐸𝐸𝐸. 𝑆𝑆5  

where 𝐷𝐷𝑒𝑒 =  (𝑘𝑘𝑏𝑏𝑇𝑇𝑇𝑇𝑒𝑒/𝑒𝑒)                                            𝐸𝐸𝐸𝐸. 𝑆𝑆6 

And hole diffusion length, 𝐿𝐿𝐷𝐷,ℎ =  �𝐷𝐷ℎ𝜏𝜏1                           𝐸𝐸𝐸𝐸. 𝑆𝑆7  

where 𝐷𝐷ℎ =  (𝑘𝑘𝑏𝑏𝑇𝑇𝑇𝑇ℎ/𝑒𝑒)                                            𝐸𝐸𝐸𝐸. 𝑆𝑆8  

Here D is the diffusion coefficient of the charge carriers, kb is the Boltzmann constant, T is the 
temperature and e is the elementary charge. It should be noted that the calculation of the diffusion 
length assumes that the lifetime (τ1) is equivalent for the electrons and holes and is taken from the 
values obtained for the tetrahedron and cubic particles, as presented in Table 2 of the main text. The 
obtained values of the hole and electron diffusion lengths are given in Table S2 below. 

Particle type 
Hole diffusion length 

LD,h (nm) 

Electron diffusion length 

LD,e (nm) 

Tetrahedron 135 258 

Cubic 31 65 

 

Table S1 The individual electron and hole mobility values calculated from the total mobility value which was obtained 
from the TRMC measurements of the tetrahedron and cubic particles. Values calculated from Eq. S3-S4. 

Table S2 The electron and hole diffusion lengths calculated using Eq. S5-S8 from the electron and hole mobilities shown 
in Table S1  
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Summary 
The use of fossil fuels as a cheap and abundant source of energy has played an important role 

in the development of the global economy since the start of the industrial era. However, it has also 
led to a large negative environmental impact due to increase in emissions of CO2 and other 
greenhouse gases, such as methane and NO2. This has resulted in increasing average global 
temperatures and has led to wide-spread ecological, physical and health impacts, especially in 
developing countries in Africa and south-east Asia. To limit the impact of climate change, the energy 
economy has to rapidly transition towards at least a net-zero emission state in the next 2 to 3 decades. 
This can only be achieved by a large reduction in the use of fossil fuels while transitioning to 
sustainable and environmentally-friendly energy sources, such as solar, wind, hydrothermal, tidal 
and possibly nuclear energy. Solar energy generation using photovoltaic cells has emerged as an 
excellent alternative to fossil fuels, but its intermittent nature (varying diurnally, seasonally and with 
local weather) necessitates the search for an efficient large-scale energy storage solution which is 
sustainable and has net-zero emissions. One strategy would be to convert the solar energy into high-
energy-density chemical fuels, known as solar fuels. A promising technique for generation of solar 
fuels is photo-electrochemical (PEC) or photo-catalytic water splitting. In this process, hydrogen 
(H2) and oxygen (O2) are generated from water utilising solar energy as a driving force. The 
hydrogen produced in this manner is therefore called ‘solar hydrogen’.  

However, in order for solar hydrogen generation to be competitive with industrial 
techniques, such as steam methane reforming (SMR), the efficiency of the water splitting process 
has to be improved. The main bottleneck is the efficiency with which the oxygen evolution half-
reaction (OER) occurs at the photoanode material. This is due to the OER being a four-electron 
process and, therefore, kinetically challenging in contrast to the two-electron hydrogen evolution 
half-reaction (HER). An ideal photoanode material should be able to perform the OER process with 
low overpotential while remaining stable over a long period of time. This requires a fundamental 
understanding of how the water splitting efficiency is affected by the physico-chemical properties of 
the photoanode, such as crystal structure, morphology, opto-electronic properties and the surface 
and bulk chemical composition. These physico-chemical properties are, henceforth, called the 
‘structure’ of the photoanode in this dissertation. These are studied using various techniques, such 
as scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy 
(XPS), UV-Vis spectroscopy and Raman spectroscopy. The structure of the photoanode material is 
related to the water splitting performance of the photoanode through efficiency factors, such as 
absorption efficiency, charge separation efficiency and charge transfer efficiency. The water splitting 
performance of the photoanode is studied by measuring the photocurrent generated and/or the 
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amount of oxygen evolved during the PEC measurement. The efficiency factors which affect the 
performance of the photoanode are investigated via techniques, such as electrochemical impedance 
spectroscopy (EIS), intensity-modulated photocurrent spectroscopy (IMPS) and incident photon-
to-converted electron (IPCE) measurement. The efficiency factors thus elucidated are the 

electrochemical properties which allow us to relate the photoanode structure to the water splitting 

performance, thereby, establishing so-called ‘structure-property-performance’ relationships. In this 
dissertation, these structure-property-performance relationships are studied for two photoanode 
materials – hematite (α-Fe2O3), a widely studied model system, and silver orthophosphate (Ag3PO4) 
which has recently emerged as a high-performance OER material.  

Hematite (α-Fe2O3) is chosen due to its optimum bandgap (2-2.2 eV) for water splitting, 
excellent chemical stability, non-toxicity, abundance and low cost. Here, we investigate the effect of 
different sputtering routes (DC and RF) on the structure-property-performance relationships of 
hematite and explore the potential of how PEC activity can be tuned by the processing conditions. 
DC sputtering is performed in the absence of oxygen to obtain metallic Fe layers and reactive RF 
sputtering in the presence of oxygen to deposit a nanocrystalline iron oxide layer. The deposited 
layers are annealed in order to obtain hematite films which are then investigated for water splitting. 
A large difference in PEC performance is observed, with the DC sputtered films showing up to six 
times higher photocurrent than the RF sputtered films. The detailed physico-chemical and 
electrochemical investigation lead to the establishment of two structure-property-performance 
relationships which explains the better PEC performance of the DC sputtered films. The first is the 
difference in surface composition leading to higher charge transfer efficiency (ηCT), and the second 
is the difference in morphology leading to better charge separation efficiency (ηCS) for the DC films 
as compared to the RF films. Although RF sputtering of ceramic hematite is a well-established route 
to obtain hematite photoanodes, DC sputtering of metallic Fe with subsequent annealing is shown 
to be a promising, low-cost and scalable route to obtain hematite layers with good PEC performance.  

To further explore how controlling the processing parameters influences structure-property-
performance relationships, nanostructured hematite thin films were prepared by a novel high-ion-
flux helium plasma exposure process. The high-ion flux plasma setup used here allowed to tune the 
degree of nanostructuring of the thin films by controlling the duration of plasma exposure. Plasma 
exposure of the thin films for 20 minutes and 50 minutes led to a corresponding increase in surface 
area by 10 times and 40 times, respectively, compared to an unexposed film. Although both the 
nanostructured films showed better PEC performance than the unexposed film, the PEC 
performance of the highly nanostructured film was observed to be worse than the less 
nanostructured film. This is related to the defects present in the highly nanostructured layer as a 
result of the inclusion of magnetite phase, which leads to higher bulk recombination and, hence, 
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reduced charge separation efficiency (ηCS). The other reason for the higher PEC performance of the 
less nanostructured layer is related to the presence of maghemite (γ-Fe2O3) phase, apart from the 
expected hematite (α-Fe2O3) phase. The presence of the maghemite phase was attributed to the 
complex interdependence of secondary elements, in this case Si, introduced in the iron layer during 
plasma exposure, and the subsequent conversion to iron oxide during annealing. The presence of 
maghemite phase in the less nanostructured film resulted in higher charge transfer efficiency (ηCT), 
which led to better PEC performance than the highly nanostructured layer, which did not contain 
the maghemite phase. Thus, in this work, we were able to gain a deep insight into the structure-
property-performance relationships of plasma-exposed thin films. Furthermore, this work 
underlines the complexity of the plasma exposure process for thin film nanostructuring, and 
demonstrates that the presence of secondary elements and other iron oxide phases in the films have 
a significant effect on the water splitting performance, apart from the increase in surface area of the 
films.  

The work done on plasma-exposed films revealed the consequences of the presence of 
different iron oxide phases on the PEC performance of the photoanode. However, it was 
complicated by the effect of film morphology due to the nanostructuring effect of the high-ion flux 
plasma. Thus, in order to explore solely the impact of iron oxide phase on PEC performance, planar 
thin films which contained either hematite or maghemite were deposited using RF sputtering. The 
as-deposited, planar maghemite thin film showed 2 times higher photocurrent than the as-deposited 
hematite thin film. We found that the high photocurrent observed for both films was partly due to 
contribution from the Si substrate. This is anticipated to occur due to the fact that the space charge 
region in the iron oxide layer extends into the Si layer, and therefore, it can also contribute minority 
charge carriers for the OER. However, bare Si was seen to be inactive for PEC water splitting. 
Therefore, the photocurrent observed is proposed to be due to the photoactive iron oxide layer. The 
higher photocurrent for the maghemite films versus the hematite films was found to be as a result 
of higher charge transfer efficiency (ηCT) and lower recombination at the maghemite surface, leading 
to higher charge separation efficiency (ηCS). This was related to the differences in the surface 
terminations of the two iron oxide phases as a result of their distinct crystal structures. The high 
onset potential observed for both films was related to the small grain sizes in the iron oxide layers as 
well as high back-contact resistance, both of which results in a high degree of bulk recombination. 
Thus, the structure-property-performance relationship was established connecting PEC 
performance to the difference in iron oxide phase present in the photoanode, with the maghemite 
phase showing higher catalytic activity for OER than the hematite phase. The results on maghemite 
in this thesis demonstrate its viability as a high performance photoanode material. This work also 
exposes the complex nature of even the simplest binary metal oxides such as Fe2O3 which can exist 
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in the form of various polymorphs. Furthermore, the close structural and chemical properties of 
these iron oxide polymorphs make it difficult to separate them utilizing only ‘basic’ characterization 
techniques, such as XRD, XPS or Raman spectroscopy. We found that studying the differences in 
the magnetic properties of these three phases is one solution to this issue and can help to further 
explore maghemite as a photoanode material. 

The structure-property relationships were further explored for silver orthophosphate 
(Ag3PO4). Facet-controlled synthesis was used to create particles with two different exposed facets 
— tetrahedron particles with {111} exposed facets and cubic particles with {100} exposed facets, with 
the former showing higher water splitting activity than the latter. Time-resolved microwave 
conductivity (TRMC) measurements were performed for the first time on this material, in order to 
study the differences in the charge carrier dynamics of the two differently-faceted particles. It was 
observed that tetrahedron particles with {111}-exposed facets had an order of magnitude higher 
charge carrier mobility and hole diffusion length than the cubic particles with {100}-exposed facets. 
This is believed to lead to better charge separation efficiency (ηCS) for the former. Furthermore, we 
propose that the difference in the surface composition of the exposed facets leads to differences in 
the energy level and density of the trap states present, based on the TRMC analysis as well as DFT 
calculations performed on the (111) and (100) Ag3PO4 surfaces. We suggest that the high P-content 
on the (111) tetrahedron surface is related to higher density of shallow trap states which contributes 
to the better PEC performance due to higher charge transfer efficiency (ηCT). On the other hand, the 
cubic particles have an Ag-rich surface which is related to mid-bandgap states which act as 
recombination centres leading to lower water splitting activity. In this way, the structure-property-
performance relationships were established for the {111}-faceted tetrahedron and the {100}-faceted 
cubic Ag3PO4 particles. This work, therefore, explored the effect of different exposed facets on the 
charge carrier dynamics and surface electronic properties of Ag3PO4 and demonstrates a detailed 
understanding of the better photocatalytic performance of the {111}-faceted versus the {100}-faceted 
Ag3PO4 particles.  

In conclusion, this thesis elucidates the complex structure-property-performance 
relationships of photoanode materials which influence their water splitting performance. Detailed 
physico-chemical and electrochemical characterization help to separate the effect of the photoanode 

structure, such as morphology, chemical composition and surface properties on the electrochemical 

properties, such as charge transfer kinetics, which allows us to understand variation in the PEC 

performance of the photoanode. The knowledge gained by studying the structure-property-
performance relationship on distinct model systems contributes to developing better strategies to 
enhance the PEC performance of earth-abundant, low cost photoanode materials, such as iron oxide 
or newer photoanode materials, such as silver orthophosphate.
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