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Abstract 

Nowadays, the limited use of fossil fuels such as oil, coal and natural gas is the major 

challenge to be faced by humanity. Under this scenario, electro- and photo-

electrochemical cells are one of the most promising and economically feasible future 

technologies for producing alternative energy sources, such as green hydrogen. Their use, 

combined with renewable energy sources, such as solar or wind, generates H2 in a clean 

and emission-free way.  

The main challenge in the development of electrochemical and photoelectrochemical 

systems is the kinetics of the anodic oxygen evolution half-reaction (OER), which is 

intrinsically slow. For this reason, in this thesis all efforts have been devoted to elaborate 

strategies that allow a better exploitation of the oxidative process in (photo)-

electrochemical cells. Among these strategies, on the one hand, porous electrodes based 

on pencil graphite rods and doped with NiFe have provided a large surface area and have 

been used for the electrochemical oxidation of water to oxygen. On the other hand, new 

oxidation systems have been employed, such as the photoelectrochemical oxidation of 

primary alcohols, which have allowed the selective synthesis of organic chemical 

products with high added value. 

Finally, a set of characterization techniques including structural and morphological 

techniques, as well as analytical and electrochemical methods, have allowed us to 

differentiate and understand the processes that take place in the (photo)-electrochemical 

cells studied. Among the different techniques used, impedance spectroscopy has proved 

to be fundamental for the determination of surface states related to these processes. 
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Resumen 

En la actualidad, las restricciones en el uso de combustibles fósiles como el petróleo, 

el carbón y el gas natural es el mayor reto al que se enfrenta la humanidad. En este 

escenario, los sistemas electroquímicos y fotoelectroquímicos son una de las tecnologías 

futuras económicamente viables y más prometedoras para obtener fuentes de energía 

alternativas, como el hidrógeno verde. Gracias al uso de estos sistemas en combinación 

con fuentes de energía renovable, como la solar o la eólica, se puede generar H2 de una 

manera limpia y con cero emisiones.  

La principal dificultad del desarrollo de los sistemas electroquímicos y 

fotoelectroquímicos es la cinética de la semirreacción anódica de evolución del oxígeno 

(OER) que es intrínsecamente lenta. Por este motivo, en esta tesis doctoral todos los 

esfuerzos han sido dedicados a elaborar estrategias que permitan un mejor 

aprovechamiento del proceso oxidativo en la celda (foto)-electroquímica. Entre estas 

estrategias, se han utilizado electrodos porosos basados en minas de grafito y decorados 

con NiFe que han proporcionado una gran área superficial, con los cuales se ha realizado 

de forma satisfactoria la oxidación electroquímica de agua a oxígeno. Por otro lado, se 

han empleado nuevos sistemas de oxidación, como la oxidación fotoelectroquímica de 

alcoholes primarios, que ha permitido la síntesis selectiva de productos químicos 

orgánicos con alto valor añadido. 

Finalmente, se han utilizado un conjunto técnicas de caracterización entre los que se 

incluyen técnicas estructurales y morfológicas, así como métodos analíticos y 

electroquímicos que ha permitido diferenciar y conocer los procesos que tienen lugar en 

las celdas (foto)-electroquímicas estudiadas. Entre las diferentes técnicas utilizas, la 

espectroscopia de impedancia ha demostrado ser fundamental para la determinación de 

estados superficiales relativos a estos procesos. 
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1. Introduction 

1.1.  Energy and development 

The availability of cheap energy represents an essential driving force for both the economic 

growth and welfare improvement of human beings. However, the huge and growing energy 

demand in the last decades (Figure 1a), as a consequence of world's overpopulation and current 

technological developments, has become a serious problem for our Planet. 

 

Figure 1. (a) Total energy consumption by country (Mtoe) Includes coal, gas, oil, electricity, and biomasss. (b) 

breakdown by energy. Source: Enerdata. 

Nowadays, the way of satisfying our energy requirements is mainly based on the use of non-

renewable energy sources, such as fossil fuels, oil, coal and gas, which represent >80% of 

energy consumption, see Figure 1b, whose combustion is directly related to the emission of 

greenhouse gases (GHG). Recently, the Intergovernmental Panel on Climate Change (IPCC) 

reported the detrimental effect of GHG from an economic and environmental point of view, 

highlighting the need to change the current energy production model to avoid further serious 

climate change consequences.1 Furthermore, the United Nations included affordable and clean 

energy as one of the 17 Sustainable Development Goals (SDG7).2  
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Talking about energy in a sustainable context implies to find a way to produce and use clean 

energy, involving as well social and environmental backgrounds. In this scenario, “net zero 

emissions” objective has emerged as a future energy plan to achieve net zero GHG emissions 

in 2050. This means reducing greenhouse gasses as close to zero as possible by reabsorbing the 

remaining emissions from the atmosphere, for example, through the oceans and forests. The 

change towards a more sustainable energy system, with cero GHG emissions, implies the 

replacement of the traditional centralized energy system (based on large power plants) by a 

decentralized and flexible system that allows the adequate integration of energy supply through 

renewable technologies.  

 

Figure 2. Estimated market size for selected clean energy technologies by technology and region in the following 

years until reaching the net zero emissions. Source: International Energy Agency. 

Among the different energy technologies based on renewable sources, solar and wind have 

attracted great attention during the last decades for the production of green electricity, Figure 

2. Their intermittent character principally characterizes these technologies. For this reason, their 

full implementation requires the development of efficient storage systems for those moments 

when there is a production deficit. In other words, an increase in the use of renewable energies 

requires an increasing necessity to store such intermittent and unpredictable green electricity 

source. Therefore, the development of large capacity and low-cost energy storage systems is key 

to provide the flexibility needed by the future energy systems aimed to achieve the climate 

neutrality goal. 

The main motivation of the doctoral thesis presented here is contributing to the development 

of such energy storage systems by providing new strategies to the solar-fuel conversion 

technologies. The systems presented here has a large potential for reducing costs and improving 

the efficiency of the different processes involved in these electrochemical processes.  
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1.2. Sustainable fuels: the hydrogen opportunity 

Hydrogen (H2) is the simplest molecule able to store large amounts of energy. The main 

reasons for using H2 to store energy include:  its light weight , its abundancy -is the most abundant 

gas in the Universe-, its energy yield per H2 molecule (122 kJ·g-1, almost 3 times higher than the 

energy content per weight of any other hydrocarbon fuel and 5 times higher than methanol and 

ethanol),3 and finally, when hydrogen is used as a fuel, it generates only water as by-product with 

zero emissions of CO2 or other pollutants.   

In contrast, H2 has a number of disadvantages that have limited its use. H2 is a compound that 

is difficult to store, so the volume consumed to obtain the same energy takes up three times more 

volume of hydrogen than of natural gas. In addition, H2 is a dangerous and hazardous substance 

because it is flammable, volatile and, due to its lightness, very easily dispersible. 

As benefits overcome by far the drawbacks, in the last years H2 has become a very popular 

energy vector and the base of many discussions and proposals about an H2-based economy.4 

Consequently, the use of hydrogen has begun to be promoted worldwide. A large amount of 

investments are currently being directed to implement the use of hydrogen as fuel in smart cities 

and industries with large energy needs. 

The processing routes to harvest hydrogen have different cost and material requirements 

depending on the technology and the energy source selected. In this sense, the potential of 

hydrogen to reduce the GHG emissions is strongly dependent on how it is produced. For this 

reason, hydrogen has been classified in a simple way according to a colour scale based on the raw 

materials used and the CO2 emissions generated during its production.5 A simple classification of 

the different colors of hydrogen contain:  

i) Black or brown hydrogen: hydrogen is obtained using carbon, water and electricity from 

non-renewable sources including nuclear power plants. This process generates large quantities of 

CO2 among other by-products. 

ii) Grey Hydrogen: hydrogen is obtained from natural gas or light hydrocarbons using 

reforming processes. Practically, 99% of hydrogen produced nowadays is of this type. It produces 

23 kg of CO2 per kg of H2 

iii) Blue Hydrogen: hydrogen is produced as described in the grey hydrogen but after the 

reforming process there are extra steps for carbon capture, utilization and storage (CCUS). This 

allows to reduce the CO2 emissions of the overall process in more than 95%.  

iv) Green hydrogen (or renewable hydrogen): Hydrogen is generated using renewable 

electricity using water as hydrogen-source by electrolysis i.e. water splitting. It is also considered 

green hydrogen the one obtained from biogas reforming or the one obtained from biochemical 

conversion of biomass under certain sustainability criteria. 
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Based on these considerations, the conversion of renewable energy into hydrogen seems to be 

the perfect strategy to provide, convert and store the energy in a sustainable and environmentally 

friendly manner. On this way, the hydrogen generated by electrolysis could eliminate the 

intermittent character of renewable sources and contribute to the decarbonisation of our society 

removing the carbon combustion from the energy production equation. Moreover, the hydrogen 

provided by sun energy could reach to a larger number of population, thus avoiding the current 

energy deficiencies in some areas of the world. 

1.2.1. Electrochemical systems 

Electrochemical systems allow, by applying an overpotential, combining oxidation and 

reduction processes that take place at the anode and cathode, respectively. In general, in 

electrochemical systems a wide variety of reactive intermediates can be formed at the surface of 

the electrode (anode or cathode) by electron transfer mechanism, without the need of using toxic 

reagents. Consequently, these systems are considered a very powerful tool to carry out chemical 

transformations.  

 

Figure 3. Schematic diagram of an electrochemical cell. 

To provide electrochemical transformations, it is mandatory to have an electrochemical system 

that meets the specific conditions of the process. Within the electrochemical configurations used 

to perform chemical reactions, different strategies have been adopted over the years. The most 

successful configuration is an electrochemical cell (Figure 3) consisting of a cell with two metal 

electrodes (cathode and anode) separated by a membrane which is able to exchange protons 

between the electrodes. These systems are able to work at low pressure conditions and the two 
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electrodes need an external source of energy to make the process possible, generating an electron 

flux from the anode to the cathode) 

The electrocatalytic water splitting is a reaction where water is dissociated into oxygen and 

hydrogen by the action of an energy input.6 This reaction occurs in two stages according to the 

reactions involved in each compartment. In this sense, when a cell voltage higher than the 

thermodynamic potential (>1.23 V vs. RHE) is applied, in the anode compartment, the oxygen 

evolution reaction (OER) occurs, forming O2 and releasing 4e- in the process. The corresponding 

reactions for OER, depending on the pH of the electrolyte media (basic or acid) are:7 

4𝑂𝐻− → 𝑂2 + 2𝐻2𝑂 + 4𝑒
− (basic media) 

2𝐻2𝑂 → 𝑂2 + 4𝐻
+ + 4𝑒− (acid media) 

(1) 

(2) 

Fundamentally, the OER involves the formation of a sequence of different intermediates at the 

surface of the anode (MOH, MO and MOOH, see following reactions). In each step, an electron 

is transferred from the M-O bound though the conductive channel and consequently the metal 

surface of the electrode is oxidized from Mº to M4+.8 Therefore, the bonding interactions between 

the anode and the intermediates are essential from the electrocatalytic point of view.9,10  

𝑀+𝑂𝐻− → 𝑀𝑂𝐻 + 𝑒− 

𝑀𝑂𝐻 + 𝑂𝐻− → 𝑀𝑂 +𝐻2𝑂 + 𝑒
− 

𝑀𝑂 + 𝑂𝐻− → 𝑀𝑂𝑂𝐻 + 𝑒− 

𝑀𝑂𝑂𝐻 + 𝑂𝐻− → 𝑀 +𝑂2 +𝐻2𝑂 + 𝑒
− 

(3) 

(4) 

(5) 

(6) 

On the other hand, in the cathode compartment the electrons produced at the anode are used 

for the hydrogen evolution reaction (HER) which generates the final H2. The following reactions 

take place in this compartment (depending on the basic or acidic medium). 

4𝐻2𝑂 + 4𝑒
− → 2𝐻2 + 4𝑂𝐻

− (basic media) 

4𝐻+ + 4𝑒− → 2𝐻2(acid media) 

(7) 

(8) 

In general, the slow kinetics of OER are the bottleneck in the electrocatalytic water splitting 

thus limiting the productivity of the overall electrochemical cell.11 Precious metals, for its low 

overpotentials, have long been considered the perfect candidates to be used in the production of 

OER and HER, being Ir2O or RuO2 for OER and Pt for HER the most efficient and stable 

combination in acidic conditions.12–15 However, the availability and high cost of these materials, 

particularly iridium, together with limitations in long term stability makes their widespread 

commercial use uneconomical and impractical, despite their excellent electrocatalytic 

performance.16  



6 

 

Considering the above limitations, first row transition metals oxides offer a compromise 

solution. Despite their lower electrocatalytic activity for OER in comparation with precious 

metals, their relatively low-cost and long-term corrosion resistance in basic media make them 

desirable materials for their use as OER anodes.17 In this context, nickel and iron have received 

special attention and the new generation of electrocatalysts based on Ni and Fe (especially layered 

double hydroxides, LDH) show excellent stabilities and low overpotentials to oxidize water, 

which are comparable to those achieved with precious metal catalysts.18 In fact, top publications 

with this material have reported overpotentials for 10 mA·cm-2 of 180 mV employing NiFe 

nanowires as electrode support and 214 mV using a graphene based substrate.  

The presence of Fe, either in the electrode, shaping the NiFe LDH,19,20 or as impurities in the 

electrolyte21, has resulted in an improvement of the electrochemical performance for water 

splitting on Ni based electrocatalysts. However, the influence of this metal on the oxidation 

mechanism is still under debate. On the one hand, it has been calculated by theoretical calculations 

that the presence of Fe affects the oxidation state of Ni, thus modifying the M-OH bond 

distance.22,23 On the other hand, mechanistic studies with atomic markers, have revealed different 

oxidation mechanisms depending on the presence or absence of Fe, with the lattice oxygen 

participating in OER in the case of Fe absence.24 Understanding the specific kinetics and 

mechanisms of operation of NiFe-based electrocatalysts is still lacking. Therefore, new 

characterization techniques need to be further developed and exploited for this purpose. 

1.2.2. Photoelectrochemical systems 

In the recent years, electrochemical systems powered by renewable energies have emerged as 

sustainable synthetic processes. In the case where the energy input is supplied by the sun, the 

system is called photoelectrochemical.  

When designing photoelectrochemical systems there are three main configurations. On the one 

hand, a photovoltaic device can be coupled in series with the electrocatalyst, totally separating 

the energy generation from the catalytic part (PV-EC configuration).25 With this approach, the 

photovoltaic part needs to accomplish the energy requirements of the catalytic process. The 

drawbacks of two different devices connected is the need of cables, current stabilizing systems 

and diodes between the two parts, in order to prevent the current from flowing in the opposite 

direction and damaging the photovoltaic device. All these extra elements lead to energy losses 

and increased production costs. 

A simpler configuration consists of using a semiconductor to carry out the electronic processes 

by activating it directly with sunlight (PEC configuration).26 In this approach, only one 

semiconductor could provide the energy needed in the process; however, in some cases extra 

energy is required. In this case, both electrodes could be active to sun energy and a photovoltaic 
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device could be coupled to the photoelectrochemical cell to provide the extra power needed 

(Figure 4. PV-PEC configuration).27  

 

Figure 4. Schematic diagram of (a) PEC and (b) PV-PEC system. 

Selection of the type of configuration (PV-EC, PEC or PV-PEC) will depend on the type of 

reaction to be studied, considering factors such as stability, materials compatibility, selectivity, 

applied potential, etc. The main short- and medium-term objectives of electro and 

photoelectrochemical systems are to discover new systems to, reduce costs and increase the 

lifetime of those systems, as well as to promote the reuse and recycling of the devices once their 

useful life has expired. 
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In any case, the production of the corresponding products originating from this type of cell 

becomes totally green as the energy required is entirely from the sun.  

In the case of photo-assisted electrochemical water splitting (PEC configuration), the materials 

used as semiconductors must be able to accomplish several requirements for optimum 

performance as a photoelectrode and consequently to favour the electrical into chemical 

transformation.  

i. Strong visible light absorption: Transform the solar energy into electricity and use it 

to drive the chemical reaction is only feasible if the band gap (Eg) of the semiconductor 

is larger enough to overcome the overpotentials required for OER.28,29 As water 

splitting is not a spontaneous process but requires an energy supply of 1.23 eV, plus 

the overpotentials due to thermodynamic and kinetic losses, a minimum of 1.9 eV is 

required. In addition, the maximum value of Eg is determined by the solar spectrum. 

Since below 400 nm, the intensity of sunlight drops sharply, and absorption below this 

wavelength would use only a very small portion of the solar spectrum. Therefore, the 

optimum value of the semiconductor should be between 1.9-3.1 eV (corresponding to 

650-400 nm of the visible region). 

ii. Effective charge separation and transport mobility. The photogenerated charges have 

to reach the semiconductor/electrolyte interface in order to perform the 

photoelectrochemical reaction.30 Consequently, the material employed needs high 

conductivity and high charge mobility to mitigate the losses due to electron-hole 

recombination. 

iii. High charge injection. For effective charge transfer, the band edge positions of the 

semiconductor and the redox potential of the electrolyte must be in perfect 

alignment.31,32 Thus, the valence band must be located below chemical potential of 

anodic reaction, to allow hole injection. Contrary, the conduction band edge must be 

above the cathodic reaction, favouring the electron injection. 

iv. High chemical stability. For practical applications, the material semiconductor must 

be stable in aqueous media for long time, both in the dark and under illumination 

conditions.33 Many factors can influence semiconductor stability, such as the 

composition of electrolyte and pH, the effect of light, the synthesis and deposition 

route, the presence of dopants, and the oxygen stoichiometry of the electrode.  

v. Low cost processing and Earth-abundant components. The semiconductor materials 

for PEC devices must be achieved through low cost and environmentally friend 

synthetic routes, from Earth-abundant and non-toxic materials. 
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1.3. Oxygen valorisation 

Electrocatalysis and photoelectrocatalysis have mainly been focused on replicating and 

optimizing the reactions involved in photosynthesis.34,35 Thus, the main reactions that have been 

investigated comprise the production of hydrogen and oxygen from water hydrolysis36 and the 

synthesis of other solar fuels (CH4, CH3OH...) from CO2. The one is very interesting in terms of 

reducing the accumulation of CO2 in the atmosphere.37,38  

In either water hydrolysis or CO2 reduction, the oxidation step only serve to supply electrons 

and protons to feed the cathodic reactions, as the produced O2 in the anode is of little or no value 

considering its abundance in the atmosphere. To avoid this, attractive alternatives to OER are 

based on oxygen valorisation processes in which oxygen is revalorised to obtain products different 

from O2.39 Among the advantages of these electrochemical oxidation reactions, we found that 

these processes allows increasing chemical complexity and, in some cases, to introduce new 

heteroatoms and other functional groups to the organic structure, without requiring the use of 

toxic reagents.40 In addition, these oxidation reactions releases H+, which can be used to generate 

H2 at the cathode. In this way, these electrochemical system becomes more economically efficient 

since both oxidation and reduction reactions produce compounds with increased value respect to 

the O2 generated in water splitting.41,42  

Several examples of organic oxidation reactions that potentially offer high-value alternatives 

to OER have been described in the bibliography. For example, the selective oxidation of alcohols 

or the conversion of biomass and waste are generating growing interest.43 Bifunctional Ni-based 

anodes and more recently NiOOH electrodes have shown to be very efficient electrocatalysts for 

these oxidations.42,44 However, in order to carry out these processes, high overpotentials are 

required, which in many occasions give rise to very reactive radicals that generate the 

decomposition of the product and/or side reactions of neighbouring functional groups.  

The employment of redox mediators such as TEMPO (2,2,6,6-tetramethylpiperidine N-oxyl) 

or PINO (phthalimide N-oxyl) aims to transfer the electron through these organic intermediates, 

reducing the overpotential required for these processes.45 Through this strategy, several 

chemoselective organic transformations have afforded the functionalization of nitrogen-adjacent 

C-H bonds in piperidine derivatives and other saturated heterocycles,46 the oxygenation and 

iodination of benzylic C-H bonds,47 and the intramolecular amination of benzylic and aliphatic 

C-H bonds.48 
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Figure 5.  Band structures of metal oxide semiconductors for high added value transformations. Colored areas 

represent the typical potentials of alternative oxidation reactions. Reprinted with permission39 Copyright © 2019, 

American Chemical Society. 

In a more renewable scenario, some examples have described the generation of high added 

value organic species directly transformed in a PEC, employing metal oxide semiconductors as 

photoanodes.39,49,50 These 'classical oxide semiconductors', known as n-type metal oxides, possess 

a highly oxidizing valence band as well as relatively small band gaps (2.5-2.7 eV) that allow the 

materials to absorb a portion of visible light (Figure 5). Moreover, as can be seen in the figure, 

the typical band gap of these materials is larger enough to overcome the range of potential of 

different alternative oxidation reactions represented by the colored areas. Thus makes, metal 

oxide materials, particularly intriguing candidates for applying towards the oxidation of 

alternative substrates. In fact, in recent bibliography, BiVO4 and WO3 photoanodes have been 

successfully applied for the photoelectrochemical oxidation of 5-hydroxymethylfurfural 

(HMF),51,52 benzyl alcohols,53,54 furans,55 tetralins,56 cyclohexane,57,58 glycerol59,60 and urea.61  
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1.4. Materials 

1.4.1. Conductive substrates 

In the case of electrochemical or photoelectrochemical measurements, thin film sample always 

needs a conductive substrate as back contact. Generally, in PEC systems, optical transparent 

substrates are preferred because this also allows illumination of the sample from the back side. 

To ensure a current flow, it is important that the substrate will be in ohmic contact with the 

photoactive material. Thus, n-type photoanodes require conductive materials whose work 

function is lower compared to that of the photoanode itself. Commonly, transparent conducting 

oxides (TCOs) are employed for that purpose.62 These materials have high carrier concentrations 

and mobilities, but still show good optical transparency (>80%) because their plasma frequencies 

are in the near infrared.63 Some examples of TCOs are F-doped SnO2 (FTO), Sb-doped SnO2 

(ATO), Sn-doped In2O3 (ITO), and Al-doped ZnO (AZO).  

Complementarily, in electrochemistry, most of the experimentally prepared electrocatalysts 

are in powder form or often the electrocatalyst is deposited on a supporting substrate by thin film 

methodologies. This is very cost-effective economically, since the material employed as a support 

is often cheaper than the electrocatalyst itself. In this regard, metal foils and especially carbon-

based electrodes are usually necessary to load them for electrocatalysis.  

Among the carbon-based electrodes, Pencil Graphite Rods (PGR) are nanocomposite materials 

consisting mainly of graphite and small clay particles recovered by an organic binder and spindle 

oil to form the agglomerate. This material stands out for its low price and wide availability. For 

this reason, in recent years, this material has been popularised and it appears in a large number of 

publications. In fact, in a search through the Web Of Science application more than 1500 papers 

with the title "pencil graphite" have been published since 2010. The most widely applications of 

PGR are sensors,64–66 biosensors,67,68 super capacitors,69,70 electrocatalysis,71–74 etc. The use of 

PGR as supporting electrode for the electrocatalytic water oxidation has been recently studied.73,74  

Electrochemistry occurs at the interfacial region between electrode and solution. Therefore, 

maximizing the effective PGR surface is a key aspect that determines the response of the 

electrodes.  In this regard, two important treatments could favour the electrical properties of PGR. 

Firstly, controlling of the PGR surface aids to reproducible results between different electrodes 

and, secondly the removal of the organic binder increases the porosity of the rod.  
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1.4.2. Ni based electrodes 

The use of nickel and its great solid-phase properties to carry out redox transformations by 

electrochemical measurements has been known for years. In fact, Bode et al. proposed an initial 

general reaction scheme in which the different structural features of nickel hydroxide Ni(OH)2 

and its structural transitions to nickel oxyhydroxide, NiOOH were defined.75 Afterwards, 

numerous attempts were made to explain this material as an electrode, including: (1) the structural 

and physicochemical characteristics of nickel (II) hydroxide, (2) the hydroxides and 

oxyhydroxides transformations, (3) the nature of the electrolyte and foreign cations, and (4) the 

kinetic and thermodynamic behaviour.76  

However, in spite of the efforts made, it was not until years later that Louie et al. discovered 

the effect of iron in this material, for their employment in water splitting by electrolysis.77 The 

formation of the Ni-Fe layered double hydroxide with 40% Fe content exhibited OER current 

densities two orders of magnitude higher than the fresh material and three orders of magnitude 

higher the pure Fe layer. The result is a material capable of competing in terms of activity with 

the noble metals typically used for this purpose. 

 

Figure 6. Cyclic voltammograms of reversible current peak observed in Ni based electrocatalysts. Reprinted with 

permission78 Copyright 2014, Royal Society of Chemistry. 

The special activity of NiFe LDH takes place in basic media. In opposition to noble metals 

where acid media is also appropriate, alkaline environment is necessary in NiFe LDH to form 

spontaneously the Ni(OH)2 and to promote the electrochemical transformation into nickel 

oxyhydroxide (NiOOH) which is responsible of the visible and reversible current peak during 

cyclic voltammetry (Figure 6).  
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The introduction of Fe into the electrode leads to an increase in the potential at which the 

Ni(OH)2/NiOOH redox occurs. This change in redox potential implies that the electrochemical 

oxidation of Ni(OH)2 to NiOOH is altered by the presence of Fe. Furthermore, OER is catalyzed 

by Ni and the presence of Fe lowers the overpotentials at which the current increase as a 

consequence of water oxidation is observed (Figure 7).79,80  

 

 

Figure 7. Effect of iron in cyclic voltammetries. Reprinted with permission79 Copyright 2014, American Chemical 

Society. 

A number of different studies have attempted to understand the effect of iron within the crystal 

structure of nickel. As an example, Friebel et al. points to the presence of Fe3+ in Ni1−xFexOOH  

occupies octahedral sites with unusually short Fe-O bond distances induced by edge sharing with 

the surrounding [NiO6] octahedra.20 In this way, the energies relative to the OER-interacting 

intermediates are optimized leading to the low overpotentials observed in the presence of Fe. On 

the other hand, Zhou et al. show how Fe doping enlarges the stability area of metastable 

oxyhydroxo species, thus modifying the Pourbaix diagram of Ni electrodes. Therefore, Fe ion 

adsorption and intercalation tune the oxidation states of ions near the active site and then 

effectively lower the OER overpotential.81 Different ways of explaining the same process are 

possible, which implies that new characterization techniques that enable a better understanding 

of this subject are desirable. 
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1.4.2.1. Synthesis and deposition techniques 

Several physical and chemical methodologies have been proposed for the preparation of NiFe 

LDH, such as hydrothermal synthesis,82,83 pulsed laser deposition,84 sputtering,85 chemical vapor 

deposition,86 sol-gel methodologies87 and precipitation techniques.88 

The most simple and more versatile of the existing synthetic approaches, however, is possibly 

electrochemical deposition.89,90 In this method, electrically conductive substrate is anodically or 

cathodically coated with a metal oxide or hydroxide film from an electrolytic solution containing 

a suitable metal salt. Various experimental techniques have been used, such as potentiostatic91,92, 

galvanostatic,93–96 potentiodynamic,97–99 and pulse techniques and, depending on the specific 

parameters, metal oxides and hydroxides of different nanostructures can be prepared. In this way, 

electrochemical techniques provide unique control on the physical and chemical properties of the 

oxide/hydroxide layers. 

In particular, the composition of Ni(OH)2 generated galvanostatically or potentiostatically 

from an aqueous solution containing nickel nitrate is determined by the direct or indirect reduction 

of the nitrate ion to nitrous acid, hydroxylamine or nitrite ion.93,100,101 Louer et al. who devoted 

many studies to nickel hydroxynitrates, promoted the idea that “ hydroxides” commonly nitrate 

baths might well be regarded as highly hydrated, degenerate forms of Ni(II) hydroxy-

nitrates.102,103 However, in all cases, the hydroxyl ion is generated, resulting in the formation of 

-Ni(OH)2 or -Ni(OH)2 according to the following reaction: 

𝑁𝑖𝑎𝑞
2+ + 2𝑂𝐻− → 𝑁𝑖(𝑂𝐻)2 (9) 

Alternatively, Ni(OH)2 may also be formed according using potentiodynamic methodologoies. 

Under these conditions the potential is cycled anodically. Thus, it has been noted that the process 

may occur as following:75,99 

𝑂𝐻− → 𝑂𝐻𝑎𝑑𝑠 + 𝑒
− 

𝑁𝑖𝑎𝑞
2+ +𝐻2𝑂 + 𝑂𝐻𝑎𝑑𝑠 → 𝑁𝑖𝑂𝑂𝐻 + 2𝐻

+ 

(10) 

(11) 

Therefore, both Ni(OH)2 and NiOOH could be formed during the course of the potential sweep 

perturbation. 

1.4.2.2. Crystalline and structural properties 

NiFe LDH occurs in two different pseudo-polymorphs, α-Ni(OH)2 and β-Ni(OH)2 (Figure 8). 

The main difference between the two polymorphs is the layer distance, which is 0.76 nm for α-

Ni(OH)2 and 0.46 nm for β- Ni(OH)2, . Both hydroxides can be reversibly oxidized to their 

corresponding oxyhydroxides, γ-NiOOH and β-NiOOH. In this section, the difference in 

structural properties will be further described.  
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Figure 8. (a) Crystaline structures of  and  Ni(OH)2 phases, (b) redox transformations diagram for Ni based 

electrodes. Reprinted with permission21 Copyright 2015, American Chemical Society.

-Ni(OH)2 contain a variable excess of intersheet water (+ foreign ions) and exhibit low 

crystallinity. Thus, -Ni(OH)2 is a disordered Ni (II) hydroxides and does not represent a well 

defined polymorph of Ni(OH)2.
76

 

Contrary, -Ni(OH)2 crystallizes in the hexagonal system (P3ml-D33d) similar to several 

halogenides (CdI2 type) and to other hydroxides M(OH)2 (M = Ca, Mg, Fe, Co, Mn, Cd), with the 

unit cell parameters (a = 3.126 Å and c = 4.605 Å).76 The structure of -Ni(OH)2 can be illustrated 

as a hexagonal structure of hydroxyl ions (AB packing of oxygen) with Ni(II) occupying the 

octahedral interstices every one of two planes. It may also be visualized as a layered structure, 

each layer comprising a planar hexagonal arrangement of Ni (II) ions with an octahedral oxygen 

coordination, three oxygen atoms situated above the nickel plane and three situated below. The 

layers are piled along the c-axis and there is no hydrogen bonding between the OH groups of two 

adjacent layers. 

The “” denomination was first given by Glemser et al. to a compound exhibiting a large 

intersheet distance and a high oxidation state.104 Glemser’s -NiOOH crystallized in the 
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rhombohedral system, with corresponding hexagonal parameters a = 2.82 Å and c = 20.65 Å. 

Years later, Bode et al. similarly prepared “ type” oxyhydroxides by solid state hydrolysis. The 

repetition of the same procedure on a single crystal of NaNiO, allowed Bode et al. to obtain a 

single monoclinic crystal with parameters a = 4.90 Å, b = 2.83 Å, c = 7.17 Å,  = 103.1º. depending 

on the experimental conditions, a whole family of compounds having roughly similar X-ray 

diffraction patterns, but oxidation states of nickel ranging from 3.3 to 3.75, and different water 

and alkali cation contents within the sheets, can be obtained. 

-NiOOH was first studied by Glemser and Einerhand,104 who synthesized it by oxidation of 

nickel nitrate with K2S2O8 in a 1N KOH solution at room temperature.  -NiOOH crystallizes in 

the hexagonal system (a = 2.82 Å, c = 4.85 Å) and can be regarded as deriving from -Ni(OH)2, 

by a direct reaction removing one proton and one electron. 

The structure can be described as NiO2 sheets of edge-sharing NiO6 octahedra, protons being 

intercalated between the slabs, and oxygen atoms forming a hexagonal (AB) close-packing (idem 

-Ni(OH)2,). It is noticeable that the a parameter, which corresponds to the Ni-Ni distance within 

the sheets, is significantly lower in NiOOH than in the case of Ni(OH)2: 2.82 Å vs 3.12 Å. On the 

other hand, the increase in the c parameter (inter-sheet distance), 4.85 Å vs 4.60 Å, results from 

the enhancement of the repulsion between oxygen layers of adjacent NiO6 sheets once protons 

are removed. 

1.4.2.3. Strategies to improve the electrocatalytic performance 

a) Surface morphology and size control 

Several approaches have been considered to design architectures with good electrical 

connectivity and high surface area. Regarding these strategies, some could include enlarging the 

metal area by introducing porosity into the metal substrate. For example, Lu et al. and Perez-

Alonso et al. showed high OER current densities by depositing Ni(Fe)OOH on a porous Ni 

foam.105,106 Other strategies tend to synthesize a material with high porosity morphology that 

provides high mass loadings of the catalyst and increases the electrolyte-catalyst interface. For 

instance, Shudo et al. reported a 3D porous Ni/NiOx bifunctional oxygen electrocatalyst derived 

from freeze-dried Ni(OH)2 with exceptional activity. This last approach allows the use of equally 

efficient electrodes at a lower cost as lower contents of metallic materials are employed. 

Moreover, this approach allows the use of new alternative materials as back contact substrates 

which opens a new market to carbon-based materials. Some examples, Ma et al. stacked 

alternating layers of Ni(Fe)OOH on conductive reduced graphene oxide.107 Gong et al. reported 

higher electrocatalytic activity by using carbon nanotubes as scaffolds for Ni(Fe)OOH.80 Marini 

et al. used selective dissolution of Al to form a porous “Raney” Ni OER catalyst.108 
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b) Activation treatments 

Electrochemical aging treatments for NiFe LDH electrodes developed by potential 

multicycling at a slow scan rate, significantly increases the OER performance of hydrous nickel 

oxide electrode. As observed by three performance indicators, consecutive CV scans on NiFe 

LDH electrodes: (1) increase the current density of both the anodic and cathodic peaks, (2) reduce 

the OER overpotential and (3) improve the kinetics toward the OER due to the formation of an 

active oxy(hydroxide) surface layer. Electrochemical aging is conducted until stabilization of the 

anodic and cathodic peaks measured in the CV profiles. In this moment indicates when the system 

had reached a steady-state condition. During this electrochemical aging process, changes of the 

surface morphology are driven by the formation of the β-Ni(OH)2/β-NiOOH LDH phases. 

However the nature dramatic increase in activity of aged Ni(OH)2/NiOOH has been attributed to 

the absorption of Fe impurities.79 

1.4.3. BiVO4 based photoelectrodes 

In this section, the photoelectrodes based in bismuth vanadate (BiVO4) materials are going to 

be addressed. We will begin by describing the crystal structures in which this material is 

presented, together with the accompanying structural properties. Next, we will detail its 

optoelectronic properties correlating them to its crystal structures, focusing on those 

corresponding to the monoclinic one. The presence of oxygen vacancies and their implications 

on these properties are explained in depth, as well as the strategies used to balance their presence 

for the benefit of the solar energy efficiency. 

BiVO4 present optimal qualities for an efficient light absorption due to its favourable indirect  

band  gap  energy  of  2.4  eV  (≈516  nm  band  edge), which allows for a theoretical maximum 

photocurrent density of 7.5 mA cm −2 under Air Mass 1.5 Global (AM 1.5 G) solar illumination.109 

In fact, BiVO4 has been suggested as one of the best PEC performance photocatalyst for solar 

light driven water oxidation reactions.110 The use of monoclinic BiVO4 as an n-type 

semiconductor for photoelectrochemical water oxidation was firstly reported by Kudo et al, 

comparing the photocatalytic activity of WO3 and BiVO4 powder, they reported the interesting 

properties of this material in photocatalysis.111   Currently,  BiVO4 shows an impressive 

photocurrent up to 6 mA·cm-2 at 1.23 V vs RHE with a photovoltage of 1,0 V for the OER.112 

These outstanding values are achieved through improvement strategies that will be detailed in the 

final part of this section. 

The excellent properties of BiVO4 are confirmed by its ability to react with organic substrates 

with high thermodynamic energy demand, allowing to minimize the overpotential required for it. 

The reactions can be successfully completed both in aqueous and organic solutions.  
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In terms of stability, the synthesis and calcination conditions of the material play a crucial 

role,113 controlling the photoinduced corrosion potential of BiVO4, which has been estimated to 

be more positive than the oxidation potential of water. This suggest that it could be resistant to 

photoinduced corrosion during high applied bias conditions, but its photoelectrochemical 

instability has been demonstrated by several reports.33,114 This instability has been attributed 

primarily to kinetic factors limiting the structural transformation of the V-deficient degradation 

product into a stable Bi oxide phase at room temperature.33 Additionally the accumulation of holes 

on the BiVO4 surface is estimated to be able to destabilize the BiVO4 lattice by increasing the 

dissolution rate of V species into the solution.115 Along its energetic properties, the low price of 

the components of BiVO4 and its harmlessness nature make it an excellent environmentally 

sustainable option for further research. 

1.4.3.1. Crystalline and structural properties 

The crystallization form of BiVO4 is different depending on the environmental conditions in 

which it is formed. Thus, while in nature BiVO4 crystallizes in the pucherite form, in the 

laboratory it usually crystallizes in the tetragonal form (dreyerite) or in the monoclinic form 

(clinobisvanite). At room temperature, the monoclinic phase is the most stable phase and the 

structure is formed by a four-atom O-coordinated V ion on a tetrahedral site and an eight-atom 

O-coordinated Bi ion (hence BiO8) from eight different tetrahedral VO4 units, as it is represented 

in Figure 9.  

 

Figure 9. (a) Unit cell structure of monoclinic (clinobivasnite) phase in BiVO4. (b) Side view (c-axis) of the 

monoclinic structure. Reprinted with permission116 Copyright 2016 Springer Nature. 
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The monoclinic phase, having a C2/c group space parameters with a = 7.247 Å, b = 11.697 Å, 

c = 5.09 Å, and β = 134.226º, shows a high asymmetry of the crystal structure with different Bi-

O and V-O distances.117,118 It was shown that the monoclinic BiVO4 has superior photocatalytic 

responses in comparison with the tetragonal BiVO4,119 the reasons for this difference in 

performance are discussed below.  

1.4.3.2. Electronic structure and optoelectronic properties 

The different crystalline structures have different electronic structures, which are strongly 

correlated with the optoelectronic properties of the material. In the case of photoelectrochemical 

systems, the optoelectronic properties control the photocatalytic activity. As mentioned above, 

for the BiVO4, the photocatalytic activity of the monoclinic structure is superior to the tetragonal 

structure, which can be attributed mainly to two reasons: 

 Narrowed bandgaps:  

o The bandgap of the tetragonal structure is 2.9 eV, resulting in a poor photo-response in 

the visible light regime.120 

o Although the bandgap of the monoclinic structure has been shown to be smaller, 2.4 eV 

as shown in Figure 10, the nature of the optical transitions has been controversial in the 

literature. However, recent work, combining computational methods with numerous 

experimental techniques, has concluded that this bandgap is indirect. Nevertheless, it 

was proven that the direct transition is ~0.2 eV smaller than that of the tetragonal 

structure121,122. As a consequence, the monoclinic structure can absorb a larger portion 

of the light spectrum. 

 Lighter effective masses of the carriers.120,123 

o This is desired because this result in a higher probability of the charges reaching the 

interfaces, and therefore increases the photocatalytic activity. 

 

Figure 10. Schematic band structure of tetragonal and monoclinic BiVO4. Reprinted with permission116 Copyright 

2016 Springer Nature. 
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1.4.3.3. Intrinsic point defects in BiVO4 

Structural point defects are those structural imperfections in the lattice of a solid limited to one 

site and its immediate neighbour. These defects comprise any change in the atomic composition 

of the lattice structure and depending on their nature they can be divided into three classes: i) 

vacancies, removing an atom from the lattice, ii) substitutional defects, substituting one atom for 

another type, and iii) interstitials, replacing an atom from the pristine structure in an unoccupied 

site.124  

The production of point defects in any metal-oxide semiconductor occurs unintentionally 

during their structural formation. However, the introduction of intentionally native defects has 

been suggested to be involved in the photoelectrocatalytic performance of metal oxide 

semiconductors. For this reason, in recent years, the research has been focus on the physical and 

chemical processes involved in the population and energy distribution of point defects. 

Among the most studied point defects in metal oxide semiconductors, are oxygen vacancies 

(OVs). Such defects are generated by the removal of an oxygen atom from the crystal structure. 

Specifically, the creation of OVs in BiVO4, is associated with the formation of V4+ occasioned by 

the loss of an oxygen in the tetrahedral structure of VO4 units. As a result of this process the 

structure is left charged with two extra electrons,125,126 which can be structured in localized V 

centers (Figure 11a) or delocalized in a bridge Va-O-Vb (Figure 11b), because of the versatile 

chemistry of the tetrahedral subunits of VO4.127 

 

Figure 11. Structure of OVs created in BiVO4. (a) Localized in V centers and (b) delocalized in a bridge Va-O-

Vb.127 

The production of oxygen vacancies is capable of transforming the electronic structure of 

BiVO4, although its real effect is quite controversial. In fact, their influence has been traditionally 

associated with the introduction of shallow intragap states collocated inside the bandgap of the 

material, near the conduction band.128,129 For this reason, the presence of OVs have long been 

considered responsible for the intrinsic n-type behaviour of BiVO4 as a semiconductor.130,131 

Alternatively, recent publication suggests that the presence of hydrogen in the interstitial and 
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substitutional sites of BiVO4 structure is dominant in determining the n-type conductivity of 

BiVO4, instead of oxygen vacancies.132 

1.4.3.4. Synthesis and deposition techniques 

Several methods for the synthesis and deposition of BiVO4 layer are reported in literature, 

depending on the crystalline structure desired. For instance, monoclinic crystalline phase BiVO4 

is obtained by solid state and melting reactions at high temperature and tetragonal BiVO4 is 

prepared by a precipitation method in aqueous media at room temperature. But the details of each 

synthesis are beyond the focus of this thesis. Regarding the deposition techniques, the variety is 

wide, depending as well on the morphology, size and shape desired for the final material itself. 

Some of the most used deposition techniques reported in literature include spin-coating, drop 

casting, electrodeposition, laser deposition, hydrothermal processes and so on.109 

1.4.3.5. Strategies to improve the photoelectrocatalytic performance 

The fast development of BiVO4-based photoanodes has been due to the introduction of 

modifications in the fabrication of the photoelectrocatalyst. These modifications include changes 

in the morphology and in the electronic structure of the material, involving the insertion of new 

species to enhance its optoelectronic properties. These modifications are carried out by means of 

different strategies that are described below: 

(a) Morphology and size control 

As we mentioned at the beginning of this section, BiVO4 has been suggested as one of the best 

PEC performances photocatalyst for solar light driven water oxidation reactions.133 However, 

intrinsic weakness of this photocatalyst such as slow charge mobility and fast charge 

recombination, result in limitations during practical applications, leading to a much lower current 

density than the theoretical one.134  

The introduction of porosity to increase surface area, together with the decoration techniques 

of the cocatalyst, have been proposed as successful approaches to improve its solar light 

conversion efficiency (η). Being defined as the product of the solar light absorption efficiency 

(ηabs), charge separation efficiency (ηsep), and surface charge transfer efficiency (ηtrans), it seems 

clear that an increase in porosity as well as changes in morphology, size and connectivity between 

particles, can have a significant impact on the performance of PEC systems using BiVO4 as a 

photoelectrode.135  

First, the photoabsorber must be sufficiently thick to absorb all the incident light, possessing 

good structural properties to allow the photogenerated minority carriers to diffuse towards the 

surface.136,137 As compare with planar morphology, the mesoporous structured BiVO4 surfaces 

provides larger active surface area per electrode volume, leading to higher number of active 

sites.138,139  
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On the other hand, ordered porosity allows to reduce electron-hole recombination processes, 

by providing the minority carriers a readily access channel where they must travel before reaching 

the surface.133 Therefore, the synthesis of BiVO4 with self-assembly of nanometer-sized building 

blocks, including nanowires, nanobelts, nanosheets and nanotubes, have shown improved photon 

to current conversion efficiencies (IPCEs) with respect to the planar structure.140 Contrary, if the 

introduction of porosity is not accurately optimized, it can also have negative effects on charge 

separation and transport properties, as it can lead to an increase in surface states, defective sites 

and grain boundaries.141 By introducing photocatalytic crystal facet engineering and co-catalyst, 

the design of BiVO4 microcrystals have been highlighted in the literature to produce solar fuel 

products with enhanced solar light conversion efficiency. For instance, a (040) crystal facet results 

in an accumulation of photogenerated charges, delaying the charge recombination rate and 

favouring the charge separation and charge transport efficiency.142 

(b) Application of overlayers and underlayers 

Electron transport has been recognized as one the main limiting factor for the performance of 

BiVO4, attributed to its crystalline structure, where the VO4 tetrahedral units are not 

interconnected.143 In addition, it has been reported that the charge transfer kinetics at the 

semiconductor–liquid junction is sluggish, leading to different strategies to enhance the 

optoelectronic/catalytic properties. The heterostructuring with different materials to exploit 

synergistic interactions between them has been successfully reported for that purpose, using the 

overlaying and underlaying techniques as the main approaches. Regarding overlaying, two 

different catalytic overlayers (FeOOH and NiOOH) have been used to obtain BiVO4/NiOOH and 

BiVO4/FeOOH, allowing to minimize the recombination losses at the BiVO4/electrolyte interface 

by boosting the hole injection efficiency into the solution.133 As underlayers, SnO2 and WO3 are 

the best performers so far. SnO2 as an underlayer between fluorine-doped tin oxide (FTO) and 

BiVO4 improved the  electron transfer by reducing recombination pathways at the back contact.144 

On the other hand, WO3 has attracted major attention, due to the highest water oxidation 

photocurrents obtained close to the theoretical maximum.145 This heterojunction combines the 

high conductivity of WO3 with the good absorption properties of BiVO4. The suitable type II band 

alignment created promotes good charge separation, leading to a significant reduction of charge 

recombination processes.146 

(c) Surface co-catalysts  

Two main issues of BiVO4 as photoelectrode are addressed with surface co-catalysts 

treatments: (i) the poor surface charge transfer at the semiconductor/electrolyte interface and (ii) 

the low stability of the material. The co-catalyst is aimed to decrease the activation energy of 

water oxidation by providing a better pathway for holes, instead of the semiconductor itself. A 

variety of co-catalysts and surface overlayers have been reported to effectively improve hole 
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transfer on the surface of BiVO4 by following mechanisms: i) reduction of overpotential, ii) 

increasing stability, and iii) enhancing Jph. One of the most popular and widely effective co-

catalysis is Co–Pi and not only for BiVO4 but  also for other  photoanode materials.147 The use of 

catalytic layers to overcome the large overpotential required for the water oxidation reaction can 

be performed by sequential addition of these layers. For instance, Zr and Fe precursors can be 

converted into monoclinic ZrO2 and α-Fe2O3 nanoparticles upon a heat treatment cycle. They act 

as catalysts, leading to a five-fold increase of the water oxidation photocurrent of BiVO4.32  

(d) Surface post-treatments 

Unlike the surface co-catalyst treatments above mentioned, post-synthetic treatments occur 

after the synthesis of the electrodes. Such post-treatments can be based on illumination steps, 

chemical or electrochemical methods or even combinations of them. Here we will address the 

illumination post-treatments and their mechanistic advantages, highlighting the benefits related 

with the findings of this thesis.  

Photochemical treatments have been demonstrated with both visible and ultraviolet light, and 

the resulting effects can be achieved either in or out of the electrolyte. The main advantage of 

these treatments is the no-requirement of an additional coating to enhance the optoelectronic 

properties of the system. For instance, the combination of alkaline electrolyte and visible light 

illumination, led to the conclusion that photogenerated holes (h• ) and hydroxide ions cause two 

main effects: (i) hydrogenation of the near-surface region, proposed as the formation of interstitial 

positively charged defects (Hint) and resulting in V4+ and oxygen vacancies (OVs), and (ii) 

saturation of the electrode surface with hydroxyl groups, which act as intermediates in the OER.148 

The reaction below described the self-doping of the V2O5 sublattice with reduced VO2 species, in 

alkaline conditions (OH−) and under illumination (ℎ•) using the Kröger−Vink notation. Here, 

vanadium site (𝑉′𝑣) and an oxygen vacancy site (𝑣𝑜
••) has to be distinguish. Furthermore, the 

(𝑂𝑥𝑜) denotes the oxygen atoms occupying the regular oxygen sites. These surface and near-

surface alterations result in a record high photocurrent for undoped and uncatalyzed BiVO4.149 

2𝑉𝑂2 + 2𝑂𝐻
− + 2ℎ•

𝑉2𝑂5
→  2𝑉′𝑣 +4𝑂

𝑥
𝑜 + 𝑣𝑜

•• +𝐻𝑖𝑛𝑡
• + 0.5𝑂2 

(12) 

 

In addition of visible light treatments, UV-curing exposure can produce morphological 

changes with an improvement in photo-electrocatalytic efficiency for water splitting reaction.150 

The UV-curing can enhance the performance even when illuminated in air, however, 

photocharging could be performed only in an aqueous solution, or so it was thought until we 

proved otherwise in one of the works presented in this thesis (Chapter 5).  
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2. Experimental methods 

In this chapter, a comprehensive overview of the electrodes preparation, the main techniques 

used to analyse and characterise these electrodes and the photoelectrochemical (PEC) conditions 

are described. First, a complete description of electrodes, photoelectrodes and PEC preparation 

are detailed, including the main deposition techniques used to prepare the different catalysts on 

substrate electrodes and the main steps for PEC set up prior to any electrochemical measurement. 

Then, the basics of the structural, morphological, and analytical techniques will be described, 

specifying in each case the corresponding measurement conditions. Finally, the experimental set-

ups and the fundamental background of the electrical measurements used to study in detail the 

performance and electrochemical properties of the electrochemical or photoelectrochemical 

systems are explained. 

2.1. Electrodes and photoelectrodes preparation 

2.1.1. Activated pencil graphite rods 

In this thesis, commercial pencil graphite rods (PGRs) have been used as supporting electrodes 

in Chapter 3. These PGRs were purchased from Mitsubishi Pencil Co., Ltd. company in Japan. 

The hardness code selected was 4B which is the PGR with more graphite content. Their 

dimensions were 2.0 mm diameter and 13.0 mm length. Since the commercial PGRs were not 

electrochemically active, two activation steps were performed prior to the preparation of the 

electrodes.  

 

Figure 1. Top view SEM images of 4B PGR (a) before and (b) after FA treatment. 
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1) To control the surface area of the rods, the tips were polished with a polishing machine 

(LaboPol Struers) until a completely flat and homogeneous surface was reached. 

2) A flame annealing (FA) treatment was used to remove the coating polymer on the PGR 

surface. This process, inspired on the FA process proposed by Tsuji et al.1 consists of 

burning the whole rod in flame using liquefied petroleum gas (LPG) until the PGR became 

red because of the heat. After 1 min in flame, the PGR was air-cooled until room 

temperature. This process was repeated 10 times, leading to a polymer-free porous structure 

of carbon (Figure 1). 

2.1.2. Ni, Fe and NiFe decorated pencil graphite rod 

Several strategies have been developed for the design of new Ni and NiFe catalysts in order to 

achieve the oxygen evolution reaction. Among these techniques, pulsed laser deposition, 

sputtering, chemical vapor deposition and sol-gel methodologies are some of the most commonly 

used for this purpose.2,3 However, in most cases, these strategies involve the use of very unusual 

experimental processes, with lack of reproducibility.  

In order to achieve low-cost and reproducible electrochemical systems, the decoration of the 

PGR with Ni, Fe hydroxides and NiFe layered double hydroxide was based on flame annealing 

and electrodeposition techniques. In a general way, both techniques offer the possibility to directly 

grow the metal over the conductive substrate under ambient conditions. Moreover, the 

experimental procedure is very simple which lead to highly active, low-cost and reproducible 

electrocatalysts. The experimental conditions employed in each technique are as follows.  

Catalyst (co)-deposition on PGR by flame annealing strategy. Flame annealing (FA) 

deposition was based on the thermal procedure proposed by Tsuji et al.4 The process consists of 

three steps: (1) First, the PGR was flame heated until it became red. (2) Immediately, PGR was 

withdrawn of the flame and 2 seconds after it was dipped for 5 seconds into a vial which contained 

8 mL of the precursor solution. (3) these steps are repeated 10 times, after which the flame 

annealing was applied to the electrode for 20 seconds. For an even annealing of the catalyst, the 

PGR is slid in the direction of the rod axis and then turned 180° to the left and right by hand. 

Using this technique, FA@Ni/PGR and FA@NiFe/PGR electrodes were prepared. 

Ni electrodeposition on PG. The electrodeposition (ED) of nickel on PGR electrodes was 

performed by cyclic voltammetry. A mixture of 0.1 M Na2SO4 and 0.02 M NiCl2x6H2O in water 

was used as the electrolyte solution and Ag/AgCl and Pt were used as reference and counter 

electrodes, respectively. After PGR pre-deposition treatment, cyclic voltammetries, consisted of 

25 cycles from -1.2 to 0.2 V vs Ag/AgCl, with a scan rate of 50 mV·s-1, were performed. Using 

this technique, ED@Ni/PGR electrodes were prepared. 
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2.1.3. Zr decorated BiVO4 

To perform the oxygen evolution reaction directly driven with sunlight as introduced in 

Chapter 1 and studied in Chapters 4 and 5, Zr-decorated BiVO4 (Zr:BiVO4) photoanodes were 

prepared following  a two-step method also described by Choi et al.5 The first step is to 

electrodeposit a dendritic Bismuth metal film on the FTO substrate using a non-aqueous bath 

solution containing the oxidized Bi3+ species (from Bi(NO3)3-5H2O) in ethylene glycol. A 

negative applied potential provides electrons to the FTO surfaces, where the reduction of Bi3+ 

occurs, leading to the formation and deposition of metallic Bismuth, as a result of the reaction: 

𝐵𝑖3+ + 3𝑒− → 𝐵𝑖0  𝐸° = 0.308 𝑉 (1) 

The reason for using a non-aqueous ethylene glycol solution is to increase the solubility of 

Bi3+ and, at the same time, to avoid dissolution of the deposited Bismuth, favouring good coating 

and attachment of the resulting films. For the preparation of Zr-containing BiVO4 photoelectrode, 

ZrCl2O-8H2O was added to the solution. The second step is to drop a solution of VO(acac)2 in 

dimethyl sulfoxide (DMSO) onto the deposited Bi metal film, immediately followed by a low-

temperature conditioning (around 80 °C) to evaporate the solvent. Lastly, the sample is annealed 

at 450 °C for 2 hours, during which the metallic Bismuth and VO2
+ are oxidized and mutually 

reacted to form the crystalline BiVO4 and amorphous V2O5. For a pure BiVO4 film, the exceeding 

V2O5 is removed by dipping the films in a 1M NaOH solution with agitation for 30 min. 

2.2. Characterization techniques  

2.2.1.  Morphological and structural techniques  

2.2.1.1. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is one of the most effective techniques for the qualitative and 

quantitative analysis of crystalline phases of any type of material.6 The fundamentals of this 

technique are based on the interference of a crystal in an X-ray beam. The wavelengths of the X-

rays are of the same order as the interatomic distances of the components of the crystal lattices.  

When irradiated on the sample to be analysed, X-rays diffract with angles that depend on the 

interatomic distances. The interplanar distances (d) are related with the glancing angle (θ) by the 

Bragg’s law (Figure 2).7 

𝑛 · 𝜆 = 2 · 𝑑 · 𝑠𝑒𝑛𝜃 Eq. 1 

Where n is the diffraction order (n = 1, 2, 3 …) and λ is the radiation wavelength comparable 

to atomic spacings.  
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Figure 2. Schematic diagrams of glancing angle XRD geometry for (a) conventional XRD and (b) GIXRD systems. 

The configuration diagram for conventional XRD employs the usual Bragg-Brentano (or θ-

2θ) connection. In this case, the detector is arranged at the same angle at which the X-rays are 

incident upon the sample (Figure 2a). This configuration guarantees a highly diffracted beam 

detection for any crystallographic plane in the sample.  

Conventional XRD systems, however, suffer from certain drawbacks when they are used in 

the analysis of thin films, since the depth of X-ray penetration on the surface can be greater than 

the film thickness. For polycrystalline thin films, the solution to the problem is to apply the 

grazing angle geometry where the angle of the incident beam on the sample surface is small 

(typically 1-5º) and remains fixed during the analysis (Figure 2b). This method is known as 

grazing beam X-ray diffraction (GIXRD) and it is mainly used to characterize materials deposited 

or grown on amorphous and single-crystalline substrates, being able to perform phase 

identification, phase changes, grain size calculation, lattice deformations, profile studies, 

oxidation state, surface mechanical properties, and so on. 

XRD technique was employed as part of the structural characterization made for BiVO4 in 

chapters 4 and 5. The measurements were developed in the x-ray diffraction service of the Servei 

Central d’Investigacions Científiques (SCIC) at the University Jaume I. A Rigaku Miniflex 600 

from Rigaku Corporation diffractometer operating at a grazing incidence of 1º and scan rated at 

3º·min-1 was employed in any case. The equipment configuration contains copper Ka radiation (λ 

= 1.5418 Å) and a scintillation detector. 

2.2.1.2. X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique, which is widely used in 

the surface characterization of solids.8 Based on the photoelectric effect, this technique is able to 

determine the kinetic energy of the electrons that are photoemitted from the material when it is 

irradiated with a beam of ionizing X-rays (Figure 3). Depending on the incident irradiation to the 

sample, different photoemission-based techniques are obtained: X-ray photoelectron 

spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS) and synchrotron radiation x-

ray photoelectron spectroscopy (SXPS).   
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Figure 3. Schematic diagram representation of the photoelectric effect upon the sample surface. 

The kinetic energy (Ec) of the emitted electrons is described by the Einstein photoelectric 

equation (Figure 3). 

Ec = Ehν − EB − Φ Eq. 2 

where EB is the binding energy of the electron in the atom, Ehν is the monochromatic x ray 

source energy and Φ is the work function of the analyser. During the measurement preparation, 

the XPS spectrometer is referenced and calibrated setting the fermi edge emission of Au film to 

obtain the work function of the spectrometer. 

The binding energy of the photoemitted electrons is characteristic of the energy for each 

electronic level and of the chemical nature for each emitting atom. Therefore, by means of this 

technique it is possible to obtain both information on the nature of the atoms (elemental 

composition) and their oxidation state on the surface. As a general rule it should be noted that the 

binding energy increases with increasing oxidation state of the atom. Moreover, the depth of 

sampling depends, among other factors, on the energy of the ionizing beam. However, the 

photoemitted electrons do not pass through solids, being the measured ones those at a distance 

close to the surface. On this way, for an incident beam with an energy of 1 keV (as the one used 

for this technique), the mean free path of a stripped electron is between 30 and 50 Å, this being 

the range of depths typically analysed. 

XPS has been employed in the surface characterization of pencil graphite decorated electrodes 

in the chapter 3. The measurements presented here were carried out by our collaborators at 

University of Hyogo (Japan). Details of further experimental information could be found in the 

corresponding chapter. 
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2.2.1.3. Scanning electron microscopy  

Scanning electron microscopy (SEM) is a technique that allows the structural and 

morphological characterization of a sample.9 An image is obtained by scanning with an electron 

beam. In this technique, a filament (usually tungsten or lanthanum) is used to emit electrons and, 

through an electric field, these electrons are accelerated towards the sample. As the electron beam 

hits the surface of the sample, an interaction takes place and different types of signals are 

produced, including: backscattered electrons, secondary electrons, auger and X-ray fluorescence. 

The detectors are able to collect the different types of radiation and convert each type into a final 

image, whose characteristics are determined according to the type of radiation and are discussed 

below.  

Backscattered electrons: are those produced by the elastic collision of the beam electrons 

with the nucleus of an atom of the sample. The intensity of this phenomenon depends on the 

atomic number of the atom. For this reason, this type of radiation is used to acquire images with 

information about the composition of the sample. 

Secondary electrons: these are the electrons resulting from the inelastic collision of the 

electron beam with the electrons in the atoms. When the beam pass very close to the nucleus of 

the atoms in the sample and interact with their electrons, these may acquire enough energy to 

escape from the atom and can be detected in a sensor. These are low energy electrons and are 

mainly originated at the surface of the sample. Therefore, the image provided by the secondary 

electrons shows a very detailed picture of the sample surface. 

X-ray fluorescence: in the process described above, the ionized electrons from the deeper 

levels are regenerated by the electrons from the shallower orbitals. The excess of energy is emitted 

as X-rays. This is the basis for the X-ray analysis in SEM or, more precisely, by the technique 

known as energy dispersive X-ray spectroscopy (EDX or EDS). In EDX, the energy of the emitted 

photons depends on the nature of the emitting atom and the number of photons emitted is a 

function of the relative amount of each element. For this reason, EDX allows both qualitative and 

quantitative characterization of the elements that make-up the surface of the sample. 

In the sample preparation requirements, conductivity within the sample is desirable. Therefore, 

when it is not, a thin layer of thickness between 10 and 25 nm is deposited on the sample. The 

materials used to make the sample conductive are mainly heavy metals as they produce higher 

electron emission. 

SEM and EDX techniques are employed as part of the surface morphological characterization 

of the corresponding electrode in chapters 3 and 5. The corresponding measurements were 

developed in the SEM service of the SCIC in the University Jaume I. The equipment employed 

was a scanning electron microscopy JEOL 7001F from JEOL Company which is equipped with 
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an INCA 350 software for the EDX measurements. The equipment uses a field emission gun 

between 0.1-30 kV. For the metal deposition, a Baltec SCD500 sputter coater from BAL-TEC 

company was employed for the 10 nm layer of Pt deposition. 

2.2.1.4. Transmission electron microscopy  

Transmission electron microscopy (TEM) is a structural and morphological characterization 

technique that allows the formation of high-resolution images from high-energy electron (100-

200 keV) passing through the sample.10 Due to the high intensity of the electron beam, TEM 

offers the possibility to characterize solid organic and inorganic samples at the nanometer level. 

Similar to SEM, the incidence of the electron beam upon the specimen generates different 

types of radiation which are employed to generate different types of images. In detail, the 

transmission mode in high-resolution (HRTEM) allows images with spatial resolution of the order 

of Å or even lower, depending on the sample and observation conditions. In this way it is possible 

to study atomic arrangements, crystalline planes and defects present in the structures. In addition, 

by means of selected area electron diffraction (SAED) it is possible to study the reciprocal space. 

This technique analyses the beams diffracted by the different crystalline planes, yielding 

information on the orientation and crystalline structure of the sample. Finally, the electron kinetic 

energy loss after interacting with the sample (EELS) is used to determine the atomic structure and 

some chemical properties of the sample, including the identification and quantification of the 

elements present, the chemical state of this atoms, as well as information on the interactions of 

the atoms with their neighbours. 

The most important condition for the transmission of electrons through the sample is that the 

specimen must be thin, that is, transparent to electrons. In general, it is recommended not to use 

samples thicker than 10 nm, since the thinner the sample, the better the quality of the images 

obtained. Then, the preparation of the samples is very important for their following analysis. In 

this work, the film layer of the electrode was scratched to obtain a powder of the material, which 

is further dispersed with ultrasonication in ethanol or isopropanol. Subsequently, the suspension 

is placed on a Ni grid for their analysis 

HRTEM, SAED and EELS techniques have been employed for the structural and 

morphological analysis of BiVO4 samples in chapter 5. Our collaborators in the Catalan Institute 

of Nanoscience and Nanotechnology (ICN2) conducted the measurements presented in this work. 

They employed a high angle annular dark-field (HAADF) STEM combined with EELS in the 

Tecnai F20 microscope. A field emission gun FEI Tecnai F20 microscope at 200 kV provides a 

point-to-point resolution of 0.19 nm.  
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2.2.1.5. Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique that studies the vibrational and rotational 

modes of molecules when low-frequency radiation is focused on a sample.11 Raman effect is 

based on the inelastic dispersion of the light due to the interaction of the light with the vibrational 

or rotational energy states of the molecules.12  

In the Raman effect the stokes transition occurs when the energy of the incident photon is 

greater than that of the scattered photon, generating an excess of energy that results in the creation 

of a phonon. In contrast, an anti-stokes transition occurs when a phonon is neutralized to 

compensate the energy difference between the incident photon and the scattered photon. 

In general, the Raman spectrum is interpreted as a vibrational spectrum that provides very 

similar information to the infrared spectroscopy, although the vibrations reflected in Raman are 

not always the same as in the infrared, as the selection rules of the spectroscopies are different. 

Raman spectroscopy was carried out for the structural characterization of the BiVO4 surface 

in chapter 5. The measurements were performed at the Raman spectroscopy facilities of the SCIC 

spectroscopy section at University Jaume I. A WiTec apyron system, equipped with a 300 mm 

focal length UHTS 300 spectrometer system, was used for the measurements. The scanning area 

of the combined spectra was 40 x 24 m2 with a laser power of 2 mW and an integration time of 

0.5 s. 

2.2.2. Analytical techniques 

2.2.2.1. Nuclear magnetic resonance spectroscopy (NMR) 

Nuclear magnetic resonance (NMR) is the main technique for the determination of molecular 

structures, whether organic, organometallic or biological molecules.13 Fundamentally, NMR is 

based on the nuclear absorbance properties of some atoms to absorb energy when they are 

subjected to the action of a magnetic field. The intense magnetic fields created by powerful 

magnets cause the atoms to behave like small dipoles and to orient themselves according to the 

magnetic field created. The response to the transition between these energetic levels can be 

detected, amplified and recorded in what would be a spectral line or resonance signal. 

In this way, NMR spectra are generated for compounds with non-zero magnetic nuclear 

moment, among which are the proton (1H), and others such as 13C, 14N, 15N, 19F, 31P. Once the 

frequency at which it is worked has been chosen and, therefore, the type of nuclei under study has 

been selected, the NMR experiments allow to distinguish all and each of the nuclei of the same 

type that are differentiated only and exclusively by their magnetic environment. Then, the 

chemical shift () is then defined as the separation between successive spectral lines. Moreover, 

the spectral lines are not always simple, but as a result of couplings between nuclear spins of 
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neighboring nuclei, signal splitting occurs and the characteristic lines conform doublets, triplets 

and so on, which are separated by a characteristic frequency or coupling constant (J).  

NMR spectroscopy has been employed for the elemental quantification and detection of 

organic products and H2O2 in chapter 3. NMR spectra were recorded at room temperature on a 

Bruker 400/300 MHz instrument in possession of the NMR spectroscopy section of SCIC at 

University Jaume I. 

2.2.3. Electrochemical and Photoelectrochemical techniques 

Electrochemical (EC) and photoelectrochemical (PEC) measurements are the key tool in the 

development and the understanding of PEC systems. In these techniques, an electrical signal is 

introduced into the system and the information is obtained by the analysis of the electrical 

response generated. From (photo)electrochemical measurements, it is possible to measure from 

the performance of the PEC system to understanding the properties and mechanisms by which an 

electron transfer is taking place either in the electrode or in the electrolyte. In the following lines 

the explanation of the J-V measurements, Chronoamperometries and Impedance Spectroscopy 

fundamentals as well as the explanation of most relevant measurements performed in this thesis 

are detailed. 

2.2.3.1. PEC design for (photo)electrochemical measurements 

Photoelectrochemical measurements were performed in a PEC system, a schematic illustration 

of PEC system is shown and it involves three parts, as represented in Figure 4: (a) a simulated 

sunlight source; (b) a PEC cell consisted in: a quartz cell, the electrolyte, a working electrode 

(WE), a counter electrode (CE) and a reference electrode (RE) and (c) a potentiostat station 

coupled to a computer with the software for data acquisition and analysis. In the case of 

electrochemical measurements, the working electrode has no light response, for this reason 

electrochemical measurements only needs the EC cell and the potentiostat station.  



47 

 

 

Figure 4. Experimental set up for electrochemical and photoelectrochemical measurements for EC and PEC 

systems. 

a) Simulated sunlight source 

Measurements under light illumination need a constant light source, which provide meaningful 

radiation similarly to real sun spectra. The standard solar spectrum AM1.5G is employed as a 

reference. It includes ultraviolet (UV), visible and infrared (IR) radiation and it has a total 

integrated power of 100 mW·cm-2 including the direct beam and the diffusion. Frequently, xenon 

lamps are broadly recognized as illumination source of photoelectrochemical devices as they 

provide a spectral irradiance similar to sunlight spectra. Some intense emission peaks of xenon 

lamps at ~764 and ~825 nm could be ignored as they are out of range outside the band gap of 

metal oxides typically employed for these measurements.  

The lamp employed in this thesis is a Xe arc lamp (ozone free) from Newport company. The 

power of the lamp is 300 W and it has a protection from toxic ozone by suppressing the ultraviolet 

radiation below 260 nm.  

b) EC or PEC cell 

The EC or PEC cell is the place where the electrochemical process takes place.  In a laboratory 

scale, it generally consists of a container holding the electrolyte, three electrodes including the 

working electrode (WE), the counter electrode (CE) and the reference electrode (RE) and external 

facilities to connect the cables. 

A standard electrochemical cell made of quartz is used for photoelectrochemical 

measurements. Quartz is stable in acid and basic medias and is transparent in the entire range 

from UV which prevent the absorption of light showed in other materials like glass at 350 nm 

which could affects the performance of the PEC.  
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The electrolyte is the liquid media in which the active species are dissolved and also provide 

a conductive media that ensure the current flow by the cell. Depending on the desired reaction, 

the electrolyte is chosen to accomplish some specific characteristics, including solubility of the 

active species, pH and conductivity. In general, a high concentration of supporting electrolyte is 

essential to avoid ohmic voltage losses in the PEC cell. For this reason, traditionally highly 

concentrated buffer systems have been employed as electrolytes. Buffer systems, constituted by 

a redox pair, provide the specific conductivity in the cell as well as avoid local pH fluctuations. 

However, sometimes the stability of the electrodes is critical in the selection of the electrolytic 

solution. For example, electrodes containing nickel or iron oxides are commonly active for 

oxygen evolution reaction at strong alkaline pH (13-14); in contrast, WO3 and TiO2 are often used 

in high acidic solutions for the same reactions.  

In the case of organic reactions, the solvent and electrolyte selection becomes more difficult. 

Additional to the stability of the electrodes, the solubility and the stability of the substrate are two 

additional parameters to consider. In general, polar solvents have demonstrated a higher reactivity 

in organic synthesis. Thus, solvents with a high (H2O) or intermediate (acetonitrile, methanol) 

polarity are mostly employed for this purpose. However, the employment of H2O as solvent could 

compete with the electrochemical oxidation performed in the anode affecting in the formation of 

undesired products. In addition, organic substrates are unsolvable or partially soluble in water, 

the incorporation of organic solvents to water or the use of pure organic solvents lead to higher 

concentration of the substrate in the PEC cell.14 Regarding the electrolyte in organic solvents, 

organic salts have been extensible used as they provide high ion mobility and conductivity, 

chemical inertness towards the cell components and oxidative and reductive stability.15 

Concerning to the electrodes, the WE and CE are the two electrodes to drive the oxidation and 

reduction reactions in the PEC cell. Each electrode is alternately named according to the reaction 

that is considered to be of interest, being WE the electrode of interest and CE the one in charge 

of performing the reaction in the counter side. In this thesis, oxidation reaction is considered as 

the main interest and the different considerations for this reaction are widely explained in the 

different parts of this thesis. Contrary, reaction in CE, where the reduction of H+ to H2 takes place, 

is completed avoiding performance limitations. Thus, the reaction should be fast and the electrode 

should have an excellent catalytic activity. In this regard, Pt film with a high surface area is an 

excellent material as it combines good chemical stability with a very small overpotential for 

hydrogen evolution reaction (HER). 

Next, in order to study the electrochemistry in the PEC it is necessary to control the applied 

potential and ensure that any change in the applied potential is reflected only in the 

electrochemical properties of the WE. For this reason, it is mandatory to use a reference electrode 

(RE), which presents negligible potential variations, independently of current fluctuations. There 
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are a large number of reference electrodes restricted to very specific uses, however because of 

their simplicity and practicality, silver-based electrodes are mainly used in PEC applications. In 

the case of aqueous electrolytes, silver/silver chloride electrodes (Ag/AgCl/KCl salt) provide a 

pH-dependent metric, then in order to be able to compare the measured potentials it must be 

converted to the reversible hydrogen electrode (𝑉𝑅𝐻𝐸), using the Nernst equation. 

𝑉𝑅𝐻𝐸 = 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 + 𝑉0
𝐴𝑔/𝐴𝑔𝐶𝑙 +

𝑅𝑇

𝑛𝐹
· 𝑝𝐻 Eq. 3 

Where 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 is the measured potential versus the reference, 𝑉0
𝐴𝑔/𝐴𝑔𝐶𝑙 is the standard 

potential of the Ag/AgCl redox couple (at room temperature, 
𝑅𝑇

𝑛𝐹
 is 0.0592) and the pH is the one 

of the electrolyte selected. 

 

Figure 5. Ferrocene/Ferrocenium (Fc/Fc+) redox couple as a potential internal reference in organic solvents. 

Measurement conditions: 1.9mM Ferrocene in 0.1M TBAClO4 in acetonitrile using Pt as WE and CE. 

On the other side, when organic or non-aqueous electrolyte is employed, (Ag/Ag+) electrode 

provide the RE. This system consists on an Ag wire immersed in AgNO3 and tetrabutylammonium 

hexafluorophosphate (TBAPF6) salt solution of acetonitrile as organic solvent. The Ag/Ag+ 

electrode is a pseudo reference electrode which means that the applied potential could differ 

depending on the concentration of the Ag+ as well as the nature and concentration of the 

supporting salt. With the aim to calibrate the electrode, an internal reference should be 

incorporated to further specify the applied potential to the redox potential of internal reference 

compound. Ferrocene/Ferrocenium (Fc/Fc+) couple is stable and easy to use compound which is 

soluble in most organic solvents. Moreover, their redox peak it is very characteristic using cyclic 

voltammetry, see Figure 5. For this reason, it is frequently used as an internal reference. The 
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measured potentials compared to the Fc/Fc+ redox couple could be converted to the normal 

hydrogen electrode (NHE). 

Finally, external facilities to accommodate the cables are very important when performing 

electrochemical and photoelectrochemical measurements. These parts are designed to prevent 

their corrosion during the electrical measurements; therefore, stainless steel is used for this 

purpose. In general, they allow the direct connection of the PEC with the potentiostat, making 

possible high quality electrochemical measurements and preventing the appearance of electrical 

noise. 

c) Potentiostat 

The potentiostat is the central unit in the electrochemical and photoelectroelectrochemical 

cells. By employing four leads, WE, CE, RE and sense electrode (S), these apparatus control and 

measure voltages and currents. In the potentiostat, supplementary modules are required for 

specific measurements. For example, in impedance spectroscopy it is necessary the incorporation 

of a module FRA in order to control the small perturbation signal. During this thesis different 

manufacturers were employed as a potentiostat, including the well know industries: Methrom 

Autolab, Gamry and Palm Sense. All were equipped with the corresponding FRA module for 

impedance spectroscopy measurements. 

d) Other components in the PEC 

In some cases, the photoelectrochemical design could contains other components, which helps 

in some specific measurements as follows: 

Infrared diode laser. It allows steady state photoelectrochemical measurements under infrared 

radiation as the diode produces continue illumination over the sample. An infrared diode laser 

(MDLIII-980-2W) from Roithner LaserTechnik (980 nm ± 5 nm, 2 W cw, stability < 5%, beam 

aperture of 5 x 8 mm2 ) was employed in this thesis 

Calibrated photodiodes. They are employed to calibrate the white light radiation from the 

solar simulator. In general, a thermopile was used and it consists in a black body material which 

is able to convert the incident radiation into heat. The temperature registered in the thermocouples 

is proportional to the absolute power of the incident light (in W·cm-2) and its response covers a 

wide range of the electromagnetic spectra.  

Long pass filter. It is designed to have a sharped transition from reflection to transmission. 

Then, it is used to cut off the transmission of light below a certain wavelength. The UV long pass 

filter employed blocks the ultraviolet light (above 365 nm) avoiding the generation of free radicals 

in mechanistic reaction due to the UV light (Figure 6).  
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Figure 6. Absorbance spectra of UV long pass filter. 

Band pass filters. They are available as colored glass filters and are designed to selectively 

transmit a portion of the spectrum while discarding all other wavelengths. The band pass filters 

employed (400 + 475 nm) in Figure 7 blocks the visible portion in the electromagnetic spectra 

where the semiconductors absorbs (400-600 nm). 

 

Figure 7. Absorbance spectra of band pass filters. 

Faraday cage. Avoiding the electromagnetic interferences produced by any electrical 

equipment is necessary during the (photo)electrochemical measurements. It helps during the data 

acquisition, above all, in small perturbation measurements like impedance spectroscopy. 
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2.2.3.2. Cyclic voltammetry (CV) 

Current-voltage measurements offers an optimal relationship between simplicity and operation 

versatility, and it provides a huge amount of information about the performance characteristics of 

the electrodes and photoelectrodes for (photo)electrosynthesis.16,17 Fundamentally, this technique 

is a potentiodynamic method in which the applied potential (𝑉𝑎𝑝) runs at a constant rate between 

two potential limit values (Vmax, Vmin), following the next equation, where 𝑉𝑜 is the initial potential 

and 𝑠 is the scan rate (V·s-1).  

𝑉𝑎𝑝 = 𝑉𝑜 + 𝑠 · 𝑡 Eq. 4 

The response in the electrochemical cell to this potential change affects both the mobility of 

ionic species in the solution and the interface between the electrode and the solution, resulting in 

changes in the measured current density.18 A typical CV response of a commonly studied 

electrocatalyst and a photoelectrocatalyst upon oxidative potential is presented in Figure 8. As 

shown in the figure, the CV plot is a qualitative measure in which an excellent insight into the 

performance of different (photo)electrocatalysts measured under the same conditions is obtained. 

Moreover, parameters such as the onset potential (Vonset), the overpotentials at which current 

density is 10 (10) and 100 (100) mA·cm-2 and the tafel slope can be obtained by this technique. 

The estimation of these parameters provide preliminary information about the kinetics and 

electrochemistry related to the (photo)electrochemical cell performance and serves as comparison 

with other (photo)electrochemical cells reported in the literature.  

 

Figure 8. Characteristic current-voltage measurements of (a) an electrocatalyst and (b) a photoelectrocatalyst upon 

oxidative potential. 

In addition, the use of CV measurements in photoelectrochemistry are generally employed to 

understand the absorption and conversion of sunlight into photocurrent. For this purpose, it is 

necessary to make measurements in dark and under illumination. The resulting plot represented 
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in Figure 8b provides valuable information relative to the photocurrent including the onset 

potential at which the photocurrent starts and the saturated photocurrent density for front and back 

side illumination.  

Cyclic voltammetries (CV) are not typically steady state measurements because the measured 

current density is constantly adapting to the change in the applied potential. When CV is working, 

two possible contributions to the current density as a function of potential can be measured. 

Firstly, a capacitive component (jc) is related with the interface electrode-solution, and it is 

measured without an electron exchange. By contrast, faradaic contribution (jf) occurs when there 

is electron exchange with the electrolyte. Then, the capacitive component has no contribution to 

faraday processes and it is mandatory reduce for accurate measurement. According to the equation 

below, jc is proportional to the scanning rate and therefore its component is minimized at low 

scanning rates. 

𝑗𝑡 = 𝑗𝑐 + 𝑗𝑓 = 𝑠 · 𝐶𝑑 + 𝑗𝑓 Eq. 5 

Therefore, for accurate measurements in which steady state conditions are needed, CV 

measurements are not the recommended measures. In this case, Impedance Spectroscopy 

measurements offers the necessary steady state conditions as will be indicated below. 

 Tafel slope 

As mentioned above, in electrocatalysis, the measurement of kinetic experimental parameters 

allow the understanding of the electrocatalyst from a certain reaction. In these systems, the 

measurement of the density current is a manifestation of the rate of the interfacial reaction and it 

is dependent on the applied potential. This relationship could be expressed as a general form 

according to the Butler-Volmer equation.16  

𝑗 = 𝑗𝑜 exp (
𝛼𝑎𝐹𝜂

𝑅𝑇
) Eq. 6 

In this case, jo is the exchange current density at the equilibrium potential, a is the transfer 

coefficient for the anodic reaction,  is the ovepotential, F the Faraday constant, R is the universal 

gas constant and T is temperature. If the above current density is expressed in logarithm form, the 

following equation is obtained. 

log(𝑗) = log(𝑗𝑜) +
𝜂

𝑏⁄  Eq. 7 

Rearranging equation 8, then a linear relationship between the overpotential and the logarithm 

of current density is predicted. On this way, the original format of Tafel expression is obtained. 

𝜂 = 𝑎 + 𝑏 log (𝑗) Eq. 8 

From this equation, the tafel slope (b) derived from the representation of  vs log(j) is 

expressed in units of millivolts (mV) per decade of current density (dec-1) and their significance 
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possess great relevance in multiple areas such as electrocatalysis, corrosion among others. At its 

most basic level, it represents the rate of change of current density with the applied potential and 

low Tafel slope values are highly recognized as an indicator of the effectiveness of electrocatalytic 

performance. 

From a more theoretical background, the elucidation of tafel slopes can be useful for the 

identification of the possible mechanism leading a reaction. For this purpose, it is necessary to 

consider the electrocatalytic reaction as a sequence of elementary steps in which one stage is 

determining the reaction rate. The mechanistic analysis of the elementary steps and the study of 

rate limiting process predict different tafel slopes and reaction order values.19 

2.2.3.3. Chronoamperometry 

Chronoamperometry is an electrochemical technique that studies the changes in the current 

response for a specified time in a potentiostatic mode.16  Normally, at the beginning of the 

chronoamperometry, an initial potential is applied at which no faradaic processes occur. After a 

few seconds of stabilization of the sample, a second potential value is applied at which the 

oxidation/reduction of the species to be analyzed occurs.  

The characteristic response of BiVO4 upon experimental chronoamperometry is represented 

in Figure 9. In this graph, the photoelectrochemical oxidation of benzyl alcohol is the faradaic 

process represented. Initially, the photocurrent response of Figure 9 shows a period in which the 

substrate delivery to the electrode is constant and then the conversion of benzyl alcohol is 

proportional to time. After some time, a current control by diffusion appears and then, the 

substrate contribution to the electrode is no longer constant and side reactions begin to occur. 

Finally, when the substrate is depleted or there is no input to the electrode, side reactions become 

the only reaction at the electrode being responsible of losses in Faraday efficiency. 

 

Figure 9. Characteristic chronoamperometry of benzyl alcohol oxidation using BiVO4 electrode as 

photoanode. 
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 Faraday’s Laws and Faraday Efficiency 

In electrochemistry, Faraday’s Laws are described to quantify the chemical transformations 

occurred in an interface during an electrocatalytic process.16 The first law states that the amount 

of chemical change produced by a current at an electrode-electrolyte interface is proportional to 

the charge of current used, whereas the second law establishes that the amounts of chemical 

change produced by the same amount of electricity in different substances are proportional to 

their equivalent weights. Following these two laws, the equivalent weight of a chemical specie is 

associated with the gain or loss of an electron and therefore the Faraday expression is obtained. 

𝑛𝑖 =  
𝑄

𝑛𝑒 · 𝐹
 Eq. 9 

In this equation, n is the number of moles of a specie produced or consumed at the electrode, 

Q is the total electric charge measured during the electrocatalytic process and F is the equivalent 

electricity needed to transform 1 mole of electrons (96485 C·mol-1).  

For the estimation of the Faradaic efficiency, first we employ the Faraday’s Laws to estimate 

the theoretical amount of product converted during the electrolysis. For this purpose, we assume 

that the number of electrons that are exchanged in the transformation from benzyl alcohol to 

aldehyde is 2, and carrying out different transformations we obtain: 

𝑛𝑡 =
𝑄𝑇

𝑛𝑒 · 𝐹
=

∫ 𝐼 · 𝑡

2𝐹
=

∑ 𝐼∆𝑡

2𝐹
 Eq. 10 

where (𝑛𝑡) represents the number of moles that theoretically may be converted into a product 

when a certain charge (QT) is injected in the electrode. If we consider the initial moles of the 

substrate (𝑛𝑜), the Faraday Yield is given by the ratio between these two amounts and the 

expression is represented in equation 12.  

𝐹𝑦𝑖𝑒𝑙𝑑 =
𝑛𝑡

𝑛𝑜
· 100 Eq. 11 

In this expression it is assumed that only one product is formed during the electrolysis. 

Similarly, the Faraday efficiency can be obtained by the ratio of the real number of moles of the 

converted product measured by an analytical technique, for instance NMR spectroscopy and the 

theoretical moles of product converted theoretically (𝑛𝑡), as follow in the below expression. 

𝐹𝑒𝑓𝑓 =
𝑛𝑁𝑀𝑅

𝑛𝑡
· 100 Eq. 12 

2.2.3.4. Impedance Spectroscopy 

Impedance spectroscopy (IS) is a powerful and non-destructive technique usually employed 

in the electrical characterization of energy conversion devices, including the electrochemical and 

photoelectrochemical systems studied in this work. Generally, IS is especially useful to provide 
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an integral understanding of the mechanistic operation of electrical devices which lead to identify 

the causes for efficiency or failure of their electrical response and it can always be ascribed to 

chemical, physical and mechanical phenomenon produced in the sample during operation.   

In this electrochemical approach, the sample is monitored by a small AC signal that is imposed 

on steady-state electrochemical conditions. For this approach, a small modulated AC voltage is 

applied on the sample, which is a function of frequency ranges, as defined in Equation 14, from 

given steady-state conditions of dc voltage �̅� and light intensity.  

�̃� = 𝑉𝐴𝐶𝑒𝑖𝜔𝑡 Eq. 13 

In this equation VAC is the amplitude of the wave typically (10-20 mV) and the value of 

frequency ranges (𝜔) oscillates between the time order of the electrical process generally 1MHz 

(microseconds) to 10 mHz (seconds).  

The output signal in IS is the modulated current response J ̃(ω) and the ratio of the AC voltage 

to the output current forms a transfer function which is known as impedance Z (·cm2), see 

equation 15. The value of Z is a complex number defined in the frequency domain which gives 

rise to the DC resistance in the low frequency limit. The small disturbance �̅� ≫ �̃�, is required to 

obtain a linear impedance meaning Z(ω) independent of the amplitude of the disturbance. 

𝑍(𝜔) =
�̃�(𝜔)

𝐽(𝜔)
 Eq. 14 

The representation of the IS response in the frequency range is usually done according to two 

different graphs, represented in Figure 10. Figure 10a is the Nyquist plot where the real 

impedance (Z') is plotted against the imaginary part of the impedance (Z"). Similarly, Figure 10b 

represents the bode plot, in this case the capacitance modulus is plotted as a function of frequency 

range. The information contained in the complementary plots are key to the analysis of the IS and 

their interpretation is analysed by using an appropriate equivalent circuit model (ECM).  
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Figure 10. (a) Complex plane of imaginary impedance Z’’ versus its real-value counterpart Z’ (Nyquist 

plot) and (b) real part of the capacitance vs frequency (Bode plot) representations of an IS data measurement 

on a metal oxide photoanode. The inset represent the ECM (randles circuit) used for the fitting of the IS 

measurement represented. 

The elements contained in the ECM have been extensively discussed in the literature, where 

many different ECMs have been proposed. Broadly summarized, the ECM should include 

capacitances and resistances to account for the basic electronic processes occurring in the 

electronic device, including charge accumulation at the electrode-solution interface, surface 

recombination, and charge transfer to solution. In a theoretical approach, the ECM is transformed 

into a physico-chemical transport and conservation equation and solved for the frequency 

dependence condition to give the impedance model. Finally, capacitance identification, as well as 

resistances, usually proceeds by adapting the compiled data at different voltages to a single EC. 

As these elements progress through the voltage variations, they provide valuable information on 

the significance of individual components and the overall characteristics of the system. 
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Abstract 

Society is demanding clean energy to substitute the greatly pollutant carbon-based fuels. 

As an alternative, the green hydrogen produced by electrocatalysis constitutes a nice 

strategy as its products and reactants are not toxic to the environment. However, the use 

of scarce materials and the high overpotentials to accomplish the Oxygen Evolution 

Reaction (OER) make electrocatalysis an uncompetitive process. To solve these 

challenges, a low-cost procedure for the preparation of earth-abundant Ni, Fe and NiFe 

decorated electrodes has been developed. For this purpose, Pencil Graphite Rods have 

been selected as highly porous substrates. A reasonable performance is achieved when 

they are employed for OER. Furthermore, for the first time, a detailed analysis of 

Impedance Spectroscopy allows the association of the Ni redox transitions Ni2+/Ni3+ and 

Ni3+/Ni4+ (including the identification of the hydrated - and the non-hydrated  phases) 

with an electrochemical redox capacitance response. Additionally, the Ni3+/Ni4+ redox 

peak capacitance together with a quick decrease in the charge transfer resistance remarks 

the implication of Ni4+ in the OER. These results show the utility of impedance 

spectroscopy as a non-destructive and non-invasive technique to study in detail of these 

electrochemical systems in operating conditions. 
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Introduction 

Limitations in the use of fossil fuels like oil, carbon or natural gas are one of the main 

challenges that humanity must face in the next few decades. Dependence of the economy upon 

cheap energy urges environmentally friendly energy sources to satisfy the continuous growth in 

energy demand around the world.1 Renewable energies are increasing their importance in the 

global share of energy production very quickly, but problems regarding the continuity in their 

availability still limit their spread to attain a carbon-free society, with an affordable and scalable 

way of storing the energy needed. One of the lines under development, to make this scenario 

possible, is focused on the use of molecular hydrogen as an energy storage system. H2 is not only 

the most efficient energy source (due to its large energetic power per unit mass) but also one of 

the greenest technologies as its sub-products, essentially water, have no impact on human health 

and the environment.2 

Electrocatalysis is regarded as an appropriate technique to produce pure hydrogen by water 

splitting.3 To do this, external electric power is employed which, ideally, may be obtained from 

natural sources, e.g. solar or wind power.4 To have an efficient energy conversion, the 

overpotentials needed to produce the oxygen evolution reaction (OER) and the hydrogen 

evolution reaction (HER) must be minimized. From a thermodynamic and kinetic point of view, 

OER is the limiting reaction as it involves four electrons and a bigger overpotential.5,6 

Traditionally, noble metals oxides such as RuOx, IrOx, have been employed as anodes due to their 

high performance for the OER.7,8 Recently, RuOx has been deposited on Pencil Graphite Rods 

(PGR) to obtain high-performance porous electrodes.9 However, the cost of these noble metals is 

high as they are not earth-abundant, which makes water splitting an uncompetitive process if 

using them.10 In addition, RuOx catalyst shows low stability in alkaline solutions. In this study, 

high OER activity was achieved using only inexpensive base metal materials without using 

expensive precious metal materials.  

Earth-abundant Ni-based material has risen as an attractive alternative to noble metal for water 

oxidation.11 Among the different Ni electrocatalysts, nickel oxide NiOx and Ni oxide hydroxide 

(NiOOH) have attracted great attention mainly due to their efficiency and robustness.12 Since 

Corrigan discovered the higher activity and the decrease in the overpotential of OER when Fe is 

incorporated onto a NiOOH layer,13 a noteworthy effort has been developed to understand and 

design new electrodes with better OER performances. Thus, becoming Ni1-xFexOOH layered 

double hydroxides (LDH) the best catalyst based on earth-abundant materials for water oxidation 

in alkaline media since today.14 However, the performance of this material is strongly dependent 

on different issues, such as the chemical and electronic structure of the electrode, the 

electrochemical environment, the electrode preparation method, etc.15–21 It has recently been 

reported a graphene-nanoplatelets-supported (Ni,Fe) metal–organic framework (MOF) with 
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outstanding performance for water splitting in alkaline media and high stability.22 It is well-known 

that NiFe catalysts are more stable in alkaline aqueous solutions than other noble metal catalysts 

such as RuOx. It has been shown that the combination of Ru and Ni, in a compressed metallic Ru-

core and oxidized Ru-shell with Ni single atoms (SAs,) led to low overpotentials and high current 

densities in strong acidic media for water oxidation23 

In this paper, we study the electrochemical response of pencil graphite rods decorated with 

nickel and nickel-iron alloys to perform the oxygen evolution reaction. Techniques such as flame 

annealing (FA) or electrodeposition were used to decorate the PGR obtaining reasonable results 

for OER. Structural analysis was used to identify oxidation states of nickel and iron contents in 

the samples while electrochemical measurements allowed us to associate the differences in 

electrical response of the Ni2+/Ni3+ transition to the presence of hydrated and non hydrated phases 

and to show-up the activation of OER after Ni4+ formation. 

Experimental section 

PGR pre-deposition treatment. Pencil Graphite Rods (4B hardness, 2.0 mm diameter and 

13.0 mm length, Mitsubishi Pencil Co., Ltd., Japan) were used as supporting electrode. To control 

the area of the PGRs, tips were polished with a polishing machine (LaboPol Struers) until the 

surface was completely flat and homogeneous. PGR have a coating polymer on the surface which 

makes it stronger. In order to remove this coating, the whole rod was burned for 1 min until it 

became red because of the heat. This process was repeated 10 times and led to a porous structure 

of carbon with traces (0.2-0.4 %) of iron as checked by SEM.9  

Catalyst (co)-deposition on PGR by flame annealing. Flame annealing (FA) deposition was 

based on the thermal procedure proposed by Tsuji et al.9 To prepare Ni and Fe decorated PGR 

rods, a 10 mg/mL precursor solution (NiCl2x6H2O for Ni-based electrocatalyst and FeCl3x6H2O 

for Fe-based electrocatalysts) in ethanol was prepared. The thermal treatment process consists of 

three steps which are 10 times repeated (1) First, the PGR was flame heated until it became red. 

(2) Immediately, PGR was retired from the flame and two seconds after it was dipped for five 

seconds into a vial which contained 8 mL of the precursor solution. (3) Finally, flame annealing 

was applied to the electrode for 20 s. To anneal, the PGR is slid in the direction of the rod axis, 

then turned 180° to the left and right by hand so that the catalyst can be annealed evenly. 

Ni electrodeposition on PG. The electrodeposition (ED) of nickel on PGR electrodes was 

performed by cyclic voltammetry. A mixture of 0.1 M Na2SO4 and 0.02 M NiCl2x6H2O in water 

was used as the electrolyte solution and Ag/AgCl and Pt were used as reference and counter 

electrode respectively. After PGR pre-deposition treatment, cyclic voltammetries consisted of 25 

cycles from -1.2 to 0.2 V vs VAg/AgCl, with a scan rate of 50 mV·s-1 were performed.  

Scanning electron microscopy (SEM). The morphological characterization of the samples 

was performed in a Field Emission Scanning Electron Microscopy performed with a JSM-7000F 
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JEOL FEG-SEM system (Tokyo, Japan) equipped with an INCA 400 Oxford EDS analyzer 

(Oxford, U.K.) and operating at 15 kV. 

X-ray photoemission spectroscopy (XPS). A photoelectron spectroscopy apparatus installed 

at a beamline 07B end station of New SUBARU synchrotron radiation facility performed the 

chemical states and surface characterization by XPS technique. The XPS peaks were fitting by 

attributing the oxidation state found in the bibliography to the corresponding binding energy. Ni 

(2p) was adjusted by 6 peaks at 855.5 eV, 856.9 eV, 873.5 eV, and 875 eV, 852.7 eV and 871.4 

eV which are attributed to Ni2+ (2p3 / 2), Ni3+ (2p3 / 2), Ni2+ (2p1 / 2), Ni2+ (2p1 / 2), Ni0 (2p3/2) 

and Ni0 (2p1/2) respectively. Fe (2p) peak was adjusted by 4 peaks at 725,4 eV, 723.5 eV, 714 

eV and 711 eV which are attributed to Fe3+ (2p3 / 2), Fe2+ (2p3 / 2), Fe3+ (2p1 / 2), Fe2+ (2p1 / 2). 

O (1s) was adjusted by 5 peaks at 529.4 eV, 530.7 eV, 530 eV, 531.5 eV and 533.3 which are 

attributed to nickel oxide, nickel hydroxide, iron oxide, C = O and C-O, respectively. 

Electrochemical measurements. All the electrochemical measurements were performed on 

a PGSTAT302N potentiostat (Methrom-Autolab) equipped with a FRA32 Module. The 

electrochemical performance and electrochemical characterization were carried out by using a 

homemade polypropylene one-compartment three electrodes electrochemical cell (EC). No 

corrosion effects were observed on the material after use. In the EC, an aqueous Ag/AgCl 

electrode was used as a reference electrode and Pt mesh was employed as counter electrode. To 

ensure high basicity during the experiments 8 M KOH in water was used as electrolyte. Cyclic 

Voltammetries (CV) were taken at a scan rate of 25 mV·s-1. Impedance Spectroscopy (IS) 

measurements were carried out at selected bias with a perturbation of 20 mV and a frequency 

range from 1 MHz to 10 mHz. CV and IS measurements are represented as a function of the 

overpotential: ( = Vapp vs RHE – 1.23 V), and the interfacial overpotential (i.e. the applied 

potential corrected by the voltage drop at the external series resistances ( – IRs). 

The CV and IS measurements of the ED@Ni/PGR sample was performed under Fe free KOH 

electrolyte. The KOH employed in this experiment was treated by following the procedure 

reported by Boettcher et. al.24 Ni(NO3)2 x 6H2O salt was dissolved in high purity KOH 1M 

solution in order to precipitate Ni(OH)2. Once the salt was precipitated, the solution was 

centrifugated and the supernatant was decanted. This procedure was repeated three times until 

Ni(OH)2 was completely pure. Then, the pure Ni(OH)2 was redissolved in high purity 8 M KOH 

and stirred for 1h.  Then, the purified electrolyte was centrifuged and decanted into a 

polypropylene bottle for their electrochemical use. 

Electrochemically Active Surface Area (ECSA). ECSA of PGR was calculated by 

Impedance Spectroscopy following equation 1.  
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𝐸𝐶𝑆𝐴 =
𝐶𝑑𝑙
𝐶𝑠

 Eq. 1 

where Cs is the capacitance of a planar glassy carbon microelectrode that was used as reference 

and Cdl stands for the double-layer capacitance of the PGR electrodes (CPGR) obtained at an 

overpotential of -0.20V vs VRHE, where neither redox process nor Faraday current were observed. 

Both capacitances were normalized to the geometric area of the electrode. 

Results and discussion 

Pencil Graphite Rods are made up of a graphite structure mixed by a polymer assembly which 

makes them harder (Figure 1a).9 After a flame annealing (FA) treatment, part of the polymer is 

removed and the FA@PGR is transformed in a network of branches of crystalline graphite 

(Figure 1b). The space between graphite branches provides the high porosity of the rods. 

‘Previous data by SEM and BET showed that flame annealing treatment improves the porosity of 

PGR.25 

 

Figure 1. Schematic structure of a) PGR, b) graphite branches, c) detail of graphite branches decorated 

with catalyst for OER. 
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We tested FA@PGRs for OER, however, they were not good catalysts by themselves yet. For 

this reason, in order to improve the performance of PGR, we developed new electrodes by the 

deposition of Ni and NiFe on the PGR (Figure 1c). Ni was deposited following two different 

methodologies, namely flame annealing (FA) and electrodeposition (ED), obtaining the 

corresponding electrodes FA@Ni/PGR ED@Ni/PGR (see the experimental section for 

experimental details). To prepare the PGR decorated with NiFe we followed only the FA 

procedure (FA@NiFe/PGR).  

The morphology and the composition of the decorated PGR were studied by SEM and EDX 

techniques (see Figure S1, S2 and S3 in supporting information [SI]). The SEM image of the 

ED@Ni/PGR sample showed an ordered and homogeneous surface composed of Ni particles of 

variable size, around 200 nm on top of the PGR. Compared to the ED sample, FA samples present 

smaller particles on the top of a disordered and non-homogeneous PGR surface. From the 

microanalysis made at SEM, we could conclude that the amount of Ni deposited by ED is bigger 

than by FA (see Figure S1 and Figure S2 in SI). Moreover, we could also determine the Ni/Fe 

ratio of each sample. For the FA@NiFe/PGR, the Ni:Fe ratio was ~3:2. In the case of 

FA@Ni/PGR and ED@Ni/PGR iron was also detected (9:1 and 24:1, respectively). The presence 

of iron in these two samples was due to contamination of iron of the bare PGR (~0.2%)9. The 

presence of iron, even in small amounts, has implications for the performance of the electrodes 

as will be explained.  

XPS measurements were performed to investigate the chemical environment in the electrodes 

at the surface level (see Figure S4 in SI). The analysis of the high resolution XPS spectra and the 

data fitting of Ni (2p) peak in each sample confirms the non-homogeneity environment of these 

samples. The Ni (2p) peak in FA@Ni/PGR and FA@NiFe/PGR electrodes show the presence of 

Ni in two different oxidation states, Ni2+ and Ni3+.26,27 The proportion of each oxidation state was 

quantify as a function of the peak area (Table S2, SI) and not differences were observed between 

this two samples. By contrast, Ni (2p) peak in the ED@Ni/PGR sample points to the presence of 

Ni in the electrode as a mixed phase between metallic and oxidized Ni. The quantification of each 

state indicates the same concentration of Ni2+ species, pointing that ED led to Ni0 species instead 

of Ni3+.”  

The presence of Fe could be also observed by XPS as a Fe (2p) peak. The presence of Fe in 

the samples was detected as oxidized state species of Fe2+ and Fe3+. This peak was already found 

for the bare PGR treated by FA (FA@PGR), confirming that impurities of Fe came from the PGR. 

Additionally, Figure S4c shows the high resolution XPS spectra of O (1s) for the electrodes. The 

presence of C-O interactions either as a double or singlet bond dominates in the sample response. 
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The differences in the O (1s) spectra in the samples have been attributed to Ni-O and FeO 

interactions.28,29 

Electrochemical oxygen evolution reaction on Ni and NiFe PGR. 

We performed studies of the performance in the OER of FA@PGR electrodes and the 

corresponding electrodes decorated with Ni and NiFe (ED@Ni/PGR, FA@Ni/PGR and 

FA@NiFe/PGR, respectively (Figure 1c). These tests were performed with 8 M KOH solution. 

The reason why the KOH concentration is 8M is that the activity of water electrolysis is higher 

in a higher concentration of KOH aqueous solution. We sought to obtain higher catalytic activity 

by testing at a concentration of 8 M KOH higher than 6M. Figure S5 in supporting information 

shows the cyclic voltammetry for the oxidation of water using FA@NiFe/PGR in 1M and 8M. It 

can be observed how the activity and onset for this reaction is improve by increasing the pH of 

the electrolyte. Figure 2 shows the cyclic voltammetries and the Tafel plots obtained. For a better 

analysis of the electrode behaviour, the plots in Figure 2 have been corrected from potential drop 

at series resistance. 

 

Figure 2. a) Cyclic voltammetries of FA@PGR, ED@Ni/PGR, FA@Ni/PGR and FA@NiFe/PGR and 

(b) Tafel Plots of FA@PGR, ED@Ni/PGR, FA@Ni/PGR and FA@NiFe/PGR electrodes measured in 

KOH 8 M. Scan rate: 25 mV·s-1. Tafel plots were obtained from J-V curves in stationary conditions. 

The analysis of FA@PGR sample in Figure 2a shows a hysteretic behaviour in the flat area 

of the CV. This capacitive behaviour could be associated with the microporous structure of the 

rods and the ability of carbon to absorb small cations.30 In the case of the catalyst decorated 

samples, the hysteresis cannot be clearly observed mainly due to the presence of the 

Ni(OH)2/NiOOH redox peak, which appears preceding to the region corresponding to OER.  
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The potential at which the Ni2+/Ni3+ redox peak appears, depends on both the Fe content in the 

catalyst and the Ni phase segregation. It has been reported that the presence of more than 10 % of 

Fe produces that Ni redox peak appear close to OER. By contrast, lower amount of Fe in the Ni 

electrode separates both phenomena. Thereby, the Ni redox peak is displaced to lower 

overpotentials while, at the same time, the OER overpotential is higher.13,24 In our case, as can be 

seen in Figure 2a, we observe the same trend. Thus, for ED@Ni/PGR with a Ni:Fe ratio of 24:1 

(estimated by EDX) the wide redox peak for Ni2+/Ni3+ appear at an overpotential of 0.12 V vs 

RHE in the forward direction (0.08V vs RHE in the reverse direction) with the onset overpotential 

for the OER occurring at 0.26 V.  

Table 1. Overpotential at the current density of 10 mA·cm-2 was found in this paper and compared with 

previous studies. In brackets the value of n@10mA·cm-2 after correcting the potential drop at the Rs. 

Abbreviations: NW (nanowires), EG (Exfoliated Graphene), DG (Doped Graphene), ANHA (Alloy 

Nanowire Array) and GNP (Graphene-Nanoplatelets). 

Catalyst 
Electrode  

Support 
Electrolyte 

@10 mA·cm–2 

(mV) 
References 

NiFe PGR 8 M KOH 252 (240) this work 

Ni PGR 8 M KOH 290 (270) this work 

RuOx PGR 1 M KOH 312 (9) 

Ni0.8Fe0.2-

AHNA 
NiFe NW 1 M KOH 180 (14) 

NiFe EG 1 M KOH 214 (31) 

NiFe DG 1 M KOH 310 (32) 

NiFe Ni Foam 1 M KOH 240 (27) 

NiFe Pt 1 M NaOH 340 (33) 

NiFe GNP 1 M KOH 280 (22) 

Ni-Ru RuOx 0.5M H2SO4 184 (23) 

Ru Pt 1 M NaOH 290 (33) 

 

However, for FA samples, FA@Ni/PGR and FA@NiFe/PGR with Ni:Fe ratios 9:1 and 3:2, 

respectively (see Figure S2 and Figure S3 in SI), both the redox peak and the OER onset are so 

close that the two phenomena approach each other and overlap in the CV.  From the steady-state 

J-V curves of the electrodes in Figure 5d, (and Figure S6d in SI) we could determine with better 
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accuracy both the onset of OER and, after substracting the Faradaic contribution, the peaks of the 

overpotentials of the redox states. Thus, for the two FA samples that have Ni:Fe ratios above 9:1, 

the same values are obtained for the Ni2+/Ni3+ redox peak, ~0.20V vs RHE in forward (and 0.09V 

in the reverse direction) and for the onset overpotential for OER, 0.22 V vs RHE. 

Focusing now on the performance of the electrodes, the interfacial overpotential needed to 

deliver 10 mA·cm2 (of the geometrical area) is ~270 mV for ED@Ni/PGR and ~ 240 mV for 

FA@NiFe/PG, see Table 1 and Table S1. These values are in line with the ones reported for 

NiFe deposited onto graphene and exfoliated graphite as supporting electrode and improve some 

of the published values shown in Table 1.31,32 Therefore, these materials provide top performance 

electrodes for OER while keeping an easy and low-cost processing method. We believe that the 

performance of our electrodes is due to their high surface area and the interaction between Ni and 

Fe. As can be seen from the data in Table 1, there is still room to improve the performance of the 

electrodes if those are designed to minimize series resistance, including carbon doping to improve 

its conductivity.  

Tafel plots in Figure 2b also showed the increase in the OER catalytic activities of PGR by 

the addition of the catalysts. Furthermore, the decrease of the onset potential observed for the 

decorated samples vs the bare one, the Tafel slope is reduced ~ 60 mV·dec-1 when the catalyst is 

deposited on top of the PGR, which has a slope 120 mV·dec-1 when uncoated. Tafel slopes of 60 

mV·dec-1 have been associated with proton-coupled electron transfer mechanism for OER.34  

Impedance Spectroscopy on Ni and NiFe PGRs.  

We completed the study of FA@PGR electrodes and the corresponding electrodes decorated 

with Ni and NiFe (ED@Ni/PGR, FA@Ni/PGR and FA@NiFe/PGR, respectively) by Impedance 

Spectroscopy (IS) measurements. In order to determine the electrocatalytic active surface area 

(ECSA) of PGR during the FA, through IS, we compared the capacitance of glassy carbon and 

PGR at low voltages (-0.2V), where neither redox nor faradaic currents were performed. The 

resulting ECSA obtained shows a huge increase in the electrocatalytic active area of around 700 

and 1000 times in ED and FA samples respectively (Table S1), being these ECSA values 

responsible for the improvement in the OER performance achieved by PGR after FA treatment. 

For a better understanding of the performance of Ni and NiFe on PGR electrodes, IS analysis 

in the area of Ni2+/Ni3+ redox peak and the OER onset was performed. Figure 3 shows the N-

quist and bode plot data of FA@PGR and FA@NiFe/PGR obtained at overpotentials before and 

after OER onset (-0.05 and 0.35V vs RHE). The plots obtained for ED@Ni/PGR are omitted here 

as their plots have minimum differences with the FA@NiFe/PGR sample. IS shapes are 

characterized by two features. At high frequencies (Figure 3b), a 45º line appears which is 

followed by an arc at medium-low frequencies. This behaviour is described with a transmission 
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line in two different situations: (i) when transport resistance (Rt) of electrons in the porous material 

is smaller than charge transfer resistance (Rct) towards the solution, the transmission line presents 

the shape obtained at low potentials (Figure 3, line black and blue); (ii) in the opposite case, when 

Rt > Rct, the transmission line has the shape shown at high voltages (Figure 3, line gray and cyan) 

which is given by a Gerischer element.35–38  

The first situation is observed at low potentials when there is no current flow to the electrolyte. 

In this case, Rct is very large (>> Rtr) and the two samples show very similar impedance. When 

the current flow is activated at higher overpotentials (0.35V vs RHE), Rct becomes smaller than 

Rtr and the arc width (=[Rtr·Rct]1/2) becomes smaller. The incorporation of the catalysts on the 

PGRs favours the OER performance, being this effect also observed on the IS measurements by 

the smaller arc in the NiFe case, indicating a better charge transfer (smaller Rct) for the decorated 

PGRs. 

 

Figure 3. Experimental (a), (b) and (c) N-Quist and (d) Ohmic Drop corrected Bode plot obtained by 

impedance spectroscopy of OER in KOH 8M using FA@NiFe/PGR and FA@PGR as working electrodes. 

The dark lines show IS at low potential (-0.05 V vs RHE) and the light lines at high potential (0.35 V vs 

RHE). 
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Detailed analysis of IS measurements at overpotentials between -0.2 and 0.4 V vs RHE was 

performed by fitting the experimental data with the equivalent circuits (EC) proposed in Figure 

4. The EC suggested for these porous electrodes consists of a transmission line, where electrons 

are regularly distributed around the PGR (Figure 4a). However, when the metal catalyst is 

incorporated into the PGR, the electron conduction occurs along the PGR catalyst line, i.e where 

the catalyst is in contact with the PGR. In this new EC, (Figure 4b) a new capacitance is 

incorporated to describe the OER in the not catalyst covered area.39 The elements employed in 

these two EC are described as:   

 Rs is the series resistance, which includes the resistance of the carbon rod out of the 

electrolyte together with the resistances of the bulk of the electrolyte and at the contacts.  

 rtr is the electron transport resistance per unit length of the PGR electrode immersed in 

the electrolyte, which yields a total transport resistance Rtr = rtr·L 

 rct,G is the charge transfer resistance at the graphite/electrolyte interface. In the case of the 

ED@Ni/PGR and FA@NiFe/PGR samples, it accounts for the charge transfer at the 

surface of the PGR which is not coated by the catalyst. At the macroscopic level, the total 

charge transfer at this interface is given by Rct,G = rct,G/L 

 cG  is the capacitance given by the graphite/electrolyte interface. In the case of the 

decorated samples, it accounts for the uncoated PGR/electrolyte surface. The total 

capacitance of the graphite is given by CG = cG·L. 

 rct,cat is the charge transfer resistance associated to Ni or NiFe catalyst. The total 

contribution to the total charge transfer resistance of the catalyst is given by Rct,cat = 

rct,cat/L.  

 ccat is the capacitance associated to the catalysts (Ni and NiFe) deposited on the PGRs 

and includes the contribution of their redox states. The total contribution of the catalyst 

capacitance is given by Ccat = ccat·L.  

 ZD is the impedance diffusion associated with the reactive species at the diffusion layer 

in the solution.  

With these definitions, the charge transfer resistance and the capacitance of the PGR are given 

by the parallel combination of the graphite and the catalyst contributions, Rct
-1= Rct,cat

-1 + Rct,G
-1 

and CPGR = Ccat + CG , which are the effective values we measure. 
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Figure 4. Transmission line based equivalent circuits selected for IS analysis. (a) FA@PGR, (b) 

ED@Ni/PGR, and FA@NiFe/PGR electrodes. The meaning of the different elements is described in the 

main text. 

When the Ni and NiFe are deposited on the PGR, three capacitance peaks are observed, what 

suggest a more complex explanation for the peaks observed in the cyclic voltammetry of Figure 

2a, given above. In fact and according to the literature, the two peaks observed at low 

overpotentials are attributed to two different Ni2+/Ni3+ redox transitions.40,41 As commented 

before, the energy of these transitions depends on the Fe content but also to the phase segregation 

in the sample, which is a function of the deposition environment and the flame annealing 

treatment.42 There are two possible phases for Ni(OH)2 molecules present at Ni surface: the 

Ni(OH)2, which is the normal and stable phase and the phase, a hydrated form of the nickel 

hydroxide, 3Ni(OH)2·2H2O. The formation of the phase is related to the ability of 

incorporating water between the layers during the nickel deposition on the PGR. We expect that 

the thermal annealing conducts to a larger proportion of de-hydrated phase while 

electrodeposition, which is not thermally treated, becomes more hydrated. In any case,  to  

conversion phase could happen as a consequence of aging and temperature.43  
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The oxidation of Ni2+ to Ni3+ by the application of a potential lead to the formation of and 

NiOOH (hydrated and de-hydrated) respectively. According to literature, Ni(OH)2 oxidizes 

to NiOOH (/) at  = 0.12 V (E0 = 1.35 V vs RHE) and Ni(OH)2 oxidizes to NiOOH 

(/) at  = 0.20 V (E0 =1.43 V vs RHE),43–46 which match very well with the peaks found in the 

capacitance of the ED@Ni/PGR electrode in Figure 5a. This result confirms that the small load 

of Fe still present in the ED sample, has a minimal effect in the Ni oxidation states, as discussed 

above. The larger height on the first peak indicates that the / transition is the most important 

one in this sample and dominates the peak in the CV. The / transition also occurs, causing the 

wide peak measured in the CV curve.  
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Figure 5. Results from the IS measurements data for FA@PGR(Black), ED@Ni/PGR(Green) and 

FA@NiFe/PGR(Blue) as a function of the interfacial overpotential (a) Electrode capacitance, (b) transport 

resistance, (c) charge transfer resistance and (d) J-V curve. 
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The third peak, that appears in Figure 5a at the overpotential of ~0.26 V (E0 = 1.49 vs RHE), 

corresponds to the redox transformation between Ni3+/Ni4+,43,47,48. which some studies have 

associated with the formation of NiOO- after deprotonation of NiOOH.12 This peak is strongly 

affected by the iron concentration of the electrode and marks the starting of the quick decrease of 

Rct observed in Figure 5c. Rct is related to the activation of the charge transfer mechanism that 

yields to the onset of the OER in the CV and the J-V curve in Figure 2a and Figure 5d, 

respectively.  

For the FA@NiFe/PGR, a clear peak at an overpotential of 0.19 V vs RHE is observed. We 

associated this peak to the /transitions of Ni2+/Ni3+ which is much larger than in the case of the 

ED and slightly displaced to more negative potentials. In this case, the data suggest that the / 

transition contribution to the capacitance is much smaller than in the ED@Ni/PGR case, and only 

produces a distortion of the Ni2+/Ni3+ peak. Consequently, the peak observed in the CV of Figure 

2 is displaced towards positive values. This result matches well with results obtained in many 

previous papers.49,50,51 Therefore, these data suggest that the effect of Fe rather than displacing the 

Ni+3/Ni+2 peaks is favouring the presence of the  phases of Nickel rather than the /.  

For the third peak of the capacitance associated with Ni3+/Ni4+, now we see a reduction in the 

overpotential needed to make the redox transition to the Ni3+/Ni4+ which now occurs at 0.23 V, 

see Figure 5d. Consequently, OER activates at an overpotential 30 mV smaller, in good 

agreement with literature data. Associated with this effect, we can see that the abrupt drop Rct 

matches very well with the OER activation in the CV (Figure 5d). The analysis of Rct shows even 

more clearly how the onset decrease in Rct is displaced towards smaller overpotentials as we move 

from the FA@PGR sample to the ED@Ni/PGR and then to the FA@NiFe/PGR, in perfect 

agreement with the J-V response observed in Figure 5d.   

Non-electrochemical techniques have been used to correlate the detection of the different Ni 

phase transitions for Ni(OH)2/NiOOH (/ and /) and the Ni3+/Ni4+ transition with the-

electrochemical techniques.41,45 However, the IS analysis made here have successfully 

demonstrated for the first time, to our knowledge, the availability of IS for that purpose, being a 

low cost, easy and useful tool to characterize these kind of samples. 

Finally, the transport resistances of FA@NiFe/PGR and FA@PGR present similar values at 

low voltages, while the ED@Ni/PGR sample presents slightly larger values see Figure 5b. This 

result suggests that larger Fe concentrations produce larger conductivity of the Ni/PGR, but 

deeper analysis, outside the scope of this paper, is needed to fully understand this behaviour. At 

the potentials of the Ni+2/Ni+3 redox transition, Rtr diminishes until a valley is formed, what we 

associate to the contribution of the redox species to the overall conductivity of the film.  
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Conclusions 

We present herein a low-cost procedure to obtain porous Ni-decorated electrodes based on 

graphite rods, that provided a reasonable performance. For the study of their electrochemical 

response, we proposed an impedance model based on a transmission line and made a detailed 

analysis of the capacitance. This allowed to deconvolute the contributions of - and - phases 

in the Ni2+/Ni3+ redox transitions. Through this analysis, we could identify the most prominent 

phases present in each of the electrodes measured here. Thus, we found that in the 

electrodeposited sample the predominant phases are -Ni(OH)2 and -NiOOH associated with 

hydrated Ni, while in the case of the sample with flame annealing treatment, the dominant are the 

non-hydrated phases. Rather than the Fe content, the dominant Ni-phase in the electrode is the 

origin of the position of the Ni2+/Ni3+ redox peaks found. Finally, we show the direct relationship 

between the capacitance peak associated to Ni3+/Ni4+ redox transition and the activation of charge 

transfer resistance and, consequently the oxygen evolution reaction.  
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Table 1. ECSA and overpotential referred to RHE data for the different samples studied. In brackets 

the value of the interfacial overpotential, i.e. after subtracting the potential drop at series resistance. 

Electrode 

Cdl@-

0.05V 

(mF·cm-2) 

ECSA 
 

Rs 

() 

( – IRS) 

@10 

mA·cm-2 (mV) 

( – IRS) 

@100 

mA·cm-2 (mV)

ED@Ni/PGR 134 768 1.8 290 (270) 380 (325) 

FA@Ni/PGR 191 1093 2.5 252 (240) 440 (300) 

FA@NiFe/PGR  186 1071 2.5 250 (240) 450 (290) 

FA@PGR  182 1042 1.9 400 (370) 620 (500) 

Glassy Carbon  0.174 1 - - - 
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SEM and EDX analysis 

 

Figure S1. a) SEM and b) EDX analysis of ED@Ni/PGR. 
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Figure S2. a) SEM and b) EDX analysis of FA@Ni/PGR. 
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Figure S3. a) SEM and b) EDX analysis of FA@NiFe/PGR. 
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XPS 

Table S2. Quantification of Ni and Fe species in each sample. 

 

 

 

Figure S4. XPS spectra of (a)Ni2p and (b)O1s in FA@NiFe/PGR, ED@Ni/PGR and FA/PGR 

electrodes. The dotted line is the measurement data, and the solid line is the smoothed data and fitting data. 
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Cyclic voltammetry measurements at different pH 

 

Figure S5. FA@NiFe/PGR measured at 1M and 8M KOH. 
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Impedance parameters at the applied overpotential 

 

 

Figure S6. Results from the IS measurements data as a function of the overpotential for FA@PGR (Black), 

ED@Ni/PGR (Green), and FA@NiFe/PGR (Blue). (a) Electrode capacitance, (b) transport resistance, (c) Charge 

transfer resistance, and (d) J-V curve obtained during IS measurements. 
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Comparison of impedance parameters with Fe decorated PGR 

 

 

Figure S7. IS measurements as a function of the interfacial overpotential for FA@PGR (Black), 

ED@Ni/PGR (Green), and FA@Fe/PGR (Orange). (a) Electrode capacitance, (b) transport resistance, (c) 

Charge transfer resistance, and (d) J-V curve obtained during IS measurements. 
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“Revealing the contribution of singlet oxygen in the 

photoelectrochemical oxidation of benzyl alcohol” 
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4.2. Published manuscript 

“Revealing the contribution of singlet oxygen in the 

photoelectrochemical oxidation of benzyl alcohol” 

Ramón Arcas, Eduardo Peris, Elena Mas-Marzá* and Francisco Fabregat-Santiago* 

Institute of Advanced Materials (INAM), Universitat Jaume I, Av. Vicente Sos Baynat s/n, 

Castellon E-12006, Spain 

E-mail: emas@uji.es, fabresan@uji.es 

Abstract 

Photoelectrochemical approaches are finding their use for the transformation of organic 

molecules beyond water oxidation and CO2 reduction. Among the different reactions that can be 

performed, the selective oxidation of alcohols to aldehydes is a transformation of great interest, 

as aldehydes are the starting materials for the preparation of more complex organic molecules 

with high added value. In order to develop efficient photoelectrochemical methodologies for this 

reaction, it is crucial to unravel all the different parameters that are involved in such light-driven 

process. Herein we analyse in detail the effect of light wavelength and atmosphere in the 

photoelectrochemical oxidation of benzyl alcohol to benzaldehyde using BiVO4 electrodes. Our 

studies demonstrate that an important contribution to the oxidation of the alcohol is due to a UV 

light-induced production of singlet oxygen, which is also responsible for the formation of 

hydrogen peroxide in the reaction media. These findings are key for identifying and evaluating 

the underlying mechanism involved in this type of photoelectrochemically-induced oxidation, in 

order to avoid misinterpretations of the efficiencies. 
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Introduction 

During the last decade, photolectrocatalysis mostly devoted to the study of the oxidation of 

H2O and the reduction of CO2
1–3

, and disregarded its use for the synthesis of more complex organic 

molecules with high added value.4 Given the high potentials that can be attained in a 

photoelectrochemical cell (PEC), these should be considered suitable for the preparation of 

organic products via redox transformations that would be difficult to achieve by chemical means. 

Just recently, a few examples have been described where photoanodes are used to generate added-

value organic species.5,6 For example, BiVO4 and WO3 anodes were recently used for the 

photoelectrochemical oxidation of 5-hydroxymethylfurfural,7 benzylic alcohols,8–11  furan,12 

tetralines,9 cyclohexane,13,14
 glycerol15

 and urea.16 Also of interest is the synthesis of 5,5’-

azotetrazolate-based salts using W, Mo co-doped BiVO4 photoanodes,17 and the amination of 

arenes assisted by -Fe2O3 electrodes.18  

The selective oxidation of alcohols to aldehydes is a key transformation in organic synthesis. 

Traditionally, this reaction involves the use of stoichiometric amounts of inorganic and organic 

oxidants and harsh reaction conditions. Consequently, efforts have been made in order to perform 

this transformation in a cleaner and environmentally friendly method using homogeneous or 

heterogeneous catalysts and oxygen.19–25 Photolectrocatalysis constitutes an eco-friendly and 

smart approach for this transformation. When this reaction is performed in a PEC, the oxidation 

of the substrate is accompanied by the release of H2 at the cathode.  

In many cases, the photooxidation of alcohols requires that the photocatalyst is irradiated with 

UV light,26 but this sometimes makes that the product is formed together with over-oxidized 

compounds.27,28 Some studies suggest that the irradiation with UV light may increase the 

efficiency in the oxidation of benzyl alcohol to benzaldehyde;29  although the reasons to justify 

the role of UV light in the process are still unclear. Recently, Mokari and co-workers proposed 

that, in the photocatalytic oxidation of benzyl alcohol under UV irradiation using heterogeneous 

catalysts, there is a competition between the photocatalytic process and a so-called ‘autooxidation 

process’. This autooxidation was suggested to be a consequence of the photoactivation of small 

amounts of benzaldehyde present in the reaction media.30 Aiming to shed some light on the role 

of UV irradiation in the photocatalytic oxidation of alcohols, herein we carried out a study 

considering all plausible mechanistic pathways. In a first set of experiments, we detected a 

photoelectrode-free oxidation of benzyl alcohol, with concomitant formation of H2O2 as a 

persistent side-product. After performing a series of control experiments, we concluded that this 

photoelectrode-free oxidation process is a consequence of the formation of singlet oxygen in the 

reaction media, which is formed upon irradiating O2-containing solutions with UV light. In 

addition, we also found that this photoelectrode-free oxidation pathway has an important share in 

the total efficiency of the system.  
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Experimental section 

All reagents and solvents were employed as received. Bismuth(III) nitrate pentahydrate 

(≥98.0%), zirconyl chloride octahydrate (98.0%), Vanadium(IV)-oxy acetylacetonate (98.0%), 

Sodium hydroxide (pellets for analysis), Tetrabutylammonium perchlorate (≥99.0% 

electrochemical degree), Benzyl alcohol (anhydrous 99.8%), Ferrocene (98.0%,), Anisole 

(≥99.0%), tert-butyl alcohol (≥99.0%), 1,4-Diazabicyclo{2.2.2}octane (DABCO, ≥ 99.0%) and 

Dimethylsulfoxide (anhydrous) were purchase from Sigma Aldrich; Ethyleneglycol (technical 

degree) and Acetonitrile (HPLC) were purchase from Scharlab; Deuterated acetonitrile (99.8%D) 

was purchase from Eurisotop. Anhydrous acetonitrile (HPLC, SPS M BRAUN) was obtained 

from an SPS M Braum System. 

Preparation and characterization of Zr decorated BiVO4 photoanodes 

The synthesis and fabrication of 2.5 % zirconium BiVO4 electrodes was performed following 

the literature procedure.31 This procedure consists of an electrodeposition of a Bi(NO3)3·5H2O 

(20mM) and ZrCl2O·8H2O (0.5 mM) solution in ethylenglycol followed by drop-coating of a 

solution of VO(acac)2 (0.15M) in DMSO. Absorbance spectra of the BiVO4 photoanodes were 

measured on a Varian Cary 300 Bio spectrophotometer. Powder X-ray diffraction data was 

acquired on a Rigaku Miniflex 600, (Rigaku Corporation, Tokyo, Japan) with copper Kα radiation 

(λ = 1.5418 Å) at a scan speed of 3°·min-1. Finally, scanning electron microscopy (SEM) images 

were recorded with a Leica-Zeiss LEO 440 microscopy. To improve the quality of the images, 

the top of the samples was covered with platinum. UV-vis spectra, X-Ray diffraction (XRD) data 

and surface morphology were consistent with the ones described in the literature (see Figure S1). 

(Photo)electrochemical measurements 

Photoelectrochemical and electrochemical measurements were performed on a PGSTAT302N 

potentiostat (Metrohm-Autolab, The Netherlands) in a one-compartment, three-electrode 

configuration photoelectrochemical solar cell (PEC). Non-aqueous Ag/AgNO3 (ALS, Japan) and 

platinum foil (0.1 mm thick, Alfa Aesar) constitutes the reference and counter electrodes and a 

solution of 0.1 M of tetrabutylammonium perchlorate (TBAClO4) in CH3CN was the non-aqueous 

electrolyte selected as supporting electrolyte. PECs were illuminated using an ozone-free 300 W 

Xenon (Xe) lamp and the illumination of the working photoelectrode was adjusted with a 

thermopile to 100 mW·cm-2. CV measurements were carried out at 50 mV·s-1 and all the 

electrochemical measurements were referred to the reference electrode Ag/AgNO3. Experiments 

were performed at Voc, 0.4, 0.8, 1.2 and 1.6V vs Ag/AgNO3, being Voc the potential reached when 

illuminating the sample in open circuit conditions, i.e. without applying a potential (typically -

0.2V vs Ag/AgNO3).  
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To refer the photoelectrochemical potentials to the reversible hydrogen electrode (RHE), 

Ferrocene/Ferrocenium (Fc/Fc+) couple was used as an internal reference by adding 2.0 mM of 

ferrocene after the electrochemical tests (see Figure S2).  

In a typical chronoamperometry (CA), the corresponding concentration of benzyl alcohol (1) 

was added to a solution of 30 mL of electrolyte. Half of the solution was kept in a vial and labelled 

as a blank sample. The other half was introduced in a transparent quartz PEC, with dimensions 5 

x 3 x 5 cm3, and was used for the chronoamperometry. Before the CA measurement, CV in dark 

and light was used as a measurement to test the performance of the electrode. CA measurements 

were run under soft stirring and constant potential for 13 hours. The CA measurements were taken 

each 5 s and the Faradaic yield has been estimated by integration of the current, adapting the 

Faraday law of electrolysis to our case (equation 1).  

 

𝐹𝑦𝑖𝑒𝑙𝑑 =
𝑛2

𝑛1,𝑜
· 100 =

𝑄

𝑛𝑒·𝐹·𝑛1,𝑜
· 100 =

∫ 𝐼𝑑𝑡

𝑛𝑒·𝐹·𝑛1,𝑜
≈

∑𝐼·∆𝑡

2·𝐹·𝑛1,𝑜
 

 

Eq. 1 

Where n1,o is the initial number of mols of 1, n2 is the number of mols of benzaldehyde  

produced (2), ne the number of electrons needed in the reaction (ne = 2 in this case), F Faraday 

constant, I the current and t the time step. 

As Xe lamp has visible and UV light, bandpass filters were used to select the wavelength of 

incident light when needed. Experiments with visible light were done using a long wavelength 

pass UV filter (S&K); experiments with UV light were done using two coupled short wavelength 

pass filters of 400 nm and 475 nm (Edmund Optics). Filters were placed in the middle of the lamp 

and PEC. Considering the part of light absorbed by filters, the final illumination power in the 

photoelectrode was 100 mW·cm-2, measured with a thermopile, unless explicitly indicated.  

Electrode-free reactions with light 

Studies under inert atmosphere were performed using anhydrous CH3CN (N2 atmosphere), in 

a Schlenk flask with 100 mM of 1, illuminating with an ozone-free Xe lamp (100 mW·cm-2). 

Reaction under O2 was performed similarly but saturating the solution with O2. 

Photocatalytic endoperoxidation of Anthracene 

A solution of anthracene (0.5 mg·mL-1) CD3CN was illuminated with an ozone-free Xe lamp 

(100 mW·cm-2) in the absence and presence of O2. Reactions were monitored by 1H NMR. When 

needed, DABCO (0.5 mg·mL-1) was used as 1O2 quencher. 

 

 

 



103 

 

Analytical measurements 

The analytical performance of the reactions was measured by 1H NMR spectroscopy. NMR 

spectra were recorded, under ambient temperature, on a Bruker 400/300 MHz instrument. For this 

purpose, CD3CN and anisole were used as a solvent and integration reference standard. 

Results and discussion 

With the aim of investigating the photoelectrochemical oxidation of primary alcohols, we used 

a Zr-decorated BiVO4 photoanode, due to its proven oxidation capabilities.31 In order to avoid 

competition with water oxidation, and aiming to ensure solubility of reagents and products while 

maximizing the stability of our BiVO4 electrodes, we used acetonitrile as solvent.9 We studied 

the photoelectrooxidation of benzyl alcohol (1) to benzaldehyde (2) (Scheme 1), which constitutes 

a convenient model reaction for study because the reaction can be easily monitored by 1H NMR 

spectroscopy and gas chromatography (GC). 

 

Scheme 1. Oxidation of benzyl alcohol (1) to benzaldehyde (2). 

The electrooxidation of 1 (2 mM in CH3CN) was performed using a Pt microelectrode for 

oxidation as working electrode (WE), Pt film as counter electrode (CE), and 0.1M 

tetrabutylammonium perchlorate (TBAClO4) as electrolyte. All measurements were referenced 

against Ag/AgNO3. The cyclic voltammetry shown in Figure 1a shows an oxidation wave at 1.94 

V, which is attributed to the oxidation of 1 to 2.32 When the working electrode is replaced by 

BiVO4, in the absence of 1 under dark conditions, no current was detected below 2V. However, 

a photocurrent was observed upon illumination (ozone-free Xe lamp 100 mW·cm-2) (Figure 1b). 

This photocurrent observed in the absence of 1 can be attributed to the presence of traces of water 

in the system (see Figure S3). In the presence of 1 and in the dark, almost negligible differences 

in the oxidation potential for both electrodes (Pt and BiVO4, see Figure S4) are observed. 

However, under illumination, a significant shift to lower potentials (+0.45 V) was observed when 

using BiVO4, due to the photoelectroactivity of the electrode. This potential is similar to the ones 

reported previously when BiVO4/WO3 photoanodes were used for the oxidation of benzylic 

alcohols.10  
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Figure 1. Cyclic voltammetry of benzyl alcohol (1). a) 2 mM of 1 in 0.1 M TBAClO4 in CH3CN, using 

Pt microelectrode as WE, Pt film as counter electrode (CE) and Ag/AgNO3 as reference electrode (RE). 

Oxidation peak of 1 into benzaldehyde (2) is observed (1  2). b) 0 and 100 mM of 1 (benzyl alcohol), in 

0.1 M TBAClO4 in CH3CN, using Zr decorated BiVO4 as WE, Pt film as CE and Ag/AgNO3 as RE. The 

cyclic voltammetries in this case were performed in dark and light conditions. Illumination was done with 

an ozone-free Xe lamp 100 mW·cm-2. 

We next performed a series of chronoamperometry experiments with light for the oxidation of 

1 (100 mM) at different voltages (open circuit voltage Voc, 0.4, 0.8, 1.2 and 1.6 V vs Ag/AgNO3) 

during 13h, illuminating with an ozone-free Xe lamp 100 mW·cm-2. At the end of each 

experiment, the product yield was determined by 1H NMR spectroscopy. As can be observed in 

Figure 2a, together with the formation of benzaldehyde (2), a significative amount of benzoic acid 

(3) was also detected at each potential. The production of 3 is a consequence of the overoxidation 

of 1. The combined yield of both, 2 and 3, increased with the potential, with no significant changes 

upon potentials above 1.2V. Surprisingly, at Voc, non-negligible yields of 25 and 5% were 

obtained for 2 and 3, respectively. Moreover, chronoamperometry at Voc led to the formation of 

H2O2 in a 1:1 molar ratio with respect to 2. Identification and quantification of H2O2 was done by 

1H NMR, by comparing with the 1H NMR spectrum of H2O2 in the same deuterated solvent and 

integrating against anisole as integration reference standard (see Supporting information Figure 

S5 for further details). It is worth mentioning that the detection of H2O2 in the 

photoelectrochemical oxidation of alcohols has previously been reported, although its origin 

remains unclear.33  

The Faraday yield (obtained from Faraday law, equation 1) was also determined at each 

potential, being negligible at Voc (as expected) and showing no significant changes above 1.2V 

(Figure 2b). Interestingly, we also observed that, at all potentials, the amount of product 

determined by NMR was larger than the expected according to the Faraday yield. In addition, the 

difference between these two yields (NMR and Faraday) remained virtually constant for each 
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potential. This result strongly suggests that a parallel pathway, different from the 

photoelectrochemical oxidation of 1, is occurring during the chronoamperometric oxidation of 1. 

 

Figure 2. Chronoamperometry experiments for the oxidation of benzyl alcohol (1) at different 

potentials, under illumination with an ozone-free Xe lamp 100 mW·cm-2. Conditions:100 mM of 1, in 0.1 

M TBAClO4 in CH3CN, using Zr decorated BiVO4 as WE, Pt film as CE and Ag/AgNO3 as RE. a) Yield 

of oxidation of 1 into benzaldehyde (2) and benzoic acid (3) calculated by 1H NMR, using 100 mM of 

anisole as the integration reference standard. b) Comparison between total product yield (yield of 2 + yield 

of 3) obtained by 1H NMR and Faraday yield. Details for calculation of Faradays yield are in Experimental 

Section. 

We thought that this non-electrochemical oxidation could be due to the following reasons: i) 

thermal effect, ii) photocatalytic activity of BiVO4, iii) activation by·OH radicals,8 iv) light-driven 

photooxidation, or v) autocatalytic oxidation of benzyl alcohol, as suggested in previous studies.30 

Considering that in the chronoamperometries, after illuminating for 13 hours, the solutions reach 

a temperature of 313K, we performed the reaction at this temperature, without applying bias or 

illuminating. Under these conditions, no reaction was detected (Table 1, entry 2), therefore, the 

overoxidation due to a thermal process can be discarded. 

When the reaction was carried out with BiVO4 at Voc, without applying bias, illuminating with 

visible light, no oxidation of 1 was detected. This experiment made us discard that the 

photocatalytic activity of BiVO4 was responsible for the overoxidation of the alcohol (Table 1, 

entry 3). 

Ye and co-workers recently pointed out that benzyl alcohol can be oxidized through a radical 

relay strategy coupled to water oxidation.8 In this process, ·OH radicals are formed and are 

responsible for the oxidation of the alcohol. Considering that we have traces of water in our 

system (Figure1b and Figure S3), we decided to check whether ·OH radicals could be responsible 
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for the oxidation of 1. For this purpose, we performed the chronoamperometry experiment in the 

presence of tert-butyl alcohol, a ·OH scavenger. Under these conditions, we did not observe any 

modification in the amount of 2 formed, thus the participation ·OH radicals can be discarded, in 

our case (Table 1, compare entries 1 and 4). 

In the absence of BiVO4, after illuminating with UV light for 13 hours in the presence of air, 

2 and 3 were obtained (see Table 1, entries 5 and 6), with the concomitant production of H2O2. 

The differences found between the yields in entries 5 and 6 are due to a larger UV power used in 

the case of illuminating only with UV light. Moreover, in the absence of BiVO4, but illuminating 

with visible light, or under inert atmosphere, no reaction was observed (Table 1, entries 7 and 8). 

These observations indicate that the non-electrochemical oxidation reaction is observed only for 

samples irradiated with UV-light under air. 

Table 1. Reactions under different conditions 

Entry 
Light 

conditions 
BiVO4 

Applied bias 

(V) 
Atmosphere 

Yield (%)a 

2 3 

1b UV-vis yes 1.6 O2 40.2 16.3 

2c dark yes Voc O2 0.0 0.0 

3 vis yes Voc O2 0.0 0.0 

4d UV-vis yes 1.6 O2 40 16 

5 UV-vis no - O2 22.7 2.2 

6 UV no - O2 27.8 3.3 

7 vis no - O2 0.0 0.0 

8 UV no - N2 0.0 0.0 

Reaction conditions: 100 mM of 1 in 15 mL of CH3CN during 13 hours, illumination with an ozone-

free Xe lamp 100 mW·cm-2, with filters used when needed. a 1H NMR using 100 mM anisole as the 

integration reference standard. b Data from Figure 2a. c Temperature 313K. d Using 5mM terc-butyl alcohol 

as ·OH scavenger 

Photocatalyzed processes involving reactive oxygen species (ROS), such as 1O2, constitute an 

effective method for the oxidation of many organic species, as well as for synthesizing oxygenated 

molecules by facilitating carbon-oxygen and heteroatom-oxygen bond formation.34–37 

Considering that from our results in Table 1 we can conclude that the combination of UV light 

and O2 leads to a non-electrochemical path for the oxidation of 1, we decided to explore whether 

singlet oxygen (1O2, 1Δg) could be formed under our reaction conditions and provoke the non-

electrochemical oxidation of 1. Anthracenes have widely been used for the detection and 

quantification of singlet oxygen production.38–42 In order to determine if 1O2 is formed when 

illuminating with UV light, we illuminated an oxygenated solution of anthracene (3 mM) in 
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CD3CN with a Xe lamp, and we monitored the reaction by 1H NMR spectroscopy. After 10 

minutes, anthracene was converted into 9,10-dihydro-9,10-epidioxyanthracene (anthracene-

endoperoxide) in 58% yield, (Figure 3a and 3b).  

 

Figure 3. a) Time evolution of the conversion of anthracene (left axis) and formation of endoperoxide, 

during the illumination of a solution of anthracene (0.5 mg·mL-1) in CD3CN, in the absence or presence of 

DABCO (1:1 molar ratio with anthracene). Illumination was done with an ozone-free Xe lamp 100 mW·cm-

2. % conversion of anthracene and % formation of endoperoxide were calculated by 1H NMR. After 20 min 

of illumination, without DABCO a degradation of endoperoxide was detected, explaining the decrease in 

the concentration of endoperoxide at 30 min. b) Scheme of endoperoxide formation by reaction of 

anthracene and 1O2. c) Proposed reaction scheme for the oxidation of benzyl alcohol (1) with 1O2, leading 

to the formation of H2O2. 

Under the same reaction conditions, but using an oxygen-free solution, anthracene-

endoperoxide was not detected. In addition, when the reaction was performed in the presence of 

a singlet oxygen quencher, such as 1,4-diazabicyclo{2.2.2}octane (DABCO), under aerobic 

conditions and under UV irradiation, again, anthracene-endoperoxide was not formed (Figure 

3a).43 Interestingly, when a solution of 1 was irradiated with UV light in the presence of DABCO 
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no conversion of 1 into 2 was observed (Table S1 entry 5).  All these experiments clearly 

demonstrate that 1O2 is formed when illuminating with UV light. This formation of 1O2 explains 

the non-electrochemical oxidation of 1, depicted in Figure 3c, therefore we can exclude that other 

pathways, such as the autocatalytic oxidation of 1 reported previously,30 is taking place in our 

case. The reaction depicted in Figure 3c also explains the formation of H2O2 that we detect in our 

process. 

Once we confirmed the generation of 1O2 under UV light irradiation, we carried out a series 

of chronoamperometry experiments illuminating with visible light (Table 2), in order to eliminate 

the contribution of the non-electrochemical reaction. At Voc no conversion of 1 was observed 

(Table 2, entry 1), confirming that no photocatalytic conversion at the surface of BiVO4 occurs in 

this system. When applying external bias, 1 was selectively oxidized to 2, without formation of 

the over-oxidized species 3 or H2O2. This result corroborates that the over-oxidation of the 

aldehyde and formation of H2O2 are both exclusively due to a UV-induced generation of 1O2.  

Furthermore, we observed that under visible light, the oxidation of benzyl alcohol takes place 

exclusively through the photoelectrochemical conversion path, as the Faraday yield matched 

perfectly with the NMR yield. 

Table 2. Chronoamperometry experiments under visible light at different voltages 

Entry 
V (V) vs 

VAg/AgNO3 

NMR 

Yielda 

Faradaic 

efficiency 

(%)b 

H2O2 

1 Voc 0.0 - No 

2 0.4 2.8 100 No 

3 0.8 10.2 100 No 

4 1.2 13.1 100 No 

5 1.6 13.4 100 No 

Reaction conditions: 100 mM of benzyl alcohol in 0.1 M TBAClO4 in CH3CN solution, using Zr 

decorated BiVO4 as WE, Pt film as CE and Ag/AgNO3 as RE. Illumination with an ozone-free Xe lamp 

100 mW·cm-2 using a long wavelength pass UV filter, to ensure only illumination with visible light. 

Irradiance over the sample was 85 mW·cm-2. a 1H NMR yield of benzyladehyde (2) using 100 mM of anisole 

as integration reference standard. b Faradaic efficiency calculated as ‘NMR yield/Faraday yield’.  

As can be seen in Table 2, an enhancement on the yield of 2 was observed at higher voltages, 

in agreement with the increase of photocurrent observed in cyclic voltammetry under visible light 

(see Figure S6 in the SI), which by other side, has the same shape as the one with UV-vis (Figure 

1b). Under these conditions, the Faraday yield matched perfectly with the NMR yield. In addition, 

no H2O2 was detected at Voc (or any other applied voltage), demonstrating that H2O2 is exclusively 

produced by the UV-induced generation of 1O2. 
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The data shown in Tables 1 and 2 allowed us to quantify the contribution of the formation of 

2 due to UV light/singlet oxygen in the process. Thus, of the 40% yield achieved for the oxidation 

of 1 into 2 (Table 1 entries 1 and 4), 22.7% can be directly attributed to the oxidation produced 

by singlet oxygen under UV irradiation that occurs in the absence of the photoanode (Table 1 

entry 5), and 13.4% of the yield is due to the activity of the BiVO4 under illumination with visible 

(not UV) light (Table 2, entry 5). This leaves just 3.9% yield that can be assigned to the 

contribution of the activity of the photoanode. By other side, the number of photons in the UV 

region of the spectrum of a Xe lamp (after filtered by glass and electrolyte) is smaller than in the 

visible. As the absorbance of BiVO4 is nearly constant from 200 to 550 nm44 the number of 

absorbed photons effectively transformed into electrons is still larger in the visible than in the UV 

region of the spectra. 

Conclusions 

In conclusion, the photoelectrochemical oxidation of benzyl alcohol to benzaldehyde using 

BiVO4 anodes was studied, and the factors affecting this transformation were analysed. A non-

electrochemical path for the oxidation of the alcohol has been found for the first time. We 

demonstrated that this alternative oxidation process is due to the formation of singlet oxygen in 

the reaction media, as a consequence of the use of UV light and the presence of oxygen. The 

formation of 1O2 explains the formation of hydrogen peroxide, which leads to the over-oxidation 

of the alcohol. In fact, we observed that 1O2-mediated production of 2 is dominant over the 

photoelectrocatalytic process, while the contribution of the direct photocatalytic reaction is almost 

negligible. This additional oxidation path justifies the strong activation of the reaction under UV 

light that remarkably enhances the amount of aldehyde obtained with respect to the 

photoelectrochemical oxidation. Our findings demonstrate that any studies using 

photoelectrocatalytic oxidation under UV light irradiation should seriously consider the results 

published herein, in order to avoid the misinterpretations of the photoanode's efficiency, which 

can lead to the overestimation of the activity. 
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4.3. Supporting information 

 “Revealing the contribution of singlet oxygen in the 

photoelectrochemical oxidation of benzyl alcohol” 

 

Ramón Arcas, Eduardo Peris, Elena Mas-Marzá* and Francisco Fabregat-Santiago* 

Institute of Advanced Materials (INAM), Universitat Jaume I, Av. Vicente Sos Baynat s/n, 

Castellon E-12006, Spain 

1. Zr decorated BiVO4 photoanodes characterization 

 

Figure S1. Optical and structural characterization of Zr decorated BiVO4 photoanodes. a) UV-vis 

Absorption. b) XRD data. c) and d) SEM images. 
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2. Ferrocene/Ferrocenium (Fc/Fc+) couple used as an internal reference 

 

Figure S2. Cyclic voltammetry peak of Ferrocene/Ferrocenium (Fc/Fc+). 2mM of ferrocene was used 

to calibrate the voltage of the reference electrode. Conditions: 100 mM of benzyl alcohol (1), in 0.1 M 

TBAClO4 in CH3CN, using Zr decorated BiVO4 as WE, Pt film as CE, and Ag/AgNO3 as RE. 
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3. Effect of water in photoelectrochemical measurements 

 

The effect of water in the CV measurements is shown in Figure S3. Experimental conditions: 

cyclic voltammetry in 0.1 M TBAClO4 CH3CN solution, Zr decorated BiVO4 as WE, Pt as CE 

and Ag/AgNO3 as RE, illumination with an ozone-free Xe lamp 100 mW·cm-2. In dry condition 

the solvent was dried, TBAClO4 was dried by heating at 80ºC for 2 days and Zr decorated BiVO4 

was pre-heated at 300ºC for 6 days. In not dried condition, the solvent and TBAClO4 were 

obtained from ambient conditions, without previous treatment, and the Zr decorated BiVO4 was 

the same sample used previously under dry condition. In not dried conditions there is an increase 

of the photocurrent due to the oxidation of water.  

 

Figure S3. Cyclic voltammetry measurements, humid and dried electrolyte (black and red line, 

respectively). 
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4. Electrocatalytic oxidation of benzyl alcohol (1) with Pt and BiVO4 electrodes in dark 

 

Figure S4. Cyclic voltammetry, of (1), using Pt (grey) or Zr decorated BiVO4 (blue) as WE electrodes 

in the dark. The photoelectrode response for the oxidation of 1 is not so far from the one obtained using Pt 

as WE. Conditions: 100 mM of 1, in 0.1 M TBAClO4 in CH3CN, using Pt film as CE and Ag/AgNO3 as 

RE.  
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5. Detection and quantification of H2O2  

 

Detection and quantification of H2O2 were done by 1H NMR. The signal of H2O2 in the 1H 

NMR spectrum of the chronoamperometry experiments was assigned by comparison with the 

signal of pure H2O2 in the same deuterated solvent. The quantification was done using anisole as 

an integration reference standard.  
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Figure S5. a) and b)1H NMR of H2O2, benzyl alcohol and anisole, in a molar ratio 1:1:1, in CD3CN. 

From this data, it can clearly be observed the signal for H2O2, and its integration using anisole as an 

integration reference standard; c) 1H NMR of a chronoamperometry experiment at Voc, where H2O2 can be 

detected and quantified.  
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6. Cyclic voltammetry of benzyl alcohol (1) using Zr decorated BiVO4 as WE under 

visible light 

 

Figure S6 Cyclic voltammetry in dark or illuminating only with visible light, in the absence or presence 

of 1 (100 mM), in 0.1 M TBAClO4 in CH3CN, using Zr decorated BiVO4 as WE, Pt film as CE and 

Ag/AgNO3 as RE. 
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7. Effect of atmosphere, light and DABCO, a 1O2 quencher, in anthracene and 1 solution 

under illumination 

 

Solutions of anthracene or 1 illuminated with different light conditions under different 

atmospheres, in the presence or absence of DABCO as 1O2 quencher. The reactions do not occur 

in the absence of UV light, O2 or under the presence of DABCO. 

Table S1. The reaction of solutions of anthracene or 1 under different conditions 

Entry Substrate 
Light 

conditions 
Atmosphere DABCO Conversiona 

1 anthracene  UV O2     

2 anthracene vis O2   very low 

3 anthracene UV N2     

4 anthracene UV O2     

5b 1 UV N2     

6b 1 vis O2     

7b 1 UV O2     

Reaction conditions: 3 mM of the substrate in 2 mL of CD3CN, during 30 min. DABCO added in a 1:1 

molar ratio with respect to the substrate. a1H NMR conversion. b100 mM of the substrate in 15 mL of 

CH3CN. 
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Abstract 

Exposing BiVO4 photoanodes to light-aging treatments is known to produce a significant 

photocurrent enhancement. Until now, the interpretation given to this phenomenon has been 

associated to the formation of oxygen vacancies and little has been reported about chemical 

changes in the material. Here, we demonstrate the chemical segregation of Bi species toward the 

surface upon light-aging treatment, which takes place with the concomitant formation of intra-

band gap states associated to the oxygen vacancies. We further demonstrate that these intra-band 

gap states are photoactive and generate photocurrent under infra-red excitation. These results 

highlight the importance of understanding light-induced effects while employing multinary metal 

oxide photoelectrodes. 
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Prolonged light treatments over BiVO4 photoanodes under air conditions induces Bi 
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Introduction 

Photoelectrocatalysis (PEC) has emerged as an attractive route to store solar energy involving 

photoelectro-oxidation and photoelectro-reduction processes. To date, most of the PEC 

applications developed have been mainly focused either on water splitting to obtain molecular 

hydrogen1 or on the reduction of CO2 to C1 and C2 derivatives.2 However, there is a growing 

interest to exploit alternative reactions to obtain compounds with higher added-value for the 

chemical industry.3,4 Among the different transformations proposed, the PEC oxidation of 

primary alcohols to the corresponding aldehydes or acids has attracted significant attention.5,6,7,8 

BiVO4 is a promising material for the development of PEC devices, mainly due to its suitable 

band gap (2.4 eV), which allows visible light absorption (up to 516 nm)9 leading to a theoretical 

photocurrent of ~7.5 mA·cm-2 under 1 sun illumination.10 Furthermore its band structure (i.e. the 

position of the valence and conduction bands) leads to large photovoltages for driving organic 

transformations.11–13 In contrast, the low electron mobility has been identified as the main 

bottleneck for the PEC performance of this material.14,15 

The crystal structure of BiVO4 is composed by Bi3+ and V5+ cations in coordination with O2-.16 

During structural arrangement, the inherent formation of structural defects takes place and their 

concentration can be controlled by either modifying the synthetic conditions17 or by post-synthetic 

treatments.18,19 The most common defects in this material are oxygen vacancies (OVs), which are 

the result of removing O atoms from the lattice.20–22 It has been shown that these OVs have a huge 

impact on the PEC behavior of different photoanodes for the oxygen evolution reaction (OER).23–

26 Specifically, the effect of OVs on BiVO4 for OER is based on the ability of these defects to 

increase the bulk carrier concentration and conductivity.27 Furthermore, an excessive density of 

OVs has been correlated to the decrease of performance.28 The formation of OVs also creates intra-

band gap states, mainly related to V species, where the electrons are located closer to the 

conduction band.29 These new electronic states lead to enhanced light absorption and have been 

related to the reduction of the nearby vanadium atoms from Vov
5+ to Vov

4+.30 The attempts to 

directly excite these intra-band gap states associated with oxygen vacancies in BiVO4 have been 

limited, and only a recent study by Selim et al. reports the use of a transient infrared light to 

modulate the electrical response of the photoanode.30 Consequently, infrared excitation of OVs 

could clarify the role of these chemical defects on the PEC performance of BiVO4. 

On the other hand, prolonged light-aging treatments have been reported to improve the PEC 

performance of BiVO4 towards OER. Trzésniewski et al. showed the enhancement of both 

photocurrent and photovoltage for undoped and uncatalyzed BiVO4 photoanodes due to a process 

the authors refer as photocharging (10 hours under illumination at open-circuit conditions).31 

Similar results were reported by Li et al. after 20 hours of curing under UV illumination.32 In both 

studies, the authors attributed the increase in photocurrent to the reduction of surface 
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recombination processes as a consequence of the decrease of the defect sites at the surface.33 The 

effects of the light-aging treatments were also analyzed by Liu et al. using Intensity Modulated 

Photocurrent Spectroscopy (IMPS).34 The authors found that after three hours of light treatment, 

a complex interaction between charge transfer and surface recombination takes place, dominating 

the suppression of surface recombination at more positive applied potentials. More recently, Feng 

et al. reported the beneficial effects of a photoetching treatment, consisting of 10 minutes 

illumination at open circuit conditions. This treatment revealed that short illumination periods 

generates OVs at the surface, which double the BiVO4 photocurrent due to the significant 

enhancement of the charge separation efficiency.35 All these studies demonstrated that short 

periods (10 min – 20 hours) of light-aging preferentially modify the BiVO4 surface; however, 

illumination periods longer than 30 hours have not been reported yet. 

Few works have tried to analyze the influence of light-aging treatments on BiVO4 using in situ 

spectroelectrochemical measurements. Particularly, Firet et al. employing a sequence of XPS, 

UV-Vis and XRS techniques36 and Venugopal et al. using infrared spectroscopy37 revealed a 

dynamic nature of the light treatments on BiVO4/electrolyte interface, however, in these cases the 

effect of the electrolyte could mask the true effects of light into the material during the light-aging 

process.  

In the present study, we report the effect of prolonged light treatments on the PEC behavior of 

BiVO4 photoelectrodes for the benzyl alcohol oxidation under air conditions for 48 hours. We 

have selected this reaction as a model platform for more complex organic transformations, 

opening the door to more sustainable and environmentally friendly synthetic strategies. 

Morphological, structural, and electrical measurements allowed us to unravel the different 

chemical processes taking place in the material during the light treatment and correlate them with 

the changes observed in PEC response. Moreover, we show for the first time, to the best of our 

knowledge, steady-state photocurrent generation upon continuous infra-red excitation, 

confirming the photoactivity of these light-induced electronic states. 

Results and discussion 

BiVO4 photoanodes were prepared by electrodeposition on FTO substrates, as detailed in the 

Supporting Information (S.I.) and were illuminated in air to elucidate the influence of prolonged 

light-aging treatments for the oxidation of benzyl alcohol. Our BiVO4 photoanodes were 

illuminated at two different light intensities (1 and 3 suns for 1LA-BiVO4 and 3LA-BiVO4, 

respectively) for 48 h while the other films were kept under dark conditions (Reference). All 

samples were tested using the operational conditions normally used to oxidize selectively benzyl 

alcohol to benzaldehyde.6 A 0.1 M tetrabutylammonium perchlorate (TBAClO4) in CH3CN 

solution served as non-aqueous electrolyte in order to avoid the competing water oxidation 

reaction. A UV filter was incorporated to the ozone free Xe lamp in order to avoid the singlet 
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oxygen generation and the non-faradaic oxidation of benzyl alcohol, previously reported for a 

similar system.5 Figure 1 compares the photocurrent of 1LA-BiVO4 and 3LA-BiVO4 to that for 

the Reference, showing a performance enhancement after the light-aging treatment. Similarly, the 

light-aging (LA) treatment produced films with higher photocurrents towards the oxygen 

evolution reaction (OER) as shown in S.I., Figure S2. The difference in the onset potential 

between LA and Reference sample observed for OER and not present in ROH oxidation 

demonstrates the higher catalytic activity of BiVO4 photoanodes towards alcohol oxidation 

compared to OER. 

 

Figure 1. Cyclic Voltammograms of Reference (black), 1LA-BiVO4 (red) and 3LA-BiVO4 (green) 

photoanodes measured at 20 mV·s-1 in 0.1M benzyl alcohol in acetonitrile solution with 0.1M TBAClO4 in 

the dark (solid lines) and under illumination (100 mW·cm-2) [dashed lines]. 

To study the nature of the LA treatment on BiVO4, we firstly analyzed the morphology and 

crystalline structure of BiVO4 by scanning electron microscopy (SEM), see Figures 2a, 2b and 

Figure S3 in S.I. A clear change in the surface of the BiVO4 photoanodes is observed after LA. 

More precisely, while the Reference BiVO4 exhibits a homogenous surface (Figure 2a), the LA 

samples are characterized by the presence of several islands (region B in Figure 2b) formed by 

small nanoparticles surrounding the regular BiVO4 grains. Interestingly, EDS analysis for the 

different samples (Figure 2c), revealed that, upon LA treatment, the stoichiometric Bi/V 

concentration ratio of the Reference BiVO4 divides into Bi deficient (zone A in Figure 2b) and 

Bi enriched domains (zone B in Figure 2b). These observations evidence the morphological and 

chemical modification of the BiVO4 photoanodes due to LA and are directly related to the 

photocurrent increase shown in Figure 1. 
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Figure 2. Top-view SEM images of (a) Reference and (b) 1LA-BiVO4. (c) Bi/V concentration ratio for 

Reference and A and B zones measured by EDS in (b). Raman spectra of (d) Zone A and (e) Zone B. 

To further analyze the morphological and chemical modifications of BiVO4 photoanodes 

induced by LA treatment, we performed Raman spectroscopy on all samples in both zones A and 

B in Figure 2b. As depicted in Figures 2d and 2e, Raman bands perfectly matched with the 

vibrational modes of BiVO4.38,39 Comparing the different samples, Raman bands were practically 

independent of LA in zone A. However, a significant band broadening is observed in zone B after 

LA, in particular for both the external and Ag modes. This has been previously attributed to the 

formation of defects, such as oxygen vacancies or hydrogen impurities.40,41 We note that that 

oxygen vacancies in metal oxides can also be monitored by other techniques like electron 

paramagnetic resonance (EPR), 42,43 cathodoluminescence,44 transient absorption spectroscopy 

(TAS)28 and spectroelectrochemistry.45 On the other hand, XRD measurements did not evidence 

any relevant modification of the crystalline structure due to LA (Figure S4 in S.I.).  

We move now to investigate the morphological transformation upon light-aging by 

transmission electron microscopy (TEM). Indeed, compared to the homogeneous surface of the 

Reference BiVO4 sample (Figure 3a), 1LA-BiVO4 evidenced the development of a thin 

amorphous layer, as the origin of the growth of small nanoparticles, as observed in Figure 3b, on 

the BiVO4 crystallites which results in a granulated surface (Figure 3c). Additionally, scanning 

transmission electron microscopy combined with electron energy loss spectroscopy (STEM-

EELS) proved the increase of Bi species on the surface of BiVO4 crystallites after LA (Figure S5 

in S.I.). It is apparent from Figure 3 that prolonged electron beam irradiation undergoes in a 

dramatic morphological transformation of our BiVO4. Interestingly, the migration of some atomic 
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species from the bulk to form particles at the surface could be recorded during the electron beam 

irradiation (the complete sequence can be visualized in the video freely available at 

10.5281/zenodo.5643642) and the final morphology presented the segregation of a significant 

number of nanoparticles on top of the BiVO4 grains (Figures 3c and 3d).  

 

Figure 3. TEM images (a) - (b) before and (c) - (d) after electron beam irradiation. (a) and (c) correspond 

to the Reference and (b) and (d) correspond to the 1LA-BiVO4, demonstrating that the BiVO4 morphology 

transforms during either light or electron beam irradiation. (e) and (f) HR-TEM and power spectra images 

of bulk and surface BiVO4 grains respectively after electron beam irradiation. 

To understand the nature and composition of these aggregates, we carried out a detailed HR-

TEM characterization. Figure 3e shows the HR-TEM image of the bulk area of a BiVO4 grain. 

The power spectrum (Fast Fourier Transform) analysis of this area (inset in Figure 3e) confirms 

the clinobisvanite BiVO4 phase I112/B (s.g. 15) oriented along its [011] zone axis. However, 

focusing the electron beam on the segregated nanoparticles (Figure 3f), the power spectrum 

analysis clearly indicates the presence of Bi species. The results of the power spectra analysis in 

different areas matched with two different Bi structures: metallic Bi with hexagonal structure (R3-

MH s.g. 166) oriented along [241] and [5-51] and monoclinic Bi2O3 oriented along [110] and [-

114] zone axis, indicating the plausible chemical composition of this segregated particles (see 

Figure S6 in S.I.).  

We note that the electron beam in both SEM and TEM measurements is clearly different in 

wavelengths and intensities compared to sunlight (LA treatment). However, the morphology and 

presence of Bi-rich particles at the surface on the LA treated sample (Figure S5 in S.I.) suggests 

that the localized structural modification induced by LA is alike to that presented after electron 

beam irradiation, involving in both cases the segregation of Bi species. 
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Summarizing, we have shown by different spectroscopic and microscopic techniques, that LA 

induces OVS and a Bi segregation process. These processes have been reported previously in 

different studies, where BiVO4 has undergone prolonged exposure to light, including light 

treatments studies at open circuit conditions and stability tests under operational 

conditions.18,25,31,33,35,36,46 In all cases different morphological and compositional processes take 

place at the electrode in different electrolytes and in different structures of BiVO4 converging in 

a higher proportion of Bi compared to V. 

Now, we turn to investigate plausible mechanistic insights of the effect of LA on the functional 

performance of the photoanodes (as showed in Figure 1). To this end, we perform Impedance 

Spectroscopy (IS) measurements under illumination to extract Nyquist plots, at different 

potentials, relevant for the selective oxidation of benzyl alcohol to benzaldehyde. Figure 4a 

shows one of the experimentally obtained Nyquist plot and the selected equivalent circuit (inset) 

used to fit the data, which has been generally employed for different metal oxide photoanodes.47 

This equivalent circuit is commonly used to separate the contribution of bulk and surface 

processes in the photoanodes.33 The elements employed are: Rs (series resistance), Cbulk (bulk 

capacitance), Rbulk (bulk resistance), Rct (charge transfer resistance) and Cs (surface capacitance). 

The obtained capacitances and resistances as a function of the applied potential are reported in 

Figures S7 and S8 in S.I. 

 

Figure 4. (a) Nyquist plot of Reference sample and selected equivalent circuit to fit the experimental data 

of the Reference and LA samples. (b) Surface capacitance (Cs), charge transfer resistance (Rct) and 

photocurrent (J) of Reference BiVO4. (c) Density of surface states as a function of applied potential. 

Reference (Black), 1LA-BiVO4 (Red) and 3LA-BiVO4 (Green). Measurements were performed under 

illumination, in 0.1 M benzyl alcohol oxidation conditions. 
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Figures 4b and S7a show the presence of two peaks at 0.35 V and 0.75 V vs NHE, for the 

surface capacitance (Cs light green empty circles in Figure 4b) of all tested samples. The peak at 

0.35 V is coincident with the valley of the Rct (dark green empty circles in Figure 4b), and both 

features take place at the same potential associated to the benzyl alcohol oxidation onset (dark 

green full cycles). A similar behavior has been already observed in different metal oxides, where 

a surface capacitance peak is observed just before the onset for OER. This behavior on hematite 

photoanodes was assigned to charge transfer controlled by surface state charging associated to 

intermediate species in the reaction process.47 Consequently, we suggest that ROH oxidation is 

controlled by a surface state, which dictates the hole transfer process from the electrode to the 

substrate. We note that this DOS is lower for the 1LA-BiVO4 sample compared to the Reference 

material. A more detailed study of the influence of this surface capacitance on the 

photoelectrooxidation of benzyl alcohol remains beyond the scope of the present work. 

On the other hand, the broader peak at 0.75 V vs NHE either in Cs and Cbulk is assigned to the 

V4+/V5+ redox process, which has previously been related to the presence of OVs in BiVO4 

films.33,48,49 The presence of this peak in the reference sample suggests the intrinsic formation of 

this defects during the crystallization step.  

Considering the Cs, the energetic distribution of these surface states, g(EFn) or DOS, can be 

estimated by equation 1  

𝐶𝑠 = 𝑞 · 𝑔(𝐸𝐹𝑛) Eq. 1 

 

where q is the elementary charge (1.6x10-19 C). Figure 4c shows that the calculated DOS 

associated to OVs scales with the irradiation intensity, confirming the increase of the V4+ species 

during the light-aging process as mentioned previously in Raman. This result confirms the 

modification of the electronic environment of BiVO4 during the LA. These observations are 

consistent with the results reported by Feng et al.35 although, the higher concentration of OVs, 

reflected on the bulk capacitance suggests that prolonged LA affects not only the bulk but also 

the surface of the film. Such higher OVs concentration could also be responsible for the slightly 

lower photocurrent density found for the 3LA-BiVO4 sample in Figure 1. This is supported by 

the detrimental role of a “too high” concentration of OVs in BiVO4 photoanodes as suggested in 

references,23,41 which is also consistent with a recent report by Corby et al. in which an excessive 

concentration of OVs could be negative for the PEC performance of WO3 photoanodes,28 

suggesting that this effect may be general for metal oxide photoelectrodes. Furthermore, we have 

performed a long light aging treatment for 3 weeks (LT-1LA-BiVO4, Figure S9 in SI), which 

compared to 1LA-BiVO4 leads to an increased DOS of OVs, and lower photocurrent, also in good 

agreement with this hypothesis. Collectively, our observations also suggest the possibility that 

above certain levels, Bi segregation at the surface of the BiVO4 could impede the charge transfer 



134 
 

of holes to the solution. In this case, the Bi species on the surface of BiVO4 could operate as a 

blocking layer for surface states as shown in Figure S7 in S.I.  

Finally, to confirm the generation of new intra-band gap electronic states associated with OVs 

in BiVO4, we used an infra-red (IR) continuous-wave laser as light source to extract steady-state 

photocurrents for the oxidation of benzyl alcohol. Upon sub-bandgap excitation, photocurrent 

generation can only be due to the activation of intra-bandgap transitions in the semiconductor 

material (see Figure S10 in SI). This approach, to the best of our knowledge, uses for the first-

time infrared radiation (980 nm, 1.26 eV) to selectively excite the trapped electrons from the intra-

bandgap states to the conduction band. Figure 5a shows the IR chopped chronoamperometry 

measurements for Reference and 3LA-BiVO4 samples at 0.8 V vs NHE. The measured 

photocurrent stems from the excitation of the intra-bandgap states. The highest photocurrent of 

the 3LA-BiVO4 sample is fully consistent with its increased density of intra-bandgap states, 

associated with OVs (Figure 5b). Surprisingly, the photocurrent of the 3LA-BiVO4 sample almost 

doubled compared to that for the Reference (from ~50 to ~90 nA cm-2). This is in excellent 

agreement with the equivalent increase of the DOS (from ~4 to ~8·1013 cm2 eV-1) associated to 

OVs (Figure 4c). 

 

Figure 5. (a) Infra-red (IR) chopped chronoamperometry measurements of Reference (Black) and 

3LA-BiVO4 (green). (b) Band diagrams representation of the fresh and light-aged treated BiVO4 samples. 
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We note that, although surface reduction of BiVO4
50 and the increase of surface Bi species25,51 

have been previously reported, both effects have been characterized either after or during 

operando conditions and, consequently, they were attributed to vanadium dissolution.37 On the 

contrary, the light-aging treatments and the structural characterization performed here take place 

in the absence of electrolyte. Therefore, the bismuth-rich surface observed is a direct consequence 

of the incidence of light on BiVO4. Moreover, we demonstrate the correlation between the 

segregation of small Bi-rich nanoparticles and the formation of new intra-bandgap states 

associated to oxygen vacancies. The photoactivity of these intra-bandgap states observed under 

infra-red illumination opens new perspectives for the development of competitive BiVO4 

photoanodes. 

Conclusions 

Herein, we have investigated the effect of prolonged light-aging on BiVO4 photoanodes, 

providing a direct observation of the chemical and structural modifications after light-aging 

treatments. We showed that light-assisted treatments under air conditions led to the chemical 

transformation of the material, being more pronounced upon increased light intensity used during 

LA. Electrical, PEC and HR-TEM characterizations allowed assigning the chemical 

transformations observed to the segregation of Bi species on top of BiVO4 grains, leading to the 

formation of new intra-bandgap states associated to oxygen vacancies. Moreover, effective 

photocurrent generation from these intra-bandgap states was demonstrated by infra-red light 

excitation, confirming the formation of oxygen vacancies during the light-aging treatment and 

their implications on the generation of infra-red photocurrent. These results highlight the 

importance of understanding the light-induced effects while employing multinary metal oxide 

photoelectrodes either for OER or for the synthesis of high added-value chemicals. 
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Experimental Section 

Preparation of Zr doped BiVO4 photoanodes 

All reagents and solvents employed were purchased and used as received, without extra 

purification. Bismuth(III) nitrate pentahydrate (≥98.0%), zirconyl chloride octahydrate (98.0%), 

Vanadium(IV)-oxy acetylacetonate (98.0%), Sodium hydroxide (pellets for analysis), 

Tetrabutylammonium perchlorate (≥99.0% electrochemical degree), Benzyl alcohol (anhydrous 

99.8%), Ferrocene (98.0%,), and Dimethylsulfoxide (anhydrous) were purchased from Sigma 

Aldrich; Acetonitrile (HPLC) were purchased from Scharlab. Fluorine-doped tin oxide (FTO)- 

coated glass slides were purchased from Hartford glass (sheet resistance 15 Ω/cm2). 

The synthesis and fabrication of 2.5 % zirconium doped BiVO4 electrodes over fluorine-doped 

tin oxide (FTO) coated glass substrates were performed following a reported procedure.1 This 

method consists of electrodeposition of a Bi(NO3)3·5H2O (20mM) and ZrCl2O·8H2O (0.5 mM) 

solution in ethylene glycol followed by drop-casting of a solution of VO(acac)2 (0.15 M) in 

DMSO. The electrodes were calcined at 500ºC for 2 h with a heating rate of 2 ºC·min-1. Finally, 

the excess of V2O5 was removed by immersing the electrodes in a KOH 1 M solution for 20-30 

min.   

Prolonged light-aging treatments.  

The BiVO4 photoelectrodes were illuminated for 48 h directly using an ozone-free 300 W 

Xenon (Xe) lamp under ambient conditions. Note that, during the light-aging treatment the 

photoelectrode is exposed to ambient conditions, without being in contact to the electrolyte. We 

termed this process as Light-Aging treatment (LA). The power of the lamp was calibrated to 100 

mW·cm-2 or 300 mW·cm-2, corresponding to 1 sun (1LA-BiVO4) and 3 sun (3LA-BiVO4) 

irradiated samples, respectively. 

Morphological and structural characterization.  

Field Emission Scanning Electron Microscopy (SEM) was performed with a JSM-7000F JEL 

FEG-SEM system (Tokyo, Japan) equipped with an INCA 400 Oxford EDS analyzer (Oxford, 

U.K.) and operating at 25 kV. Raman spectroscopy was carried out with a WiTec apyron system, 

equipped with a 300 mm focal length UHTS 300 spectrometer system. The scanned area of 

combined spectra was 40 x 24 m2 with a laser power of 2 mW and an integration time of 0.5 s. 

The crystalline structure of BiVO4 was assessed by X-ray diffraction (XRD) collected on a Rigaku 

Miniflex 600, (Rigaku Corporation, Tokyo, Japan) with copper K radiation (l = 1.5418 Å) 

operating at a grazing incidence of 1º, at a scan rate of 3º min-1. High-resolution transmission 

electron microscopy (HRTEM) together with scanning transmission electron microscopy (STEM) 

investigation was performed on a field emission gun FEI Tecnai F20 microscope at 200 kV with 

a point-to-point resolution of 0.19 nm. High angle annular dark-field (HAADF) STEM was 
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combined with electron energy loss spectroscopy (EELS) in the Tecnai F20 microscope by using 

a GATAN QUANTUM energy filter. To prepare the TEM samples, a BiVO4 photoanode was 

scratched and the obtained powder was deposited on a TEM grid. After deposition, the grid was 

illuminated at 1 sun following the same procedure to perform the light treatment in 1LA-BiVO4.  

(Photo)electrochemical characterization.  

Cyclic voltammetry (CV) and Impedance Spectroscopy (IS) measurements were performed 

on a PGSTAT302N potentiostat (Metrohm-Autolab, The Netherlands). The photoelectrochemical 

cell consisted of a one-compartment, three-electrode configuration quartz cell. Non-aqueous 

Ag/AgNO3 electrode (ALS, Japan) and a platinum foil (25x25 mm, 0.1 mm thick, Alfa Aesar) 

were employed as reference and counter electrodes respectively, while a 0.1 M 

tetrabutylammonium perchlorate (TBAClO4) in CH3CN solution served as non-aqueous 

electrolyte. An ozone-free 300 W Xenon (Xe) lamp calibrated with a thermopile to 100 mW·cm-

2 was used for the photoelectrochemical experiments. CV measurements were carried out at 50 

mV·s-1
. IS measurements were performed at selected applied bias with a sinusoidal perturbation 

of 20 mV and a frequency range from 100 kHz to 50 mHz. We have homogenized all potentials 

against NHE when measurements are performed in an organic electrolyte and against RHE when 

measurements are performed in water. For this purpose, we estimate the E1/2 of the 

Ferrocene/Ferrocinium couple redox peak (see Figure S1) in our experimental conditions (in 

organic electrolytes) and compare with the reported E1/2 (0.4V vs NHE).2-3  Finally, the Nernst 

equation was employed to normalize aqueous systems following equation 1. 

 

𝑉𝑅𝐻𝐸 = 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 + 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙
0 + 0.059 · 𝑝𝐻 Eq.1 

 

Infra-red (IR) photoelectrochemical characterization.  

Chronoamperometry measurements under IR were performed using a mobile Palmsens3 

potentiostat (Compact electrochemical interfaces). For these measurements, identical 

experimental conditions as those described above were employed. An infrared diode laser (MDL-

III-980-2W) from Roithner LaserTechnik (980 nm ± 5 nm, 2 W cw, stability < 5%, beam aperture 

of 5 x 8 mm2) was employed to illuminate the BiVO4 photoanodes, focusing the beam as close as 

possible to the photoanode. Manual chopping was carried out. 
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Cyclic voltammetries measurements 

 

Figure S1. Cyclic voltammetry peak of Ferrocene/Ferrocenium (Fc/Fc+). 1.9 mM of ferrocene was used 

to calibrate the applied voltage to the normal hydrogen electrode (NHE). Conditions: 100 mM of benzyl 

alcohol, in 0.1 M TBAClO4 in CH3CN, using BiVO4 as WE, Pt film as CE, and Ag/AgNO3 as RE. 

 

Figure S2. CV of Reference (black) and 1LA-BiVO4 (red) measured at scan rates of 20 mV·s-1 in a 

0.1M KPi buffered aqueous solution (pH 7.8) in the dark (solid lines) and under 100 mW·cm-2 illumination 

(dashed lines). 
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Morphological and structural characterisation data (SEM, XRD, TEM, SAED and 

STEM-EELS) 

 

Figure S3. Top-view SEM images of Reference, 1LA-BiVO4 and 3LA-BiVO4 samples. 
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Figure S4. XRD spectra for Reference (black), 1LA-BiVO4 (red) and 3LA-BiVO4 (green) photoanodes.  
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Figure S5. STEM-EELS measurements of Zr, Bi, V and O of a BiVO4 section in (a) Reference and (b) 

1LA-BiVO4 samples.  
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Figure S6. HRTEM images evidencing the particle segregation after electron beam irradiation of BiVO4 

samples. The power spectra analysis confirms that two possible structures consisting of metallic Bi or Bi2O3 

could be possible and compatible with the structural indexation of the power spectra obtained on the 

HRTEM image. 

The migration of atomic species from the bulk forming new particles at the surface of the 

BiVO4 can be visualized at 10.5281/zenodo.5643642. 
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Electrochemical characterisation by impedance spectroscopy 

 

Figure S7. Impedance spectroscopy parameters extracted from fitting the experimental data with the 

selected equivalent circuit showed in Figure 3, (a) surface capacitance, Cs (b) charge transfer resistance, Rct 

(c) bulk capacitance, Cbulk and (d) bulk resistance, Rbulk in BiVO4 as a function of the light intensity during 

LA. Reference (Black), 1LA-BiVO4 (Red), 3LA-BiVO4 (Green), Reference with electrodeposited BiOx on 

top (purple). Measurements were performed under illumination at 0.1 M benzyl alcohol oxidation 

conditions 

Coating the fresh BiVO4 with electrodeposited Bismuth species yields to the suppression of 

surface states associated to charge transfer Figure S7a and to an increase in Rct in Figure S7b. The 

Bi coating seems to hinder the contribution of OVs to Cbulk in Figure S6c.  
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Figure S8. Comparison of Cs, Rct and the J-V as a function of the applied potential for (a) Reference 

(Black), (b) 1LA-BiVO4 (red) and 3LA-BiVO4 (green). Measurements were performed under illumination 

at 0.1 M benzyl alcohol oxidation conditions. 
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Figure S9. (a) Density of surface states and (b) Steady-state photocurrent as a function of applied 

potential. 1LA-BiVO4 (Red) and LT-1LA-BiVO4 (Maroon) 

 

Figure S10. Schematic representation of the light-induced processes in a semiconductor upon bandgap 

excitation (yellow) using UV-Vis radiation, compared to sub-bandgap excitation (red) upon IR irradiation. 
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6. Conclusiones generales y Perspectivas Futuras 

En esta tesis doctoral se han abordado sistemas electro- y foto-electroquímicos con el objetivo 

de conseguir sistemas más eficientes y económicos con respecto a los dispositivos desarrollados 

hasta el momento. Para ello, se han planteado diferentes estrategias de trabajo: (1) la mejora 

funcional de los electrodos, fotoelectrodos y sustratos conductores, (2) la comprensión de los 

mecanismos operacionales de los procesos que ocurren en la celda (foto)-electroquímica y (3) el 

desarrollo y la evaluación de nuevos procesos electro- y foto-electroquímicos que permitan la 

síntesis de productos químicos orgánicos con alto valor añadido. Como resultado de estas 

estrategias, se ha conseguido comprender los mecanismos de reacción que ocurren en diferentes 

procesos de oxidación como, la oxidación de agua por vía electroquímica y la oxidación de un 

alcohol primario, como el alcohol bencílico, por vía fotoelectroquímica. Aunque los reactivos 

sean diferentes, se ha demostrado que en las dos reacciones ocurren a través de estados 

superficiales. La espectroscopia de impedancia ha resultado una técnica muy eficaz para 

visualizar y controlar dichos estados de forma fácil y no destructiva. De esta manera, procesos 

electroquímicos y fotoelectroquímicos pudieron ser diferenciados de otros procesos químicos o 

foto-químicos, lo que posibilitará el diseño de los sistemas y materiales para mejorar la 

selectividad y eficiencia de estos procesos. También se identificaron los procesos de degradación 

fotoquímica que se dan en el vanadato de bismuto y que son críticos para la aplicación de este 

material en dispositivos funcionales. 

De los trabajos de investigación desarrollados resultaron tres artículos de investigación que 

fueron publicados en revistas de alto impacto, las conclusiones y logros de cada uno de ellos se 

exponen a continuación: 

 Se utilizaron minas de grafito, de las utilizadas en los lápices y portaminas, para la 

preparación de electrodos decorados con Ni, Fe y NiFe. Más allá del bajo coste y del 

razonable rendimiento obtenido en la oxidación de agua, en este trabajo se ha 

proporcionado un análisis detallado de la respuesta electroquímica de estos electrodos 

a partir de la cual se puede obtener información novedosa que puede ayudar a 

comprender el comportamiento de los electrodos basados en Ni en general. Nuestros 

resultados muestran el potencial del uso de la espectroscopia de impedancia para 

caracterizar estos electrodos en condiciones de funcionamiento. Así, a través del 

análisis de la capacitancia del electrodo pudimos separar las transiciones redox 

Ni2+/Ni3+ y Ni3+/Ni4+, incluyendo la identificación de las fases hidratada -Ni(OH)2/-

NiOOH y no hidratada -Ni(OH)2/-NiOOH. A continuación, combinamos los datos 

obtenidos mediante espectroscopia de impedancia para describir las diferencias en las 

voltamperometrías cíclicas y las curvas de densidad de corriente-voltaje bajo la 
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influencia de diferentes relaciones Ni:Fe. Finalmente, con estos datos se pudo hacer 

visible y resaltar cómo la transición redox Ni3+/Ni4+ activa la transferencia de carga y, 

por tanto, la reacción de evolución de oxígeno, un hecho conocido, pero que hasta 

ahora ha requerido técnicas más complejas para ser medido. 

 Se ha logrado la oxidación fotoelectroquímica del alcohol bencílico utilizando BiVO4 

como fotoánodo. Se ha identificado como bajo la influencia de la luz y la atmósfera 

en la que se realiza la síntesis fotoelectroquímica, esta oxidación también se produce 

por vías no electroquímicas. En este trabajo demostramos que, bajo luz ultravioleta y 

en presencia de oxígeno se forma la especie conocida como oxígeno singlete, 1O2. Esta 

especie altamente reactiva, es capaz de oxidar el alcohol al aldehído correspondiente 

y llegar hasta el ácido. La supresión de la vía 1O2 conlleva a una mejora de la 

selectividad y la eficiencia faradaica del proceso siendo ambas del 100 % a altas 

concentraciones. Además, la formación de 1O2 también explica la producción de H2O2 

en el medio de reacción. La detección de H2O2 como un producto secundario rentable 

ya se ha reportado en reacciones similares; sin embargo, hasta este trabajo aún no se 

había descrito una explicación clara para su formación.   

 El efecto de los tratamientos de envejecimiento con luz sobre el comportamiento 

fotoelectroquímico de los fotoánodos de BiVO4 se ha evaluado en el proceso de 

oxidación de alcohol bencílico. En este trabajo, se ha demostrado que la exposición a 

la luz tiene un claro efecto sobre las propiedades morfológicas, estructurales, químicas 

y superficiales de los fotoánodos de BiVO4 y que este proceso es intrínseco del 

material, no depende de la reacción. Utilizando herramientas de caracterización 

eléctrica, fotoelectroquímica y HR-TEM se han atribuido las transformaciones 

químicas que ocurren en el fotoanodo a la segregación de especies de Bi en su 

superficie. Mediante espectroscopia de impedancia se demuestra que la segregación 

de Bi conduce a la formación de nuevos estados, intermedios relacionados con la 

formación de vacantes de oxígeno en el material. Adicionalmente, se reporta por 

primera vez la generación efectiva de fotocorriente a través de estos estados 

interbandas con excitación en longitud de onda infrarroja, confirmando la formación 

de vacantes de oxígeno durante los tratamientos con luz de BiVO4. 

Los resultados obtenidos en esta tesis revelan algunas líneas de trabajo con potencial para su 

explotación en el campo de la investigación básica de procesos electro- y foto-electroquímicos 

que en estos momentos ya están en marcha: 

Las minas de grafito han demostrado tener buenas propiedades para llevar a cabo la reacción 

de evolución de oxígeno. Por ello, estos electrodos podrían utilizarse para realizar nuevos 

procesos electroquímicos, como la oxidación de alcoholes primarios o cualquier otro proceso 
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oxidativo. Además, un análisis similar al realizado mediante espectroscopía de impedancia, 

revelaría información de interés. Así, medidas de impedancia podrían relacionar estados 

superficiales del Ni con los diferentes mecanismos por los que ocurren ciertos procesos 

electroquímicos. 

El excelente rendimiento obtenido con BiVO4 para la oxidación fotoelectroquímica de alcohol 

bencílico puede aplicarse en otros sustratos orgánicos. Por ejemplo, la oxidación de glicerol o de 

5-hidroximetilfurfural (HMF) son reacciones muy interesantes para su estudio. La oxidación del 

glicerol, un subproducto del biodiésel, puede producir dihidroxiacetona, cuyo coste es ~250 veces 

superior al del propio glicerol, lo que muestra el potencial industrial de esta reacción. Por otro 

lado, la oxidación de HMF produce el ácido 2,5-furandicarboxílico (FDCA), que es muy 

interesante para la producción de bioplásticos.  

Finalmente, se ha demostrado que las vacantes de oxígeno en óxido semiconductores tienen 

un papel fundamental en la oxidación fotoelectrocatalítica de alcohol bencílico. Con los resultados 

aquí presentados, ahora se puede refinar el estudio de la reacción desde un punto de vista 

catalítico. El estudio de los estados superficiales en el BiVO4, u otros electrodos, mediante el uso 

de la espectroscopía de impedancia como se ha hecho aquí puedes ser de gran ayuda en estas 

investigaciones. Adicionalmente, estos análisis, combinados con otras técnicas de caracterización 

en operación como la espectroelectroquímica o las espectroscopias moduladas en intensidad 

(IMPS o IMVS) podrán proporcionar detalles mecanísticos adicionales con los que complementar 

el estudio del funcionamiento de los fotoelectrodos. 
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Final Conclusions and Future Perspectives 

In this doctoral thesis, electrochemical and photoelectrochemical systems have been addressed 

with the aim of achieving more efficient and economical systems. To this end, different strategies 

were considered: (1) the improvement of electrodes, photoelectrodes and back contact materials 

(2) the understanding of operational mechanisms of the different processes occurring in the 

(photo)-electrochemical cell and (3) the development and evaluation of new photoelectrochemical 

processes that allow the synthesis of chemical products and provide added value to conventional 

processes. As a result of these strategies, it has been possible to control and study different 

oxidation processes such as the oxidation of water by electrochemical means and the oxidation of 

a primary alcohol, such as benzyl alcohol, by photoelectrochemical means. Although different, 

both processes have been shown to occur through surface states and impedance spectroscopy has 

proved to be a very effective technique to visualize and monitor these states easily and non-

destructively. In this way, electro- and photo-electrochemical processes can be differentiated from 

other chemical or photochemical processes, enabling improvements involving the selectivity and 

efficiency of electro- and photo-electrochemical processes. 

From the research work carried out, three research articles were published in high impact 

journals, the conclusions and achievements of each one of them are presented below: 

Pencil Graphite Rods have been performed for the preparation of Ni, Fe and NiFe decorated 

electrodes. Beyond the low cost and reasonable performance obtained in water oxidation, this 

work has provided a detailed analysis of the electrochemical response of these electrodes from 

which novel information can be obtained that can help to understand the behavior of Ni-based 

electrodes in general. Our results show the potential of using impedance spectroscopy to 

characterize these electrodes under operating conditions. Thus, through electrode capacitance 

analysis we were able to separate the Ni2+/Ni3+ and Ni3+/Ni4+ redox transitions, including the 

identification of the hydrated -Ni(OH)2/-NiOOH and non-hydrated -Ni(OH)2/-NiOOH) 

phases. Next, we combined the data obtained by impedance spectroscopy to describe the 

differences in cyclic voltammetries and current-voltage density curves under the influence of 

different Ni:Fe ratios. Finally, with these data it was possible to make visible and highlight how 

the Ni3+/Ni4+ redox transition activates charge transfer and therefore oxygen evolution reaction, a 

well known fact that until now has required more complex techniques to be measured. 

Photoelectrochemical oxidation of benzyl alcohol has been achieved using BiVO4 as a 

photoanode. Under the influence of light and the atmosphere in which the photoelectrochemical 

synthesis takes place, an additional non-electrochemical pathway occurs. In this work we 

demonstrate that under these reaction conditions, the reactive oxygen species 1O2 is formed. This 

highly reactive species is able to oxidize the alcohol to the corresponding aldehyde. The 



158 

 

suppression of the 1O2 pathway leads to an improvement of the selectivity and faradaic efficiency 

of the process being both 100 % at high concentrations. In addition, the formation of 1O2 also 

accounts for the production of H2O2 in the reaction medium. The detection of H2O2 as a profitable 

by-product has already been reported in similar reactions; however, a clear explanation for the 

formation of this species has not yet been described.  

The effect of light aging treatments on the photoelectrochemical behavior of BiVO4 

photoanodes is evaluated for benzyl alcohol oxidation. In this work, it has been demonstrated that 

light exposure has a clear effect on the morphological, structural, chemical and surface properties 

of BiVO4 photoanodes. Using electrical characterization, photoelectrochemical and HR-TEM 

techniques, chemical transformations have been attributed to the segregation of Bi species on the 

surface of the photoanode and by impedance spectroscopy it is shown that Bi segregation leads 

to the formation of new states, related to the formation of oxygen vacancies in the material. 

Additionally, it is reported for the first time the effective generation of photocurrent from the 

interband states by continuous excitation at infrared wavelength, confirming the formation of 

oxygen vacancies during the treatments with BiVO4 light. 

The acquired findings also reveal some lines of exploitation in the field of basic research of 

electro- and photo-electrochemical processes. 

Pencils Graphite Rods have shown to have good properties to carry out the oxygen evolution 

reaction. Therefore, these electrodes could be used to perform new electrochemical processes, 

such as the oxidation of primary alcohols or any other oxidative process. In addition, an analysis 

similar to that performed by impedance spectroscopy would reveal information of interest. Thus, 

impedance measurements could relate Ni surface states to the different mechanisms by which 

certain electrochemical processes occur. 

The excellent performance obtained with BiVO4 in the photoelectrochemical oxidation of 

benzyl alcohol can be used for other organic substrate. For example, the oxidation of glycerol or 

hydromethylfurfural (HMF) are very interesting reactions to study. Interestingly, the degradation 

of glycerol, a by-product of biodiesel, can produce dihydroxyacetone, whose cost is ~250 times 

higher than that of glycerol itself. On the other hand, the oxidation of HMF produces FDCA, 

which is very interesting for the production of bioplastics.  

Finally, oxygen vacancies have been shown to play a key role in the photoelectrocatalytic 

oxidation of benzyl alcohol. With these results presented, the reaction could now be studied from 

a catalytic point of view. Techniques such as impedance spectroscopy could potentially be used 

to study the surface states generated by benzyl alcohol on BiVO4. Additionally, other 

characterization techniques at work such as spectroelectrochemistry (SEC) or IMPS would 

provide additional mechanistic details to complement this study. 
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