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ABSTRACT

Toward selective H2 evolution from overall water splitting and the 

trifluoromethylation of heteroarenes via heterogeneous 

photocatalysis

Muhammad Qureshi

Converting solar energy into useful chemical bonds via photocatalysis is a 

growing field aimed at addressing global challenges. The research disclosed 

describes heterogeneous photocatalysis as a nanophotoelectrochemical cell as 

photocatalysts enable both reduction and oxidation reactions using the local 

charge separation of photo-excited carriers. Herein, experimental and 

theoretical results of nanoscale electrolysis of water on the surface of CrOx/Pt/

SrTiO3 showed that ohmic losses are negligible when the anode and cathode 

are within nanometer distances from each other. Additionally, increasing the 

photocatalytic rate of water splitting by increasing the light intensity 

demonstrated that pH gradients can still form at the nanoscale. These pH 

gradients can be minimized by the incorporation of buffers. Typically, 

photocatalysts decorated with noble-metal nanoparticles can be used for 

overall water splitting, but generally suffer from low yields due to the water-

forming back reaction. The unwanted water-forming back reaction was 

successfully suppressed by coating Pt nanoparticles on the surface of SrTiO3 
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with a 2nm CrOx layer that block O2 gas from reaching the surface of the Pt 

nanoparticle. The back reaction can also be suppressed without the use of a 

protective layer material by changing the intrinsic nature of the Pt 

nanoparticle from a metallic state to an oxidized state. The Pt nanoparticles 

were able to maintain an oxidized state by reducing the particle size below 2 

nm. Oxidized Pt particles are less likely to bind to H2, O2, and CO gas, unlike 

metallic Pt, thereby making it selective for hydrogen generation. Finally, CdS 

was found to be perform the direct trifluoromethylation of heteroarenes in a 

single step as opposed to the current multi-step synthetic procedures. The 

trifluoromethylation of organic compounds is relevant to the field of 

medicinal chemistry for the synthesis of pharmaceutical drugs. By improving 

overall water splitting via photocatalysis significantly, artificial 

photosynthesis may be achieved leading to a solution to the global energy 

security dilemma. By improving photoredox catalysis of organic compounds 

via photocatalysis, high value organic compounds (such as pharmaceuticals) 

can be synthesized more readily under milder conditions.
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INTRODUCTION

Current world energy outlook: Towards solar energy production

What threats does humanity face as it heads toward 9.7 billion people by 

2050?1 Threats related to food, potable water, the environment, and energy 

are the most prominent concerns. Yet, of these four major threats, energy 

security is critically urgent because it interacts and affects the other three 

challenges. Energy security is “the uninterrupted availability of energy 

sources at an affordable price,” as defined by the International Energy 

Agency.2

Energy security first became possible with the discovery of fossil fuels over 

a century ago, which sparked the “industrial revolution”, an exponential, but 

uneven, growth which led to the creation of the modern, urbanized world.3 

However, conventional fossil fuels themselves have come under threat from 

the sudden realization that:

1. Because of uneven geographic distribution of nonrenewable energy 

resources, threats to energy security can lead to economic turmoil and 

political instability across the globe.3,4

2. Their supply is not inexhaustible.5,6

3. They are contributing to anthropogenically caused climate change.6

4. Without vast quantities of affordable energy, a modern lifestyle, which 

includes transportation, agriculture, communication technologies, and 
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most consumer products and services, will become difficult to sustain. 

For perspective, it can take ten calories of fossil fuel, in the forms of 

fertilizer, irrigation, pesticide, packaging, transportation, and running 

farm equipment, to produce one calorie of food in the industrial world.7

5. Producing energy, depending on its source, also has immediate, and 

often destructive, impacts on the adjacent environment. For example, 

energy extracted from processing bitumen in the oil sands in Canada, 

releases not only CO2, but other toxins such as NOx and SOx. In 

addition, reaching the bitumen itself requires the full clear cutting of a 

forest, followed by consuming substantial amounts of freshwater, 

which then cannot be recycled back to the environment due to high 

levels of toxicity.8,9

The urgency and compounding nature of these threats have led the 

international scientific community to recommend policies to divert energy 

production from fossil fuels toward renewable energy, to reduce greenhouse 

gas emissions, reduce the environmental footprint of energy production, and 

increase availability. For the last fifty years to the present, the energy sector 

has been overwhelmingly dominated by fossil fuels (Figure 1). In 2016, 66.8% 

of the world’s energy reliance was on fossil fuels coming from coal, natural 

gas, and oil and an additional 12.3% from electricity (which was generated 

from oil, coal, and natural gas), leading to a total of 79.1%.10 Even with a 
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push and demand for more sustainable and renewable technologies, the 

world is still heavily reliant on fossil fuels today as it was in 1973 where 

82.3% of world energy consumption was from fossil fuels (from coal, natural 

gas, oil and electricity that was generated via fossil fuels).10

To defend against these threats, research into renewable sources of energy 

must be undertaken. At present, the renewable energy sector, despite making 

significant technological progress in the past decade, contributes to only a 

minimal 3.4% of the world’s energy consumption (Figure 1). In fact, the 

consumption of renewable energy is so small it is listed as “other.” The 

demand for renewable energy is built off the data shown in Figure 2, where 

the world CO2 emission from fuel combustion from 1971–2016 is shown where 

32,316 Mt of CO2 was generated in 2016 from fossil fuel consumption. The 

novel research (approaches) in thesis addresses the urgent challenges above 

through photocatalytic processes which is economically viable, renewable and 

widely available.
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Figure 1: World Total Final Consumption (TFC) energy consumption from 1973–2016. Adapted from 
reference.10
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Figure 2: World CO2 emissions from fuel combustion from 1971–2016. Adapted from reference.10

Solar energy is the best candidate for a viable renewable energy technology 

as it is the most abundant energy source in the world.11 The Earth receives 

approximately ~4×1024 J year−1 of solar energy, which is ~10,000× more than 

the current world energy consumption per year.11 In other words, only 0.01% 

of the total solar energy irradiation is required to satisfy our energy needs.12 

Combined with the low environmental impact associated with solar energy, 
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solar energy conversion technologies must be considered as a primary 

source of energy production in order to achieve a sustainable future.

Figure 3: Schematic of four reactor types. (a) Type 1 reactor of a particle slurry contained in bags 
separated by an access driveway, (b) Type 2 reactor of particle slurries contained within bags 

assembled in alternative arrangement for O2 and H2 evolution, (c) Type 3 reactor design of an encased 
photovoltaic panel facing the sun, and (d) Type 4 reactor design with a parabolic cylinder receiver 

concentrating light on a linear PEC cell. Drawing not to scale. Adapted from reference.13
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Regardless of the solar energy conversion technology used, improvements 

in efficiency, scalability, and durability are essential for the implementation 

of these technologies. Figure 3 shows four economically feasible large-scale 

hydrogen production plants, excluding current silicon solar cells and other 

currently used technologies. The need for H2 as a fuel source derived from 

overall water splitting will be discussed in the next section. Type 1 and 2 

show photocatalytic powder suspension/slurry type reactors, and type 3 and 4 

show photoelectrochemical reactors. The Department of Energy (DOE – US 

Government) released a report stating that to make the cost of H2 competitive 

with the oil market, the targeted threshold cost of $2.00–$4.00 per kg H2 is 

required.14 The costs of reactor type 1–4 varied from $1.60–$10.40 per kg H2, 

where the powder suspension systems being much cheaper than the 

photoelectrochemical counterpart, assuming material performance targets 

can be met.13 The photocatalytic powder system is intrinsically cheaper than 

most solar energy conversion technologies as no wires or extensive reactor 

materials need to be used (as the powder suspension in water only really 

needs a bag to contain the reaction). Unfortunately, safety concerns related 

with the cogeneration of H2 and O2 in a single reactor may lead to explosions 

or other uncertainties in the reactor’s operation.
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Figure 4: Outlook for world total primary energy supply (TPES) to 2040. Adapted from reference.10

Over the last century, the population increased by a factor of 4, however, 

the energy demand increased by a factor of 24.15 The current population is 

still growing almost linearly, while the energy demand continues to grow 

exponentially. A shift from fossil fuels to solar technologies is essential in 

order to maintain the current trends of globalization sustainably. Figure 4 

shows the outlook and predictions of total primary energy supply (TPES) 

from 2000–2040 from the IEA. Over recent years, governments around the 

world have attempted to initiate certain policies to make a transition from 

fossil fuels to more sustainable technologies. In Figure 4, if these policies are 

fully implemented and followed-through, we may see a rise in renewable 

energy technologies. By 2040, it is expected that renewable energy may take 

up 25% of the global energy marketplace. The vast abundance of solar 

irradiation globally, combined with the low environmental impact makes 
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renewable energy using solar technology the best candidate to ensure energy 

security in the future.

Fundamental phenomena of photocatalysis

Thermal catalysis and photocatalysis are often grouped together and 

considered to follow the same principles and phenomena, however, 

photocatalysis is fundamentally different from thermal catalysis. 

Photocatalysis is defined by the IUPAC goldbook as the “Change in the rate 

of a chemical reaction or its initiation under the action of ultraviolet, visible 

or infrared radiation in the presence of a substance—the photocatalyst—that 

absorbs light and is involved in the chemical transformation of the reaction 

partners.”16 The overall process transforms photon energy into chemical 

energy or chemical products. Figure 5 shows a simplified version of the basic 

phenomena of thermal catalysis and photocatalysis. Conventionally, in 

thermal catalysis, a substrate will react with the “active site” of the catalyst, 

where it is transformed to the desired product. In photocatalysis, light is 

absorbed by the photocatalyst where an electron-hole pair is generated, also 

known as an exciton, and both the photogenerated electron and hole react 

with different substrates simultaneously to obtain two different products.17–19 

Rate equations and constants are frequently discussed in thermal catalytic 

applications as the reactions are generally linear (one reaction at a time 

transforming the substrate to the product), whereas in photocatalysis it is 
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difficult to determine the rate equation as two reactions are occurring 

simultaneously.17,20

Photocatalysts exist both as homogeneous photocatalysts (same phase as 

the reactants) and heterogeneous photocatalysts (different phase than the 

reactants). In this thesis, only heterogeneous photocatalysis will be discussed. 

Typically, homogeneous photocatalysts are easier to characterize and 

generally have faster rates of reactions, however, heterogeneous 

photocatalysts are more industrially relevant due to easier separation of 

catalyst and products.

Figure 5: Conventional catalysis compared with photocatalysis. Reference Adapted from17

There are two key fundamental parameters that decide whether a 

photocatalyst can perform a given redox reaction: 1) the band positions where 

the potential of the conduction band must be more negative than the 

reduction potential of the reactant that will be reduced, and the potential of 

the valence band must be more positive than the oxidation potential of the 

reactant that will be oxidized; and 2) the band gap of the semiconductor must 
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be larger than the thermodynamic potential requirement of the overall 

reaction.18,19,21–23 Both requirements must be met in order to perform a given 

redox reaction.

Figure 6: Scheme representing kinetics of photoexcited carriers in photocatalysis. If a cocatalyst is not 
required, then e−

surf or h+
surf will then go directly to the reactants. This diagram is adapted from24

Once a semiconductor with a suitable band gap and suitable band 

positions is selected, the photocatalyst then undergoes numerous 

photophysical, photochemical, and electrochemical processes while 

performing a catalytic redox reaction which are shown in Figure 6. Where hv 

is the incident photon; α is the absorption coefficient of the semiconductor; 

ebulk


, 
esurf


, ecocat


 are the concentrations of excited electrons in the bulk, 

surface, and cocatalyst, respectively; bulkh

, 
h surf



, hcocat


 are the concentrations of 

holes in the bulk, surface, and cocatalyst, respectively; ke, k’e, ke2, k’e2, kh1, k’h1, 

kh2, k’h2, koxid, and kred, are the rate constants for the specified photoexcited 
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carriers; Erecom is the recombination of an electron and hole; and kr is the rate 

of recombination.

Based off Figure 6, the Equations 1–7 (adapted from24)are derived 

representing the photoexcitation and consumption rate of electrons and holes 

under steady-state conditions.
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From equations 1–6, I is the incident photons, rr is the rate of 

recombination for electrons and holes, and vreact is the overall rate of the 

photocatalytic reduction and oxidation reactions. By substituting Equations 
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1–6 into Equation 7 and by assuming a high light intensity (where I is large), 

then Equation 8 can be derived.

. .e h oxid red
react

r

K K k k I
v

k




(8)

Where Ke and Kh are the equilibrium constants between the forward rate 

and recombination rates of electrons and holes, respectively. Therefore, at 

high light intensities, the rate of photogenerated electrons and holes is equal 

to a half order of the equilibrium constant of the electrons and holes from the 

bulk to the cocatalyst (if no cocatalyst is needed then just from the bulk to the 

surface), the oxidation reaction and reduction reaction rates, the absorption 

coefficient of the material, the light intensity, and the rate of the 

recombination reaction. This indicates that at a certain point, regardless of 

how high the light intensity is, the rate of the reaction will not increase due 

to the intrinsic limitations of the semiconductor, assuming no kinetic issues 

from the oxidation or reduction reactions. There are multiple possibilities for 

these intrinsic limitations in the semiconductor which are shown in Figure 7.

As shown in Figure 6, heterogeneous photocatalysis is a complicated 

subject due to the combination of various photophysical and electrocatalytic 

processes which are further elaborated in Figure 7.25,26 Photocatalysis consists 

of 6 main components which need to work in unison in order to achieve a 

successful conversion of reactants to products, and each of these components 

can be broken down to further variables. The 6 components in order are 
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photon absorption, exciton separation, carrier diffusion, carrier transport, 

catalytic efficiency, and mass transfer of reactants/products from the bulk of 

the solution to the semiconductor-electrolyte interface.

Figure 7: Time scales of different parameters associated with photocatalysis.  Adapted from 
reference.25

Photocatalysis has not yet received significant attention from industry due 

to many variables that are difficult to manipulate and due to low efficiencies 

(defining efficiency in photocatalysis is discussed in Chapter 1). The low 

efficiencies in heterogeneous photocatalysis can be attributed to the 

significant difference in time scales from gear 1 gear 6 shown in Figure 7. 

The first step of photon absorption occurs on the femtosecond scale whereas 

the last step of the surface redox reaction occurs between the micro- to 

millisecond scale depending on the reaction. If photoexcited electron-hole 
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pairs are being generated at the femto- or picosecond and cannot be 

effectively used immediately, then they will recombine. In other words, the 

absorbed photon was not effectively used to convert the reactant into the 

product, thereby lowering the efficiency of the system.

The surface redox reactions that are performed in photocatalysis can be 

compared with electrocatalysis, which is why photocatalysis can be described 

as a nano-photoelectrochemical cell.27–29 A typical heterogeneous 

photocatalyst consists of two components: a light absorbing semiconductor 

and a metal nanoparticle referred to as a cocatalyst. The function of a 

cocatalyst is two-fold. The first is to enhance charge separation by 

accommodating electrons and holes, and the second is to lower the kinetic 

barrier to catalyze redox reactions.30 Therefore, a cocatalyst is functionally 

the same as an electrocatalyst, and conventionally, most cocatalysts are 

selected based off of their electrocatalytic performance. The focus of this 

thesis will be on gears 5 and 6 from Figure 7, as electrocatalysis is a powerful 

tool that can help us understand fundamental principles of photocatalysis.

Overall water splitting: H2 as fuel

One of the most viable energy alternatives from fossil fuels is hydrogen as 

it offers clean combustion creating neither air pollutants nor greenhouse 

gases, has a potential of unlimited supply (such as photovoltaics in 

conjunction with electrolyzer), provides non-exclusive access around the 
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globe, and has higher energy efficiency than gasoline.15,31,32 However, current 

technologies for generating and storing hydrogen are expensive or inefficient 

and, therefore, research in this direction is the strongest case for creating a 

viable, stable alternative to fossil fuels.33 Converting solar energy into a 

transportable chemical and fuel using a raw material with high natural 

abundance such as water is a desirable scientific and economic goal.

Overall water splitting using a photocatalyst is commonly referred to as 

artificial photosynthesis as shown in Figure 8. Plants are known to convert 

CO2 and H2O into sugar and O2 via photosynthesis, which from a 

thermodynamic point of view is an uphill reaction.18 Similarly, artificial 

photosynthesis is also an uphill reaction as the ΔG0 of the reaction is 237 kJ 

mol−1 and the ΔH0 is 286 kJ mol−1 as shown in Equation 9.34

2 2 22H O 2H O  (9)

Figure 8: Photosynthesis and artificial photosynthesis. Adapted from reference.18
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As discussed in the previous section, photocatalysis can be described as a 

nano-photoelectrochemical cell. Equation 9 is the overall electrocatalytic 

reaction that is performed, however, it is not done directly, but instead can be 

broken down into two half reactions known as the hydrogen evolution 

reaction (HER) and the oxygen evolution reaction (OER). Equation 10 

converts the energy into the standard cell voltage:

0 0G nFE  (10)

Where n is the number of electrons, F is Faraday’s constant, and E0 is the 

standard cell voltage. From Equation 10, 1.23 V is the calculated 

thermodynamic requirement to perform water electrolysis, i.e. split water 

into H2 and O2.

The thermodynamics of both half reactions, HER and OER, can also be 

calculated using the Nernst equation shown in Equation 11.

0 ln O
eq

R

aRT
E E

nF a

 
   

  (11)

Where Eeq is the equilibrium potential, R is the universal gas constant, T is 

the temperature, and ai is the activity of species i. Using Equation 11, we can 

calculate the equilibrium potentials for the HER and OER on the standard 

hydrogen electrode (SHE)34 scale shown in Equations 12 and 13 below.

HER : 0.059 pHeqE    (12)

OER : 0.059 pH+1.23eqE    (13)
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It is critical to note that the equilibrium potentials for HER and OER shift 

based on the pH of the system. Therefore, to simplify things when discussing 

water splitting, often the reversible hydrogen electrode (RHE) scale is used as 

the difference between HER and OER is always 1.23 V irrespective of the pH. 

Now that we established the thermodynamic requirements for water 

splitting, the kinetics and mechanisms will be discussed. There are two 

possible mechanism for the HER, depending on the pH of the solution, which 

include hydronium ion reduction (Equation 14) or water reduction (Equation 

15).34

3 2 22H O 2 H 2H Oe     (14)

2 22H O 2 H 2OHe    (15)

And similarly is applied to the OER for water oxidation (Equation 16) or 

hydroxide ion reduction (Equation 17).34

+
2 2 36H O O 4H O 4e   (16)

2 24OH O 2H O 4e     (17)

From equations 16–17, we can see the OER is a 4 electron process making 

overall water splitting a difficult reaction to achieve as it is kinetically 

sluggish. However, this reaction is still highly desirable for the scientific 

community as the products generated from water splitting are H2 and O2, and 

consequently burning H2 as a fuel only produces H2O as a byproduct making 
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it a sustainable and carbon-free fuel. There are currently 5 discussed ways of 

performing the water splitting reaction using photons as the energy source 

and are shown in Figure 9.

Figure 9: Schematics of different configurations for water splitting: a) photocatalytic water splitting, b) 
photoelectrochemical water splitting, and (c-e) are photovoltaic + electrolyzer configurations including 
c) wired, d) partially wired, and e) wireless. Adapted from reference.34

The focus of this thesis, except for Chapter 5, will be on Figure 9a of 

photocatalytic water splitting. What makes photocatalysis attractive 

compared to its counterparts of photoelectrochemical (Figure 9b) and 

compared to the common photovoltaic (PV) and electrolyzer systems (Figure 

9c,d) is that it contains no wiring or expensive membranes making it 

inherently cheaper than most systems. The two main drawbacks of 

photocatalytic water splitting is the co-generation of H2 and O2 in the same 

atmosphere and current efficiencies are very low. Currently, only PV + 

electrolyzer systems in Figure 9c-e have been successfully commercialized, 
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primarily using silicon cells, as their efficiencies are close or surpassed the 

10% solar-to-hydrogen efficiency (STH).35 10% STH is currently considered 

the benchmark efficiency in order to be commercially viable.11 The most well-

studied photocatalytic powder material is TiO2, due to its initial discovery by 

Honda and Fujishima in 1972 from their major breakthrough paper titled 

“Electrochemical Photolysis of Water at a Semiconductor Electrode.”36 Since 

then, hundreds of papers on various photoredox catalysis including water 

splitting have been published, but commercialization cannot be reached using 

wide band gap materials as they can only absorb UV light irradiation.37 UV 

light (< 400 nm) only accounts for less than 5% of the total irradiation from 

the sun to the surface of the earth, while visible light (400–800 nm) 

represents the majority of incoming solar irradiation.26 Therefore, in order for 

photocatalytic powder systems to be commercially viable, the semiconductor 

must be a visibly-light responsive material to achieve a satisfactory STH 

efficiency as shown in Figure 10.
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Figure 10: Number of photons using a solar simulator where the theoretical solar-to-hydrogen 
efficiency is integrated from a low wavelength to a higher wavelength at Quantum Efficiencies (QE) of 

30%, 60%, and 100%..  Adapted from reference.38

The black line in Figure 10 corresponds to the photon number (×1014 

photons cm−2 s−1 nm−1) coming from a solar simulator (AM 1.5G). the quantum 

efficiencies (QE) are integrated from lower to higher wavelengths at 30%, 

60%, and 100% with the corresponding STH efficiency on the left y-axis. 

Efficiency definitions will be further discussed in the next chapter, but 

briefly, QE refers to the efficiency at a defined wavelength and STH is 

defined at all wavelengths. In other words, if a 30% QE integrated from 300–

1000 nm would lead to a STH of approximately 15%, while 100% QE from 

300–1000 nm would lead to a STH of approximately 50%. Currently, the best 

practical, stable, and scalable photocatalytic powder system has reached 0.4% 

STH from Professor Domen’s lab using a 1 × 1 m panel of RhCrOx/SrTiO3:Al.39 

The low efficiencies by current photocatalytic powders is the main limitation 

preventing practical use. The most practical materials so far are all UV 

responsive materials, and even if they obtained 100% QE up to 400nm, it 

would only correspond to less than 5% STH which is well below the 

benchmark efficiency needed.

In addition to low intrinsic efficiencies from the semiconductor, many 

photocatalysts suffer from unwanted side reactions which further decrease 

their efficiency.40–44 Most heterogeneous photocatalysts require a noble-metal 

cocatalyst, typically Rh or Pt, to lower the kinetic barrier for the HER. 
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However, these same noble-metals are not only efficient at water splitting, 

but they can also effectively do the reverse of Equation 9. Basically, noble-

metals can do both the forward water splitting reaction and the reverse water 

formation reaction from H2 and O2, thereby consuming the desired products. 

In recent years, this unwanted water formation reaction has been suppressed 

by the addition of a protective layer (CrOx) over the metal nanoparticle and 

will be further discussed in Chapter 3. Alternatively, the side reaction can be 

prevented without a protective layer by changing the intrinsic properties of 

the metal cocatalyst from metallic to oxidized, which will be further discussed 

in Chapter 4.

To summarize, using only solar energy to split water (an abundant 

resource) into H2 as a fuel is a desirable goal from a scientific, economic, and 

environmental perspective. The splitting of water into H2 and O2, followed by 

the subsequent burning of H2 in air is not only a more efficient fuel than 

gasoline, but also generates no greenhouse gases in its emission making it an 

environmentally-friendly process. The most prominent issue preventing the 

implementation of this technology is a lack of efficient visible-light responsive 

semiconductors. The focus of this thesis is to further understand the 

fundamental concepts of the photocatalytic process.
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Photoredox catalysis for organic synthesis: Trifluoromethylation of 
heteroaryl compounds

The field of photoredox catalysis has been growing tremendously in recent 

years, and has revolutionized organic synthesis by providing cheaper 

alternatives and milder conditions for the construction of complex 

molecules.45 From the past three decades, photocatalytic powders were 

unsuccessful to reach 10% STH efficiency for H2 generation. Although low 

success was shown for water splitting, many scientists have discovered that 

heterogeneous photocatalysts can be effectively used for the synthesis of 

valuable organic compounds.

Figure 11: Redox potentials and band gap values for common inorganic semiconductors compared with 
redox potentials of homogenous sensitizers. Ru refers to [Ru(2,20-bipyridine)3]2+, Ir refers to fac-
[Ir(phenylpyridyl)3]. SCE is the saturated calomel electrode used as a reference.  Adapted from 
reference.45

Figure 11 shows the band gap of common inorganic semiconductors 

compared with sensitizers that are frequently used in organic synthesis. Ru 

and Ir homogeneous catalysts and sensitizers have been demonstrated to 
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perform a wide variety of different organic reactions with high efficiencies. 

However, Ru and Ir are expensive noble-metals, and it is highly desirable to 

replace them with cheap and commercially available catalysts. From Figure 

11, TiO2, CdS, ZnS and C3N4 are viable alternatives as they have similar 

band gaps to their Ru and Ir counterparts and therefore, could theoretically 

perform the same reactions. As discussed previously, inorganic 

semiconductors such as TiO2 and ZnS are not preferred as their band gaps 

are very large and therefore are UV light responsive. CdS is an ideal 

candidate to perform photoredox catalysis for organic synthesis. Initially, 

CdS was perceived as an ideal photocatalyst for water splitting as it has a 

suitable band gap and band positions for HER and OER, however, CdS was 

found to be unstable in aqueous conditions due to surface oxidation and 

leaching of S2− into solution.21 Fortunately, CdS is stable in organic media 

making it a viable visible light responsive photocatalyst for organic redox 

reactions.46–48
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Figure 12: Potential range of common solvents and redox potentials of common organic functional 
groups. Potentials referenced to SCE.  Adapted from reference.49

Similar principles are required for photocatalysis of organic compounds 

that were discussed in the “Fundamental phenomena of photocatalysis” 

section. Of course, suitable band gap and band positions are required, and the 

common redox potentials of organic functional groups can be found in Figure 

12. An additional consideration that must be taken into account is the redox 

potential of the organic solvent. The desired organic reaction should have a 

potential range within the redox potential range of the solvent. If the 

potential range is outside the range of the solvent, then the solvent will 

undergo the reduction or oxidation reaction instead of the desired reactant.

For this thesis, CdS was used to perform the trifluoromethylation of 

heteroaryl compounds. Trifluoromethylation is any organic reaction that 

introduces a trifluoromethyl group in an organic compound,50 and in this 

case, the CF3 moiety will be added to heteroaryl compounds. The 

trifluoromethylation of heteroarenes is a relevant reaction in the field of 

medicinal chemistry for the synthesis of pharmaceuticals.51 The electron-

withdrawing CF3 moiety on pharmaceuticals increases the robustness of the 

organic molecule towards oxidative metabolism from enzymes in the human 

body. Preventing the degradation of pharmaceutical drugs is a research focus 

in medicinal chemistry to improve the effectiveness of the drug. Current 

synthetic methods require a multi-step synthesis including a 
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prefunctionalization step of adding a halide to the arene first, followed by the 

substitution of the halide with the CF3 moiety.52 Performing the 

trifluoromethylation in a single-step using CdS (a cheap commercial catalyst) 

under mild conditions with high yields is discussed in Chapter 5, and is a 

viable alternative to other catalysts for this reaction.

Scope of dissertation

This thesis aims to discuss and explore fundamental concepts in 

photocatalysis. Chapter 1 discusses how to report photocatalytic efficiency 

accurately and fundamentals in reactor design. Chapters 2-4 describe overall 

water splitting using SrTiO3 as a model photocatalyst. Chapter 2 describes 

photocatalysis as a nano-photoelectrochemical cell and explores the intrinsic 

benefit of photocatalysis over conventional photoelectrochemical or 

photovoltaic + electrolyzer sysmtems. Heterogeneous photocatalysts are the 

only materials that effectively performs electrolysis at the nanoscale. Chapter 

3 addresses a fundamental problem in overall water splitting which is the 

recombination of H2 and O2 back to water. This is a common problem for 

systems consisting of noble-metal cocatalysts decorated on inorganic 

semiconductors. Chapter 3 describes coating Pt (noble-metal cocatalyst) with 

a layer of CrOx which successfully suppressed the unwanted water formation 

reaction. Chapter 4 discusses the same topic as Chapter 3, but demonstrates 

that changing the intrinsic nature of Pt from metallic to oxidized can also 
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suppress the unwanted water formation reaction. Chapter 5 steers away from 

overall water splitting and SrTiO3, and instead discusses the 

trifluoromethylation of heteroarenes using visible-light responsive CdS as a 

photocatalyst. Photocatalysis has not yet reached a stage of viable 

commercialization, but with continuous research and understanding, future 

scientists may be able to design effective cocatalysts for commercial 

processes, whether it be for overall water splitting or organic synthesis of 

high-value compounds.
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1. CHAPTER 1: INSIGHTS ON MEASURING AND REPORTING 
HETEROGENEOUS PHOTOCATALYSIS: EFFICIENCY DEFINITIONS AND 

SETUP EXAMPLES

1.1. Abstract†

Heterogeneous photocatalysis is a potentially competitive solution for the 

direct production of solar fuels. This research field has seen tremendous 

growth over the last five decades, and with such an exciting research topic, it 

has seen—and will continue to see—an increasing number of papers being 

published in a variety of journals. However, it is becoming increasingly 

difficult to compare the efficiencies of heterogeneous photocatalyst powders, 

because different researchers report their results in different ways. Efforts 

have been made to create standards for reporting data in this field, but there 

continues to be a discrepancy in published works. This article intends to 

clarify efficiency definitions, and clarify misconceptions as to why researchers 

should avoid reporting rates of evolution per gram, per surface area of 

catalyst, or as turnover frequencies (TOFs) alone, to be able to compare 

photocatalytic efficiency among different materials. By providing an example 

of a photoreactor for water splitting in the authors’ laboratory, the paper also 

intends to guide new researchers in the field. This article does not discuss 

how to improve photocatalysis but rather how to improve the reporting of 

† This thesis chapter was adapted from:
Qureshi, M.; Takanabe, K. Insights on Measuring and Reporting Heterogeneous 
Photocatalysis: Efficiency Definitions and Setup Examples. Chem. Mater. 2017, 29 (1), 
158–167. https://doi.org/10.1021/acs.chemmater.6b02907.
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photocatalysis to ensure reproducibility and effective benchmarking. 

Researchers should not only ensure that they have all the appropriate 

characterization and statistical data to support their claims but should also 

recognize that improperly reported data may lead to faulty benchmarking 

that prevents their results from being compared with those of other 

photocatalysts, inhibiting the progress of photocatalytic research.

1.2. Reporting photocatalytic efficiency

Despite significant efforts by the editorial boards of the American 

Chemical Society (ACS) journals to standardize reporting,1 there still remains 

notable inconsistencies in the reporting of the properties of materials and 

devices. This is also the case for solar energy conversion studies using 

semiconductor-based materials.2,3 Some of the literature is dedicated to 

discussions of the “best practices” and “perils” associated with measurements 

and data analyses, including studies on solar cells,4 photoelectrochemical 

(PEC) cells,5,6 and heterogeneous photocatalysts.7,8 Rajeshwar summarized 

the development of the field of semiconductor/electrolyte interfaces for solar 

energy conversion, starting from its initiation in the 1950s.9 Even though 

such a long period of time was devoted to improving the efficiency of solar 

devices, no rigorously scientific consensus on the comparison of reports under 

different conditions, across laboratories, and for different detectors/ reactors 

has been achieved. Particularly, this is the case for heterogeneous 
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photocatalysis using a powder suspension system, which will be our focus in 

this article.

Many studies aim at improvements in the “photocatalytic efficiency” by a 

cell/reactor/device containing heterogeneous photocatalysts. The terminology 

for reporting the photocatalytic efficiency is diverse, essentially because 

different fields of study use different words to report the same efficiencies. 

Table 1 compiles the definitions of efficiencies that are used and 

recommended in the literature. Preferably, absorbed photons should be 

counted, enabling the description of the efficiency using their rigorous 

consequence. An International Union of Pure Applied Chemistry (IUPAC) 

report made by researchers who study photocatalysis for environmental 

remediation (mainly TiO2-based materials) recommends the use of quantum 

efficiency using absorbed photons.10 (Readers are also referred to the 

standardization of photocatalytic measurements for remediation 

experiments, e.g., the ISO 10678 standard test method.11) Especially in a 

powder suspension system, it is practically impossible to rigorously measure 

absorbed photons by the photocatalysts due to light scattering, reflection, etc. 

In practice, measurements of the incident photons are effective because they 

can be rigorously measured using, e.g., a photodiode by a separate 

experiment. The photonic efficiency is defined based on incident photons.10 

When monochromatic light is available, the term photonic yield is 
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recommended.10 Another review article on photocatalytic water splitting 

defines the apparent quantum yield12 with a definition that corresponds to 

the photonic efficiency. The photo-electrochemical study community uses 

internal quantum efficiency (per absorbed photon) and external quantum 

efficiency (per incident photon).13 In all of the above, these terminologies only 

concern the number of photons, regardless of the photon energy (i.e., 

wavelength), and thus the energy of the incident photons should be 

additionally specified (e.g., “10% photonic efficiency at 420 nm”).

The IUPAC defines energy efficiency as the “ratio between the useful 

energy delivered or bound and the energy supplied, i.e., energy output/energy 

input”.10 When solar energy conversion is a concern of the study, the standard 

energy used is typically one sun, using a solar simulator (Air Mass 1.5 Global 

(AM 1.5G) illumination; 100 mW cm−2). For instance, when the water 

splitting is the primary reaction, the solar-to-hydrogen (STH) efficiency can 

be calculated, defined as the “chemical energy of the hydrogen produced (1.23 

eV or 237 kJ mol−1) divided by solar energy input from sunlight incident on 

the process”.13 If CO2 reduction is the target, the thermodynamics of the 

respective product formations should be used. Essentially, the STH efficiency 

can be calculated from the integration of the quantum efficiency over all 

wavelengths, but it is crucial to understand that the information provided by 

the values of the energy efficiency and quantum efficiency is totally different 
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at different incident wavelengths. For example, each ultraviolet (UV) photon 

(<400 nm) carries a high amount of energy (>3.1 eV), and therefore more than 

half of the energy is dissipated to obtain hydrogen (1.23 eV).14 In addition, as 

the solar spectrum contains fractional numbers of photons in the UV region, 

the theoretical maximum STH using UV light is only 3.3% (assuming a 100% 

quantum yield). Therefore, if researchers are attempting to develop a high-

STH system (typically >10%),14 they should consider materials that absorb in 

the visible region. The STH efficiency cannot be reported with any sacrificial 

reagent or applied bias (if using a PEC cell), and O2 should always be the 

oxidation product to correctly calculate the STH efficiency.13,15 In PEC mode, 

appropriate correction of energy efficiency calculation is essential when an 

applied bias is used. (Readers are referred to the PEC standardization 

handbook,13 where measurements in a two-electrode system (not a three-

electrode system) are emphasized to report true stand-alone efficiency of the 

device.) In the case of water splitting as an example, subtracting the bias 

voltage from 1.23 V should be used, namely, the applied bias photon-to-

current efficiency (ABPE).13,16 For example, reporting the photocurrent at 

applied bias of 1.23 V gives zero ABPE by definition (the system does not 

convert and store any solar energy as a useful form). In any case, the 

definition of how the efficiency is calculated should be reported for every 

research article.
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1.3. Reporting the photocatalytic rate

It should be emphasized that the primary concern in photocatalysis for 

energy conversion is associated with the consequence of the photons, 

regardless of the amount of photocatalyst. Because the incident photons are 

used to evaluate the photocatalytic performance, the reactor/cell performance 

should be recorded under the conditions where the photon absorption and the 

resultant performance by the reactor/cell containing the photocatalyst 

materials are maximized. Under such conditions, the amount of photocatalyst 

(also corresponding to the number of available active surfaces) should not 

alter the photocatalytic performance. This factor leads to an important 

consideration: The photocatalytic rate should not be reported per weight of 

photocatalyst (or surface area) unless photoreactor engineering is the 

primary concern.17 For instance, if the amount of photocatalyst is doubled, 

the rate of evolution will not always be doubled.

An excellent note addressing this issue was provided by Kisch and 

Bahnemann.18 Rate constants in conventional thermal heterogeneous 

catalysis are only dependent on the temperature, reactant, and product 

activities (concentrations), and identity of the catalyst, where the rate is 

generally proportional to the number of active sites. On the other hand, as 

Kisch and Bahnemann noted, the photochemical rate constant is 

interestingly not a constant but rather is dependent on the quantum yield, 

incident light intensity, light path, extinction/absorption coefficient, and even 
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the reactant and product activities.18 As will be described later in a more 

specific way, the photocatalytic rate, therefore, is not proportional to the 

number of reacting surface sites (surface area) of the photocatalysts, and 

accordingly, not to the amount (weight) of (photo)catalyst. This is a crucial 

point because this essentially determines how the photocatalytic 

measurements should be conducted. In photocatalysis, because photons must 

be effectively consumed, their number or energy arriving to a given geometric 

surface area (and not the surface area of the semiconductor powder) will 

define the denominator of the efficiency calculation.

Refer to Figure 1.1 in which the dependence of the reaction rate on the 

photocatalyst amount (concentration) in a solution is plotted. Compare 

photocatalysts A—C in the figure. Which one is the most efficient 

photocatalyst? Under differential conditions, where there is not sufficient 

photocatalyst present to attain an optimal rate, the slope is steeper for 

photocatalyst A than for photocatalysts B and C. This is a consequence of the 

high absorption coefficient, photon scattering/reflection, and/or degree of 

suspension of the powders (often related to the photocatalyst aggregate size). 

Because there is no knowledge of what percentage of the light is absorbed by 

the photocatalyst, the photocatalytic efficiency cannot be compared correctly. 

At optimal rates on the plateau regions, it is seen that photocatalyst B 

becomes superior. When photonic efficiency is the main concern, 
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photocatalyst B should be considered as a superior photocatalyst to provide 

the highest photonic efficiency. Now let us compare photocatalysts A and C. 

Lowering the required amount of photocatalyst can be achieved, e.g., by 

altering the degree of suspension and light scattering. An example of this 

aspect is the use of a supported photocatalyst: a uniform suspension of Ta3N5 

supported on inert SiO2 spheres reduces the amount of photocatalyst required 

to achieve a plateau.19 In another example, the optimal rate at the plateau 

(intrinsic photocatalyst efficiency) of CuGa2In3S8 was not perturbed with or 

without the TiO2 support, and the optimal rates were identical.20 This 

suggests that the required amount of photocatalyst was reduced when the 

support was used, but the intrinsic photocatalytic efficiency of those 

photocatalysts was not altered by the presence of the supports (i.e., the 

photonic efficiencies are identical for photocatalysts A and C).
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Figure 1.1: Rate of gas evolution, as a function of photocatalyst amount in a given photoreactor. The 
slopes represent differential conditions and the plateaus represent optimal catalyst loading conditions.

The climax of photocatalysis is the surface electrochemical redox reactions. 

To facilitate the reactions, the photocatalyst semiconductor surface is 

effectively decorated with electrocatalyst nanoparticles (often called the co-

catalyst). Similar confusion is often observed and obsoletely discussed in the 

literature, in which the photocatalytic rate is reported per surface area or 

turnover frequency (TOF), defined as the molar rate per mole of available co-

catalyst surface. In multiple electron transfer reactions, such as water-

splitting reactions, the co-catalysts are nothing but electrocatalysts where 

their potentials are shifted by successful carrier transfers from the 

photocatalyst (photon absorber). This is because the time scale of 

electrocatalysis is much slower than the required time scale for charge 

separation (electrons and holes are accommodated as charge-up phenomena 

in the catalyst). Such a potential shift of the electrocatalyst on the 

semiconductor upon light illumination has been observed experimentally. It 

is noted that the electrocatalyst nanoparticles on the semiconductor powder 

become active not because of their existence themselves, but because of the 

consequence of the charge separation and resultant potential shift. For 

example, hydrogen will not be catalytically produced from any metal surface 

unless the electrocatalyst potential is negatively shifted (close to 0 V vs 

RHE), because of thermodynamic constraints. In electrocatalysis, the TOF is 
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potential-dependent, so that TOF varies even though the electrocatalyst is 

identical (in terms of identity and surface area). A higher light intensity 

essentially causes a higher degree of potential shift (up to flat band 

potential), resulting in an enhancement of the overall rate of reaction. On top 

of this, the potential shift may not be uniform on the photocatalyst surface, 

meaning that some electrocatalysts on the semiconductor have a negative 

potential while other electrocatalysts on the same particle have a positive 

potential.21–23 Even if all of the particles are equally charged up, the potential 

shift is determined as a consequence of the charge separation of the material. 

In addition, photocatalysis occurs in a dynamic system (especially when the 

powders are stirred in the solution), meaning that the potential of the 

electrocatalyst is always changing with each absorbed photon and does not 

remain constant throughout the entire reaction. Even if accurate 

measurement of the number of active sites is achieved, how many are 

actually actively working and at what potential?

If the potential shift of the electrocatalyst is not uniform on the surface of 

the photocatalyst, the TOF per active site is an average value that provides 

limited or no meaningful information. If the potential shift is identical 

everywhere, our simple simulation shows that the TOF must vary with 

different electrocatalyst dispersions. Figure 1.2B shows the TOF based on the 

available surface of hydrogen evolution catalyst, apparent quantum efficiency 
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(AQE), and STH efficiency based on the powder photocatalyst modeled in 

Figure 1.2A with varying sizes and distances of the electrocatalyst.24 It is 

seen that, in this model, the TOF monotonically decreases with the 

increasing catalyst size, but this trend is not reflected in the overall AQE and 

STH efficiency. A smaller particle (or greater surface area) does not 

necessarily result in the best overall STH efficiency, and moreover, a high 

TOF does not always lead to a high photocatalytic efficiency value of the 

entire system.
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Figure 1.2: (A) Particulate simulation models performed on various sizes of hydrogen-evolving 
electrocatalyst particles dispersed on the surface of a circular 100-nm n-type semiconductor. The rows 
show changing interparticle distance between electrocatalyst nanoparticles and the columns show a 

different electrocatalyst size. Typical properties of defective semiconductor powders were considered for 
the calculations.24 (B) The apparent quantum efficiency (AQE), the solar-to-hydrogen (STH) efficiency, 

and turnover frequency (TOF) per hydrogen evolution surface site calculated based on the model shown 
in panel (A). No correlation between photocatalytic performance and TOF (per electrocatalyst surface) 

is observable.
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It is reinforced that the charge separation efficiency strongly affects the 

overall efficiency in photocatalysis, the process of which is not involved in 

conventional thermal catalysis. The example shown in Figure 1.2 also implies 

that the total surface area of the photocatalyst does not affect the 

photocatalytic performance (the photocatalytic efficiency varies when the 

photocatalyst particle size is identical). This clearly indicates that the 

heterojunction, such as the metal-semiconductor and semiconductor-

electrolyte interfaces, is the driving force for the charge separation.24 The 

high surface area helps to improve the overall efficiency only if effective 

charge separation is achieved by the increased surface (e.g., by successful 

electrocatalyst decoration). Instead, the diffusion length of the charge 

carriers should be taken into account to determine the size and morphology of 

the photocatalyst. The surface state of the semiconductor is also known to 

enhance charge recombination, and, if this is the case, an increase in surface 

area only causes a reduction in the photocatalytic efficiency.

That being said, surface area is still an important parameter in some 

photocatalytic reactions and, therefore, is recommended to be separately 

reported regardless. In some photocatalytic reactions, the rate may be limited 

by the adsorption process of the reactant to the surface. Examples include 

degradation of organic pollutants, especially under diluted conditions in both 

gas phase and liquid phase. If this is the case, the larger amount of 
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photocatalyst with higher surface area would show superior performance. 

Similarly, if adsorption of sacrificial reagent, when used, limits the overall 

efficiency, the contribution of surface area on the activity cannot be ignored. 

Under such reaction conditions, where adsorption of reactant is kinetically 

relevant, a “dark” process is involved in determination of the overall 

“photocatalytic” performance, and essentially a loss of the photonic efficiency 

is expected, because the charge recombination should happen when no 

reactant is apparent on the surface.

Recent and present publications reporting rates per weight cannot be 

effectively benchmarked for the photocatalytic efficiency. The rate-per-weight 

data cannot be compared with other photocatalyst materials, even in the 

same photoreactor, and obviously in cross-laboratories. The rate-per-weight 

results are specific to the material and the reactor and do not reflect the 

intrinsic photocatalytic efficiency. Instead, the optimal rate should be 

reported (see Figure 1.1). Alternatively, rates per surface area of the 

photocatalyst at optimal rate may be able to discuss kinetic relevance and 

contribution of dark processes (such as adsorption/desorption). Also, rate-per-

surface-area data may be associated with the charge separation efficiency 

induced by the different surface area (interface) and particle size, but surface 

area itself is not the direct measure of the charge separation and resultant 

photocatalytic efficiency. With regard to rates per available site of the 
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electrocatalyst on the semiconductor (TOF), as mentioned previously, 

electrocatalytic rates are potential-dependent. TOF includes the information 

on the successful charge separation and resultant potential shift of the 

electrocatalysts, besides electrocatalytic activity (per site). For example, when 

particle size of the electrocatalyst (such as Pt on TiO2) is a primary concern, 

not only the size, but the number (concentration) and position (arrangement) 

of such active sites on the semiconductor will affect the overall performance. 

This is simply because charge separation/extraction must happen before 

electrocatalysis occurs. Therefore, one should be aware that a high TOF does 

not necessarily reflect high overall photonic efficiency (see Figure 1.2). 

Overall, thorough consideration should be given to what can be discussed by 

normalizing the photocatalytic rates per such parameters (weight, surface 

area ,and available site).

1.4. Light source and photon flux

It is clear from the above discussion that the optimal rate should be able to 

be accurately and reproducibly measured, regardless of the photoreactor. 

Because the optimal rate is a function of the light intensity,18 the photon flux 

(the number of photons as a function of the wavelength) should be adequately 

reported. Some papers report the rate of photocatalysis in the abstract or 

conclusion of their papers, but these values themselves are meaningless 

without indicating experimental conditions, including incident photons. 



69

Actual measurement of the photon flux is recommended because there are 

many cold mirrors, mirror modules, and filters that can be integrated for the 

lamps, so incident light profiles should be measured for the relevant 

experiments. The light intensity can be measured using a calibrated 

photodiode, which should be placed in the same location as the photoreactor. 

Figure 1.3A shows an example of photon distribution using a Xe lamp at a 

given power input (Cermax Model PE300-BF, 300 W), showing how the 

spectra can change by using cold mirrors and cutoff filters. The National 

Renewable Energy Laboratory (NREL) air-mass (AM) 1.5 G (100 W m−2) is 

also shown for comparison. The use of cold mirrors is effective because they 

cut off infrared (IR) light, which otherwise unnecessarily heats up the 

photoreactor. A higher irradiance is observed in the UV region when using a 

UV cold mirror (CM2), and this peak decreases significantly when using a 

UV-vis cold mirror (CM1). The shoulder of the UV region peak can be 

trimmed off even more by using a cutoff filter at 420 nm (L42), which is 

particularly useful when proving that materials are visible-light active. It is 

obvious that reporting the incident light by the measured photon flux is 

essential for the rigorous reproduction of the photocatalytic results (e.g., only 

mentioning a “300-W Xe lamp” is not sufficient!). The authors’ laboratory also 

uses a MAX-303 from Asahi Spectra Co., Ltd. This lamp equipment utilizes a 

sophisticated mirror module to select the required range of wavelengths (UV 
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(250–385 nm), UV-vis (300–600 nm), and vis (385–740 nm)). This mirror 

module effectively cuts out the IR lamp with no significant increase in 

temperature, even for long-term experiments. Switching filters (cutoff, band-

pass, etc.) is easy in a preinstalled system. A light guide (optical fiber with an 

adequate lens) can also be attached to the MAX-303, which produces a 

flexible orientation of the illuminating light and a uniform intensity and 

distribution of photons in a given geometric area. The light guide essentially 

changes the illuminated area in an easy manner. Also note that the lamp has 

a lifetime, so that the light intensity decreases with continued usage, so that 

the intensity should be adequately adjusted or reported according to the 

lifetime.

Figure 1.3: (A) Comparative spectra of the power (W), as a function of wavelength for AM 1.5G solar 
simulator with a Xe lamp (Cermax Model PE300-BF, 300 W) using different cold mirrors (UV and UV-
vis) and a cutoff filter (>420 nm). (B) Photon flux (distribution and the photon numbers) of a MAX-303 

Asahi Spectra Co. Ltd. Xe lamp using different band-pass filters.

The same argument is also applied for the quantum efficiency calculation 

at the given wavelengths. It is important for researchers to fully characterize 
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the photon number and distribution of their light source. The exact number 

of photons at each wavelength must be determined to calculate the quantum 

efficiency. Because monochromatic light is not always available, band-pass 

filters, in conjunction with a heterochromatic light source, can be used 

instead. Ideally, the bandpass filter would only let through a single 

wavelength, so that the quantum efficiency can more accurately be 

determined, but this is not the case. Nevertheless, the quantum efficiency can 

still be estimated with these values at each wavelength corresponding to the 

band-pass filter, but these results should be taken with a grain of salt, 

because we know that it permits a small distribution of light around that 

wavelength to go through. An example of photon flux using various band-pass 

filters dedicated to the Asahi Spectra MAX 303 is shown in Figure 1.3B.25,26 

The distribution of the photons as a function of the wavelength, together with 

the total number of photons per time in each spectrum, is reported. The 

photonic efficiency then can be calculated from the measured photocatalytic 

rate divided by the photon flux involved in each bandpass light. These details 

are essential to be scientifically reproduced by any other laboratory. Greater 

complexity of photocatalysis arises because the photonic efficiency may not be 

proportional to the light intensity, but this itself is the field of study, and 

thus this report only makes mention of it for future study.
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1.5. Reactor design

Note that the optimal x-axis value in Figure 1.1 (photocatalyst amount or 

concentration loaded) is dependent on the light source and photoreactor. It 

also is dependent on the aperture of light source, the distribution of light 

intensity, the shape of the photoreactor, and the amount of solution, etc. 

Therefore, the design of the reactor is also crucial to understanding the 

evolution rate observed in the system. As in any chemical reaction system, 

researchers are encouraged to describe their experimental conditions in full 

detail, including the temperature and pressure of their system, as well as the 

type of light source used. As suggested by Buriak et al., the reactor setup, 

reaction conditions, and schemes and photographs of the experimental 

apparatus with dimensions are very helpful with regard to reproducing the 

photocatalytic results.7 Each laboratory worldwide has a different 

photoreactor setup, and therefore the optimal loading and conditions will be 

different, but the rate at this optimal rate (photonic efficiency) should be the 

same with a similar light intensity.

Historically speaking, the photocatalytic efficiency for water splitting was 

so low that a lamp with high intensity, such as a high-pressure mercury 

lamp, and a large quantity of solution was frequently used to be able to detect 

gaseous products.12 The low efficiency also necessitated the use of a batch 

reactor to accumulate the gaseous products with time. In the case of water 

splitting, because water as a reactant dissolves oxygen, which may interfere 
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with the accurate quantification of the oxygen product, batch reactors are 

often equipped with a vacuum system that can evacuate to eliminate 

dissolved oxygen before the photocatalytic measurements. The authors’ 

reactor, which is described later, was adapted by Domen (University of 

Tokyo), Kudo (Tokyo University of Science), and Li (Dalian Institute of 

Chemistry and Physics), who used similar recirculating batch reactors. 

Regardless of the use of a flow reactor or a batch reactor, the same material 

should give the same rate when the product concentration is low (absence of 

back reaction), as long as the same lamp is used and the proper volume of the 

system is taken into account.

In the authors’ laboratory, many of the photocatalytic reactions are carried 

out in a recirculating batch reactor that has a top-down irradiation system 

and is equipped with a vacuum line. Figure 1.4 shows an image of a 

recirculating batch reactor and all its components. The photocatalyst with 

water is secured to the system and properly agitated with a stir bar to keep 

the powder suspended during the reaction. A water window is located 

between the light source and the reactor vessel, to cool the system and lamp 

(optional). A water cooler attached to a chiller pump is placed around the 

reaction vessel to maintain the same temperature of the solution throughout 

the entire reaction. These batch reactors generally have a volume between 

300 cm3 and 1000 cm3. A circulating pump is employed to attain a 
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gradientless mixture of gases by using a circulating speed of >3 cm3 s−1.13 

Note that most of this type of pump function only when sufficient carrier gas 

is present (fill the system with sufficient pressure of gas prior to the 

reaction). This reactor is connected to the sampling loop for a six-way 

switching valve. Gas chromatography (GC), using either a Bruker Model GC-

450 system or a Shimadzu Model GC-8A system) for quantitative gas 

analysis is performed every 5–15 min, using a thermal conductivity detector 

(TCD). The reaction vessel is always degassed several times to remove air 

and any dissolved gases in solution for replacement with argon gas, because 

air-free conditions are important for the detection of O2.
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Figure 1.4: Photographs and corresponding schemes of a recirculating batch photoreactor in the 
authors’ laboratory. The pink arrows show the directional flow of the gases. Two sizes of top-down 

irradiation photoreactors are shown. Two types of light sources can be chosen for different purpose that 
can be directly situated above the reaction vessel. The pressure is monitored by a capacitance 

manometer, the cell temperature is controlled by a chiller pump, and the products are measured via gas 
chromatography (GC).

A flow reactor can also be used to detect evolved gases from the 

photocatalytic reaction. Figure 1.5 shows a flow reactor setup with the same 

essential components as those in the authors’ laboratory. The reaction vessel 

is located in the middle of the photograph, and it uses the same top-down 

illumination system as the recirculating reactor in this case. The left-hand 
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side shows mass flow controllers (MFCs) (typically argon or helium gases), 

which generate constant flow. The flow rate of the sweep gas should be 

adjusted and optimized to the expected evolution rate of H2 and O2, as well as 

the sensitivity of the detector used. Argon can be used as a carrier gas, as it 

can detect H2, together with O2 and N2. The change in partial pressure from 

the reaction can be accurately corrected using an internal standard, such as a 

known flow rate of N2 (optional).13 The sweep gas should have a controlled 

rate, so that accurate determination of the partial pressures can be achieved. 

The right-hand side has an outlet leading to the GC system (omitted in the 

photograph). A micro-GC system is useful in this case, because it can provide 

sensitive detection of small amounts of gases.13 The sweep gas from the MFCs 

goes through a saturator, where it picks up moisture and water vapor, and 

then it flows toward the reactor (the water saturator is effective to maintain 

the water level constant in the photoreactor). A specified flow rate should be 

continuously used for the full reaction time, and this amount will also go 

toward the outlet and into the GC for quantitative measurement.
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Figure 1.5: Photograph and corresponding schematic diagram of one of the flow photoreactors in the 
authors’ laboratory. The mass flow controller (MFC) regulates the flow rate for the system, which goes 

to the saturator to pick up humidity toward the photoreactor. The gases evolved from the reactor is 
carried by the constant carrier gas flow toward the GC system for detection (GC not shown).

Typically, under differential conditions such as a flow reactor, there is no 

trace of sequential reactions occurring. Some heterogeneous photocatalyst 

powders for water splitting can catalyze the H2-O2 recombination back 

reaction, even under dark conditions. In a batch reactor, this is evident, as 

the water splitting rate decreases with the increasing partial pressures of H2 

and O2. In a flow reactor, this would not be evident, so different sweep gas 

flow rates may lead to different water splitting results (because different flow 

rates lead to different partial pressures of the products). Of course, 

researchers should be aware of the limitations and pitfalls of this system.
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Quantitatively describing the amounts of gases (such as H2 and O2) 

produced in the system is an essential step in photocatalysis. This is 

commonly achieved by using GC as an analytical tool for the detection of H2 

and O2, as well as other gases. A GC system consists of a gas injection 

component, then a gas separation component with suitable column(s), 

followed by detector(s). Columns of the 5A, 13X, or HayeSep A molecular 

sieves are effective for H2, O2, and N2 separation.13 The purpose of the column 

is to achieve good separation, so the particle size of the adsorbate, as well as 

the length of the columns, should be optimized. An example of a GC spectrum 

is shown in Figure 1.6, using a calibration mixture gas. The optimal 

operating conditions for the GC system, including an appropriate column, are 

imperative to ensure the adequate separation of gases for quantitative 

analysis. From the chromatogram, H2, O2, N2, CH4, and CO are detected in 

this order, and each peak is clearly separated from the others. Using known 

quantities (concentrations or partial pressures) of the gases, the exact 

concentration of each gas component is known and can be related to the 

corresponding areas of the peaks for the actual measurements. These 

columns strongly adsorb H2O and CO2, leading to shorter retention times and 

inadequate separation. Therefore, regeneration of the column, by baking, to 

remove the adsorbed species, is necessary, when appropriate.
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Figure 1.6: Spectrum obtained using an example GC system for a calibration gas mixture showing 
adequate separation of H2, O2, N2, CH4, and CO (equimolar quantity for each gas). A molecular sieve 5A 

column in an argon carrier gas was used.

Either a xenon lamp (Cermax Model PE300-BF, or Asahi Model Max-303) 

or a solar simulator (San-EI electric) is used as a light source. As previously 

discussed, it is important to know the photon flux (both the intensity and 

distribution) of the incident light. In the case of the xenon lamp, the 

irradiation wavelength can be controlled with a combination of a cold mirror, 

a water filter, and a cutoff filter (Figure 1.3). In the authors’ laboratory, the 

light intensity is measured using a spectroradiometer (EKO, Model LS-100) 

at different locations, and the total number of photons is then integrated. The 

researcher should be aware of any limitations pertaining to the detector 

(high-intensity lights may cause saturation of the photodetector, making the 

photon measurement is not accurate). To evaluate the detection saturation by 

the diode, the application of neutral-density (ND) filters that cut the photon 

intensity at all wavelengths is effective. In addition, some photodetectors only 

measure the total irradiance (energy), which will not provide the distribution 
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of the photons. Even if a solar simulator is used, reporting the actual 

distribution is highly recommended.

1.6. Reproducibility and points to consider

Reproducibility is the key for trustworthy scientific results. As results and 

new ideas are published, many laboratories are eager to reproduce those 

results and build off of those ideas. If the results are not reproducible, it puts 

doubt on the validity of the reported results. The authors list a few points to 

consider when reporting data.27

When providing a description of the synthesis or experimental methods, 

researchers should include a detailed and clear description of the chemicals, 

reaction conditions, techniques, and instruments used. Chemical purity is 

important to be reported for reproduction, especially because the 

semiconductor properties strongly rely on such precursor quality. A clear 

step-by-step description of how the material was synthesized and how the 

experiment was undertaken are invaluable sources of information to 

reproduce your work. Appropriate characterization is essential in every 

publication and the techniques include—but are not limited to—X-ray 

diffraction (XRD), X-ray fluorescence (XRF), scanning and transmission 

electron microscopies (SEM and TEM, respectively), X-ray photoelectron 

spectroscopy (XPS), thermogravimetric analysis (TGA), inductively coupled 

plasma (ICP) spectroscopy, etc. The key is to provide characterization that 
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supports the claims that the researcher is making—for instance, if the 

researcher suggests a certain geometry is improving the rate, they should 

provide crystallography data and electron micrographs showing that 

geometry.

Reproducibility of your own results is emphasized before submitting work 

for publication.1 Researchers should show that they have performed the test 

many times and include data statistics with error bars. It is bad practice to 

only report the best result. The best result can be mentioned, but the 

researcher should provide the average rate observed after dozens of 

experiments and include a reasonable margin of error (and appropriate 

significant figures relevant to the instrument detection capabilities).

The researchers should clearly mention if the material is stable or not. 

Having an unstable material is not detrimental to your work as long as you 

accurately report it. Perform and submit stability tests and characterization 

before and after the experiment. Understanding the stability of a powder or 

system is crucial knowledge for the community in terms of benchmarking.

Researchers should be critical with their conclusions, results, and 

descriptions of their data. For instance, when claiming water splitting 

reaction, a stoichiometry of 2:1 between hydrogen and oxygen must be 

observed without sacrificial reagent. If only hydrogen or only oxygen is 

observed, then the material is only catalytic for the half reaction or oxidizing/



82

reducing another material instead of water. Researchers should also be 

aware of the role of sacrificial reagent itself in photocatalysis and are 

encouraged to study this topic further.28

Another point is to ensure the reaction proceeds catalytically 

(photocatalyst is indeed acting as a “catalyst”). This can be done by 

considering the turnover number (TON) of the reaction. We discussed earlier 

that the TOF should not be used to benchmark intrinsic photocatalytic 

efficiency, but the TON is indeed effective to prove the reaction is catalytic. 

The TON should be much higher than the amount of photocatalyst, because if 

the amount of gas produced is less than the amount of photocatalyst, then the 

reaction may be occurring stoichiometrically (as in the catalyst is consumed 

in the reaction.) The TON should be calculated as the number of electrons 

used in reaction over the number of atoms/molecules in the photocatalyst.12 

Another way to confirm catalytic reaction is from a stability test and 

ensuring the products continuously increase with irradiation time for 

extended period of time. If the photocatalytic rate decays with time, the 

photocatalyst may be deactivating, catalyzing the back reaction (if in the 

batch reactor), or the material is not catalytic. Alternatively, action spectra 

(AQE measurements as a function of wavelength) would confirm band gap 

excitation, providing another confirmation that the photocatalyst adequately 

functions.12
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Finally, appropriate control experiments should be performed, such as 

running the photocatalyst under dark (nonirradiating) conditions. Water 

splitting by mechanocatalysis under dark conditions is a possibility on some 

metal oxides.12 Therefore, control experiments, including performing the 

reaction under dark conditions to confirm that the material is indeed 

photocatalytic. Other control experiments should be considered relative to the 

data that are being reported.

1.7. Conclusions

In summary, the following three key components are suggested to be 

reported in order to compare intrinsic photonic efficiency of various 

photocatalyst materials across the laboratories:

1. Incident photon flux (photon numbers as a function of wavelength per 

time)

2. “Optimal rate” (attain the highest photocatalytic rate by varying the 

amount of photocatalyst in a given reactor)

3. Rate of reactant consumption or product evolution (at the optimal rate 

under different reaction conditions)

The increase in interest of heterogeneous photocatalysis and other solar 

fuel conversion systems will inevitably lead to more publications in this field. 

Unfortunately, many papers contain inaccuracies when reporting 

photocatalytic measurements, especially when reporting the rate of gas 
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evolution.29 This leads to difficulties in benchmarking materials with each 

other as the way, because there are inconsistencies in efficiency 

measurements. This article intends to outline some of the common errors 

seen in the literature in the hopes of improving the overall quality of 

literature in this field. The photon flux, reactor design, efficiency definitions, 

and other concepts are covered in this article. The authors recommend the 

categories for reporting photocatalytic rate as listed below.

• Reactant conversion rate or product evolution rates

• Incident photon flux as a function of wavelength (type of lamp and 

filters)

• Activities or partial pressures of reactants and sacrificial reagents

• Type of solution, supporting electrolyte concentration, and pH

• Amount of photocatalyst

• Amount of co-catalyst (preferably dispersion)

• Amount of solution

• Flow rate (if flow reactor) and reactor volume (if batch reactor)

• Dimensions (with photographs) of reactors

Every researcher should strive for the highest scientific and academic 

standards in their work in order to publish meaningful data and results for 

other researchers to compare with.
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Table 1: Efficiency definitions used in photocatalysis

Term Definition Equation Reference

Efficiency “Ratio between the 
useful energy delivered 
or bound and the 
energy supplied, i.e., 
energy output/energy 
input”

Energy output
Efficiency (%)    100

Energy input
  IUPAC

Quantum 
efficiency

“Rate of a given 
photophysical or 
photochemical process 
divided by the total 
absorbed photon flux.”

amount of reactant consumed or product formed
QE

pq


Where photon flux defined as:
d

d
p

p

N
q

t


Where Np is the number of photons.

IUPAC, 
IUPAC 
goldbook

Quantum 
yield

“Number of defined 
events, occurring per 
photon absorbed by the 
system at a specified 
wavelength.”

amount of reactant consumed or product formed
( )

amount of photons absorbed
   IUPAC, 

IUPAC 
goldbook

Photonic 
efficiency

“Ratio of the rate of 
the photoreaction 
measured for a 
specified time interval 
(usually the initial 
conditions) to the rate 
of incident photons 
within a defined 
wavelength interval 
inside the irradiation 
window of the reactor.”

0

rate of photochemical reaction
( )

( )I
 




Where I0 is the incident photons at initial 
conditions.

IUPAC, 
(J Phys 
Chem 
Lett 2015 
6 1907)

Photonic 
yield

“Ratio of the rate of 
the photoreaction 
measured for a 
specified time interval 
(usually the initial 
conditions) to the rate 
of incident photons of 
monochromatic light 
inside the irradiation 
window of the reactor.”

0
,

rate of photochemical reaction
( )

pq 

  

Where 
0

,pq  represents the photon flux at 
initial conditions for monochromatic light

IUPAC

Apparent 
quantum 
yield

The number of reacted 
electrons occurring per 
incident photon by the 
system at a specified 
wavelength

Number of reacted electrons
AQY( ) (%) = 100

( )I





KUDO 
(Chem soc 
Rev 2009 
38 253)

External 
quantum 
efficiency

“photocurrent collected 
per incident photon 
flux as a function of 

For solar cell: PEC 
Textbook
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illumination 
wavelength” 
[essentially photonic 
efficiency]

2 1

2 1

electrons cm  s
EQE( ) =

photons cm  s


 

 

For photocatalysis see photonic efficiency.

Internal 
quantum 
efficiency

“photocurrent collected 
per absorbed photon 
flux as a function of 
illumination 
wavelength” 
[essentially quantum 
efficiency]

For solar cell:
2 1

2 1

electrons cm  s
IQE( ) =

absorbed photons cm  s


 

 

For photocatalysis see quantum efficiency.

PEC 
Textbook

Solar to 
hydrogen 
efficiency

“Chemical energy of 
the hydrogen produced 
divided by solar energy 
input from sunlight 
incident on the 
process.”

For solar cell:
1 1

2
2 2

total AM1.5G

(mmol H  s )  (237,000 J mol )
STH

 (mW cm )  Area (cm )P

 



 
   

For photocatalysis:
F

I AM1.5G

STH QE



    

Where QE is the quantum efficiency.

PEC 
Textbook
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2. CHAPTER 2: CONTRIBUTION OF ELECTROLYTE IN NANOSCALE 
ELECTROLYSIS OF PURE AND BUFFERED WATER BY PARTICULATE 

PHOTOCATALYSIS

2.1. Abstract†

Photocatalysis using semiconductor powders in suspension performs 

reduction and oxidation reactions at nanometer-scale distances. Such short 

distances between the reduction (cathode) and the oxidation (anode) sites 

enable photocatalytic water splitting to generate H2 and O2 from pure water 

without a supporting electrolyte, which is otherwise impossible in 

conventional electrode systems due to the high solution resistance. A CrOx/Pt/

SrTiO3 model photocatalyst achieves high efficiency under UV irradiation in 

ultra-pure water splitting at rates (>1 μmol-H2 per cm2 h−1) corresponding to 

electrocatalysis on the order of mA cm−2. The introduction of an unbuffered 

supporting electrolyte did not improve the photocatalytic rates, consistent 

with the negligible ohmic losses (<1 mV) numerically calculated using the 

Poisson-Nernst-Planck equations. The Nernstian potential loss resulting 

from pH gradients became apparent at high photocatalytic rates (>100 mV 

when rate >1 μmol-H2 per cm2 h−1) even when the distance between redox 

sites was below 10 nm. Substantial improvements in photocatalytic rates 

were observed when buffer ions were introduced into near-neutral pH media 

† This thesis chapter was adapted from:
Qureshi, M.; Garcia-Esparza, A. T.; Shinagawa, T.; Sautet, P.; Le Bahers, T.; Takanabe, 
K. Contribution of Electrolyte in Nanoscale Electrolysis of Pure and Buffered Water by 
Particulate Photocatalysis. Sustain. Energy Fuels 2018, 2 (9), 2044–2052. 
https://doi.org/10.1039/C8SE00272J.
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by not only circumventing pH gradients but introducing kinetically facile H+ 

reduction to H2 instead of the kinetically sluggish direct reduction of H2O to 

H2. Herein, the quantitative descriptions of the electric potential, 

concentration gradients, and catalytic performance in nanoscale water 

electrolysis are presented with emphasis on (1) the advantages of performing 

redox reactions at the nanoscale, (2) the use of electrolyte engineering at 

near-neutral pH as a universal and effective strategy, and (3) the 

effectiveness of transferring knowledge from electrocatalysis to 

photocatalysis, where the potential is quantitatively defined regarding the 

former and poorly quantified regarding the latter.

2.2. Introduction

Photocatalysis using semiconductor powders, particularly when decorated 

with metal particles, enables both reduction and oxidation reactions utilizing 

the local charge separation of photo-excited carriers. In its most basic form, 

the particulate photocatalytic system is classically described as an assembly 

of microphotoelectrochemical cells.1–3 Such photocatalytic materials are 

applicable to the overall water-splitting reaction, which has been examined 

since the 1970s.4 High apparent quantum efficiencies (AQEs) have been 

achieved using UV-responsive photon absorbers, including Al-doped SrTiO3.5–

7 Generally, successful photocatalytic overall water splitting is realized with 

hydrogen-evolving electrocatalysts, the surfaces of which are often decorated 
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by thin films with a membrane-like function, e.g., CrOx, that avoid the water-

forming back reaction.8,9 The powders achieving overall water splitting are 

herein considered water electrolyzers at the nanoscale (<100 nm). Such 

nanosystems are substantially different from conventional electrode redox 

systems in terms of the local electric field, the ohmic loss, and the role of 

supporting ions in steady-state catalysis; thus, the overall picture of the 

reactions differs considerably from conventional electrochemistry where the 

electrodes are comparatively far apart (>pm).

Comprehensive studies dedicated to the fundamental understanding of the 

photocatalytic system are essential to identify the factors limiting the 

performance for the following complex physicochemical processes: (1) photon 

absorption, (2) exciton separation, (3) charge diffusion, (4) charge transfer, (5) 

surface catalysis, and (6) mass transport of reactants.
10,11

 Successful 

photocatalysis requires all these processes to function simultaneously and 

harmoniously for both cathodic and anodic reactions, which makes the 

realization of such a system challenging. A promising approach is the 

decoupling of the physicochemical processes to study each involved step 

separately. In particular, when multi-electron processes with sufficiently long 

timescales are involved in the surface catalysis, such as H2 and O2 evolution, 

it is effective to utilize electrochemical measurements to separately elucidate 

the surface redox reactions. While an electrochemical configuration can be 
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effectively utilized to pin down the potential of photon absorber and its 

contact with electrode,
12,13 the potential of powder photocatalysts in a 

suspension form is difficult to quantify because some surfaces must be 

charged up negatively and/or positively to achieve steady-state redox 

reactions.
14,15 In this way, the knowledge obtained from the quantitative study 

of electrocatalysis can be transferred to photocatalysis, which provides key 

insights for the photocatalytic systems.

Recently, theoretical multiphysics models were used to quantitatively 

drive the design and optimization of macroscale water-splitting devices on 

the order of the micro- to centimeter scale,
16–23 which indicated the following 

as limiting factors: ohmic losses, potential losses from pH gradients, mass 

transport, and product crossover.
18,19,23–25 These findings led to the proposal of 

new concepts for improving system efficiency, for example, the optimization 

of the reactor's geometry18 and the design of dynamic flow systems for on-site 

gas separation.
26 In contrast, nanoscale electrolysis is expected not to suffer 

from the aforementioned macroscale limitations.27 Theoretical models for 

such illuminated semiconductor particles impregnated with electrocatalysts 

are scarce but crucial to drive the research in the field.28–32

In this context, we consider photocatalytic water splitting as nanoscale 

water electrolysis driven by photocatalyst particulates. Photo- and 

electrocatalytic measurements combined with theoretical simulations are 
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performed to quantify the extent to which nanoscale electrolysis is 

advantageous over conventional macroscale electrolysis. More specifically, 

potential losses associated with surface kinetics, diffusion, and migration 

phenomena in nanometer-sized domains are quantitatively described. The 

nanoelectrochemistry disclosed in this study is correlated with the 

development of applications in fields ranging from energy to bioanalysis.33–37

2.3. Methods

2.3.1. Electrocatalysis

All electrochemical measurements were recorded using a research-grade 

BioLogic VMP3 potentiostat. A conventional single-compartment three-

electrode system was used for the electrochemical protocols, where a Pt wire 

and an Ag/AgCl (saturated with KCl) were used as a counter and a reference 

electrode, respectively. Before and during the measurements, Ar (99.9999%), 

H2 (99.9999%), or O2 (99.9995%) was continuously supplied through the 

electrolyte under vigorous stirring. Cyclic and linear sweep voltammograms 

were recorded at a scan rate of 50 mV s−1 at room temperature. All reported 

potentials are iR-corrected (i.e., ohmic drop) and presented with reference to 

the reversible hydrogen electrode (RHE). A CrOx/Pt rotating disk-electrode 

(RDE) was used unless otherwise stated. Before CrOx deposition, a Pt disk 

electrode (3.0 mm diameter, 0.071 cm2 geometric surface area; purchased 

from BAS, Inc.) was first polished with 1 pm diamond and then with 0.05 pm 

alumina (BAS, Inc.). CrOx was deposited on the Pt RDE by 
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chronopotentiometry (CP; −20 pA for 10 min with Ar bubbling) under static 

conditions in a 0.5 M K2CrO4 solution (pH = 9.7).9

2.3.2. Photocatalysis

The synthesis of SrTiO3 was carried out as previously reported.5 Briefly, 

SrTiO3 and SrCl2 at a molar ratio of 1:5 were ground up with a mortar and 

pestle for 25 min followed by a flux treatment at 1273 K for 10 h to generate 

highly crystalline SrTiO3. The powder was then washed with water until no 

more chloride salt was detected by the AgNO3 test. Pt nanoparticles were 

deposited on the surface of SrTiO3 via wet impregnation for a calculated 

metal loading of 0.5 wt%. Na2PtCl66H2O (0.1 M solution) was mixed with 100 

mg of SrTiO3 in 5 mL of water over a water bath until all the water 

evaporated. The powder was collected by filtration, calcined at 573 K for 1 h 

and then used for the photocatalytic reaction. CrOx was deposited on 

Pt/SrTiO3 by photodeposition, where 50 mg of Pt/SrTiO3 was dispersed by 

sonication in 100 mL of 2 mM K2CrO4 solution, which was then placed in a 

photoreactor and irradiated for 6 h. The error bars were calculated based on 

the standard deviation for three separate photocatalytic tests utilizing a 

pristine sample with a new solution each time. The photocatalytic reactions 

were conducted at 100 Torr Ar gas in a circulating batch reactor (total 

volume of 515 mL) equipped with an online gas chromatograph (GC: Bruker 

450 GC, TCD, Ar gas, molecular sieve 13X) connected to a vacuum line. Two 
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Xe lamps (CERMAX PE300-BF and PE300-BUV, 300 W) were used as the 

light source, and the irradiation wavelength was controlled with a 

combination of a cold mirror and a water filter (300 < l < 800 nm). To further 

control the photon flux, the neutral density filters (5 × 5 cm2, 2.5 mm thick, 

HOYA Optics, ND-13, -25, -50, -70) were used. The spectral area of the 

photocatalytic reactor was 38.5 cm2, and the photon flux was measured using 

the AvaSpec-3648 spectrometer, an AvaLight DHS calibration light source, 

and a FC-UV200-2 fiber-optic cable. The AQE measurements were conducted 

with a 350 nm bandpass filter at different time points in the experiment.

2.3.3. Characterization

Transmission electron microscopy (TEM) analysis was performed using a 

probe-corrected microscope operated at an accelerating voltage of 300 kV. The 

microscope was a Titan 80300 ST from FEI Company (Hillsboro, OR) 

equipped with a GIF-Quantum 966 image filter from Gatan, Inc. Diffuse 

reflectance UV-vis spectroscopy was performed using a JASCO model V-670 

spectrophotometer equipped with an integrating sphere, referencing a 

Spectralon standard (Labsphere, Inc.).

2.3.4. Theoretical model

The PNP model was numerically solved via finite element analysis in a 

two-dimensional domain with COMSOL Multiphysics using equilateral 

triangular mesh elements (see Figure A4 and the simulation parameters in 
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Table 3, Appendix 1). The conventional planar diffusion model has been 

considered, and the discussion is presented in the ESI, Figure A11 and A12.

In general, an electric field originating from the charge density may be 

described using Gauss's law (∇ ∙ D=ρc). In electrochemistry, we may assume 

a constant permittivity of the electrolyte (D=ε0 εr E=−ε0 εr∇ ϕ). In the 

electrolyte, the charge density (ρc) is the summation of ionic charge carriers. 

The Poisson equation (equation 1) describes the potential (𝜙) as a function of 

the distribution and concentration (ci) of the ionic charge carriers in the 

electrolyte of constant isotropic permittivity (𝜀r).

∇ 2ϕ=−F
ε0 εr

∑ z i c i (1)

where F is the Faraday constant, ε 0 is the vacuum permittivity, and ziis the 

charge of the ith species. The Nernst-Planck (NP) equation (eqn (2)) describes 

the flux of ionic species (N i) according to diffusion and migration terms, which 

is applicable to dilute aqueous solutions by neglecting ion-ion interactions 

and convection:

N i=−Di∇ c i−
z iF

RT
Di c i∇ ϕ (2)

where Di is the diffusion coefficient of the ions. The Nernst-Einstein 

relation further correlates the diffusion coefficient with the effective mobility 

of the ions (ui=(Di /RT )). Based on the mass balance of the dilute species using 
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the NP equation (Ri=∂ci /∂ t+∇ ∙N i), the current flow can be written as a 

function of the total flux (i=F∑ ziN i):

i = −F ∑ Di zi ∇ ci −
F 2

RT
∇ϕ∑ z i

2 Dici (3)

where i denotes the current vector in the solution and the current balance 

becomes ∇ ∙ i=Q, where Q represents a source term. In the bulk of the liquid 

domain, it was assumed that there were no sources or sinks of charge or 

heterogeneous reactions (∇ ∙ N i=0). The PNP expressions, which are the 

coupling of eqn (1) and (2),38,39 were employed by assuming water electrolysis 

at pH 7 without supporting ions and quasi-equilibrated self-ionization of the 

water reaction (Kw = [H3O+] [OH−] = 10−14) at all points in the simulation 

mesh.40

For the kinetic contribution, the Tafel relation was utilized to represent 

the overpotential (𝜂) as a function of the overall current density in the system 

(jT) for the HER and OER charge transfer reactions.

η=a+b log jT (4)

A constant Tafel slope (b) of 120 mV dec−1 was used for the kinetics of both 

electrocatalytic reactions.41 The HER exchange current density parameters 

(10–a/b) under unbuffered and buffered conditions were set at 1 × 10−2 and 3 

mA cm−2, respectively, derived from the Tafel analysis of the CrOx/Pt RDE via 

CV in a H2 atmosphere (Figure A8). The OER exchange current density was 
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obtained from the literature (2 × 10−3 mA cm−2).42 Table S1 summarizes the 

simulation parameters used for the numerical simulations.

2.4. Results and discussion

When photonic efficiency is of concern, reaction rate or current density is 

effectively comparable when these are normalized per illuminated geometric 

area (e.g., μmol cm−2 h−1 or mA cm−2, respectively) while specifying photon 

flux. Recent advances in photocatalytic powder suspension systems have 

achieved redox reactions on the nanoscale at rates operated in typical 

electrochemical measurements. The correlation of the photocatalytic H2 

evolution rate with electrocatalytic current density is described in Figure A1. 

For example, photocatalytic overall water splitting to evolve H2 now 

overcomes the efficiency of natural photosynthesis (~0.1%) in terms of solar-

to-hydrogen (STH) energy conversion efficiency.6 The energy efficiency losses 

in photocatalytic systems are quantitatively described by isolating the 

solution resistance (ohmic loss), concentration (pH) gradients (concentration 

overpotential), and electrocatalytic kinetics (kinetic overpotential).
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Figure 2.1: Transmission electron micrographs of CrOx/Pt (0.41 wt.%)/SrTiO3 on two different scales 
(A, B) after the photocatalytic water splitting reaction in 18.2 M Ω cm, pH 6.8. (B) Inset shows a bare 

SrTiO3 sample with a scale bar of 5 nm.

Figure 2.2: Photocatalytic overall water splitting activity time course of CrOx/Pt/SrTiO3 in ultra-pure 
water and 0.5 M potassium sulfate (300 < λ < 800 nm, 50 mg of photocatalyst, 100 mL solution, 38.5 

cm2 irradiated area).

2.5. Photocatalytic water splitting under unbuffered near-neutral pH 
conditions

Highly crystalline SrTiO3 was decorated with Pt electrocatalyst that was 

used for hydrogen evolution reaction (HER). The exposed SrTiO3 surface 

(specific if not all) was regarded to electrocatalyze oxygen evolution reaction 
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(OER).42–44 The surfaces of the Pt catalysts were coated with Cr species to 

mitigate the activation of the water-forming back-reactions, i.e., both the 

electrochemical back reaction (O2 reduction reaction) and the H2/O2 thermal 

recombination (see Figure A2).8,9 The flux-assisted synthesis of SrTiO3 and 

the function of the Cr layer8,9,45 on Pt have been reported in detail elsewhere. 

The transmission electron micrographs in Figure 2.1 show the geometry of 

the synthesized CrOx/Pt (0.41 wt%)/SrTiO3 (see Figure A3 for the 

optimization of the metal loading). Microscopy revealed that the average 

particle size of SrTiO3 was 150–500 nm. The size of the CrOx/Pt 

electrocatalysts was 3 ± 1 nm with an average inter-particle distance of 5 ± 4 

nm (i.e., Pt to Pt distance), and the nanoparticles were homogeneously 

dispersed on the SrTiO3 surface. Using this photocatalytic system as a model 

system, we attempt to quantitatively elucidate potential losses associated 

with nanoscale electrolysis.

With respect to the solution resistance, in a conventional macroscale 

electrochemical system, the splitting of ultra-pure water requires a 

significantly large overpotential because of the low conductivity of the 

solution, and thus, the use of supporting inert ions to increase the 

conductivity of the solution is required. In stark contrast, the photocatalytic 

powder system successfully achieves the splitting of ultra-pure water (18.2 

MΩ cm, corresponding to 5.5 × 10−6 S m−1) as demonstrated in Figure 2.2, 
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stably generating H2 and O2 with a 2 to 1 ratio for 10 h. Furthermore, the 

photocatalytic performance in a 0.5 M K2SO4 solution (pH 6, unbuffered) was 

similar to that in ultra-pure water (Figure 2.2), consistent with negligible 

solution resistance in the photocatalytic system.

To complement the experimental observation on the negligible ohmic loss 

in nanoscale electrolysis, simulations of the electrolysis of ultra-pure water 

(i.e., photocatalytic overall water splitting) solving the Poisson-Nernst-Planck 

(PNP) equations for the concentration of H+ and OH−, the flux of the ionic 

species, and the potential and current distributions in the solution were 

performed by controlling the gas evolution rates (Figure A4, Table 3). Figure 

2.3A-C describe the two-dimensional diagrams of the potential drop due to 

solution resistance, and Figure 2.3D provides a summary of the ohmic drop 

for distances between 5 and 110 nm. The trend indicates a minimal potential 

drop (typically <1 mV) when the electrolysis of ultra-pure water occurred at 

distances shorter than 40 nm at rates of 1–100 μmol-H2 per cm2 per h. Ultra-

pure water (σl < 10−5 S m−1) roughly exhibits a conductivity four to five orders 

of magnitude smaller than conductive supporting electrolytes (e.g., 0.5 M 

Na2SO4, σl ≈ 10−1 S m−1).46 Nevertheless, it appears that improving the 

conductivity of the solution does not significantly contribute to improvements 

in the overall efficiency. Furthermore, on larger scales (>μm), the ohmic drop 

could easily reach values larger than 100 mV in Milli-Q water (σl = 5.5 × 10−6 
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S m−1) when using simplified simulations performed to validate our results 

following the work of Haussener et al. (Figure A5),18 which emphasizes the 

benefit of nanoscale water electrolysis.3

Figure 2.3: Nanoscale electrolysis simulations in ultra-pure water at pH 7 under a constant overall 
rate of 1 μmol-H2 per cm2 per h where the HER and OER redox sites are r = 3 nm in size and inter-

particle distances of (A) 5 nm, (B) 40 nm, and (C) 80 nm. The isopotential color gradients indicate the 
solution of the PNP equations, specifically the potential distribution in the solution representing the 

potential drop across the liquid domain. The white arrows qualitatively represent the normalized flux 
of H+ in the electrolyte. (D) A summary of the ohmic drop as a function of photocatalytic H2 rate from 

inter-particle distances ranging from 5 to 110 nm.

Using the same computational framework, the pH gradient caused by 

redox reactions is also addressed. Potential loss due to pH gradients causes 

an additional overpotential of 59 mV per pH unit (derived from the Nernst 
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equation). The resulting pH trends from water electrolysis at a 5 nm distance 

are presented in Figure 2.4A-C over three orders of magnitude in 

photocatalytic rates (1.5–150 μmol-H2 per cm2 per h). The computations 

showed that ultra-pure water splitting or, more generally, water splitting 

under unbuffered conditions at near neutral pH suffered from pH gradients 

close to the redox-active surfaces when the reaction occurred at higher rates 

(Figure 2.4D). At relevant photocatalytic rates, such as achieving 10% STH 

efficiency or ≈ 153 μmol-H2 per cm2 per h (see Figure A1), Nernstian potential 

losses due to the pH gradients could easily reach 100 mV or more, even if a 5 

nm distance is used. Therefore, photocatalytic water splitting under 

conventional near-neutral pH conditions even on the nanoscale is largely 

hindered by the accumulation of generated H+ and OH− at the proximity of 

the active sites, which adds substantial overpotential to the system.
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Figure 2.4: Nanoscale electrolysis mass transport simulations in ultra-pure water at pH 7 under 
photocatalytic H2 evolution rates of (A) 1.5, (B) 15, and (C) 150 mmol-H2 per cm2 per h. The isosurface 

color gradients indicate the pH of the solution in the 2D model. A 5 nm inter-particle distance was 
assumed between the HER and OER redox sites. (D) A summary of the Nernstian potential loss 

resulting from the pH gradient as a function of the photocatalytic H2 rate from inter-particle distances 
ranging from 5 to 110.

2.6. Photocatalytic water splitting under buffered near-neutral pH 
conditions

The disclosed limiting factor inherent to photocatalytic water splitting at 

near-neutral pH leads to one strategy to improve its performance: the 

utilization of buffering action. The impact of buffer ions on photocatalytic 

performance is evident from Figure 2.5, where the AQE for photocatalytic 

overall water splitting using CrOx/Pt/SrTiO3 is compared in unbuffered (0.5 

M K-sulfate) and buffered (0.5 M K-phosphate) conditions over a wide pH 

range of 4–14. The presence of buffer at pH 4–10 unequivocally improved the 
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photocatalytic performance by twofold at near-neutral pH. We observe that 

the performances in 0.5 M KHCO3 (pH 8.5) and 0.5 M K-borate buffers (pH 

9.6, 20% KOH, 80% H3BO3) also gave improved performance when compared 

at the same pH values. Acidic conditions lower than pH 4 could not be 

studied because of CrOx dissolution.47 The rate was almost insensitive to the 

presence or absence of buffer species at pH 12. Overall, these observations 

show that the introduction of buffering action indeed substantially improves 

the photocatalytic overall water splitting performance in the near-neutral pH 

region (4 ≤ pH ≤ 10), making it comparable or even slightly superior to the 

performance at pH 14.

Figure 2.5: (Left Y-axis) Photocatalytic overall water splitting rate represented by H2 evolution rate 
and (Right Y-axis) AQE of CrOx/Pt/SrTiO3 in 0.5 M potassium sulfate solution (unbuffered) at various 
pH values, 0.5 M potassium phosphate solution (buffered) at various pH values, 0.5 M K-bicarbonate 

(buffered), and 0.5 M K-borate (buffered) (50 mg of photocatalyst, 100 mL solution, 38.5 cm2 irradiated 
area).

To confirm the effects of buffer ions on pH alteration and the resultant 

kinetics, photocatalytic tests were performed using hole or electron 
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scavengers to separately investigate the HER and OER half-reactions. If the 

buffer exclusively minimizes pH alteration, both HER and OER half-

reactions should be equally improved in the presence of a buffer. If a buffer 

contributes to the kinetics of the reactions, a significant improvement in the 

performance in such half-reactions should be observed using a buffer. Figure 

2.6 presents the rate of gas evolution over Pt/SrTiO3 using a hole scavenger of 

CH3OH or an electron scavenger of IO3
− in 0.5 M K-sulfate and K-phosphate 

solutions (see Figure A6 for the photocatalytic activity time course). In the 

presence of CH3OH, a rate of 5.5 μmol-H2 per cm2 per h for the HER was 

achieved in sulfate, corresponding to an AQE of 48 ± 2% at 350 nm, which 

was significantly improved to 7.6 μmol-H2 per cm2 per h in phosphate 

solution, corresponding to an AQE of 67 ± 2% (Figure 2.6). In contrast, such 

an improvement by the introduction of buffer was minimal when IO3
− was 

used as the electron donor to study OER (1.9 vs. 2.2 μmol-O2 per cm2 per h in 

sulfate and phosphate solutions, respectively). Hence, it can be concluded 

that the buffer ions do not simply minimize the pH gradient but also improve 

the HER process.
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Figure 2.6: Photocatalytic H2 and O2 evolution rates of Pt/SrTiO3 in 0.5 M potassium sulfate solution 
(unbuffered) and 0.5 M potassium phosphate solution (buffered) at pH 6 using either 5% CH3OH 

solution or 100 mM NaIO3 solution as a hole or an electron scavenger, respectively (300 < λ < 800 nm, 
50 mg of photocatalyst, 100 mL solution, 38.5 cm2 irradiated area).

The electrochemical performance of a model CrOx/Pt electrode was used to 

investigate the HER catalytic performance in various electrolytes. Although 

the model electrode system used here does not fully replicate the complicated 

and undefined environment of the complex photocatalytic system, the results 

would highlight the role of electrolyte in an extreme convection mode at near-

neutral pH conditions. We performed cyclic voltammetry (CV) utilizing the 

rotating disk electrode (RDE) to regulate the diffusion flux in the system. 

Figure 2.7 shows the absolute current density as a function of overpotential 

at pH 4. Figure 2.7 shows that the unbuffered conditions showed a two-step 

reduction. The first reduction is attributable to proton reduction, which 

became diffusion limited, consistent with a macroscopic calculation of the 

theoretical diffusion flux of protons (Figure A7) and the previous 

literature.41,48 The second reduction process observed at a more negative 

potential was ascribed to the reduction of the water molecule, consistent with 

the constant overpotential among different pH on the standard hydrogen 
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electrode scale (SHE), as shown in Figure A8.41 The HER currents in the 

presence of phosphate buffer (Figure 2.7) show a monotonic increase with 

overpotential, indicating that protons were successfully supplied by the 

buffering ions.41 These electrocatalytic measurements confirm that the 

introduction of buffer species to the system improved the performance not 

only by mitigating the local pH alteration but also by maintaining kinetically 

facile proton reduction instead of the kinetically slow H2O reduction (O-H 

dissociation).

Figure 2.7: Cyclic voltammograms in 0.5 M potassium sulfate solution (unbuffered) and 0.5 M 
potassium phosphate solution (buffered) using the CrOx/Pt RDE (at 50 mV s−1, 3600 rpm, with H2 

bubbling, 298 K).

The ion mass transport limitations depend on the current density and 

extent of convection in the electrochemical configuration (Figure A7). 

Likewise, the mass transport contributions in the photocatalytic experiments 

should be only observable when highly efficient photocatalysts are employed 

at high rates of reaction49,50 and/or high photon flux is used until the rate is 

exclusively determined by the upper limit of quantum yields. The 
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photocatalytic rate of CrOx/Pt/SrTiO3 was correlated with the light intensity 

under unbuffered and buffered conditions at pH 4. The results are shown in 

Figure 2.8. The light intensity was controlled using a combination of two 

different types of Xe bulbs and neutral density filters (Figure A9 for diffuse 

reflectance spectra of SrTiO3 samples). Below 2 μmol-H2 per cm2 per h, 

similar rates were observed under unbuffered and buffered conditions (inset 

in Figure 2.8), where the rates increased monotonically with increasing 

photon flux. When the photon flux was ~100 μmol cm−2 h−1, the photocatalytic 

HER rate under the unbuffered conditions was found to be almost insensitive 

to the light intensity until ~400 μmol cm−2 h−1, which indicates that the rate 

is not limited by photon-induced processes in this flux range. This 

observation is analogous to the potentialindependent HER rate shown above 

under unbuffered near neutral pH conditions caused by the mass transport 

limitation of H+ to the CrOx/Pt cathodic sites (Figure 2.7). When the photon 

flux was further increased above ~400 μmol cm−2 h−1, the photocatalytic HER 

rate again increased monotonically by the reactant switching from H+ to H2O. 

Under the buffered conditions, only a continuous monotonic increase of the 

HER rate was observable with increasing photon flux, consistent with the 

behavior of the HER with increasing overpotential in the electrochemical 

system and with the absence of mass transport limitation of H+.
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Figure 2.8: Photocatalytic overall water splitting rates represented by the H2 evolution rate using 
CrOx/Pt/SrTiO3 in 0.5 M potassium sulfate solution (unbuffered) and 0.5 M potassium phosphate 

solution (buffered) at pH 4 under various light intensities using different lamps and neutral density 
filters (ND: 13, 25, 50,70; 300 < λ < 800 nm, 50 mg of photocatalyst, 100 mL solution, 38.5 cm2 

irradiated area). The right-side figures indicate the photon flux corresponding to the data shown in the 
left-side figure.

The extent of ion mass transport purely depends on the overall rate of 

redox reactions. Therefore, the extrapolation of such information to other 

photocatalytic systems is possible. This study suggests that a significant 

contribution originating from the ion mass transport is expected for viable 

solar fuel technology (approximately 10% STH efficiency ≈ 153 μmol cm−2 h−1; 

see Figure A10 for a description of the theoretical potential distribution of an 

electrochemical system with 5 nm distance between anode and cathode). 

Hence, it is becoming increasingly important to fine-tune the electrolyte 
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properties, i.e., electrolyte engineering, for further improvement in the 

overall rates of photocatalytic water splitting. Fundamentally, the findings 

indicate that an electrolyte that maximizes the flux of proton carriers enables 

efficient water splitting at the nanoscale, i.e., low viscosity of the solution as 

well as high molarity of a small-sized proton carrier, which has to be taken 

into account in the future development of nanoscale electrolysis. Remarkably, 

the results of this study can be generalized to advance nanoelectrochemical 

systems with wide-ranging applications in energy, nanotechnology, materials 

synthesis, analytical chemistry, and biotechnology. In particular, 

photocatalytic particulate systems for CO2 reduction and organic 

transformation involving protons are directly correlated with the findings 

obtained in this study.

2.7. Conclusions

Water electrolysis as a redox reaction occurring at the nanoscale that is 

prevalent during photocatalytic overall water splitting, was investigated by 

combining theoretical modeling studies with electrocatalytic and 

photocatalytic measurements. Both the experimental measurements and the 

theoretical calculations confirmed that the ohmic drop is negligible even 

when using ultra-pure water as a reactant. The simulation suggests that the 

ohmic drop is minimal (<1 mV) even at a high reaction rate (>150 μmol-H2 

per cm2 per h; or ~10 mA cm−2) when the distance between the nanocathode 
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and nanoanode is maintained less than 10 nm. The results quantitatively 

confirmed one of the most important benefits of H2/O2 cogeneration at the 

nanoscale. Importantly, the presence of buffer ions at near neutral pH 

drastically improved the water-splitting rates in comparison to ultra-pure or 

unbuffered water splitting in both photocatalytic overall water splitting and 

electrocatalytic HER. Our main finding is that this improvement prevails 

only at high overall rates, i.e., at high photon flux, because it is contributed 

mainly from the alleviation of proton mass transport limitations and the 

resultant HER reactant switching between H2O and H+. The kinetically 

impeded H2O reduction was avoided by using buffers as proton carriers under 

near-neutral pH conditions, which decreases the HER kinetic overpotential 

by as much as 300 mV. This work demonstrates the clear benefits of 

nanoscale electrolysis quantitatively and the crucial role of electrolyte 

engineering in achieving practically-relevant high efficiency (rate) using 

photocatalytic reactions.
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3. CHAPTER 3: EXCLUSIVE HYDROGEN GENERATION BY 
ELECTROCATALYSTS COATED WITH AN AMORPHOUS CHROMIUM-
BASED LAYER ACHIEVING EFFICIENT OVERALL WATER SPLITTING

3.1. Abstract†

Successful conversion of renewable energy to useful chemicals requires 

efficient devices that can electrocatalyze or photocatalyze redox reactions, 

e.g., overall water splitting. Excellent electrocatalysts for the hydrogen 

evolution reaction (HER), such as Pt, can also cause other side-reactions, 

including the water-forming back-reaction from H2 and O2 products. A Cr-

based amorphous layer coated on catalysts can work as a successful surface 

modifier that avoids the back-reaction, but its capabilities and limitations 

toward other species have not been studied. Herein, we investigated the Cr-

based layer on Pt from perspectives of both electrocatalysis and 

photocatalysis using redox-active molecules/ions (O2, ferricyanide, IO3
−, 

S2O8
2−, H2O2, and CO gas). Our systematic study revealed that utilization of 

the Cr-based layer realized an exclusive cathodic reaction only to HER, even 

in the presence of the aforementioned reactive species, suggesting that Cr-

based layers work as membranes, as well as corrosion and poison inhibition 

layers. However, the Cr-based layer experienced self-oxidation and dissolved 

into the aqueous phase when a strong oxidizing agent or low pH was present. 

† This thesis chapter was adapted from:
Qureshi, M.; Shinagawa, T.; Tsiapis, N.; Takanabe, K. Exclusive Hydrogen Generation by 
Electrocatalysts Coated with an Amorphous Chromium-Based Layer Achieving Efficient 
Overall Water Splitting. ACS Sustain. Chem. Eng. 2017, 5 (9), 8079–8088. https://doi.org/
10.1021/acssuschemeng.7b01704.
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Presented herein are fundamental and critical aspects of the Cr-based 

modifier, which is essential for the successful and practical development of 

solar fuel production systems.

3.2. Introduction

Changing from fossil fuels to solar fuels, e.g., generating H2 using sunlight, 

has been pursued for many decades.1 One option is to use photocatalyst 

powders that are capable of converting solar energy into usable chemical 

energy, e.g., photocatalytic water splitting.2 Successful photocatalytic water 

splitting requires a suitable band gap in a photon-absorbing semiconductor 

that is wider than the Gibbs free energy change of the water-splitting 

reaction (AG° = 237 kJ mol−1 ≈ 1.23 eV).1,3 In addition, its conduction/valence 

band position has to be more negative/positive than that of the surface 

reduction/ oxidation reactions, respectively, to drive surface redox reactions, 

specifically, the cathodic hydrogen evolution reaction (HER) and the anodic 

oxygen evolution reaction (OER) in the case of overall water splitting. 

Furthermore, in many cases, it is essential to decorate semiconductor 

surfaces with cocatalysts to facilitate charge separation4 and/or surface redox 

reactions (functioning as electrocatalysts).5,6 Noble metals, especially Pt, are 

typically used as cocatalysts that are known for their high activity toward 

HER because they possess the optimal binding energy for the reaction 

intermediates.7 However, most noble metal cocatalysts also actively reduce 
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oxygen back into water, i.e., the oxygen reduction reaction (ORR), which 

leads to a decrease in the overall efficiency of water splitting.8 Due to these 

complexities and difficulties, the reported best solar-to-hydrogen efficiency for 

photocatalytic overall water splitting so far is merely 1%,9 which is still 

greatly inferior to the benchmarking efficiency of 10%.10

Core-shell structured cocatalysts have been reported to be successful in 

photocatalytic overall water splitting and selectively suppress the undesired 

back-reaction. The first successful core-shell material was reported by Maeda 

et al.,11 who decorated rhodium nanoparticles with a chromium shell.12–17 

Some other successful core-shell structures have been reported, for example, 

a NiOx shell,18−20 Ti, Nb, and Ta oxyhydroxide shells;21 and a Mo shell.22 

Although the coreshell structured materials have seen their success, there 

have been few studies reported on the functionalities of shell materials in 

detail. The surface electrochemical phenomena occurring on the surface 

during photocatalytic reactions can be separately studied by electrochemical 

methods. One such study was reported by Yoshida et al.23 and explicitly 

revealed that the CrOx layer around noble metals indeed electrochemically 

enabled selective HER in the presence of oxygen. Such a mechanistic study 

on the photocatalysis from the viewpoint of electrochemistry helps us 

understand and rationalize the complicated photocatalysis phenomena.24,25
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In this context, we examined the CrOx layer on Pt in both electrocatalytic 

and photocatalytic hydrogen evolution systems in detail to reveal its 

capabilities, function, and limitations by using a variety of probe species 

([Fe(CN6)]3−, NaIO3, Na2S2O8, H2O2, and CO). H2O2 was considered in this 

study because it can be the product of water splitting via anodic reactions, 

which can be reduced on the cathodic side instead of HER taking place, 

leading to a decrease in efficiency.26 Probe species such as Fe2+/Fe3+ and 

I−/IO3
− were tested as they are the most commonly used redox mediators in Z-

scheme photocatalytic reactions. However, current Z-scheme systems suffer 

from low efficiencies because the selectivity is not wellcontrolled and the 

reduction/oxidation reactions of these redox mediators prevail over the 

desired hydrogen/oxidation evolution reactions, leading to an internal short 

circuit.27,28 Selectivity toward HER in the presence of Fe3+ and IO3
− is of great 

significance to achieve efficient Z-scheme type systems. Persulfate was tested 

because it is a common sacrificial reagent in photocatalytic systems to 

examine the anodic reaction of OER29 and also has a highly positive standard 

potential of 2.01 vs standard hydrogen electrode (SHE), meaning it functions 

as a strong oxidizing agent from the viewpoint of thermodynamics. The 

investigation of the CrOx layer in the presence of a stronger oxidizing agent 

than O2 allows the study of the layer in harsher conditions. Finally, CO gas 

was tested as it is known to poison noble metal catalysts30 and would help 
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determine the universality of the CrOx layer. Our systematic study revealed 

that, in both electrocatalytic and photocatalytic systems, the CrOx shell 

universally achieves selective cathodic hydrogen production in the presence of 

the aforementioned species. Nevertheless, a critical drawback was also 

identified: when oxidizing agents that can locally oxidize Cr3+ are present, the 

CrOx shell undergoes oxidative dissolution, leading to apparent loss in its 

performance. The present work provides fundamental details on the CrOx 

modifier in both electrocatalytic and photocatalytic systems that shed light 

on the further development of solar fuel production systems.

3.3. Methods

3.3.1. Materials

The following chemicals were used: Na2PtCl6-6H2O (>98%, Sigma-Aldrich), 

NaIO3 (>99.5%, Sigma-Aldrich), Na2S2O8 (>99.0%, Sigma-Aldrich), SrCl2 

(>99.995%, Sigma-Aldrich), Na2SO4 (>99.99%, Sigma-Aldrich), KH2PO4 

(>99.995%, Sigma-Aldrich), K2HPO4 (>99.995%, Sigma-Aldrich), K2CrO4 

(>99.9%, Fisher Scientific), NaOH (>99.9%, Sigma-Aldrich), K3[Fe(CN)6] 

(>99.9, Sigma-Aldrich), K3[Fe(CN)6] (>99.9, Sigma-Aldrich), SrTiO3 (>99.9, 

Wako Pure Chemical Industries), and H2O2 (30% with H2O, Sigma-Aldrich). 

The water used in all experiments was obtained from a Milli-Q Academic 

system from Millipore with a resistivity of 18.2 M Ω cm. The pH was 

determined using a pH electrode from Fisher Scientific. All reagents were 

provided by commercial suppliers and used without further modification.
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3.3.2. Electrochemistry

A research-grade BioLogic VMP3 potentiostat was used for all 

electrochemical measurements. A conventional single compartment, three-

electrode system was used for electrochemical protocols. Rotating disk 

electrodes (RDEs) of polycrystalline Pt (3.0 mm diameter, 0.071 cm2 

geometric surface area) were used as working electrodes. Before each 

measurement, the disk electrode was polished first with 1 μm of diamond and 

then with 0.05 μm of alumina (both purchased from BAS, Inc.). The disk 

rotation speed was controlled to be 900–4900 rpm. CrOx was deposited on the 

Pt RDE by chronopotentiometry (CP) at −20 μA for 10 min in 0.5 M K2CrO4 

solution at pH = 9.7.23 (See Figure B1 for details.) A Pt wire was used as the 

counter electrode in most experiments, unless otherwise stated. Ag/AgCl 

(saturated KCl) was used as the reference electrode for most experiments, 

and a Hg/HgO electrode was used at alkaline pH (>13). Before and during the 

measurements, Ar (99.999%), H2 (99.9999%), or O2 (99.9995%) was 

continuously supplied through the electrolyte. Cyclic and linear sweep 

voltammograms were recorded at a scan rate of 50 mV s−1 at room 

temperature. All reported potentials have been iR corrected (i.e., ohmic drop) 

and are referenced to either the reversible hydrogen electrode (RHE) or the 

standard hydrogen electrode (SHE), as specified in each figure.

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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3.3.3. Photocatalysis

As-purchased SrTiO3 and SrCl2 (mole ratio of 1:5) were ground with a 

mortar and pestle followed by a flux treatment at 1273 K for 10 h to make 

highly crystalline SrTiO3.31 Once the powder cooled to room temperature, it 

was washed with water until no more chloride salt was detected by the 

AgNO3 test. Pt was deposited on the surface of SrTiO3 via wet impregnation 

for a calculated 0.5 wt % loading using 25 μL of Na2PtCl6 (0.1 M solution), 5 

mL of water, and 100 mg (0.54 mmol) of SrTiO3 that were mixed over a water 

bath until all the water evaporated. The powder underwent heat treatment 

at 573 K for 1 h. The Pt/SrTiO3 was collected and used for the photocatalytic 

reaction. CrOx was deposited on Pt/SrTiO3 via photodeposition. Typically, 50 

mg of Pt/SrTiO3 was dispersed by sonication in 100 mL of 2 mM K2CrO4 

solution (see Figure B2 for details). The photocatalytic powder was placed in 

a photoreactor and irradiated for 6 h. The photocatalytic reactions were 

conducted at 100 Torr Ar gas in a circulating batch reactor equipped with an 

online gas chromatograph (GC; Bruker 450 GC, TCD, Ar carrier gas, 

molecular sieve 13X) that was connected to a vacuum line. A Xe lamp 

(CERMAX PE300-BF, 300 W) was used as the light source, and the 

irradiation wavelength was controlled with a combination of a cold mirror 

and a water filter (300 < λ < 800 nm).

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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3.4. Results and discussion

In this study, the functionality of CrOx shells is studied in both 

electrocatalytic and photocatalytic systems in detail. For the electrochemical 

experiments, a polycrystalline Pt RDE with a geometric surface area of 0.071 

cm2 was used as the working electrode. Figure 3.1a shows a cyclic 

voltammogram (CV) of the Pt RDE in 0.5 M Na2SO4 solution at pH 13 as a 

representative case with O2 bubbling at 3600 rpm. In the figure, below 0.9 V 

on the RHE scale, an increasing cathodic current density was observed; this 

current density reached a constant value at ~0.5 V vs RHE. The constant 

current density of −5 mA cm−2 at ~0–0.5 V vs RHE indicates limitation by 

mass transport that is ascribable to oxygen diffusion-limited ORR (water-

forming reaction).32 Further increases in the cathodic current below 0 V vs 

RHE are assigned to HER, as we have previously reported.33,34 CrOx was 

electrochemically deposited on the Pt RDE by chronopotentiometry following 

literature procedures (−20 μA for 10 min in 0.5 M K2CrO4 solution; see Figure 

B1 for a discussion on the deposition conditions) and was tested under the 

same conditions as the bare Pt RDE. The CrOx/Pt RDE showed negligible 

current at 0–0.7 V vs RHE, and increasing cathodic current below 0 V vs 

RHE was ascribable to HER. The absence of limiting diffusion currents 

clearly suggests nearly complete selective suppression of ORR by the CrOx 

layer. These observations demonstrated that the CrOx layer selectively 

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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suppressed ORR without significantly losing HER activity of the substrate 

(Pt), consistent with literature reports.23

For the investigation of photocatalytic reactions, UV-responsive SrTiO3 

was chosen as a model photocatalyst because its conduction band edge is 

more negative than the HER equilibrium potential and its valence band edge 

is more positive than the OER equilibrium potential, indicating that this 

semiconductor is thermodynamically capable of overall water splitting under 

UV light irradiation.3 To facilitate the surface redox reactions, the surface of 

SrTiO3 was decorated with an optimized loading of 0.4 wt % of Pt via the wet 

impregnation method. Figure 3.2a shows the transmission electron 

microscopy (TEM) image, and Figure 3.2b shows the corresponding energy-

dispersive spectroscopy (EDS) analysis for Pt/SrTiO3, revealing that the Pt 

nanoparticles on the surface ranged from 0.5 to 4 nm in size. The EDS 

analysis shows clear signals of Sr and Ti from SrTiO3 and Pt from the 

nanoparticles (and Cu from the TEM grid). CrOx was photodeposited on the 

surface of Pt/SrTiO3 from a 2 mM K2CrO4 solution. In the sample after 

deposition, EDS (Figure 3.2d; also see Figure B3) showed an additional peak 

at 5.4 keV that is ascribable to Cr, and X-ray photoelectron spectroscopy 

(XPS) spectra (Figure B4) exhibited peaks at approximately 576 and 586 eV 

that correspond to a Cr 2p orbital (Cr3+), indicating that Cr6+ in the solution 

was successfully reduced onto Pt/SrTiO3.35 Notably, X-ray diffraction (XRD) 

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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profiles (Figure B5a) did not exhibit any changes in the bulk structure before/

after the deposition, and UV-vis spectra (Figure B5b) indicated negligible 

influence of Pt and CrOx on the absorption edge.

Figure 3.1: (a) Cyclic voltammograms over bare Pt and Cr-modified Pt (CrOx/Pt) disk electrodes in 0.5 
M Na-sulfate at pH 13 (conditions: 3600 rpm, 50 mV s−1, O2 bubbling, and 298 K). (b) Photocatalytic gas 

evolution time course for Pt/SrTiO3 and CrOx/Pt/SrTiO3 (100 mL of 0.1 M NaOH solution, under UV 
light irradiation (300 < λ < 800 nm), 50 mg of catalyst, volume of reactor = 512 mL).

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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Figure 3.2: TEM of (a) Pt/SrTiO3 and (c) CrOx/Pt/SrTiO3, with corresponding EDS analysis (b) and (d), 
respectively. Red circles in TEM images indicate the spots where EDS analysis was performed.

The photocatalytic gas evolution time course for Pt/SrTiO3 in 0.1 M NaOH 

solution with UV light irradiation is presented in Figure 3.1b. Initial gas 

evolution rates at 0.5 h were approximately 60 (H2) and 30 (O2) umol h−1. The 

observed H2/O2 ratio of 2 was consistent with the stoichiometry of water 

splitting, showing that the prepared Pt/SrTiO3 was capable of 

photocatalytically splitting water into H2 and O2. The gas evolution rates 

decreased over time to ~0 after 8 h. In addition, when the light was turned off 

after 10 h of irradiation, negative rates (approximately −50 and −25 μmol h−1 

for H2 and O2, respectively) were observed, which indicates that the water 

formation reaction from H2 and O2 occurred. The observed back-reaction rates 

were almost comparable to the initial rate, which unambiguously accounts for 

the observed negligible gas evolution rate at ~8–10 h in the figure: Pt/SrTiO3 

is not only capable of splitting water molecules but also even catalyzes the 
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back-reaction of water formation in the dark, which results in no apparent 

gas evolution in the steady state. For a successful water-splitting reaction, 

therefore, a strategy to selectively suppress the back-reaction is essential.

The photocatalytic gas evolution rates for CrOx/Pt/SrTiO3 are shown in 

Figure 3.1b. The initial gas evolution rates were 120 (H2) and 60 (O2) umol 

h−1. The rates then dropped to a steady rate of 90 (H2) and 45 (O2) umol h−1 

after 4 h, presumably because of any surface contaminants that were used as 

a sacrificial reagent, which was also the case for Pt/SrTiO3. Indeed, the 

powder exhibited the rate of 90 umol h−1 when it was reused multiple times 

for a total of 20 h (Figure B6). The evolved H2/O2 ratio was continuously 2 for 

the full duration of the experiment, consistent with the stoichiometry of 

water splitting. When the light was turned off after 10 h, the rate dropped to 

almost zero, indicating no apparent back-reaction, which contrasted with the 

observation for Pt/SrTiO3. These observations clearly show that the 

CrOx/Pt/SrTiO3 successfully achieved overall water splitting.

On the basis of the observations for Pt/SrTiO3 and CrOx/ Pt/SrTiO3, we 

attempted the following quantitative rationalization of the reaction rate. The 

overall water splitting,

2 2 22H O 2H O  (1)

is composed of HER and OER, which are shown in Equations (2) and (3), 

respectively.

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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2 22H O  2  H   2OHe    (2)

2 24OH  O  2H O  4e   (3)

where e− denotes an electron. Importantly, the water-forming back-reaction 

is classified into (a) the electroless local reaction (thermal back-reaction of 

equation 1) and (b) the electrocatalytic reaction (back-reaction of equations 2 

and 3). Notably, the oxide surface is generally not capable of dissociating the 

H2 molecule, and thus the electrocatalytic hydrogen oxidation reaction (back-

reaction of equation 2) is barely problematic.36 The photocatalytic overall 

water-splitting reaction rate r is thus described as follows:

, ,f b illum b darkr r r r  
 (4)

where rf is the forward rate of photocatalytic water splitting, rb,illum is the 

rate of the electrocatalytic back-reaction (ORR, backward reaction of equation 

3), and rb,dark is the electroless back-reaction associated with equation 1. 

Because CrOx/Pt/SrTiO3 did not show apparent back-reactions (Figure 3.1b), 

the steady-state reaction rate of 90 μmol h−1 likely corresponds to the true 

forward reaction rate (rf). It should be noted that the initial rate of Pt/SrTiO3 

in Figure 3.1b is close to 90 μmol h−1, which is almost the same as the steady-

state rate of CrOx/Pt/SrTiO3. For Pt/SrTiO3, when the light was turned off, a 

clear back-reaction was observed with the rate of 40 μmol h−1, which can be 

regarded as the electroless back-reaction (rb,dark) in the presence of 200 μmol 

of H2 and 100 μmol of O2 in our recirculating batch reactor with a system 



130

volume of 512 mL. Using equation 4, rb,illum is therefore calculated to be 50 

μmol h−1. This simple calculation revealed that more than half of the back-

reaction for Pt/SrTiO3 in our system could be accounted for by the 

electrocatalytic back-reaction. In addition, such an electrocatalytic back-

reaction (ORR) can be separately investigated electrochemically. In the 

following sections, the photocatalytic and electrocatalytic reactions of the 

CrOx layer are studied in various conditions to elucidate its limitations and 

capabilities.

3.4.1. Fe redox

The redox reaction with ferro-/ferricyanide species was tested because it is 

an outer-sphere reaction, which is fundamentally different from the other 

reactions discussed, i.e., HER or ORR. Figure 3.3a shows CVs using pristine 

Pt and CrOx/Pt RDEs in 10 mM K3Fe(CN)6 with 1.5 mol L−1 of K-phosphate 

solution with Ar bubbling (KH2PO4/K2HPO4 = 80/20, pH 5.8; see Figure B7 for 

CVs in the absence of K3Fe(CN)6 under buffered conditions). Buffered 

solution was used to prevent pH changes in the system, and the near-neutral 

pH was chosen to avoid oxidation of CrOx by Fe2+ (see Pourbaix diagram in 

Figure 3.9; see also the final section for discussion on the oxidative loss of 

CrOx). The Pt disk showed a constant current density of −6 mA cm−2 at 0–0.7 

V vs RHE, indicative of the diffusion-limited reduction of Fe3+ to Fe2+. The 

increase in the cathodic current when the potential was below 0 V vs RHE 

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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originated from HER. In contrast, when the surface of Pt was decorated with 

CrOx no constant current was observed when the potential was above 0 V vs 

RHE, indicating that CrOx/Pt was not capable of reducing Fe3+ in the 

solution. Nevertheless, an increase in the cathodic current was observed 

below 0 V vs RHE and was ascribable to HER, demonstrating that CrOx can 

electrochemically realize selective HER without parasitic reduction of Fe3+. 

These results clearly indicate that the outer-sphere-type reaction of Fe3+ 

reduction cannot occur even on the surface of the CrOx shell. According to 

theoretical predictions, the tunneling of electrons can occur at distances less 

than ~1.5 nm,37 which is shorter than the thickness of the prepared Cr shell 

(2 nm). For Fe3+ to be reduced, the Fe3+ species thus must penetrate the CrOx 

layer, which was most likely not allowed due to its membrane-like function. 

These rationales suggest that the CrOx shell functions as a selective 

membrane through which hydronium ions, but not Fe3+, can penetrate, 

leading to selective hydrogen production.
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Figure 3.3: (a) Cyclic voltammograms over pristine Pt and Cr-modified Pt (CrOx/Pt) disk electrodes, 
recorded at a scan rate of 50 mV s−1, at a disk rotation speed of 3600 rpm and at 298 K in 10 mM 

K3Fe(CN)6 + 1.5 M K-phosphate (KH2PO4/K2HPO4 = 80/20, pH 5.8), with Ar bubbling. (b) Photocatalytic 
activity time courses of Pt/SrTiO3 and CrOx/Pt/SrTiO3 in 1 mM K3Fe(CN)6 + 1 mM K4Fe(CN)6 + 0.5 M 

K-phosphate (KH2PO4/K2HPO4 = 60/40) (under UV light irradiation (300 < λ < 800 nm), 50 mg of 
catalyst).

Figure 3.3b shows photocatalytic time courses of Pt/SrTiO3 and 

CrOx/Pt/SrTiO3 in 1.0 mM K3Fe(CN)6 + 1.0 mM K4Fe(CN)6 in 0.5 mol L−1 K-

phosphate (KH2PO4/K2HPO4 = 60/40 pH 6) under UV light irradiation. A 0.5 

mol L−1 solution was used instead of the 1.5 mol L−1 solution from the 

electrochemical study because the photocatalytic powder could not be 

dispersed in the denser buffer solution due to the buffer's high viscosity (see 

Figure B8 for rates with only buffer solution). A more detailed study of the 

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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effects of buffers in the photocatalytic system will be investigated in another 

paper. The photocatalytic experiments were performed at a concentration of 

the Fe couple that was 10-fold lower than that in the electrochemical study, 

as the presence of 10 mM Fe couple led to no gas evolution due to parasitic 

photon absorption by the Fe complex in the UV range (for UV-vis spectra of 

the iron species, see Figure B9). For Pt/SrTiO3, no gas evolution was detected, 

presumably because the generated holes and electrons from the photocatalyst 

were used to cycle the redox couple between Fe2+ and Fe3+ (short circuit), 

which is thermodynamically more favored than water splitting. In the 

CrOx/Pt/SrTiO3 system, the rate of H2 evolution started at 200 μmol h−1, while 

the O2 evolution rate started at 50 μmol h−1. The gas evolution using a CrOx 

shell was well-aligned with the electrochemical observation that was 

discussed in Figure 3.3a. However, the H2/O2 ratio here was not 2:1, 

indicating that overall water splitting was not the case. The increase in H2 

production is probably due to the Fe2+ ions acting as a sacrificial reagent by 

consuming a hole generated from the SrTiO3. A sharp decrease in the H2 

evolution rate was observed between 2 and 6 h, when it stabilized at 100 

μmol h−1, and the oxygen evolution rate decreased to 25 μmol h−1, which was 

lower than the hydrogen evolution rate in the absence of the Fe redox couple 

(140 μmol h−1; see Figure B8). Because ~550 μmol of Fe2+ was calculated to be 

remaining in solution after the whole reaction, the decrease in the rate could 

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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not be ascribed to the full consumption of the Fe complex. The lower activity 

is most likely due to competitive light absorption, as both iron species absorb 

especially close to 390 nm in the UV range, which is where the absorption 

edge of SrTiO3 is located. In addition, photocatalytic reactions were examined 

in the presence of only K3Fe(CN)6, which exhibited stoichiometric water 

splitting (H2/O2 ratio of 2; data not shown), which is consistent with our 

analysis.

The electrochemical study clearly revealed that the CrOx shell achieved 

selective HER in the prce

sence of Fe3+ ions, which was indeed the case for the photocatalytic system. 

The observed decrease in the performance during photocatalysis was thus 

rationalized as being most likely due to photon absorption rather than 

electrochemical phenomena. Therefore, in both electrocatalytic and 

photocatalytic systems, CrOx shells were found to stably function to regulate 

the selectivity of the surface redox reactions, even for outer-sphere-type 

reactions.

3.4.2. NaIO3

The reduction of iodate, which is known as an electron acceptor and a 

redox mediator in Z-scheme systems, was investigated. Figure 3.4a presents 

CVs of Pt and CrOx/Pt RDEs in 0.1 M NaOH with 1 mM NaIO3 and Ar 

bubbling. When the pristine Pt RDE was used, a cathodic current arose at 
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~0.6 V vs RHE and then plateaued when the potential reached ~0.3 V vs 

RHE, which was ascribable to diffusion-limited reduction of IO3
−. Below ~0 V 

vs RHE, the cathodic current further increased, which was attributed to 

HER. In contrast, CrOx/Pt exhibited a substantial cathodic current only below 

0 V vs RHE. The lack of any clear fingerprint of IO3
− reduction when CrOx 

was present clearly indicated that CrOx enables the selective HER even in 

the presence of iodate; this behavior likely occurs because CrOx prohibits the 

access of iodate to the reduction active sites.

Figure 3.4b shows the photocatalytic time course for Pt/SrTiO3 and 

CrOx/Pt/SrTiO3 in 0.1 M NaOH and 10 mM NaIO3. For bare Pt/SrTiO3, the H2 

evolution rate was close to 0 μmol h−1, indicating that IO3
− was preferentially 

reduced, as observed in the electrochemical study. Interestingly, however, the 

corresponding O2 evolution rate was 25 μmol h−1, which was lower than that 

of CrOx/Pt/SrTiO3 in the absence of any sacrificial reagent (Figure 3.1). This 

apparent contradiction could be rationalized by the competitive oxidation of I− 

produced by the IO3
− reduction, consistent with the previous reports on Z-

scheme systems.38,39 CrOx/Pt/SrTiO3, on the other hand, maintained steady 

performance throughout the duration of the experiment at a 2:1 ratio of H2 to 

O2 at a rate of 80 and 40 μmol h−1, respectively, indicating overall water 

splitting without unwanted side-reactions, consistent with the observation in 

the electrochemical study.
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Figure 3.4: (a) Cyclic voltammograms over pristine Pt and Cr-modified Pt (CrOx/Pt) disk electrodes 
recorded at a scan rate of 50 mV s−1, at disk rotation speed of 3600 rpm, and at 298 K in 0.1 M NaOH 

with 1 mM NaIO3 and Ar bubbling. (b) Photocatalytic activity time courses of Pt/SrTiO3 and 
CrOx/Pt/SrTiO3 in 10 mM NaIO3 (100 mL of 0.1 M NaOH solution, under UV light irradiation (300 < λ < 

800 nm), 50 mg of catalyst).

In summary, in both electrocatalysis and photocatalysis systems, the CrOx 

shell was found to successfully suppress the reduction of iodate, leading to 

selective hydrogen production. In addition, our photocatalysis study 

demonstrated that the SrTiO3 surface is capable of oxidizing I−, which led to 

lower water splitting efficiency. Therefore, when the practical application of 

CrOx shell was considered for redox-mediated photocatalytic reactions, 
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additional strategies are required to regulate the side-reaction on the anodic 

side.

3.4.3. Na2S2O8

Persulfate is one of the most commonly used sacrificial reagents (electron 

scavenger) in photocatalysis; however, electrochemical study of the reduction 

of persulfate in relevant conditions has rarely been reported. In this section, 

we extend our study to the reduction of persulfate in both electrocatalytic and 

photocatalytic systems. Figure 3.5a shows CVs of Pt and CrOx/Pt RDEs in 0.1 

M NaOH with 1 mM Na2S2O8 and Ar bubbling. The Pt RDE exhibited an 

increasing negative current density at applied potentials starting at 0.4 V vs 

RHE. At potentials less than ~0 V vs RHE, the cathodic current became more 

apparent, which could be ascribable to HER. Surprisingly, this result showed 

that the reduction of persulfate in the electrochemical system is not 

particularly kinetically facile, even using Pt, although persulfate is one of the 

most commonly used electron scavengers in photocatalytic systems. It could 

be speculated at this stage that its successful function as a sacrificial reagent 

originates from something more than surface electrochemical phenomena. 

Further study, which falls outside of our scope, seems essential in elucidating 

the phenomenon. On the other hand, CrOx/Pt showed no apparent cathodic 

current throughout the potential range from 0 to 0.7 V vs RHE, while a 

cathodic current ascribable to HER was observed below 0 V vs RHE. These 
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results indicate that CrOx/Pt does not reduce S2O8
2− anions, instead 

maintaining the electrocatalytic activity of the substrate (Pt) toward HER. 

Nevertheless, it should be noted that CrOx/Pt exhibited a decreasing cathodic 

current with successive cycles (see Figure B10), implying that the CrOx shell 

could not stably function in the presence of persulfate, likely due to the local 

redox reaction (S2O8
2− reduction and Cr3+ oxidation) while potential cycling. 

Detailed discussion of the local redox reactions is to be provided in the final 

section.

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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Figure 3.5: (a) Cyclic voltammograms over pristine Pt and Cr-modified Pt (CrOx/Pt) disk electrodes 
recorded at a scan rate of 50 mV s−1, at disk rotation speed of 3600 rpm, and at 298 K in 0.1 M NaOH 

with 1 mM Na2S2O8 and Ar bubbling. (b) Photocatalytic activity time courses of Pt/SrTiO3 and CrOx/Pt/
SrTiO3 in 10 mM Na2S2O8 (100 mL of 0.1 M NaOH solution, under UV light irradiation (300 < λ < 800 

nm), 50 mg of catalyst).

Figure 3.5b shows the photocatalytic time course for Pt/SrTiO3 and 

CrOx/Pt/SrTiO3 in 0.1 M NaOH and 10 mM Na2S2O8. Pt/SrTiO3 showed 

minimal H2 evolution (a rate of <5 μmol h−1), while its O2 evolution rate was 

steady at ~50 μmol h−1. Because the persulfate, which is known to function as 

a sacrificial reagent, was present, the corresponding reduction reaction here 

is the reduction of persulfate. The photocatalytic OER rate decreased to 

almost zero after 7 h, which is most likely due to the consumption of the 
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persulfate that was present in the solution. There was 1.0 mmol of sacrificial 

reagent present in the solution, as it was 100 mL of a 10 mM Na2S2O8 

solution in the reactor. Decomposing each persulfate anion requires 2 

electrons; therefore, 1.0 mmol of S2O8
2− would correspond to 0.5 mmol of O2. 

From Figure 3.5b, the amount of O2 that evolved was close to 450 μmol in the 

first 8 h (before the rate decreased). When the O2 rate decreased, an increase 

in the H2 evolution rate was observed, corresponding to switching from 

reducing the sacrificial reagent to overall water splitting. A slight increase in 

the H2 evolution rate was observed, which coincided with the decrease of the 

O2 evolution rate and likely corresponded to a switch from the sacrificial 

reagent-assisted oxygen production to overall water splitting. When the 

surface of Pt was covered with a CrOx shell, gas evolution rates of 

approximately 100 (H2) and 50 (O2) μmol h−1 were observed throughout the 

duration of the experiment, as shown in Figure 3.5b. The ratio of 

hydrogen/oxygen evolution rates was 2, clearly revealing that CrOx/Pt/SrTiO3 

was capable of evolving H2 and O2, even in the presence of persulfate. 

Interestingly, this material's photocatalytic water-splitting reaction rates 

were stable during the measurements (10 h), which contrasts with the 

observed decrease in its performance in the electrochemical study. The 

discrepancy can be rationalized by the fact that, during photocatalysis, CrOx/

Pt/SrTiO3 was continuously irradiated, i.e., the active site that is responsible 
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for the hydrogen production had been likely kept under reducing conditions 

that can mitigate the local redox reaction between Cr3+ and S2O8
2− or avoid 

the oxidative loss of the CrOx shell from the surface. This rationale implies 

that, for the CrOx shell to stably function when oxidizing agents are present, 

substantial cathodic potential is required.

This section revealed that CrOx/Pt can selectively evolve hydrogen in both 

electrocatalytic and photocatalytic systems, even in the presence of a strong 

electron scavenger. Nonetheless, CrOx was found to likely undergo local redox 

reactions with a strong oxidizing agent, probably due to the substantial 

thermodynamic driving force for the local redox reaction, which can be 

mitigated by keeping CrOx in the reducing environment. Detailed discussion 

of the limitations of the CrOx shell is in the final section.

3.4.4. H2O2

Depending on the nature of the oxidation active site, H2O2, instead of O2, 

can be generated during electrocatalysis and photocatalysis, which is known 

as an oxidizing agent. The cogeneration of such an oxidizing agent, i.e., H2O2, 

during water splitting can harm the catalyst. This section discusses the 

impact of the presence of H2O2 on the performance of CrOx shells. Figure 3.6a 

shows the CVs of Pt and CrOx/Pt RDEs in 0.1 M NaOH with 1 mM H2O2 and 

Ar bubbling. The pristine Pt RDE exhibited a constant current when the 

potential was <0.7 V vs RHE, clearly showing that H2O2 was reduced and was 
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limited by diffusion. Below 0 V vs RHE, a substantial increase in the 

reduction current was observed that can be assigned to HER. In contrast, 

CrOx/Pt showed negligible current density from 0 to 0.7 V vs RHE, and the 

apparent reduction current below 0 V vs RHE is ascribed to HER. The CrOx 

shell stably functioned in the presence of H2O2 and can notably also prevent 

molecular species from penetrating through toward the Pt surface.

Figure 3.6: (a) Cyclic voltammograms over pristine Pt and Cr-modified Pt (CrOx/Pt) disk electrodes 
recorded at a scan rate of 50 mV s−1, at disk rotation speed of 3600 rpm, and at 298 K in 0.1 M NaOH 

with 1 mM H2O2, and Ar bubbling (note: carbon paper was used as a counter electrode). (b) 
Photocatalytic activity time courses of Pt/SrTiO3 and CrOx/Pt/SrTiO3 in 10 mM H2O2 (100 mL of 0.1 M 

NaOH solution, under UV light irradiation (300 < λ < 800 nm), 50 mg of catalyst).
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The photocatalytic time courses for Pt/SrTiO3 and CrOx/ Pt/SrTiO3 in 0.1 M 

NaOH and 10 mM H2O2 are shown in Figure 3.6b. Pt/SrTiO3 showed an 

initial rate of 175 μmol h−1 for O2 evolution, which then rapidly decreased to 0 

μmol h−1 after 4 h, while the H2 evolution rate remained close to 0 for the full 

duration of the experiment. The decrease of O2 production to 0 corresponded 

to the full consumption of all H2O2 in solution. The same logic that was used 

in the Na2S2O8 section applies: specifically, 0.5 mmol of O2 is expected, as the 

decomposition of H2O2 is a 2e− process. After consuming H2O2, no H2 and O2 

evolved, presumably because the ORR/OER pair prevailed because the 

system contained 500 μmol of O2. It should be noted that H2O2 can be 

decomposed by UV light irradiation as well as the presence of catalysts such 

as Pt, and thus, the rate observed here was not entirely ascribable to 

photocatalytic decomposition of H2O2. CrOx/Pt/SrTiO3, on the other hand, 

evolved H2 at a rate of 110 μmol h−1 and O2 at a rate of 75 μmol h−1. The ratio 

of hydrogen/oxygen production did not correspond to the stoichiometry of 

water splitting, most likely because of the decomposition of H2O2 under UV-

light irradiation, as shown in Figure B11. Notably, the observed H2 

production rate was almost comparable to that in the absence of H2O2, 

indicating that the CrOx shell prevents the reduction of H2O2, consistent with 

the electrochemical study. Therefore, even if the oxidation site of the 

photocatalyst generates partial amounts of H2O2 instead of O2, the CrOx shell 

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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can suppress the reduction of molecular H2O2, preventing harm to the 

catalyst.

3.4.5. CO

One of the most well-known molecules that can poison the catalyst is CO. 

Herein, we further extend our study to water splitting in the presence of CO 

to see if CrOx shell can prevent poisoning of the Pt surface. Figure 3.7a shows 

CVs using the Pt and CrOx/Pt RDEs in 0.1 M NaOH solution with 1% CO/Ar 

bubbling. The Pt RDE exhibited almost negligible currents at potentials from 

−0.1 to 0.7 V vs RHE, and a slight increase in the cathodic current, ascribable 

to HER, was observed at potentials less than −0.2 V vs RHE. The observed 

HER rate was substantially smaller than those in all other cases and can be 

accounted for by the CO molecules sticking to the Pt surface. However, when 

the CrOx shell was present, substantially increasing reduction current was 

observed when the potential was <0 V vs RHE; this current was ascribed to 

HER and was quantitatively almost the same as the HER activity in the 

absence of CO (see Figure B12). This observation clearly shows that the CrOx 

shell is capable of preventing Pt poisoning from CO without losing the HER 

activity of the Pt substrate.

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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Figure 3.7: (a) Cyclic voltammograms over pristine Pt and Cr-modified Pt (CrOx/Pt) disk electrodes 
recorded at a scan rate of 50 mV s−1, a disk rotation speed of 3600 rpm, and 298 K in 0.1 M NaOH with 
1% CO/Ar bubbling. (b) Photocatalytic activity time courses of Pt/SrTiO3 and CrOx/Pt/SrTiO3 in Milli-Q 
water with 1% CO bubbling (100 mL of solution, under UV light irradiation (300 < λ < 800 nm) with 50 

mg of catalyst).

Figure 3.7b shows photocatalytic time courses of Pt/SrTiO3 and 

CrOx/Pt/SrTiO3 in Milli-Q water with Ar or 40 kPa of 1% CO/Ar. During the 

first 2 h of the experiment, the H2 evolution rates in water solution without 

CO in the system were 20 and 50 μmol h−1 for Pt/SrTiO3 and CrOx/Pt/SrTiO3, 

respectively. When CO gas was introduced to the system at 2 h, the H2 

evolution rate of Pt/SrTiO3 dropped to 2 μmol h−1, most likely due to poisoning 

of Pt by CO, consistent with the electrochemical study (Figure 3.7a). After 7 
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h, CO was purged from the system and replaced with Ar; after a 1 h 

induction period, Pt/SrTiO3 exhibited almost the same H2 evolution rate as in 

the beginning, indicating that the CO had desorbed from the Pt surface. In 

contrast, CrOx/Pt/SrTiO3 exhibited an almost unchanged H2 evolution rate. 

Therefore, it is inferred that CO cannot poison the Pt when the CrOx shell is 

present.

3.5. Reaction Conditions Suitable for Chromium Layer

The previous sections have shown that, in both electrocatalytic and 

photocatalytic systems, the CrOx layer can successfully block outer-sphere 

reactions as well as reduction of anions, molecular species, and gases. Such a 

universal function of CrOx seems surprising; however, its use has some 

drawbacks. As described in the section on persulfate, CrOx likely undergoes 

local redox reactions with species that are present in the solution; Cr3+ is 

oxidized in these reactions, leading to the loss of CrOx. Such local redox 

events are studied electrochemically in detail in this section, using O2 as a 

model oxidizing agent. CV was carried out using a CrOx/Pt RDE for 1800 

cycles in the potential range of −0.1–0.7 V vs RHE at a scan rate of 50 mV s−1 

in 1.0 M NaOH with O2 bubbling (Figure B13a). No substantial change in the 

CV was obtained, which indicates the excellent stability of the CrOx shell 

under working conditions. Two obvious conditions under which CrOx is 

unstable were oxidizing conditions above 0.7 V vs RHE, in which the CrOx 

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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was oxidized (Figure B14), and acidic pH (pH 2 and lower, Figure B15), both 

of which are consistent with the literature.23 In addition, the presence of O2 

was found to oxidize the CrOx shell in nonworking conditions. Figure 3.8a 

shows CVs of a CrOx/Pt RDE in 1.0 M NaOH with O2 bubbling in between 

successive scans while the rest time was sequentially increased. The CV after 

1 min of resting conditions exhibited almost negligible current from 0 to 0.7 V 

vs RHE and increasing reduction current when the potential was <0 V vs 

RHE, which is ascribable to HER; this is consistent with all the other CVs of 

CrOx/Pt in this study. While increasing the duration of the resting time to 30 

min and 1 h did not lead to any significant changes in the CV, the CV after 2 

h of resting conditions with O2 bubbling exhibited reduction current from 0 to 

0.7 V vs RHE. The open-circuit potential (OCP) that was recorded during the 

resting conditions is presented in Figure B13b and reveals that the OCP 

shifted to positive values, reaching 1.1 V vs RHE. Such a positive potential 

was sufficient to oxidize and dissolve the CrOx shell. ORR was observed as 

the reduction current from 0 to 0.7 V vs RHE in Figure 3.8a and was most 

likely due to the loss of the CrOx shell on the Pt surface. The same 

experiment was performed with Ar bubbling instead of O2, and the results 

are compiled in Figure 3.8b. Similar CVs were observed after different 

resting times, indicating that the CrOx layer remained stable in the absence 

of O2. The stability of CrOx/Pt RDE with O2 was further tested by a 10 h 

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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chronoamperometry (CA) study (see Figure B16a,b), where the potential was 

changed every hour to increasingly more cathodic current. Figure B16a 

showed that HER was stable at each potential and with both Ar and O2 gas. 

These results clearly showed that CrOx is stable under working conditions, 

but O2 and CrOx undergo local redox reactions when no current/potential is 

applied, resulting in the loss of the CrOx shell from the catalyst surface.

Figure 3.8: (a) Cyclic voltammograms over Cr-modified Pt (CrOx/Pt) disk electrodes in 1.0 M NaOH 
with sequentially increasing rest times between successive CV scans with (a) O2 bubbling and (b) Ar 

bubbling (disk rotation speed of 3600 rpm, scan rate of 50 mV s−1, and 298 K).

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.7b01704/suppl_file/sc7b01704_si_001.pdf
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The primary requirement for such losses of CrOx is that the local redox 

reaction is thermodynamically allowed. The local redox reaction can 

thermodynamically occur when the equilibrium potential for the reduction of 

the oxidizing agent is at a more positive potential than the oxidation of Cr3+, 

or in other words, the local redox reaction is exothermic. Figure 3.9 compiles 

a Pourbaix diagram40 of representative half-reactions from this study. In the 

figure, cathodic half-reactions that are located at more positive potentials 

than the oxidation of Cr3+ can undergo local redox events with Cr3+, i.e., the 

loss of the CrOx shell. Among the species tested in this study, the loss of the 

Cr layer thermodynamically prevails in the presence of persulfate (at all pH 

levels), hydrogen peroxide (at all pH levels), oxygen (at all pH levels), and 

Fe3+ (>pH 10). Indeed, as observed in this study, the presence of O2 in 1.0 M 

NaOH or persulfate in 0.1 M NaOH resulted in local redox events; however, 

the presence of hydrogen peroxide did not cause local redox reactions, most 

likely due to its sluggish kinetics on CrOx surfaces. Thus, for the practical 

application of the CrOx layer, consideration of both thermodynamics and 

kinetics are of great significance; for example, under practical solar fuel 

production conditions via photocatalytic overall water splitting, the evolved 

oxygen can accumulate in the system and light does not irradiate all the 

time. Thus, the CrOx shell can be lost. Therefore, to realize more practical 

solar fuel production systems, additional measures need to be taken.
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Figure 3.9: Pourbaix diagrams and corresponding reactions.

3.6. Conclusion

The universal functionality of Cr-based layers decorating hydrogen 

evolution catalysts was explored in both electrocatalytic and photocatalytic 

systems. Our systematic study disclosed that selective HER was universally 

possible when decorating Pt electrode with a layer of CrOx, even in the 

presence of [Fe(CN6)]3−, NaIO3, Na2S2O8, and H2O2. Additionally, the 

poisoning of Pt surfaces by CO gas was prevented by the CrOx shell by 

regulating the access of CO to the Pt surface. As a result, efficient 

photocatalytic overall water splitting using the Cr-decorated electrocatalyst 

was efficiently achieved, even in the presence of such redox species. 

Nevertheless, it was also found that, in the presence of strong oxidizing 

agents, whose reduction potentials are located at more positive values than 

that of the oxidation of Cr3+, local redox events can occur under dark 

condition, leading to the loss of Cr. The presence of persulfate and O2 resulted 
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in the gradual loss of the CrOx shell due to such local redox events in 

nonoperating (open-circuit) conditions. Therefore, although CrOx layers 

stably function under HER operating conditions (at negative potential), an 

additional strategy to mitigate the local redox reactions seems essential for 

the practical application of photocatalytic systems.
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4. CHAPTER 4: CATALYTIC CONSEQUENCES OF ULTRAFINE PT 
CLUSTERS SUPPORTED ON SRTIO3 FOR PHOTOCATALYTIC OVERALL 

WATER SPLITTING

4.1. Abstract†

Metal cluster size in supported metal catalysts impacts the oxidation state 

of the metal atoms, coordination capability, and finally the catalytic activity

—especially when the number of atoms becomes countable. The correlation 

between metal oxidation state and its catalytic consequences for ultrafine Pt 

was studied for photocatalytic overall water splitting using a Pt/SrTiO3 

(photo)catalyst. A distinctive change in catalytic behavior and oxidation state 

was observed below 100 Pt-atom clusters at ~2 nm. Combining density 

functional theory (DFT) and experimental characterizations including X-ray 

absorption spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS), and 

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), the 

smaller Pt clusters obtained by the surface organometallic route (under 100 

Pt atoms) were predominantly oxidized and selectively performed 

photocatalytic water splitting selectively without activation of the water-

forming back-reaction from H2 and O2. When the Pt clusters obtained by 

classical impregnation were larger than 2 nm, they remained metallic (Pt0) 

and were active for both water splitting and the competing thermal water 

† This thesis chapter was adapted from:
Qureshi, M.; Garcia-Esparza, A. T.; Jeantelot, G.; Ould-Chikh, S.; Aguilar-Tapia, A.; 
Hazemann, J.-L.; Basset, J.-M.; Loffreda, D.; Le Bahers, T.; Takanabe, K. Catalytic 
Consequences of Ultrafine Pt Clusters Supported on SrTiO3 for Photocatalytic Overall 
Water Splitting. J. Catal. 2019, 376, 180-190.
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formation back reaction. In addition, Pt0 clusters are poisoned in the presence 

of CO, whereas highly dispersed ultra-fine oxidized Pt clusters are insensitive 

to CO. This paper presents evidence of ultrafine PtOx (below approximately 2 

nm clusters) that are insensitive to coordination of various gas identities (H2, 

O2, CO), resulting in successful and selective photocatalytic overall water 

splitting.

4.2. Introduction

The cluster size of active metals in supported metal catalysts often leads to 

critical catalytic consequences.1 The size effects are understood based on 

electronic effects and geometric effects, which are inter-correlated and 

strongly affected by the presence of a support.1,2 The electronic structures of 

metal clusters are influenced by the interaction with the support, and such 

influence increases as the metal cluster size decreases. A quantitative 

description of such interactions at the atomic scale of the cluster is generally 

challenging both experimentally and computationally. Recent advances in 

density functional theory (DFT) calculations allow determination and 

interpretation of the charge reorganization induced by the interaction and of 

the charge transfer between the metal and the support.3,4 Therefore, this 

theory opens a pathway to the atomistic interpretation of the experimentally 

measured properties of these systems. In addition, a variation in the cluster 

size simultaneously causes changes in the exposed geometric surface 
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morphology of the metal (facet): more low-coordination sites are exposed as 

the cluster size decreases.5 The reactivity on different facets may cause 

drastic differences in catalytic reactivity for various reactions.6,7 The 

reactions affected by the cluster size are called structure-sensitive reactions.6 

This geometric effect is inevitably linked to electronic effects—especially 

when the support interacts strongly with the cluster.8

One way to quantify the electronic interaction between oxide supports and 

metal nanoparticles is simulation of the density of states of a model catalyst. 

Lykhach et al.9 and Kozlov et al.10 reported a good example that quantified 

the degree of electronic metal-support interaction (EMSI) when Pt 

nanoparticles are supported on CeO2. The DFT calculations (GGA+U) nicely 

coincide with the potential shift in Pt nanoparticles as measured by X-ray 

photoelectron spectroscopy (XPS). The extent of electron exchange at steady 

state under vacuum is maximized when the particle size is ~1.8 nm or ~100 

atoms.

Another important aspect is the geometric effects arising from the size of 

the metal nanoparticles. For example, the size of Pt nanoparticles has a 

strong impact on the electrocatalytic oxygen reduction reaction (ORR)—this 

is one of the most investigated electrocatalytic reactions with practical value 

to fuel cell technology.11 The ORR is a structure-sensitive reaction with 

distinctive catalytic activity for Pt(111), Pt(100), and Pt(110).11 Several 
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research groups have observed that Pt nanoparticles lose specific activity and 

mass activity when the particles become smaller than 2 nm.12–16 Recently, a 

combined experimental and theoretical approach of ORR at various Pt 

nanoparticle size and extended surfaces has shown that the electrocatalytic 

activity toward ORR can be captured by the generalized coordination number 

of active sites (where the surface species such as *OH and *OOH are 

bound).16 Besides, the loss of performance between Pt(111) and Pt 

nanoparticles of ~2 nm can be explained by a loss of coordination for *OH 

intermediate at the active site.16 One explanation for the loss of the activity 

below ~2 nm is strong coordination of adsorbed oxygen as a consequence of 

the size and the shape of the nanoparticles.11 Another possible explanation 

that has been experimentally proven is that these small Pt clusters are 

oxidized and cannot maintain a metallic state.17 As expected, oxidized Pt 

particles rarely have high catalytic activity in oxidation reactions.17–20

Recently, single-atom supported catalysis has been shown with activity 

and selectivity that are unique to the various catalytic reactions.21–24 Yang et 

al. observed a single-site in its oxidized form, namely Pt(II)-O(OH)x. This can 

be further influenced by other elements such as Na.25 This single-site Pt 

catalyst is active for CO oxidation and water gas shift reactions with some 

controversy in the active sites as argued by Ding et al. who claimed that the 

Pt single sites act more as spectators because the binding energy to CO is 
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high.26 It is always challenging, however, to maintain high dispersion of 

metal sites, as they are susceptible to sintering especially under the reaction 

conditions (heat, adsorption, light, etc.).

Decoration of semiconductor photon-absorbers with metal catalysts, e.g., Pt 

nanoparticles, is essential to achieve efficient overall water splitting (OWS); 

however, these metal nanoparticles can also catalyze the water-forming back 

reaction from H2 and O2 products, thereby decreasing the overall efficiency of 

the system.27 A general strategy to suppress the back reaction is to apply 

semipermeable membrane coatings on the metal surfaces such as CrOx,27–29 

NiOx,30–32 MoOx,33 SiOx,34,35 and Ti, Nb, and Ta oxyhydroxides.36,37 

Nevertheless, a rigorous study on the particle size dependence is still lacking 

in the literature for the OWS. A relevant example was demonstrated by Li et 

al. where the Pt in Pt/TiO2 photocatalyst remained oxidized when the Pt 

particle was as small as ~1 nm.38 In their report, they discuss that oxidized Pt 

cannot react with H2 and O2 under dark conditions. This offered a monotonic 

accumulation of H2 that evolved from 30 vol.% methanol aqueous solution in 

the presence of O2. This concept could certainly be applied for photocatalytic 

OWS where H2 and O2 are simultaneously cogenerated.

Here, we describe our efforts to understand the Pt size effects that describe 

the Pt/SrTiO3 system for photocatalytic OWS. We performed DFT 

calculations on several sizes of Pt clusters adsorbed on a SrTiO3 surface to 
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understand the size-effect on the EMSI as well as the ability of the Pt 

nanoclusters to be oxidized. These calculations were based on the work 

functions, Bader charge analysis, and mapping of the charge density 

differences between the clusters and the oxide support. Distinctive 

photocatalytic behaviors were observed experimentally by controlling the 

cluster-size of the Pt on SrTiO3. The ultrafine Pt nanoclusters were less than 

~2 nm and were synthesized on the SrTiO3 surface via a surface 

organometallic chemistry (SOMC) grafting approach. These small Pt clusters 

showed stable OWS performance with no signs of a water-formation back 

reaction even under dark conditions. Decoration with larger Pt clusters—

either synthesized by sintering the SOMC sample or the impregnation 

method—lead to a competitive loss of the OWS performance with a thermal 

back reaction that occurs regardless of illumination. X-ray photoelectron 

spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and diffuse 

reflectance infrared Fourier transformed spectroscopy (DRIFTS) were used to 

characterize the nature of Pt. All of the characterizations demonstrated that 

the small Pt clusters were found to be in an oxidized state (Pt2+) becoming 

selective to OWS. The larger clusters, which cause the back reaction, were 

metallic (Pt0). Such metallic sites are effectively poisoned by CO gas, while 

oxidized sites are essentially insensitive to the presence of CO.
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4.3. Experimental and theoretical

4.3.1. Synthesis

The synthesis of SrTiO3 was based on the literature39 where SrTiO3 powder 

and SrCl2 at a molar ratio of 1:5 were prepared with a mortar and pestle for 

25 min followed by a flux treatment at 1273 K for 10 h in an alumina crucible 

to generate highly crystalline SrTiO3. The powder was collected and washed 

continuously with water (approximately 1 L) until no chloride salt was 

detected via a AgNO3 test.

The grafting of (1,5-cyclooctadiene) dimethylplatinum(II) [(COD)Pt(CH3)2] 

on SrTiO3 was done using standard surface organometallic chemistry 

(SOMC) techniques (grafting setup schematic available in Figure C1). One 

gram of flux-treated SrTiO3 was placed in the second half of a double-

Schlenk. To remove any physisorbed water, a dehydroxylation treatment was 

performed where the Schlenk line was connected to a high vacuum; a 

dynamic vacuum of 1×10−5 mbar was applied with a heat treatment at 200 °C 

overnight. The Schlenk line was then opened in a glovebox under an inert 

atmosphere (Ar), and 8.5 mg of (COD)Pt(CH3)2 was introduced in the first 

half of the double Schlenk. Vacuum was again pulled on the double-Schlenk 

and its contents. Dry and oxygen-free pentane were vacuum-transferred to 

the first half of the Schlenk (15 ml), and left to stir until full dissolution of the 

platinum complex. The solution was then filtered across the frit into the 
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second half of the double-Schlenk for grafting on the SrTiO3 powder to 

proceed.

The resulting suspension was stirred, sonicated in an ultrasonic bath, and 

left to stir overnight. The pentane solution containing excess platinum 

precursor was filtered back into the first half of the double-Schlenk. 

Washings were then performed via vacuum-transferring pentane on the 

SrTiO3, stirring the suspension, and filtering it back through the frit into the 

first half of the double-Schlenk. This cycle was repeated five times. Solvent in 

the double-Schlenk was then vacuum-transferred to an empty flask, and a 

dynamic vacuum (1×10−5 mbar) was pulled on the sample overnight to 

thoroughly dry it. The double-Schlenk was then opened in a glovebox under 

inert atmosphere where the grafted SrTiO3 was transferred into a storage 

tube for further use. The sample is denoted as Pt/SrTiO3 (GT). Another 

sample was obtained by the heat treatment of this sample at 300 °C in static 

air using a muffle furnace. This sample is denoted as Pt/SrTiO3 (GT-300).

For the impregnation method, 0.1 M Na2PtCl6·6H2O aq. solution was 

mixed with 100 mg of SrTiO3 over a water-bath in 5 mL of water until all the 

water evaporated. The powder was collected by filtration and calcined at 300 

°C for 1 h.
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4.3.2. Photocatalytic test

The photocatalytic reactions were conducted with 100 mL of an ultra-pure 

water (18.2 MΩ cm) and 50 mg of photocatalyst at 100 Torr of Ar gas in a 

circulating batch reactor equipped with an online gas chromatograph (GC: 

Bruker 450 GC, TCD, Ar gas, molecular sieve 13X) connected to a vacuum 

line. For experiments with methanol aqueous solution, the solution consisted 

of 90 mL ultra-pure water and 10 mL methanol. For the CO gas experiments, 

5% CO gas (Ar balance) was bubbled through the 100 mL of the ultra-pure 

water/catalyst mixture for 20 min, and the photocatalytic reaction was 

performed at 100 Torr with 5% CO gas. A Xe lamp (CERMAX PE300-BF, 300 

W) was used as the light source, and the irradiation wavelength was 

controlled via a combination of a cold mirror and a water filter (300 < λ < 800 

nm). The irradiance is shown in Figure C2a. The spectral area of the 

photocatalytic reactor was 38.5 cm2. For quantum efficiency calculations, the 

photon flux was measured using the AvaSpec-3648 spectrometer, an 

AvaLight DHS calibration light source, and a FC-UV200-2 fiber-optic cable. 

The apparent quantum efficiency (AQE) measurement was conducted with a 

350-nm bandpass filter. The irradiance is shown in Figure C2b.

4.3.3. Characterization

DRIFTS measurements were acquired using a Thermo Scientific Nicolet 

6700 FT-IR spectrometer with a mercury-cadmium telluride (MCT) detector 

and a Harrick Praying Mantis diffuse reflectance accessory. The optical 
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velocity was set to 0.63, and the aperture was set to 64. The samples were 

placed in a Harrick High Temperature Reaction Chamber with ZnSe 

windows. The cell was first flushed with argon and then heated at 120 °C for 

1 h to remove moisture followed by cooling back down to room temp before 

the introduction of 5% CO gas at a flow rate of 5 mL min−1.

Electron microscopy of samples was performed by using a Titan ThemisZ 

transmission electron microscope (TEM) from Thermo-Fisher Scientific. The 

microscope was operated at an accelerating voltage of 300 kV using the 

scanning TEM (STEM) mode. The spherical aberration coefficient of the 

electron beam was corrected in the STEM using a CESCOR from CEOS, 

GmbH. The images were acquired over a range of magnifications, and the 

entire image-acquisition was performed in the Gatan Microscopy Suite of 

version GMS 2.5 from Gatan, Inc.

XPS spectra were obtained with an AMICUS KRATOS using an Al anode 

at 15 mA and 8 kV. A peak maximum of C 1s at 284.8 eV was used as an 

internal standard to correct the binding energies. ICP measurements were 

performed using an ICP-OES Varian 72 ES, and the amounts of loaded 

catalysts are reported using the measured values.

The Pt L3-edge HERFD-XANES spectra were recorded at the European 

Synchrotron Radiation Facility on the CRG-FAME-UHD beamline (BM16). 

The beamline was equipped with a liquid nitrogen-cooled double-crystal 



167

Si(220) monochromator surrounded by two Rh-coated mirrors for harmonic 

rejection. The beam size on the sample was held constant during an energy 

scan of around 220 × 110 μm (horizontal × vertical, FWHM). The [660] 

reflection of the three Ge(110) spherically bent crystal analyzers (bending 

radius of 1 m) from the multi-crystal spectrometer installed at BM16 were 

used to select the Lα1 (L3-M5) fluorescence line at 9442 eV. The total energy 

resolution of the HERFD-XANES data was estimated to be approximately 0.7 

eV. Energy calibration of the incoming radiation was performed prior to the 

measurements by recording the L3-edge transmission spectrum of a Pt foil 

and assigning the maximum of the first derivative peak to 11564 eV.

The XAS data were analyzed using the HORAE package—a graphical 

interface to the AUTOBK and IFEFFIT code.40 The XANES and EXAFS 

spectra were obtained after performing standard procedures for pre-edge 

subtraction, normalization, polynomial removal, and wave vector conversion. 

The extracted EXAFS signals were Fourier transformed using a Kaiser-

Bessel apodization window (dk =1) within a k-range of about [3.5; 10–12] Å−1 

for all samples. Continuous Cauchy wavelet transform was also applied to 

simultaneously decompose the EXAFS signal in the reciprocal and real 

spaces.41
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4.3.4. Theoretical calculations

The density functional theory (DFT) calculations were performed in 

periodic boundary conditions with the Vienna Ab initio Simulation Package 

(VASP 5.4.1). The electron–ion interactions are described by the PAW 

formalism.42 The DFT+U approach was used to describe the spin-polarized 

electronic structures at the generalized gradient approximation (GGA) level 

with the PBE functional along with a Hubbard correction (GGA-PBE+U),43,44 

with an energy cut-off of 400 eV for the plane-wave basis set, with a G-

centered 1×1×1 k-point mesh, and Ueff,Ti = 5.0 eV according to Dudarev’s 

model. All the geometries were fully optimized to gradients smaller than 0.01 

eV·Å−1, the wave-functions converged to an SCF energy of 10−6 eV, and the 

electronic occupancies were determined by the Fermi smearing method using 

a smearing of 0.01 eV. Accounting for solvation effects was performed via the 

implicit solvation model as implemented by Mathew et al. (VASPsol).45 The 

dielectric constant of bulk water (ε = 80) was used with the default and 

previously reported technical settings.46,47 In this implicit solvation model, the 

polarization of the system due to the solvent is included self-consistently.46 

This solvation model was already applied to similar systems (platinum 

clusters in contact with water).48 A density-dependent dispersion correction 

dDsC developed by Steinmann et al. has been applied in the calculations to 

account for weak non-bonded interactions.48 The density of states was 
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computed for the optimized geometries by Gaussian smearing with a 

smearing value of 0.1 eV.

4.4. Results

4.4.1. DFT analysis of the interaction between Pt clusters and SrTiO3.

We investigated the cluster size effect on the electronic structure at the 

interface of Pt and SrTiO3(001) surface hydrated by an implicit water solvent. 

We performed GGA+U-dDsC calculations of different Pt clusters adsorbed on 

a TiO2 terminated SrTiO3(001) surface, after having considered a stable 

termination for the oxide.47,49,50 The choice of the support termination (001) is 

motivated by the acceptable compromise between the relevance of the 

provided theoretical results with respect to measurements and the high 

computational cost to achieve DFT+U calculations for such large systems. 

Four sizes of Pt clusters were simulated containing 1 (Pt1), 25 (Pt25), 50 (Pt50), 

and 119 (Pt119) Pt atoms. Pt25, Pt50 and Pt119 correspond to respective 

truncated octahedral clusters Pt38, Pt79 and Pt201 (known to be competitive in 

terms of stability in the range 1–2 nm, see for instance ref. [16]), of which less 

than half the atomic layers have been removed to maximize the number of 

chemical bonds between the Pt cluster and the oxide support (thus its 

stability), as depicted in Figure 4.1a. This choice leads to an interface angle 

between the (111) and (100)-type facets and the oxide support, comprised in 

the range 90°-180° (obtuse angle). Other morphology of particles can be 

stable for such small clusters, but we expect that due to the minimal lattice 
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mismatch of 0.4% a cube-on-cube epitaxial growth dominates and the main 

shape and properties of the interaction between Pt (aPt = 3.920 Å) and SrTiO3 

(aSTO = 3.905 Å) will remain similar. The SrTiO3(001) surface was modelled by 

a (6 × 6) supercell 5-layers slab (Figure 4.1a). Convergence of the surface 

energy is given in the supporting information Figure C3 to support the 5-

layer slab thickness choice. The geometry of the four supported Pt 

nanoclusters has been relaxed completely, and the electronic analyses have 

been calculated on the optimal structures. The particle sizes correspond to 

the distance between the furthest nucleus of Pt atoms plus the atomic radius 

of Pt.
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Figure 4.1: (a) The DFT optimized structures of Pt1, Pt25, Pt50, and Pt119 clusters adsorbed on the 
SrTiO3(001) surface along with the size of the Pt cluster (larger Pt-Pt distance increased the Pt atomic 
radius). (b) The charge density difference isosurface maps (isosurface level is 0.003 e− Bohr−3) and (c) 
the density of states computed for the four systems at the GGA+U-dDsC level. The Fermi level is 
shown with reference to the vacuum level.

The Fermi level of the bare SrTiO3 surface is more negatively located than 

that of unsupported Pt bulk (see Table S1). Thus, from the systems’ bare 

components point-of-view—and due to the work function differences—an 

electron transfer from SrTiO3 to Pt particles is thermodynamically expected 

once Pt clusters are adsorbed on the surface in order to equalize the Fermi 

energies. The defects in the SrTiO3 would increase the Fermi level promoting 

the semiconductor to inject electrons into Pt on the surface, and thus we 

would expect a relatively larger charge transfer overall but conserving the 
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calculated DFT trend. Indeed, based on Bader analysis, a charge transfer 

from the SrTiO3 to Pt was computed and the results are demonstrated in 

Figure 4.2. A larger Pt cluster implies a larger charge transfer. The amount 

of transferred charge appears to saturate as the particle size increases. Such 

phenomenon has been experimentally characterized for Pt nanoparticles 

adsorbed on ceria.9 The fraction of transferred charge converges to zero when 

divided by the number of Pt atoms in the cluster (Figure 4.2). In other words, 

fewer Pt atoms in the cluster are affected by the charge transfer as the Pt 

cluster size increases and vice versa.

     n 3 n 3Pt /SrTiO Pt SrTiO      (1)

 Interestingly, when calculating the difference in charge density between 

Pt and SrTiO3 and drawing the electron density reorganization map 

(Equation 1, Figure 4.1b), we observed that only the Pt atoms from the first 

two layers in contact with SrTiO3 are significantly affected by the charge 

transfer when the size reaches ~2 nm. These results are compatible with a 

previous DFT+U study of Pt95 and P122 nanoclusters supported on 

stoichiometric CeO2(111) showing that the charge transfer only affects the 

interfacial Pt atoms between the metallic nanoparticle and the oxide support, 

although the overall transfer is opposite to the one obtained in the work.10 On 

the other hand, the Fermi energy of the Ptn/SrTiO3 system decreases as the 

Pt cluster size increases, and the calculated values are between those of the 
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two bare materials (Figure 4.1c, Table 4 Appendix C). The Fermi energy 

corresponds to the work function of the material, and thus is directly 

correlated to the ability to remove electrons from the system (i.e. oxidation 

potential). Consequently, a lower Fermi level energy implies increased 

difficulty in oxidizing the system. Overall, the computations show a 0.5 eV 

difference in the Fermi energy between the supported Pt25, Pt50, and Pt119 

systems. The work function of small clusters and single-atoms on SrTiO3 are 

closer to the semiconductor’s electron affinity and more negative than 0 V in 

the standard hydrogen electrode scale (Figure 4.1c, Table 4 Appendix C) as 

previously noted.

On the contrary, the Pt119 work function increases towards a similar range 

as the isolated Pt nanoparticles (more negative than 5.0 eV, Table S1) and 

clean Pt surfaces. Previously reported values range between 5.0 to 5.9 eV 

depending on the exposed facet—this is consistent with our calculated values 

in Table S1.51 As a consequence, the smaller clusters have more electrons and 

will be more easily oxidized; the larger nanoparticles will behave similarly to 

difficult-to-oxidize bulk platinum (the reported work function range of Pt is 

5.6 to 6.0 eV).52 From these calculations, we can expect that the Pt clusters 

smaller than 100 atoms adsorbed on SrTiO3 can be oxidized compared to 

larger Pt nanoparticles (> ~2 nm). Moreover, Pt atoms close to the Pt/SrTiO3 

interface are more susceptible to oxidation—we have observed that atoms 
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directly in contact with SrTiO3 surfaces are markedly influenced by electron 

transfer, and thus reflect a larger EMSI (Figure 4.1b). We note here that 

small clusters are composed of mostly surface atoms that are accessible for 

oxidation (≤ 1 nm cluster corresponds to > 60% of surface atoms); in larger 

clusters, the atoms prone to oxidation due to charge transfer are in the 

minority. Most are not surface atoms (larger bulk-to-surface atoms ratio), and 

thus they are far more stable toward oxidations from external oxidants in the 

environment. These theoretical results show an obviously different behavior 

towards oxidation and catalytic reactivity from Pt clusters adsorbed on 

SrTiO3 as a function of cluster size.

Figure 4.2: Total charge transfer from SrTiO3 to Pt clusters (open symbol in red) and per Pt atoms 
(closed symbol in blue) reported as a fraction of the fundamental charge as a function of cluster size.

According to the previous combined experimental and computational 

works presented in the literature in the case of Pt clusters adsorbed on γ-
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alumina surface, it appears that the smaller the platinum cluster, the larger 

the reactivity toward its oxidation. As a matter of fact, in the presence of 

oxygen/water, thermodynamically Pt13 cluster can be easily oxidized up to the 

Pt13O24 stoichiometry even at room temperature. Furthermore, the oxidation 

of the Pt clusters was found to prevent from their sintering. It was also 

highlighted that adsorption of O2 molecules on Pt clusters was favored at 

shared sites between the Pt atoms and the support surface’s atoms. In all, it 

is consistent with our observation that the small cluster would be easily 

oxidized as a consequence of the larger number of interfacial sites for small 

cluster systems than for large cluster systems and synergistic catalytic effects 

at the interface between the Pt particles and the support.

4.4.2. Synthesis of different Pt size in Pt/SrTiO3.

The SrTiO3 photocatalyst was synthesized following the reported protocol 

to obtain a state-of-the-art semiconductor for high photocatalytic 

performance.39 It is a challenge to synthesize highly-dispersed Pt supported 

on SrTiO3 free from ionic impurities associated with metal precursors. The 

SOMC method was thus applied for surface hydroxyl species. Here, SrTiO3 is 

used to graft (COD)Pt(CH3)2 precursors that form methane gas while Pt 

coordinates to the stable Ti-O surface terminations (see Figure C4 for 

mechanism).51,52 Ideally, the SOMC synthesis protocol allows one to generate 

Pt single sites, but unavoidably small clusters were formed on SrTiO3—
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especially after contact with water and under illumination (see Figure C4 for 

description). Therefore, unless otherwise noted, all characterization steps 

here describe the samples after photocatalysis, which will be discussed later. 

The SOMC-derived grafted sample, namely, Pt/SrTiO3 (GT), had a weight 

loading of 0.09 wt.% as confirmed by ICP measurement. The Pt/SrTiO3 (GT) 

treated at 300 °C in air was also obtained to exclusively increase the metal 

size with little impact on other parameters. The impregnation sample 

(Pt/SrTiO3 (NP)) was obtained following the typical impregnation procedure 

with hexachloroplatinic acid. Our previous work demonstrated that 0.35 wt.% 

Pt via wet impregnation was the optimal loading to maximize photocatalytic 

performance. The optimized SOMC approach resulted in a sample with a 

maximum 0.09 wt.% Pt loading, mainly regulated by the available surface 

hydroxyls on SrTiO3. Herein, we compare our respectively optimized systems 

to study the overall catalytic effect of different size of Pt.

STEM images of Pt/SrTiO3 (GT), Pt/SrTiO3 (GT-300), and Pt/SrTiO3 (NP) 

after photocatalytic OWS are shown in Figure 4.3. The Pt/SrTiO3 (GT) 

(Figure 4.3a and Figure C5) showed both single-atom Pt and Pt clusters 

ranging mostly below 2 nm (>0.85 fraction), which is consistent with the 

choice of small Pt cluster models used for the DFT calculations (Pt1, Pt25, and 

Pt50 in Figure 4.1a). We note that the SrTiO3 crystals are large and can reach 

widths of up to 500 nm; therefore, imaging single Pt atoms becomes 
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challenging, and the single atoms could only be seen at the edges of the 

SrTiO3 (see Figure C5). The Pt/SrTiO3 (GT-300) exhibited sintering, which 

shifted the size distribution to a larger maximum at ~2–3 nm in size (Figure 

4.3b). To this end, our Pt119 model for DFT is reasonably well-placed close to 

the 2 nm size distribution observed between the Pt/SrTiO3 (GT) and (GT-300) 

samples in Figure 4.1b. Finally, the Pt/SrTiO3 (NP) consisted of a wide range 

of nanoparticle size ranging from 1 to 10 nm with the broad distribution 

centered at 3–4 nm (Figure 4.3c). This is consistent with the non-uniform 

distribution nature typically obtained from the impregnation method.

Figure  4.3: STEM images of (a) Pt/SrTiO3 (GT) prepared by the SOMC method, (b) Pt/SrTiO3 (GT) 
treated at 300 °C (Pt/SrTiO3 (GT-300)), and (c) Pt/SrTiO3 (NP) prepared by impregnation method. The 
corresponding histograms of Pt particle sizes are underneath. Images were taken for the samples after 
photocatalysis.
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4.4.3. Photocatalytic activity

The photocatalytic gas evolution time courses are detailed in Figure 4.4. 

The samples tested were Pt/SrTiO3 (GT), Pt/SrTiO3 (GT-300), and Pt/SrTiO3 

(NP), and the reaction was conducted in 10 vol% methanol aqueous solution 

(Figure 4.4a,a’), Milli-Q water (Figure 4.4b,b’), or Milli-Q water in the 

presence of CO (Figure 4.4c,c’) with UV light irradiation. The top part of the 

figure shows the quantity of the evolved gases, and the bottom part of the 

figure shows the rate of H2 gas evolution (as representative data).

First, referring to H2 evolution reaction from the methanol aqueous 

solution (Figure 4.4a,a’), the photocatalytic performance was found to be in 

order: Pt/SrTiO3 (NP) > Pt/SrTiO3 (GT) > Pt/SrTiO3 (GT-300). All samples 

show stable performance for at least 3 h. The half-reaction results in 

methanol indicate that the photocatalytic performance of the Pt/SrTiO3 (GT) 

sample was higher than that of Pt/SrTiO3 (GT-300) as a result of charge-

separation capability and hydrogen evolution electrocatalytic capability. The 

0.35 wt.% Pt/SrTiO3 (NP) tripled the H2 evolution rate of the 0.09 wt.% 

Pt/SrTiO3 (GT) sample. Increasing the Pt loading on Pt/SrTiO3 (GT) while 

maintaining atomic dispersion of Pt could lead to a more efficient 

photocatalyst; however, it is challenging due to the limited number of surface 

hydroxyls of the SrTiO3 semiconductor.



179

Figure 4.4: Time on course (a, b, and c) of evolved gas quantity and gas evolution rate (a’, b’, and c’) 
during photocatalytic reactions using Pt/SrTiO3 (GT), Pt/SrTiO3 (GT-300), and Pt/SrTiO3 (NP) in (a,a’) 
10 vol% methanol aq. solution, (b,b’) Milli-Q water, and (c,c’) Milli-Q water with 0.6 kPa CO (100 mL of 

solution, 50 mg of photocatalyst, 490 mL of reactor volume).

Figure 4.4(b,b’) shows the result for OWS. The initial gas evolution rates 

were consistent with the order of the photocatalytic performance observed 

from methanol aqueous solutions when no products were present in the 

photoreactor, i.e., Pt/SrTiO3 (NP) > Pt/SrTiO3 (GT) > Pt/SrTiO3 (GT-300). The 

Pt/SrTiO3 (NP) achieved initial gas evolution rates of ~45 and ~22 μmol h−1 

for H2 and O2, respectively, corresponding to an apparent quantum efficiency 

(AQE) of 17% at 350 nm. The stoichiometry of ~2:1 ratio for H2:O2 is 

consistent with the successful OWS. Nevertheless, the apparent gas evolution 

rates decreased drastically to almost zero after 5 h (Figure 4.4b') when the 
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products were accumulated to be ~1 kPa H2 and ~0.5 kPa O2. After 24 h of 

irradiation, the light source was turned off, and there was a decrease in H2 

and O2 gases. The initial gas consumption rates were approximately ~35 and 

~18 μmol h−1 for H2 and O2, respectively, which accounted for the almost 

equivalent with the forward OWS rate at the beginning of the reaction. From 

this result, the observed plateau after 10 h photocatalytic water splitting 

with Pt NPs is therefore not correlated with degradation of the photocatalyst 

and co-catalyst but rather ascribed to the steady-state equilibration between 

the forward water-splitting reaction and water-forming back reaction; thus, a 

strategy to suppress the back-reaction is essential for efficient OWS. 

Moreover, the main reason for the loss of OWS rates is the dark thermal 

back-reaction and not the oxygen reduction reaction (ORR) where excited 

electrons are competitively consumed instead of being used for H2 evolution.

Figure 4.4b,b’ shows that Pt/SrTiO3 (GT) had stable evolution rates from 

OWS of 23 and 12 μmol h−1 for H2 and O2, respectively, for the full 24 h 

irradiation period. The products’ partial pressures could be accumulated far 

beyond those with Pt/SrTiO3 (NP). The 2:1 H2 to O2 ratio in the products 

indicates successful OWS with an AQE of 8% at 350 nm. After the first 24 h 

of irradiation, the amount of accumulated H2 and O2 partial pressures 

remained unchanged in the photocatalytic reactor indicating a lack of water-

forming catalytic activity on the Pt/SrTiO3 (GT). Accordingly, resuming the 
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illumination recovered the consistent photocatalytic rate of ~20 and ~10 μmol 

h−1 for H2 and O2, respectively. The difference in photocatalytic activity 

observed between the Pt/SrTiO3 (NP) and Pt/SrTiO3 (GT) is ascribed to the 

different thermal contributions of the water-forming reaction in the dark; 

this is a function of the size of the Pt catalyst on the surface. To further 

justify this conclusion, the Pt/SrTiO3 (GT-300), i.e., Pt/SrTiO3 (GT) heated at 

300 °C led to larger Pt particles (Figure 4.3) without altering other 

parameters. The sintered Pt catalyst had initial evolution rates of 15 and 8 

μmol h−1 for H2 and O2, respectively, for the first 15 h. The lower 

photocatalytic rates of Pt/SrTiO3 (GT-300) can be explained by the loss of Pt 

active sites from Pt/SrTiO3 (GT). Although the Pt/SrTiO3 (GT-300) 

accumulated ~1.4 kPa H2 and ~0.7 kPa of O2 up to ~15 h, the back reaction 

became obvious as observed by the decreasing rate of H2 and O2 evolutions 

similar to Pt/SrTiO3 (NP). Considering the differences between Pt/SrTiO3 

(GT) and Pt/SrTiO3 (GT-300), the Pt cluster size may be the main driving 

force leading to the water-formation back-reaction. The finding is important 

because it is a rare case of a photocatalyst decorated with noble-metal co-

catalysts that can be selective for the OWS forward-reaction without the use 

of a coating material.

Figure 4.4(c,c’) shows the result for OWS in the presence of CO gas. The 

5% CO gas was first bubbled through the reactor solution for 30 min, and the 
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photocatalytic reaction was performed with 5% CO gas atmosphere. The 

Pt/SrTiO3 (NP) showed negligible OWS activity indicating that the Pt NPs 

were poisoned by the CO gas. The strong adsorption of CO gas to the surface 

Pt atoms of the NPs prevents the Pt from performing the hydrogen evolution 

reaction. The OWS requires the simultaneous production of H2 and O2 gas, 

and if one reaction is blocked, then the second reaction is consequently 

blocked. On the other hand, the Pt/SrTiO3 (GT) could successfully complete 

the OWS reaction at a similar rate as in Figure 4.4(a,a’) OWS without the 

presence of CO with rates of ~19 and 8 μmol h−1 for H2 and O2, respectively. It 

is well known that CO gas poisons metallic Pt;53 therefore, this finding is 

significant because it shows that if the Pt can maintain a higher oxidation 

state, then it can be insensitive to CO under catalytic conditions.

4.4.4. Characterization of the Pt state

A detailed characterization focusing on Pt/SrTiO3 (GT) and Pt/SrTiO3 (NP) 

follows. As described above, samples after photocatalytic reactions (labeled as 

“spent” state) are chosen because the state of the samples is the most 

relevant to the photocatalytic performance. The grafted photocatalyst was 

also characterized before the photocatalytic test (labeled as “pristine” state) 

to assess any changes in the Pt chemical environment due to irradiation 

under aqueous conditions.
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Figure 4.5: (a) Magnitude of the Fourier transform (FT) of the k2-weighed EXAFS measured at Pt L3-
edge of pristine Pt/SrTiO3 (GT) before and after photocatalysis along with Pt/SrTiO3 (NP) and two 
platinum references (metallic Pt and PtO2 powders). (b) Contour plot of the wavelet transform (WT) 
magnitude showing the (k, R) localization of each FT-EXAFS contribution measured at the Pt L3-edge 
for pristine and spent Pt/SrTiO3 (GT) and Pt/SrTiO3 (NP).

X-ray absorption spectroscopy (XAS) operated at the Pt L3-edge was 

collected, and the k2-weighted EXAFS spectra and their related Fourier 

transforms (uncorrected from phase-shifts) are shown in Figure C6 and 

Figure 4.5a, respectively. The spectra of a metallic Pt powder and a platinum 

dioxide (PtO2) powder are also provided as references. For the spent 

Pt/SrTiO3 (NP) photocatalyst, the main contribution is noted between 1.6 and 

3.2 Å, i.e., the spectra of the metallic Pt. The observed three-lobe peak is 

characteristic of the complex backscattering amplitude associated with a Pt-

Pt scattering path (the Ramsauer-Townsend effect in EXAFS).54 Hence, the 
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Pt/SrTiO3 (NP) FT-EXAFS is consistent with the quantitative formation of 

metallic Pt nanoparticles on the surface of SrTiO3. In contrast, the Fourier 

transform of the pristine Pt/SrTiO3 (GT) shows only one prominent peak 

centered near ≈ 1.5 Å, which is similar to the low R peak of the PtO2 FT-

EXAFS spectrum except that there is an additional shoulder on the right-

hand side. The single prominent peak indicates the dominance of low Z 

backscatters in the first shell of platinum atoms. Those backscatters are most 

probably oxygen atoms from the SrTiO3 support and/or long-distance 

coordinating water molecules because the Pt-C bonds from the original 

organometallic precursor must be hydrolyzed in the air. Furthermore, no 

significant bonding distance longer than 2.0 Å was detected: The platinum 

atoms in the pristine Pt/SrTiO3 (GT) photocatalyst are either mononuclear 

species or form PtOx clusters with such structural disorder that the Pt-Pt 

scattering cannot be observed.

After photocatalytic OWS, a restructuration of the grafted Pt atoms was 

obvious when considering the FT-EXAFS spectrum of spent Pt/SrTiO3 (GT): i) 

The main broad peak originally at ≈ 1.5 Å is now clearly split in two 

contributions centered on 1.4 Å and 1.9 Å; ii) Two new peaks have also 

appeared at 2.4 Å and 2.8 Å. To perform a relevant next nearest-neighbors 

identification of the newly observed features, a wavelet transformation 

analysis was applied to the EXAFS data (WT-EXAFS). The backscattering 
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amplitude from neighboring atoms shows a significant k-dependence that 

determines the envelope of EXAFS oscillations χ(k):[55] Lighter elements 

have their maximum backscattering amplitude at low wavenumbers while 

with increasing atomic number causes the maximum to shift towards higher 

k values.

The WT correlates with the backscattering amplitudes of individual paths 

in k-space and with their interatomic distances in R-space. Thus, it is a 

useful signal-processing tool for the qualitative assignment of the backscatter 

identity. The wavelet-transform of the Fourier-filtered EXAFS is shown for 

pristine and spent Pt/SrTiO3 (GT) together with the spent Pt/SrTiO3 (NP) in 

Figure 4.5b. The spent Pt/SrTiO3 (GT) has two prominent maxima in the WT-

EXAFS plot at the approximate coordinates (R = 1.5 Å, k = 6 Å−1), (R = 2.6 Å, 

k = 8.5 Å−1). Those two WT maxima are assigned to oxygen and a platinum 

backscatters by direct comparison with the FT-EXAFS of pristine Pt/SrTiO3 

(GT) and spent Pt/SrTiO3 (NP), respectively, shown in Figure 4.5a. This 

supports the STEM observations that a fraction of the isolated platinum 

atoms merged into clusters after the photocatalytic test. Note that the second 

peak in the first coordination shell is at 1.9 Å. While it is mainly assigned to 

an oxygen backscatter, it has also an overlapping contribution from the tail of 

the platinum backscatter. Attempts to perform quantitative EXAFS fitting 
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failed to provide a reasonable residual possibly because of the heterogeneity 

of the samples.

Figure 4.6: (a) Pt-L3 edge HERFD–XANES of pristine Pt/SrTiO3 (GT) before and after photocatalysis, 
Pt/SrTiO3 (NP), and two platinum references (metallic Pt and PtO2 powders). The dotted blue and green 
lines are the respective contribution determined from linear combination fitting using the reference 
spectra. (b) Pt 4f XPS of nanoparticle (NP) and grafted (GT) Pt/SrTiO 3 after photocatalysis. (c) CO 
DRIFTS of nanoparticle (NP), grafted (GT), and 300°C-annealed grafted Pt (GT-300) obtained after the 
photocatalytic tests.

The Pt L3-edge HERFD-XANES spectra of the spent NP and GT samples 

along with the pristine GT sample and the reference Pt0 and PtO2 materials 

are presented in Figure 4.6a. Lytle et al. showed that the intensity of the 

white line at the L3 X-ray absorption edge is proportional to the d-electron 

vacancies; this is an indication of the oxidation state of the metal.56,57 A 

higher oxidation state also shifts the absorption edge threshold to a higher 

energy (see Figure C7 for a comparison between low and high resolution 

XANES). The HERFD-XANES white line intensity of the spent Pt/SrTiO3 

(NP) photocatalyst is comparable to the metallic powder reference (Figure 
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4.6a). The position of the absorption edge threshold is also identical (11563.2 

eV as calculated from the first derivative). This further points towards a 

metallic state of the Pt atoms. In addition, the high-energy resolved data of 

Pt/SrTiO3 (NP) allows the detection of a shoulder located at 11567 eV just on 

the right-hand side of the white line. This feature was studied in detail before 

for the electrochemical oxidation of Pt nanoparticles thanks to the design of 

electrochemical cells fitted within an operando XANES-HERFD set-up.55,58

Previous XAS works controlled the oxidation of Pt NPs supported on glassy 

carbon electrodes or Pt monolayers on the surface of a Rh monocrystal via the 

application of increasing anodic potentials at steady-state. Only subtle 

spectral changes were measured at potentials up to 1.0 V vs. RHE indicating 

low oxygen coverage on the Pt surface. At higher potentials, a high-energy 

contribution in the HERFD-XANES spectra significantly increases. This was 

interpreted by the quantitative formation of Pt oxide (similar to the shoulder 

at 11567 eV in Figure 4.6a).50 We conclude that the Pt nanoparticles in the 

spent Pt/SrTiO3 (NP) photocatalyst, although their most part is mettalic, 

consists of a minor PtOx species which is either on the surface of the 

nanoparticle or at the metal-support interface.

In contrast, the white line in the pristine Pt/SrTiO3 (GT) HERFD-XANES 

spectrum is much higher and comparable to the PtO2 reference (Figure 4.6a). 

The absorption threshold also displays the same energy (11566.1 eV). In 
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PtO2, the platinum atoms are in the formal +IV oxidation state and are 

octahedrally coordinated with six oxygen atoms. Such resemblance with PtO2 

strongly suggests that the preparation of mononuclear platinum species 

immobilized on the surface of SrTiO3 produces highly oxidized Pt(IV) atoms 

that are covalently grafted by oxygen bridges. After the photocatalytic test 

(GT-spent in Figure 4.6a), the white line is separated in two well-defined 

peaks: One is similar to the original pristine photocatalyst (GT-pristine) and 

the other is similar to the metallic platinum observed in spent Pt/SrTiO3 

(NP). In order to retrieve quantitative information about the photocatalyst 

restructuration, a linear combination fitting was conducted using the spectra 

of the spent Pt/SrTiO3 (NP) and pristine Pt/SrTiO3 (GT) (R-factor = 0.1%). 

The results indicate that 51.4±0.4% of the Pt atoms merge into metallic 

clusters while 48.6± 0.4% of the Pt atoms remain as an oxidized species. 

Figure 4.6b shows the Pt 4f XPS spectra of the Pt/SrTiO3 (NP) and Pt/SrTiO3 

(GT) after photocatalysis. This agrees with the findings in the XAS study. 

Furthermore, the HERFD-XANES spectroscopy results are therefore in-line 

with EXAFS and STEM imaging studies.

The CO DRIFTS data after photocatalysis is presented in Figure 4.6c of 

the Pt/SrTiO3 (NP), Pt/SrTiO3 (GT), and the sintered Pt/SrTiO3 (GT-300). 

Adsorbed CO on a Pt surface shifts the stretching vibration mode of gas-

phase CO (frequency of ∼2143 cm−1) to lower wavenumbers due to the 
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electron back-donation from the Pt atoms to the π*-orbitals of the CO 

molecules.17–19 Previous studies have shown that the CO frequencies are 

closely related to the oxidation and coordination numbers of adsorbing Pt 

surface atoms as the strength of the CO−Pt bonding differs between corner, 

edge, and face sites.17–19,59 The spent Pt/SrTiO3 (NP) showed a large broad 

peak at ~2085 cm−1 corresponding to linearly bonded CO to <111> Pt facet, 

and a shoulder peak at ~2050–2030 cm−1 corresponding to linear CO bonded 

to edge and corner sites of a NP.59 The Pt/SrTiO3 (GT) showed only one peak 

at 2130 cm−1 corresponding to CO binding to Pt2+ species.26,60,61 Coordination of 

Pt2+ with CO has a higher wavenumber because there is less electron back-

donation from the Pt orbitals to CO versus metallic Pt. This indicates that 

the exposed surface of the Pt species in the NP sample is primarily metallic 

and is primarily oxidized Pt2+ for the GT sample. The Pt/SrTiO3 (GT-300) 

photocatalyst annealed at 300 °C showed one broad peak at ~2085 cm−1, 

which is similar to the NP sample indicating more metallic behavior. The CO 

DRIFTS data was consistent with the XAS and XPS data and showed the 

existence of oxidized Pt species as a major component of the cluster.

4.5. Discussion

Our results show a distinctive change in catalytic behavior with Pt clusters 

that are < ~2 nm in size. This allows it to selectively achieve the OWS 

reaction without a subsequent water-forming back reaction. On the contrary, 
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larger Pt clusters show and maintain metallic character before and after 

illumination causing the back reaction. The DFT results show that the atoms 

in small Pt clusters (~100 atoms or less) are rich in electrons due to charge 

transfer from SrTiO3 at thermal equilibration. The degree of EMSI at 

thermal equilibrium decreases both per Pt atom and per Pt particle with 

increasing cluster size. Looking into the literature,9,12–19 a threshold for 

changing the nature of Pt and the resulting reactivity consistently falls into 

the threshold of Pt sizes smaller than ~2 nm. The EMSI may indeed influence 

this exact value of the threshold depending on the electronic donation or 

withdrawal nature. The DFT calculations suggest that significant EMSI 

effects exist in Pt catalysts on SrTiO3 when the number of atoms is fifty or 

below due to the intrinsic large work function of Pt and the confined and 

small number of atoms. As the cluster size decreases further, the DOS have a 

narrower d-band in the smallest supported cluster when the number of atoms 

reached a critical point (~25 atoms, <1 nm, Figure 4.1c). At the same time, 

when the cluster size decreases below ~2 nm, the coordination number 

changes accordingly (increase in edge and corner sites). It was previously 

reported that low-coordinated Pt has a much stronger binding energy to 

adsorbed species in spherical models.62–66 Therefore, a significant increase in 

Pt-O binding is expected when the Pt cluster size is below ~2 nm, even when 

Pt remains in a metallic state.
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Drastic changes in reactivity are expected when the small Pt clusters (<2 

nm) exhibit a higher oxidation state as confirmed by XPS, XAS, and CO 

DRIFTS (even after photocatalytic reactions). Our results agree with Li et al. 

who showed that small oxidized Pt species have a positive Gibbs free energy 

for the adsorption of H2 and O2, which is consistent with the lack of H2 

consumption in the presence of O2.38 Here, changing the nature of Pt from a 

metallic to an oxidized catalyst led to an intrinsic change in the reactivity 

and selectivity for the activation of the thermal water-formation back-

reaction while keeping the site active for hydrogen evolution in photocatalytic 

OWS without the use of a core-shell material. The exact reaction mechanism 

remains unclear especially how the oxidized Pt clusters electrocatalytically 

evolve hydrogen.

It is also well known that CO gas poisons metallic Pt;59 however, our 

findings show that if the Pt can maintain a higher oxidation state, then it is 

insensitive to CO coordination and its site occupation for poisoning. In this 

context, Berto et al. reported that the CO-covered surface eliminated the back 

reaction for OWS.67 It would be understandable that, when particle size 

distribution is broad and the photocatalyst contains both small and large Pt 

particles, CO poisons the large metallic particles that cause back reaction. 

Thus, the photocatalyst with smaller oxidized particles remain active for 

selective OWS. Such poison-free function of the oxidized metal catalyst has 
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great potential for the reaction under severe reaction conditions where 

impurities such as CO are present. Overall, the arguments regarding the 

ultrafine (< 2nm) PtOx clusters discussed above may be applicable to many 

other metals in selective electrocatalysis and photocatalysis.

4.6. Conclusions

Our study shows that ultrafine (< 2nm) PtOx clusters supported on SrTiO3 

enables successful photocatalytic OWS without introducing thermal H2 and 

O2 recombination to H2O. The Pt/SrTiO3 (GT) photocatalyst consisting of 

ultrafine PtOx clusters was stable for a 48-h OWS reaction with an AQE of 

8% ( = 350 nm). Sintering the clusters to larger particles promoted a 

thermal water-forming back reaction. Although the Pt/SrTiO3 (NP) had an 

initial AQE of 17% for the first hour ( = 350 nm), the net rate dropped to 

zero after 5 h due to the competing water formation back reaction. Thus, such 

nanoparticles supported on the semiconductor cannot effectively drive 

photocatalytic OWS at steady-state conditions. The TEM, CO DRIFTS, XAS, 

and XPS characterizations indicate a mixture of Pt single atoms and small 

clusters in Pt/SrTiO3 (GT), which exhibited a higher oxidation state even 

after the photocatalytic test. In contrast, the larger Pt clusters in Pt/SrTiO3 

(NP) after illumination were completely reduced to Pt0. The ease of oxidation 

of small clusters was supported by DFT calculation, which showed an EMSI 

size-effect when the number of Pt atoms are approximately 100 or less (< 2 
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nm). Overall, Pt clusters <2 nm supported on SrTiO3 preferred to exist as 

PtOx (oxidized platinum), which led to a distinctive difference in catalytic 

behavior compared with the larger (>2 nm) Pt nanoparticles who preferred to 

exist in a metallic state. Future studies should increase the loading and 

control the spatial distribution, dispersion, and uniformity of Pt sites on the 

support materials for further optimization of the photocatalytic performance.
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5. CHAPTER 5: PHOTOREDOX CATALYSIS USING CDS FOR 
TRIFLUOROMETHYLATION OF HETEROARENES

5.1. Abstract

The field of photoredox catalysis has been growing tremendously in recent 

years, and has revolutionized organic synthesis by providing cheaper 

alternatives and milder conditions for the construction of complex molecules. 

The trifluoromethylation of heteroarenes is a relevant reaction in the field of 

medicinal chemistry for the synthesis of pharmaceuticals. The electron-

withdrawing CF3 moiety on pharmaceuticals increases the robustness of the 

organic molecule towards oxidative metabolism from enzymes in the human 

body. Current synthetic methods require a multi-step synthesis including a 

pre-functionalization step of adding a halide to the arene first, followed by 

the substitution of the halide with the CF3 moiety. Herein, we report that 

CdS, a visible-light responsive heterogeneous photocatalyst, was successful in 

performing the trifluoromethylation of heteroarenes in a single-step under 

mild conditions. CdS was successful in the CF3 moiety addition onto different 

substrate heteroarenes including methyl 2-pyrrolecarboxylate, 3-

methylbenzofuran, 2,6-dimethylpyrazine, and 3-acetyl-1-methylindole. 

Decoration of CdS with Au nanoparticles resulted in increased reactivity with 

the substrates leading to multiple CF3 substituted side products. CdS is also 



202

a cheaper alternative to current homogeneous photocatalysts used for organic 

synthesis including Ru and Ir based photocatalysts.

5.2. Introduction

The synthesis of pharmaceutical chemicals and drugs require continuous 

improvements on synthetic methods to address various challenges in the 

field.1 A prominent challenge is preventing the pharmaceutical drug from 

undergoing enzymatic metabolism or degradation.2 One proposed solution is 

to incorporate a trifluoromethyl group (-CF3) into the structure of the drug 

molecule in order to prevent any single-electron oxidative mechanism that 

could lead to decomposition from an enzyme.3 The CF3 group is commonly 

incorporated in small molecules for medicinal chemistry purposes due to its 

ability to enhance electrostatic interactions with target molecules in the body, 

improving cellular membrane permeability, and increasing robustness 

towards oxidative metabolism of the drug.4,5 Currently, the incorporation of a 

CF3 moiety requires a multi-step synthetic procedure which typically involves 

cross-coupling reactions catalyzed by transition metals such as copper and 

palladium complexes.6,7 The multi-step process requires an initial pre-

functionalized of an arene by a halide or boronic acid which can then be 

replaced by a CF3 moiety.

Recently, the direct incorporation of the CF3 group to drug candidates 

without the pre-functionalization step was achieved via a radical-mediated 
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mechanism using a commercial photocatalyst and a household light bulb.4 

However, the work by MacMillan and coauthors used an expensive 

ruthenium photocatalyst (Ru(phen)3Cl2). Even though the direct 

trifluoromethylation of aryl and heteroaryl compounds in a single chemical 

reaction avoids the redundant synthetic efforts of pre-functionalization, 

practically it may not be relevant to replace cheaper transition metal 

catalysts (copper) with a more expensive noble metal (ruthenium).

Herein, we report the direct trifluoromethylation of heteroaryl compounds 

in a single step using commercial CdS. CdS is not only a cheaper 

photocatalyst to its ruthenium counterpart, but it is also a heterogeneous 

photocatalyst. Heterogeneous catalysts are generally preferred in industrial 

scaled-up projects compared to homogeneous catalysts due to easier 

separation of catalyst and products.8 Conventionally, homogeneous catalysts 

require additional time-consuming purification steps to separate the catalyst 

from the products in order to recycle the catalyst, whereas heterogeneous 

catalysts only need a simple filtration to separate itself from the reaction 

solution.

CdS was initially considered an ideal visible-light responsive photocatalyst 

for overall water splitting as it has an ideal band gap of 2.4 eV and its 

valence band and conduction band straddle the oxygen evolution hydrogen 

evolution reaction potentials, respectively.9,10 Unfortunately, CdS is not stable 
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in water as the surface gets oxidized and generally requires a Na2S/Na2SO3 

solution in order to be stable.10 CdS, however, is stable in most organic 

solvents and has recently been used more frequently in photoredox catalysis 

for organic synthesis.11–15 CdS quantum dots have been reported to be active 

for various photoredox catalytic reactions including C-C bond formation15, 

reductive dehalogenations,13 C-H arylation reactions,13 and C-N and C-O 

coupling reactions.12 Our work shows the successful direct 

trifluoromethylation of heteroaryl arenes using commercial CdS and CdSe 

heterogeneous photocatalysts with 60–80% yields. In an attempt to increase 

yields, Au nanoparticles were decorated on the surface of the CdS to improve 

charge separation. The Au/CdS was too reactive and generated products with 

multiple CF3 subsitutions.

5.3. Experimental methods

The reactions were performed in a test tube where 1 equivalent of methyl 

2-pyrrolecarboxylate and 2 equivalents of TfCl were dissolved in acetonitrile 

with dibasic potassium phosphate as a base. Next, only 5 mol % of 

commercial CdS or CdSe (99.995% purity) was added as a photocatalyst to 

ensure the reaction was indeed catalytic. The test tube was then sealed and 

put under inert N2 atmosphere to prevent any unwanted side reactions from 

O2 atmosphere. The test tube was then subjected to 24 h of irradiation from a 

34 W blue LED laser. A blue laser was used as the irradiation source as UV 
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light could also lead to the formation of unwanted side reactions as it can 

decompose TfCl. The products were analyzed via GC-MS and NMR. The full 

reaction conditions are shown in Figure 5.1.

Catalyst (5 mol%, 2.16 mg)

K2HPO4 (0.75 mmol, 130 .5 mg) 
CH3CN (0.1 M, 3 mL)

34 W Blue LED
 24 h, RT, N2

0.3 mmol (37.5 mg)

N
H

CF3SO2Cl

0.6 mmol (63.6 L)

O

O
N
H

F3C

O

O
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CF3 CF3F3C
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Figure 5.1: Direct trifluoromethylation of a heteroaryl C-H bond using CdS as a photocatalyst.

Au nanoparticles were decorated on the surface of CdS via the deposition-

precipitation technique.16 Briefly, an aqueous solution of 5 mM HAuCl4 

solution was neutralized to pH 6 using a NaOH. CdS was then added to the 

solution, dispersed, and stirred for 1 h at 70 °C. The powder was then 

collected via vacuum filtration and washed with 500 mL of Milli-Q water, 

followed by a calcination at 400 °C in air for 1 h. The Au/CdS was then used 

to perform the photoredox catalysis as shown in Figure 5.1.

5.4. Results and Discussion

CdS was selected as a suitable candidate for the proposed redox reaction. 

CdS has a reduction potential of −0.69 V vs. SCE and an oxidation potential 

of 1.7 V vs. SCE and a band gap of 2.4 eV.17 The reduction potential of 

trifluoromethanesulphonyl chloride (triflyl chloride, TfCl) is −0.18 V vs. SCE4  

making CdS an ideal candidate as it’s band positions are in a suitable redox 
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potential range. Table 2 shows the results for the photocatalytic reaction 

shown in Figure 5.1. Entry 1 and 2 show the results of using CdS and CdSe, 

respectively, as a photocatalyst over a 24 h irradiation period and both 

reactions reached ~80% yields. Increasing the reaction time from 24 h to 48 h 

(entries 3 and 4) did not increase the yield of the reaction indicating the 

reaction was complete and not limited kinetically. The results also 

demonstrate that commercial CdS and CdSe are both equally capable of 

direct trifluoromethylation of methyl 2-pyrrolecarboxylate.

Table 2: Results of direct trifluoromethylation of methyl 2-
pyrrolecarboxylate using different photocatalysts.

Entry Catalyst (5 mol%) Time Yield (19F NMR)

1 CdS 24 h 78%

2 CdSe 24 h 77%

3 CdS 48 h 74%

4 CdSe 48 h 71%

5 Au/CdS 24 h Monomer (65%),
No S.M + multiple 

products

6 Au/CdSe 24 h Monomer (27%),
No S.M + multiple 

products

The proposed mechanism for the direct trifluoromethylation using CdS as 

a photocatalyst is shown in Figure 5.2. The process begins with Step 1 where 

CdS absorbs a photon and generates an electron-hole pair. The 

photogenerated electron, which resides in the conduction band of the 
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semiconductor, is used to reduce the TfCl via a single-electron transfer (SET). 

The TfCl•− decomposes into Cl−, SO2, and •CF3 radical. The highly reactive 

•CF3 species then reacts with methyl 2-pyrrolecarboxylate at the alpha 

position to the nitrogen atom. The •CF3 species is known to selectively react 

with aromatic systems for direct CF3 substitution.4 The next step is the SET 

of the heteroaryl species to the hole in the valence band of the CdS, thereby, 

regenerating the photocatalyst. The final step is the deprotonation of the 

cyclopentyl cation to generate the final CF3 arene product.
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Figure 5.2: Proposed mechanism for the direct trifluoromethylation of methyl 2-pyrrolecarboxylate.

In an effort to increase the yield of the reaction, Au nanoparticles were 

decorated on the surface of CdS and CdSe. In the field of heterogeneous 

photocatalysis, it is common to use cocatalysts (also considered as 

electrocatalysts) to improve the rate of a given reaction.18 There are two ways 

cocatalysts can effectively increase the rate of a reaction. The first way is by 

lowering the kinetic barrier of the reaction.18,19 Photocatalysis uses light to 
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generate excitons (electron-hole pair) that are then used to perform 

“electrocatalytic” reactions on the surface, or in other words, surface redox 

reactions. Most semiconductor surfaces are not kinetically ideal for many 

reactions, therefore, a metal is used to lower the kinetic barrier for the 

desired reaction. The second way is by improving the charge transfer or 

charge separation of electrons and holes in the semiconductor.18,19 Photon 

absorption occurs on the femtosecond-picosecond scale and almost instantly 

generates an electron-hole pair. If the hole-pair are not used shortly after, 

they recombine and thus lower the efficiency of the reaction. Metal 

nanoparticles not only generate an interface at the surface of the 

semiconductor that promotes charge separation due to changes in work 

function, but they can also store electrons/holes in empty d orbitals.20 In this 

case, Au is not known as a suitable metal to perform the direct 

trifluoromethylation of heteroarenes, unlike Cu or Pd. Therefore, it is 

unlikely that Au improves the surface redox reactions, but rather improved 

the charge separation in the CdS. Increased charge separation leads to an 

increase in photogenerated electrons and holes without recombination, 

thereby, increasing the number of electrons and holes for the photoredox 

reaction. Au/CdS and Au/CdSe were synthesized by the conventional 

deposition-precipitation technique, underwent the same reaction shown in 

Figure 5.1 with the results displayed in Table 1. Au/CdS (Entry 5, Table 1) 
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generated 65% yield of the monomer shown in Figure 5.1, but additionally 

generated two more products with multiple CF3 substitutions. Au/CdSe 

(Entry 6, Table 1) generated only 27% yield of the monomer, with an increase 

in yield of the multiple CF3 substituted products. This result demonstrates 

the Au/CdS and Au/CdSe were too active as they not only made the desired 

monomer product, but continued the reaction by adding additional CF3 

moieties to the methyl 2-pyrrolecarboxylate. Reducing the reaction time may 

be a solution to minimizing the unwanted multiple CF3 substituted 

heteroarenes.

To further test the versatility of CdS as a photocatalyst for direct 

trifluoromethylations on heteroarenes, additional substrates were tested 

including 3-methylbenzofuran, 2,6-dimethylpyrazine, and 3-acetyl-1-

methylindole (shown in Figure 5.3).

a)
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34 W Blue LED
 24 h, RT, N2

0.3 mmol

O
CF3SO2Cl
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O CF3

b)

Cat

CH3CN (0.1 M)
34 W Blue LED
 24 h, RT, N2
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CF3SO2Cl
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N

N

N

N



210

c)

CdS (5 mol%)

K2HPO4 (2.5 equiv)
CH3CN (0.1 M)
34 W Blue LED

 3 h, RT, N2

0.3 mmol

CF3SO2Cl

0.6 mmol
N

O

N

O

CF3

40%

Figure 5.3: Direct trifluoromethylation of including a) 3-methylbenzofuran, b) 2,6-dimethylpyrazine, 
and c) 3-acetyl-1-methylindole with tables of the yields shown below.

CdS successfully yielded 61%, 74%, and 40% of the CF3 substituted 

heteroarenes of 3-methylbenzofuran, 2,6-dimethylpyrazine, and 3-acetyl-1-

methylindole, respectively. Even though the reactions were successful, the 

yields remained low.

5.5. Conclusion

Ultimately, CdS can still be considered a viable contender as an 

alternative catalyst as it can 1) perform the direct trifluoromethylation of 

heteroarenes in a single step as opposed to the current multi-step synthetic 

procedures, 2) cheaper than the alternative Ru(phen)3Cl2 photocatalysts, 3) 

can operate in mild conditions which is beneficial to the synthesis of 

biologically relevant compounds, and 4) is a heterogeneous photocatalyst 

making more industrially relevant than its homogeneous counterparts. The 

photoredox catalysis of the trifluormethylation of heteroarenes was 
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successfully demonstrated by CdS on a variety of substrates including methyl 

2-pyrrolecarboxylate, 3-methylbenzofuran, 2,6-dimethylpyrazine, and 3-

acetyl-1-methylindole. Decoration of CdS with Au nanoparticles resulted in 

increased reactivity with the substrates leading to multiple CF3 substituted 

side products. Commercial CdS and metal nanoparticle decorated CdS should 

be considered for additional photoredox catalysis reactions for organic 

synthesis as it can be a cheaper and more effective alternative catalyst.
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CONCLUSION AND OUTLOOK

Converting solar energy into chemical bonds is not only a viable option to 

supply energy to the world sustainably via the production of H2, but it is also 

a viable option for organic synthesis of high-value compounds. Inorganic, 

heterogeneous semiconducting powders for photocatalysis is inherently a 

cheaper option than most other alternatives due to the lack of wiring and 

cheaper materials (e.g. CdS vs Ru compounds). The field of photocatalysis has 

grown and advanced significantly over the past 5 decades, however, major 

breakthroughs in increasing the photonic efficiency of photocatalysts is 

needed in order to tackle major challenges.

Dozens of scientists are studying working diligently in the field of 

photocatalysis, however, reproducibility and comparability of photocatalysts 

with each other has become increasingly difficult. There is currently no 

standard in how to report photocatalytic data. Therefore, in Chapter 1, it was 

proposed to report the Quantum Efficiency (QE) of a particular reaction with 

the incident number of photons at a specified wavelength. This seems to be 

the only way that photocatalysts may be effectively compared from laboratory 

to laboratory and from reactor to reactor. It is also noted that photocatalysis 

follows different criteria then conventional catalysis (i.e. rates of reactions 

depend on light) and more rigorous reporting procedures are required. The 

field of heterogeneous photocatalysis is growing which will inevitably lead to 
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more publications in this field, therefore appropriate reporting of 

photocatalytic rates are essential in order to benchmark materials effectively.

From the fundamental study in Chapter 2, additional advantages of 

photocatalysis were uncovered. Photocatalysis was described as a 

nanophotoelectrochemical cell, and via this description, improving the 

electrocatalytic performance of the surface redox reaction can improve the 

overall photocatalytic performance. Nanoscale electrolysis has the intrinsic 

benefit of negligible ohmic losses, unlike macroscale reactors who suffer from 

significant ohmic drop leading to voltage losses. Additionally, by supplying an 

extremely high photon intensity to simulate high reaction rates (high 

consumption of reactants), a pH gradient was formed. From the current 

literature, pH gradients are currently not reported or recognized in 

photocatalysis primarily due to low intrinsic activities. However, if in the 

future a major breakthrough in increasing the efficiency in photocatalysis is 

discovered, then pH gradients may be a problem, and this work suggests it 

can be alleviated by buffers. This chapter also demonstrates that buffers at 

near-neutral pH can compete with current reactors which use extreme 

alkaline or acidic conditions.

All scientists in the field of catalysis strive for three points: 1) 

stability/durability of the catalyst, 2) high efficiency, and 3) high selectivity. 

Chapters 3 and 4 addressed point 3 by improving the selectivity of the HER 
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and suppressing the water-forming back reaction. Chapter 3 used a 2 nm 

CrOx layer covering the Pt nanoparticles could block O2 from reaching the 

surface of the Pt. In addition the CrOx/Pt could prevent unwanted side 

reactions from [Fe(CN6)]3−, NaIO3, Na2S2O8, H2O2, and even poisoning by CO 

gas. Chapter 4 demonstrated that selectivity for the HER could be done 

without the use of a protective layer by changing the intrinsic nature of the 

Pt from metallic to oxidized. Pt nanoparticles less than 2 nm could stably 

maintain a higher oxidation state, even after photocatalysis, while larger Pt 

NPs preferred to be reduced (metallic). Researchers using photocatalysts that 

are decorated by noble-metal nanoparticles for water splitting need to ensure 

they are preventing the back reaction, otherwise low yields may be wrongly 

attributed to the photocatalyst.

Although the main focus of Chapters 1–4 were about water splitting, 

Chapter 5 addressed a more contemporary topic regarding organic synthesis 

using visible-light responsive, inorganic, heterogeneous photocatalysts. 

Conventionally, homogenous photosensitisers are used for photoredox 

catalysis of organic compounds, but recent focus is shifting towards inorganic 

semiconductors. CdS was found to successfully perform the 

trifluoromethylation of heteroaryl compounds on the following substrates: 

methyl 2-pyrrolecarboxylate, 3-methylbenzofuran, 2,6-dimethylpyrazine, and 

3-acetyl-1-methylindole. The addition of Au nanoparticles on the surface of 
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CdS led to an increase rate of reaction, but less selective reaction by forming 

multiple CF3 substituted products. This study demonstrates that commercial 

CdS may be a better alternative for trifluoromethylation reactions as it can 

perform the reaction in a single step, is cheaper than the alternatives, and 

can operate under mild conditions (relevant to sensitive organic compounds 

such as pharmaceutical drugs).

As an outlook on the field of photocatalysis, two points need to be 

addressed. The first is regarding water splitting. H2 is a viable contender to 

replace fossil fuels with multiple advantages such as higher energy density 

than gasoline, sustainable cycle (split water to H2 and O2, burn H2 to form 

water again, i.e. closed cycle), and no carbon emissions. Current 

photocatalysts have not yet reached the desired 10% STH efficiency 

benchmark that could make it commercially viable. The current best practical 

setup by Professor Domen at the Univeristy of Tokyo achieved 0.4% STH 

using RhCrOx/SrTiO3:Al as a photocatalyst suspended on a 1 × 1 m glass 

plane (with no wiring). This is a significant discovery showing photocatalysis 

can be scalable and a much cheaper option the current photovoltaic + 

electrolyzer systems. However, a major breakthrough is required in 

developing an efficient visible-light responsive semiconductors (at least to 600 

nm absorption). Current visible-light responsive semiconductors either have 

poor electron/hole carrier mobilities, are unstable in aqueous conditions, or 
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have unsuitable band gaps. Another possibility is to use a Z-scheme type 

photocatalysis, which mimics photosystem I and II in photosynthesis, by 

using two conjoined semiconductors and two photons to generate H2 and O2. 

Unfortunately, current efficiencies of Z-scheme photocatalysts are far lower 

than the single semiconductor systems. Further work is needed to visible-

light responsive materials.

The second point is on photoredox catalysis for organic synthesis. Using 

inorganic, heterogeneous semiconductors for organic synthesis is relatively 

unexplored field which is continuously growing. It is recommended that all 

semiconductors initially designed for water splitting but were unsuccessful 

should be tested for organic synthesis. If this field continues to grow at the 

current rate, it may be possible to replace certain redox reactions that require 

harsh conditions with milder conditions, and even replace metal 

nanoparticles and homogeneous sensitizers with commercial photocatalysts. 

Semiconductors that were inefficient at splitting water may be highly 

efficient at a particular organic reaction, thereby finding a novel use for 

discarded semiconductors.

The field of heterogeneous photocatalysis is exceptionally complicated and 

contains many variables that are poorly understood. With continuous 

research, one day photocatalysis may be fully understood leading to the 
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design of efficient materials that could address major global challenges, such 

as energy security and pharmaceutical drug synthesis.
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2: 
CONTRIBUTION OF ELECTROLYTE IN NANOSCALE ELECTROLYSIS OF 

PURE AND BUFFERED WATER BY PARTICULATE PHOTOCATALYSIS

Relationship between photocatalytic and electrocatalytic rates

Figure A1: Correlation among H2 evolution rate, solar-to-hydrogen (STH) energy efficiency and 
current density (normalized per geometric surface area).

Inhibition of the oxygen reduction reaction by a Cr-based coating

A cyclic voltammogram of a Pt rotating disk electrode (RDE) in 0.5 M 

K2SO4 at pH 6 with oxygen bubbling is shown in Figure A2. At 0.6 V on the 

reversible hydrogen electrode (RHE) scale, an increasing cathodic current 

density was observed and reached a constant current density of -5 mA cm2 at 

approximately 0~0.5 V vs. RHE. The constant current indicates a limitation 

by mass transport that is ascribable to the oxygen diffusion-limited oxygen 

reduction reaction (ORR, water forming reaction).1 Further increases in the 

cathodic current below 0 V vs. RHE are assigned to the hydrogen evolution 

reaction (HER), as we previously reported.2 The CrOx/Pt RDE in the same 
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unbuffered electrolyte showed negligible current at -0.3~0.7 V vs. RHE, and 

an increase in cathodic current below -0.3 V vs. RHE was ascribable to HER. 

The absence of limiting diffusion currents clearly suggests nearly complete 

selective suppression of ORR by the CrOx layer without a significant loss of 

HER activity of the substrate (Pt), consistent with previous reports.3 In the 

buffered electrolyte of K-phosphate, the CrOx/Pt RDE exhibited a 

monotonically increasing current density below 0 V vs. RHE. The shift in the 

onset potential for HER by the introduction of buffered species originates 

from the prevention of the reduction of water molecules responsible for HER, 

as we reported elsewhere.4 Losses due to the crossover of product gases were 

neglected in our simulations below because the experimental CrOx/Pt/SrTiO3 

system was designed to avoid activating reverse water-forming reactions 

from H2 and O2 products by the use of the CrOx modifier.
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Figure A2: Cyclic voltammograms over a Cr-modified Pt (CrOx/Pt) RDE in 0.5 M K2SO4 at pH 6 and in 
0.5 M K-phosphate (KH2PO4/K2HPO4=80/20, pH 5.8) and a pristine Pt RDE in 0.5 M K2SO4 at pH 6 

(dotted line) (conditions: 3600 rpm, 50 mV s−1, O2 bubbling and 298 K).

Optimization of electrocatalyst loading on the semiconductor

Figure A3: Photocatalytic time course of Pt/SrTiO3 as a function of metal loading in 10% methanol 
solution (300 < λ < 800 nm, 50 mg of catalyst, 100 mL solution, 38.5 cm2 irradiated area).

Simulation model
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Figure A4: Nanoelectrolysis scheme representing the model of the cross-section of the electrolyte 
volume at the interface with the redox sites on the surface of a semiconductor photocatalyst (this 

scheme is not to scale).

The simulations consider 100 nm of electrolyte away from the surface of 

the semiconductor. The boundaries of size r at the bottom of the figure 

represent the OER and HER sites on the left and right, respectively. The 

uncertainty of the location of the OER sites was overcome by the arbitrary 

variation in the inter-particle distance (x) from 5 to 110 nm. On the bottom 

right side, the HER boundary was treated as ground (Ф = 0). Insulating 

boundary conditions with no flux and no charge were considered on the other 

walls of the box model. Water-splitting simulations were computed by 

utilizing triangular mesh elements of equal size, as represented with blue 

lines in the figure. The figures in the main text represent an extended array 

of mirror images of the calculated database in the two-dimensional domain in 

Figure A4. Potential fluctuations and losses arising from the complexity of 

surface states at the semiconductor-liquid junction were not considered in our 

model for simplicity (i.e., absorbed potential-determining ions, defects, 

passivated domains, etc.). Nevertheless, such phenomena may be treated as a 

secondary phenomenological potential term in future studies.
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Table 3: Simulation parameters

Symbols Values Units Description

x 5×10−9  ⎯ 11×10−8 m Inter-particle distance between redox sites
r 3×10−9 m Size of the redox site and out-of-plane thickness
r2 9×10−18 m2 Surface area
E0 1.23 V Standard redox potential 
σMilliQ 5.5×10−6 S m−1 Milli-Q water conductivity
σ0.5M 1×10−1 S m−1 Approximated conductivity of a 0.5 M supporting 

electrolyte
pH0 7 Initial pH of the solution
c0

H30+ 1×10−4 mol m−3 Initial concentration of hydronium ions
c0

OH− 1×10−4 mol m−3 Initial concentration of hydroxide ions
DH30+ 9.3×10−9 m² s−1 Diffusion coefficient of hydronium ions in water
DOH− 5.3×10−9 m² s−1 Diffusion coefficient of hydroxide ions in water
zOH− 1 Charge of the hydronium ions
zOH− −1 Charge of the hydroxide ions
Keq 1×10−8 Equilibrium constant
10−a∕b

HER 1×10−2 mA cm−² HER Tafel parameter
10−a∕b

OER 2×10−3 mA cm−² OER Tafel parameter
b 120 mV dec−1 Tafel slope
n 4 Number of electrons
𝜀r 80 Relative permittivity 

Constants

T 298 K Temperature
𝜀0 8.8542×10−12 F m−1 Vacuum permittivity
F 96485.3 C mol−1 Faraday constant

kB 1.3806×10−23 J K−1 Boltzmann constant
e 1.6022×10−19 C Electron charge
h 6.6261×10−34 J s Planck's constant
R 8.3145 J mol−1 K−1 Universal constant
RT 2477.7 J mol−1 RT constant factor
F/RT 38.941 V−1 f constant for electrochemical kinetics
m 5×10−10 m Equilateral mesh element size
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Figure A5: Ohmic drop over 1D and 2D systems as a function of distance between the anode and 
cathode.

The data shown in Figure A5 captures the cases of longer distance between 

electrodes using simplified simulations by neglecting mass transport and 

thus removing the diffusion component in eqn. 2 in the main manuscript. 

Consequently, the current vector may be described as a function of the 

potential by assuming electroneutrality ∑ z i ci=0. It is then possible to define 

an isotropic conductivity and derive ohmic charge transport in the solution if 

the concentration gradients are neglected. The conductivity of Milli-Q water 

was used in our study following its use in the photocatalytic experiments (𝜎i = 5.5 

×10−6 S m−1).

i = −
F 2

RT
∇ϕ ∑ z i

2D ici = −σ l ∇ϕ (S1)

Photocatalytic reaction in the presence of an electron accepter or donor
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Figure A6: Photocatalytic activity time course for Pt/SrTiO3 with 0.5 M K-sulfate and 0.5 M K-
phosphate with either 5% methanol solution or 100 mM iodate solution as a hole or electron scavenger, 

respectively (300 < λ < 800 nm, 50 mg of catalyst, 515 mL volume of reactor, 38.5 cm2 reactor area).

Electrolyte engineering of the electrocatalytic hydrogen evolution reaction 

(HER)
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Figure A7: Expected limiting diffusion current density for the reduction of H+ and oxidation of OH− on 
a substrate for rotation speeds of 400 and 3600 rpm as well as with no convection. The corresponding 

hydrogen evolution rate in overall water splitting is plotted on the second y-axis.

In a conventional supporting electrolyte in the absence of any buffering 

actions, i.e., unbuffered near-neutral pH conditions, the HER rate over a 

HER-active electrocatalyst can readily be limited by the diffusion of protons 

at appreciable current densities due to the small proton activity. For 

example, at pH 7 (10−7 mol L−1), the diffusion flux of protons is merely on the 

microampere scale (Figure A10). To achieve substantial reaction rates, e.g., 

10 mA cm−2 (which corresponds to an STH efficiency of ~10%), the water 

molecule has to act as the reactant for the HER (i.e., reactant switching). 

Nevertheless, the reduction of the water molecule is kinetically slower than 

that of protons, and the overall performance is significantly lower due to the 

kinetic activation loss.

In such circumstances, the introduction of a buffer effectively supplies 

protons as the HER reactant to the active site (i.e., the buffer functions as a 

proton carrier), whereby the diffusion limitation, as well as the kinetically 

slow H2O reduction, can be circumvented. The apparent improvement in the 

performance by the introduction of a buffer was significant: while the 

overpotential required to achieve 10 mA cm−2 was ~780 mV in the 

conventional supporting electrolyte of 0.5 M K2SO4 (pH 6), the same current 

density was readily reached at a overpotential of merely ~420 mV in 0.5 M 

NaH2PO4 over CrOx/Pt RDE (Figure A8).5 In brief, this observation indicates 
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that since the buffer species presumably functions as a proton carrier, the 

performance would be further improved by increasing the concentration of 

the proton carrier.

We examined the HER on pristine polycrystalline Pt under buffered near-

neutral pH conditions in detail in our previous study.4 We first investigated 

the influences of the concentration of phosphate at pH 5 on the HER 

performance, which revealed that in the low-concentration regime, the HER 

performance indeed improved with an increase in the concentration; however, 

above a threshold concentration of ~2 mol L−1, the HER performance was 

reduced in denser electrolytes. As an attempt to rationalize this volcano-

shaped relationship between the HER performance and the phosphate 

concentration, we developed a model accounting for the HER under buffered 

conditions. The buffered species in the protonated form (e.g., H2PO4
−) diffuses 

to the HER active site, where it releases its proton that is consumed for the 

HER; then, the remaining deprotonated species (e.g., HPO4
2−) diffuses back to 

the bulk of the electrolyte, where it is protonated via the acid/base 

equilibrium (e.g., HPO4
2− + H+ = H2PO4

−). By our previously reported 

microkinetic and mass-transport phenomena analysis,4 the experimental 

observations were successfully reproduced, and importantly, the major 

limiting factor was identified: Regardless of the phosphate concentration, the 

diffusion of the proton carrier to the HER active site, i.e., the buffered species 
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(such as H2PO4
− and HCO3

−), largely limits the HER performance. This 

finding indicates that the tuning of the electrolyte property to maximize the 

diffusion flux, i.e., electrolyte engineering, is a powerful concept for improving 

the HER performance in the buffered near neutral pH conditions.

We then further examined the HER in various electrolytes on pristine Pt 

disks, as previously reported elsewhere.6 The experimentally observed HER 

performances were indeed well rationalized by addressing the electrolyte 

properties, which clearly validated our hypothesis. The identified key factors 

determining the apparent HER performance are (1) the diffusion coefficient 

of the proton carrier, (2) the activity of the proton carrier, and (3) the 

thickness of the diffusion layer. These factors can be reduced into primary 

parameters: (a) the effective ion size in hydrated form, (b) the viscosity of the 

electrolyte, (c) the mean activity coefficient, and (d) the molarity. According to 

this rationale, a buffered electrolyte that yields larger fluxes of the proton 

carrier meets the following criteria: (i) smaller buffered species (proton 

carrier) in a hydrated form, (ii) lower viscosity, (iii) larger mean activity 

coefficient at a given molarity, and more specifically less association between 

cation and anion.

At this point in the discussion, we must state that when the whole series of 

available buffer species are considered, additional criteria other than 

diffusion has to be considered in practice, namely, the migration event (or 
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ohmic loss). As an example, let us now consider the typical buffer solutions of 

carbonate and borate. These electrolytes at near-neutral pH contain the 

nonionic species of carbonic acid (H2CO3) and boric acid (H3BO3). Due to the 

absence of electrostatic interactions of these species with coexisting ions in 

hydrated form, association of the proton carrier would not occur, which leads 

to a larger mean activity coefficient and in turn an improved diffusion flux. 

However, the nonionic nature of these species indicates their negligible 

contribution to the migration events, which correspondingly enlarges the 

ohmic drop (iR loss), possibly leading to poorer overall performance. One may 

think that, if these electrolytes are to be employed, additional ionic species 

can be supplied to improve the ionic conductivity of the system. 

Unfortunately, however, the coexisting ions significantly complicate the 

system.7 In particular, in the dense electrolytes, such as 1.5 mol L−1, the 

theoretical rationalization is practically impossible even today, and the field 

of specific ion effects is a significant active research topic currently and 

beyond the scope of this work. Alternatively, one may think about organic 

buffer solutions. Unfortunately, organic buffer species are generally larger in 

size, which thus have smaller diffusion coefficients. Nevertheless, by 

appropriate engineering of the molecule for half-cell studies employing a 

membrane, it might be appropriate. However, in the membrane-less overall 

water-splitting system studied herein, they typically cannot sustainably 
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function as a buffer because the organic species are readily oxidized at the 

anodic sites. For example, when citrate buffer is employed for the study of the 

oxygen evolution reaction (OER), the Faradaic efficiency toward O2 is merely 

40%, presumably due to the oxidation of citrate.8

In this context, phosphate buffer is the only appropriate choice of buffer for 

scientific interest. Among the various phosphate buffer solutions at near-

neutral pH levels, the reported guidelines predict that the mixture of KH2PO4 

and K2HPO4 would realize the highest diffusion flux and in turn the highest 

HER performance, which we successfully confirmed experimentally. In the 

optimal K-phosphate electrolyte, the overpotential required to reach 10 mA 

cm−2 was only 40 mV, which is fairly comparable to that under extremely 

acidic conditions (~20 mV) over pristine Pt disk electrodes. In the main 

manuscript, we show and emphasize that these electrochemical studies can 

be readily transferred to photocatalytic systems. As described in the current 

study, the highest performance in the K-phosphate solutions was observed at 

pH ~6, in which both H2PO4
− and HPO4

2− coexist, in excellent agreement with 

the electrochemical system. Consistently, we must stress that additional 

aspects need to be considered when buffered solutions are used in particulate 

photocatalytic overall water splitting, including wettability and bubble 

formation. Most importantly, the dispersivity of the photocatalyst powders in 
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the system is also of major concern for efficient light absorption and calls for 

further fundamental investigations.

Figure A8: Cyclic voltammograms over a CrOx/Pt RDE in (a) 0.5 M K2SO4 and in (b) 0.5 M phosphate 
buffer solution at various pH values (conditions: 3600 rpm, 50 mV s−1, H2 bubbling and 298 K).

UV-Vis diffuse reflectance spectra and photon flux.
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Figure A9: (a) Diffuse reflectance UV-Vis spectra of bare flux-treated SrTiO3, Pt/SrTiO3, and 
CrOx/Pt/SrTiO3. (b) Photon flux of a UV-Vis lamp with a bandpass filter 35 (BP 35).

Potential breakdown for flat nanoscale electrolysis
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Figure A10: Nanoscale electrolysis PNP simulations of the relative potential distribution as a function 
of the logarithm of the water splitting rate, in the ideal flat system assuming an interparticle distance 
of 5 nm with (A) buffered and (B) unbuffered electrolytes. The HER exchange current densities of (A) 3 
mA cm−2 and (B) 1×10−2 mA cm−2 derived from Figure S8 were used. The potentials required for water 

splitting were separately analyzed according to the kinetics, mass transport contributions, ohmic drop, 
and Nernstian potential loss due to pH gradients.

The overpotentials originating from the kinetics, ohmic effects and 

Nernstian losses associated with pH gradients are shown in Figure A10A and 
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S10B for buffered and unbuffered conditions, respectively, when the anodic 

and cathodic sites are 5 nm apart on the flat two dimensional electrochemical 

device. Please note that this analysis is not representative of photocatalytic 

scenario because the band positions are not considered; e.g., the valence band 

edge of SrTiO3 is over 1 V more positive than the OER equilibrium potential.9 

In general, the simulation results indicate that the ohmic drop is negligible 

under both buffered and unbuffered conditions at all water splitting rates, as 

previously discussed. Under unbuffered conditions, the Nernstian potential 

losses from pH gradients appear to contribute only at rates starting from 1 

mol-H cm−2 h−1. Notably, Figure A10B shows significant HER overpotential 

even at low rates under unbuffered conditions due to the demanding kinetics 

for the reduction of water molecules. The calculations show that the HER 

kinetic overpotential required to achieve 10% STH efficiency (−153 μmol-H2 

cm−2 h−1) is approximately 500 mV under unbuffered conditions, which is 

similar to the overpotential of OER. In contrast, the HER overpotential under 

buffered conditions is only large at water splitting rates greater than 10 

μmol-H cm−2 h−1. The simulations show that the use of buffer decreases the 

HER overpotential by as much as 300 mV at 10% STH efficiency as a 

consequence of proton reduction achieved by the presence of buffering ions. In 

order to accurately describe the photocatalytic system, three-dimensional 

model instead of the flat-surface model is effective to reduce kinetic 
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contribution by having more active sites, and additional overpotential losses 

must be accounted for including, but not limited to, carrier recombinations 

and interfacial losses.

One-dimensional theoretical descriptions

Conventionally, Fick’s law theoretically describes diffusion:

C
J D

x


 

 (S2)

where J is the diffusion flux, D is the diffusion coefficient, C is the 

concentration of the species of interest, and x is the distance. For Nernst-type 

diffusion, this equation is simplified into the following formula:

0CJ D


 
, (S3)

in which C0 is the concentration of species in the bulk of the electrolyte and 

S dictates the thickness of the diffusion layer. Importantly, for a spherical 

electrode, the thickness of the diffusion layer theoretically equals the radius 

of the electrode.3

As an initial attempt to apply the simple and well-established theory 

described above, a simulation of the diffusion flux in an electrocatalytic 

system (half-cell reaction) is developed herein. As a simplified starting model, 

a primitive packing of spherical electrodes with radius r on a flat surface is 

described below. In this system, eqn. S2 directly applies to the description of 
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the diffusion flux for each particle, and therefore, the current density per 

particle j is expressed by

0Cj nFD
r


, (S4)

where n is the number of electrons involved and F is the Faraday constant. 

Since the surface area of each hemispherical particle is expressed by 2πr2, the 

electric current per particle is given by

02i nFDC r . (S5)

When this particle is periodically placed with an inter-particle distance of 

2r on a substrate (square shaped; A × A), the number of particles is simply 

described by  

2

4
 
 
 
A

r . Therefore, the overall current is dictated by

2
0

8tot

nFA DC
i

r




, (S6)

and the overall current density normalized by the geometric surface area 

of the substrate (A2) is

0

8tot

nFDC
j

r




. (S7)

In Figure A11a, the limiting diffusion current density for each particle and 

the substrate is plotted as a function of particle size for the case of hydronium 

ion reduction at pH 5. The values shown indicate that, in this simple model, 
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when the total geometric current density is ca. 10 mA cm−2 (at a particle size 

of 70 nm), the local current density for each particle can be as high as 26 mA 

cm−2.

To obtain further insights into relevant conditions to the practical systems, 

the following conditions are considered; 40 wt.% Pt loaded on carbon (200 m2 

g−1) placed on the flat substrate (1.5 mm diameter) with a loading of 35 μgPt 

cm−2. The calculation results in this model are shown in Figure A11b. 

According to this figure, when the particle size of Pt is as small as several 

nanometers, the local current density per particle can be as high as 900 mA 

cm−2 with the overall geometric current density of 104 mA cm−2. However, 

when this value is compared with experimental studies, such high limiting 

diffusion current densities cannot in practice be obtained.
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Figure A11: Simulated limiting diffusion current density for hemispherical particulate electrodes 
dispersed on a flat substrate for the reduction of hydronium ions at pH 5. The limiting diffusion current 
densities for both each particle and the substrate are shown as a function of the particle size. (a) Ideal 
system and (b) with a boundary condition of 40 wt.% Pt loaded on a carbon (200 m2 g−1) catalyst placed 

on a flat substrate (1.5 mm diameter) with a loading of 35 μgPt cm−2.

To quantitatively elucidate the discrepancy, a revised model is considered: 

the radius of particle is fixed to 2 nm, and the thickness of diffusion layer is 

considered variable. In Figure A12a, the limiting current densities for each 
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particle and the substrate are compiled as a function of the diffusion layer 

thickness. This simple calculation revealed that for such systems to provide 

the experimentally observed limiting diffusion current density (~10 mA cm−2) 

in the RDE configuration, the thickness of diffusion layer needs to be 

approximately 10 to 20 μm.

Notably, in the RDE, the thickness of the diffusion layer is controlled by 

the disk-rotation speed. By comparing Fick’s first law (eqn S2) with the 

theoretical Levich equation.6

2 3 1 2 1 6
00.62j nFD C   (S8)

in which ν is the kinematic viscosity and ω is the disk-rotation speed, the 

diffusion layer thickness is given as a function of the disk-rotation speed as 

follows:

1 3 1 6 1 21.62D   (S9)

With this equation, the theoretical diffusion layer thickness is readily 

calculated and is compiled against the disk-rotation speed in Figure A12b.
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Figure A12: (a) Simulated limiting diffusion current density for hemispherical particulate electrodes 
dispersed on a substrate for the reduction of hydronium ions at pH 5 with a boundary condition of 40 

wt.% Pt (Pt particle diameter of 4 nm) loaded on a carbon (200 m2 g−1) catalyst placed on a flat 
substrate (1.5 mm diameter) with a loading of 35 μgPt cm−2. (b) The thickness of the diffusion layer as a 

function of disk rotation speed in the RDE configuration.

As shown in Figure A12b, in the typical RDE configuration, the planar 

diffusion is described by a diffusion layer thickness of several pm (e.g., 50 pm 

at 400 rpm and 17 pm at 1600 rpm), which is in quantitatively in good 

agreement with the observation in Figure A12a. Therefore, it can be 

concluded that even if nanosized particles are utilized on a macroscale RDE 

configuration, the diffusion flux is dictated by the planar diffusion. Notably, 
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in such circumstances, pH values lower than 1.6 and higher than 12.4 are 

required to reach a limiting diffusion current density of 10 mA cm−2 for the 

hydronium ion reduction and hydroxide ion oxidation reactions, respectively, 

as shown in Figure A7. This situation would become apparent when the 

diffusion flux in planar flow is smaller than the overall diffusion flux of 

particulate electrodes. In other words, the diffusion layer for the particulate 

electrode would overlap in the practical system, resulting in the bulky 

diffusion layer covering all the substrate-liquid interface.

The discussion herein suggests that when forced convection is present and/

or the nanosized electrocatalysts are located close to each other, mass 

transport events can be described by the planar diffusion model. Notably, the 

situation is more complicated when both reduction and oxidation sites are 

present on the same surface in mesoscopic dimensions, i.e., the photocatalytic 

system. Furthermore, the commonly utilized assumption of electroneutrality 

may not hold at such length scales in pure water (i.e., tenths to a hundred 

nanometers). In an attempt to elucidate the mass transport events in such 

conditions without convection, two-dimensional numerical experiments 

solving the Poisson-Nernst-Planck (PNP) equations were performed via finite 

element analysis as described in the main text and in Figure A4 utilizing the 

parameters described in Table S1.
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Discussion of the extrapolation of the apparent quantum efficiency 
(AQE)

The calculation of the extrapolated apparent quantum efficiency (AQE) is 

elaborated herein. To calculate the AQE, a 350-nm bandpass filter was used 

to select a specific wavelength as shown in Figure A9c, and the photons were 

integrated in 300–400 nm. The photon flux was measured using an AvaSpec-

3648 spectrometer, an AvaLight DHS calibration light source, and an FC-

UV200-2 fiber-optic cable. The multiple measurements allowed integration of 

the total photon flux into the spectral area of the photocatalytic reactor (38.5 

cm2).10 Using a bandpass filter reduced the incoming light intensity by ~99% 

at the cost of obtaining a clean distribution of photons at the specified 

wavelength (see Figure A9c). At such low light intensity, the unbuffered and 

buffered conditions provided the same rate. However, once the filter was 

removed and a higher light intensity passed into the reactor, a clear 

difference in the H2 evolution rate was observed between the two solutions. 

The AQE was calculated as shown below in eqn. S10.

AQE(%) =
The rateof H2 evolution × 2

I (λ )
× 100 (S10)

where I(λ) is the photon flux at a specific wavelength. The AQE was first 

calculated for unbuffered conditions, and the rest of the data were 

proportionally extrapolated to the measured H2 evolution rate under each 

condition.
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3: 
EXCLUSIVE HYDROGEN GENERATION BY ELECTROCATALYSTS 

COATED WITH AN AMORPHOUS CHROMIUM-BASED LAYER 
ACHIEVING EFFICIENT OVERALL WATER SPLITTING

Figure B1: (a) Potential profile during deposition of Cr on the Pt disk in 0.5 M K2CrO4 (pH=9.7) with 
Ar or H2. (b) CrOx/Pt testing in 0.5 M Na2SO4 with O2 bubbling (pH=4.5, 50 mV s−1, 3600 rpm).

The deposition of CrOx onto Pt is shown in Figure B1a in both Ar and H2 

gas. The deposition in the presence of Ar showed an almost constant open-
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circuit potential (OCP) at 0.6 V vs. SHE. When a constant current was 

applied, the potential was substantially negatively shifted (to -0.5 V vs. SHE). 

In H2 gas, a negative shift in the open-circuit potential was observed. The 

resulting OCP was around -0.5 V vs. SHE, which was similar to that 

observed during chronopotentiometry (CP) in Ar for the electrodeposition of 

chromium. This result indicated that CrO4
2− was capable of electroless 

deposition onto Pt RDE using only H2 bubbling under the open-circuit 

potential. Figure B1b shows cyclic voltammograms (CV) from samples using 

different CP times (from 0 to 1 min). The CVs demonstrated that changing 

the CP time led to a similar amount of O2 blocking, as there was negligible 

change from 0 to 1 min CP time.

Note: The onset potentials for HER in Figures B1, B3–B7 are slightly 

different which may be due to the local redox between the CrOx layer and any 

oxidizing agent. The electrode was kept in the solution prior to each 

experiment for 30 min with either Ar or O2 bubbling, during which CrOx 

could slightly undergo local redox which may alter the surface exposing a 

different number of active sites.
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Figure B2: (a) Photocatalytic activity time course of Cr photodeposition on Pt/SrTiO3 (100 mL of 2 mM 
K2CrO4 solution, UV light irradiation (300 < λ < 800 nm), and 50 mg of catalyst).

Figure B3: TEM of CrOx/Pt/SrTiO3 (on Cu grid) with corresponding EDS analysis. Red circle in TEM 
images indicate the spot where EDS analysis was performed.
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Figure B4: X-ray photoelectron spectra of (a) Cr 2p, (b) Pt 4f, (c) Sr 3d, and (d) Ti 2p.

Figure B5: (a) XRD pattern and (b) UV-Vis absorption spectra of bare SrTiO3, Pt/SrTiO3, and CrOx/Pt/
SrTiO3.
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Figure B6: Photocatalytic time course of CrOx/Pt/SrTiO3 with evacuation of gases every 5 h (100 mL of 
0.1 M NaOH solution, UV light irradiation (300 < λ < 800 nm), 50 mg of catalyst, and volume of 

reactor=512 mL).

Figure B7: Cyclic voltammograms of pristine Pt and Cr-modified Pt (CrOx/Pt) disk electrodes in 1.5 M 
K-phosphate (KH2PO4/K2HPO4=80/20, pH 5.8) with (a) O2 and (b) H2 bubbling at disk rotation speeds of 

1600, 2500, 3600 and 4900 rpm (50 mV s−1 and 298 K).
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Figure B8: Photocatalytic activity time courses in unbuffered and buffered 0.5 M K-phosphate 
(KH2PO4/K2HPO4=60/40) of (a) Pt/SrTiO3 and (b) CrQx/Pt/SrTiO3 (100 mL of solution, UV light 

irradiation (300 < λ < 800 nm), and 50 mg of catalyst).

Figure B9: UV-Vis spectra of 2 mM ferrocyanide, 2 mM ferncyamde, and 1 mM of each.

For the Fe redox reactions, the electrons were incapable of tunneling from 

the Pt through the CrOx layer to reduce Fe. The formula that describes 

electron tunneling is shown in Equation 1:

Probability of tunneling  xe   (1)
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where x is the distance that the electron will tunnel and β is a factor that 

depends on the height of the energy barrier and the nature of the medium 

between the states. Although the exact distance that an electron tunnels in 

this situation is unknown, the tunneling rate decreases exponentially with 

distance, and theoretically, in electrochemical solutions, electrons do not 

tunnel more than ~1.5 nm. To reduce CrOx onto the surface of Pt, the Cr6+ in 

the electric double layer would be reduced onto the Pt, and furthermore, to 

grow the CrOx to be 2 nm in thickness, as previously reported, electrons 

would have to tunnel from the Pt to continue depositing CrOx. The self-

limiting growth of CrOx may be because electrons cannot tunnel through 

more than 2 nm and are therefore unable to reduce Fe.

Figure B10: Cyclic voltammograms of a Cr-modified Pt (CrOx/Pt) disk electrode in 0.1 M NaOH + 0.1 
mM Na2S2O8 with Ar bubbling, and electrode rotating at 900 rpm (50 mV s−1 and 298 K).
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Figure B11: Photocatalytic activity time course (control experiments) in (a) 10 mM H2O2 in 0.1 M 
NaOH solution with irradiation and (b) 10 mM H2O2 in 0.1 M NaOH with 50 mg of Pt/SrTiO3 under 
dark conditions. No gases evolved with NaIO3, Na2S2O8, or Fe couple control experiments (100 mL of 

solution and UV light irradiation (300 < λ < 800 nm).

Figure B11a shows that 80 μmol of O2 evolved in 3 h without catalyst and 

under UV light irradiation, and Figure B11b shows that 125 μmol of O2 

evolved in 3 h under dark conditions and with Pt/SrTiO3 catalyst. Therefore, 

H2O2 is not an ideal sacrificial reagent when testing materials, as it is 

unclear whether the evolved gases truly come from either photocatalytic 

decomposition, UV light decomposition, or decomposition from dark reactions 

with catalysts.
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Figure B12: Cyclic voltammograms of (a) pristine Pt and (b) Cr-modified Pt (CrOx/Pt) disk electrode in 
0.1 M NaOH with 1% CO/Ar or Ar bubbling at a disk rotation speed of 900 rpm (50 mV s−1 and 298 K).
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Figure B13: (a) First and final CV after 18 h of sequential CV scans. Recorded at a scan rate of 50 mV 
s−1, at a disk rotation speed of 3600 rpm and at 298 K. (b) OCP measured sequentially for longer times 

after CV scans in 1.0 M NaOH for the CrOx/Pt disk electrode.

 First, 18 h of sequential CV scans were performed, and the first and final 

cycles are shown in Figure B13a, indicating stable performance in 1.0 M 

NaOH solution with oxygen bubbling. Next, the OCP was measured after 

sequentially increasing the duration of the OCP. The OCP values are shown 

in Figure 3.13b, and the CVs are shown in Figure 3.8a.
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Figure B14: 0.5 M KCl + 0.5 mM K3Fe(CN)6 + 0.5 mM K4Fe(CN)6 at pH=5.8 while sequentially 
increasing the sweep range after each cycle (disk rotation speed of 3600 rpm, scan rate 50 mV s−1, and 

298 K).

The CrOx/Pt RDE was tested with Fe redox reactions in which, after each 

successive CV scan, the potential range was increased in the positive 

direction. The CrOx/Pt could successfully block the Fe redox couple until the 

potential was greater than 0.7 V vs. RHE, at which point Fe redox peaks 

could be observed (black line), indicating the dissolution of the Cr layer into 

the solution.
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Figure B15: (a) Cyclic voltammograms of a Cr-modified Pt (CrOx/Pt) disk electrode in 0.5 M Na2SO4 at 
pH 2 (50 mV s−1 and 298 K).

The CrOx layer was not stable in acidic pH, as predicted by the Pourbaix 

diagram in Figure 3.9, because, thermodynamically, CrOx is more oxidizing 

than water at such a low pH and converts from Cr3+ to Cr6+. The loss of Cr 

was observed in the electrocatalytic system in Figure B15, as each successive 

CV scan shows increasing cathodic current, indicating a loss of CrOx layer.
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Figure B16: (a) Chronoamperometry (CA) of CrOx/Pt RDE over 10 h in 1.5 M KH2PO4-K2HPO4 (80–20 
ratio) solution with Ar or O2 bubbling. The CA potential was changed every hour using the potentials 

shown in (b) where the potential of the solution with and without iR correction are presented (3600 rpm 
and 298 K).
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 4: 
CATALYTIC CONSEQUENCES OF ULTRAFINE PT CLUSTERS 

SUPPORTED ON SRTIO3 FOR PHOTOCATALYTIC OVERALL WATER 
SPLITTING

Figure C1: Schematic of the grafting.



260

Figure C2: Photon flux of a) full arc spectra of 300 W Xe lamp (CERMAX PE300-BF, 300 W) with a 
cold mirror and a water filter (300 < λ < 800 nm); and b) with a bandpass filter at 350 nm.
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Figure C3: DFT-GGA+U surface energy of TiO2-terminated SrTiO3(001) surfaces with increasing 
number of atomic layers. The energy difference between the different structural models and the 

optimized 9-layer atomic model of the surface are shown. The calculated 1.3 J m−2 surface energy at 5-
atomic layers is consistent with reported values [1–4].
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Figure C4: Mechanism of Pt grafting on SrTiO3 surface via SOMC.

On the formation of Pt clusters: Pt2+ is more reducible than H+ (Pt2+/Pt 

+1.18 V vs. SHE), and under photocatalytic conditions it can accept 

photogenerated electrons from the SrTiO3 conduction band. The resulting 

zero-valent platinum atoms would therefore not be anchored to the support 

by oxo ligands anymore, becoming more mobile. Isolated zero-valent Pt atoms 

could thus coalesce into more stable clusters.

Reaction equations for such a process with a bipodaly grafted Pt comple 

are given below:

1) Pt reduction:

([SrTiO3]-O)2-Pt-L2 + 2H+ +2e− → 2[SrTiO3]-OH + 2H2O + Pt0

L = OH2 or C=C double bond from COD, depending on hydrolysis.
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2) Pt cluster formation:

nPt0 → Ptn

Table 4: S1: Summary of DFT-GGA+U calculations of the Fermi energy 
using implicit solvation in water.

EF (eV) E vs. SHE (V)a

SrTiO3 (001) 3.5 0.9
Pt1/SrTiO3 3.5 0.9
Pt25/SrTiO3 4.2 0.2
Pt50/SrTiO3 4.2 0.2
Pt119/SrTiO3 4.7 0.3
Pt25 5.0 0.6
Pt119 5.1 0.7
Pt201 5.5 1.1
Pt (111) 5.2 0.8
Pt (100) 5.3 0.9
Ptb 5.6 1.2

a IUPAC recommended 4.44 V shift for the standard hydrogen electrode 

(SHE).

b [5]
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Figure C5: STEM image of Pt single atoms of the Pt/SrTiO3 (GT) sample at the edge of a SrTiO3 

feature.
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Figure C6: k2 weighed EXAFS spectra measured at Pt L3-edge without phase correction.

Figure C7: Comparison of the HERFD–XANES and low resolution XANES spectra measured at the Pt 
L3-edge.
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